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FOREWORD

Gerry McMichael
Conference Chairman

The 1992 Linear Accelerator Conference
(LINAC92) was held at the Westin Hotel, Ottawa,
Ontario, Canada from 1992 August 24 through
August 28. This conference was the sixteenth in a
series that started at the Brookhaven National
Laboratory in 1961 and is the second to be hosted
by the Accelerator Physics Branch from the Chalk
River Laboratories of AECL Research. The
conference had 339 participants from 12 countries,
three times the number who attended the 9th
conference in the series that was held at Chalk
River in 1976.

The program format was discussed at meetings of
the International Organizing Committee
(San Francisco, 1991 May, and Washington, 1992
April) and of the Program Committee (Ottawa,
1991 December). Both committees chose to follow
the very successful format of the last three
conferences. There were no parallel sessions, and
all five morning sessions were devoted to the
presentation of invited papers (34 in total), giving
each speaker twenty-five minutes for their
presentation plus five minutes for questions and
discussion. All contributed papers (220 in total)
were presented as posters in three afternoon
sessions, with the poster sessions preceded by a
short plenary session for five-minute oral
"advertisements" of approximately twelve selected
posters. (These five-minute oral previews were
introduced as an experiment at the 1986 Linac
Conference at SLAC, and have been a popular
feature of all subsequent Linac Conferences.)

The conference was opened by the Ottawa Town
Crier, who, declining any audio-video aids, tested
the acoustics of our meeting hall and woke all the
late-risers. Traditionally, the conference program
has included an afternoon outing for all the
delegates. For LINAC92 the outing on Wednesday,
August 26, featured a trip to the Wilderness Tours
white-water rafting site on the Ottawa River, where
participants experimentally tested various forms of
acceleration. Over 130 participated in the random
acceleration (rafting) experiment and 6 more daring
individuals tried the linear acceleration (bungee
jumping) experiment. The experiments were
successful, some would even say memorable.
However, there is some worry that it may be
difficult to find volunteers for the next program
committee after rafting colleagues helped two of the
present members to suffer close encounters with
samples of Laurentian Shield granite.

The conference banquet was held at the National
Arts Centre on Thursday, August 27 and featured
caribou as the main entree. After the conference's
official close, over 100 visitors took a bus trip
Friday afternoon to tour Chalk River's Accelerator
Physics laboratories and TASCC (Tandem
Accelerator Superconducting Cyclotron), and
approximately 30 went on to Fermilab and the
Argonne National Laboratory for a tour of the
facilities there on Monday, August 31.

At its meeting in San Francisco, the International
Organizing Committee determined that the 1994
Linac Conference would be in Japan, hosted by
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KEK. Professor Kimura has agreed to chair the
conference, which is scheduled to take place at
Tsukuba, 1994 August 22 through 26. A decision
on the site for the 1996 Linear Accelerator
Conference was deferred to the next meeting of the
International Organizing Committee (scheduled to
take place during the PAC Conference in
Washington, 1993 May 14-21). Offers to host the
1996 conference were received from ANL, CERN,
ITEP, SLAC and SCCL.

The weather's co-operation (the only week of real
summertime in Ottawa in 1992 coincided with
LINAC92) and the efforts of many people
contributed to the outstanding success of the
scientific and social programs of LINAC92.
Thanks are extended to the members of the
International Organizing Committee and the
Program Committee, session chairmen, speakers
and poster paper presenters, who ensured we had a
strong technical program, and to the members of
the Local Organizing Committee, the Westin Hotel
staff, the Dodwell audio-visual technicians, the staff
of Wilderness Tours, the National Arts Centre and
Love Printing, and all the other groups at Chalk
River who worked behind the scenes and assisted
with the activities. Together, they provided an
enjoyable venue for scientific interchange. Special
thanks to Kathleen and Bruce Chidley, who
organized a very interesting program for the more
than eighty companions. The program included a
double-decker bus tour of Canada's capital, a
steamboat cruise on the Rideau Canal, and a train
excursion through the Gatineau in Quebec. Finally,
very special thanks to Margaret Trecartin whose
dedication and tireless efforts kept the conference
organization on the rails.
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Fermilab"

8:30 J. Klabunde "The High
Charged State Injector for
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9:00 Y. Saito "Breakdown
Phenomena in Vacuum"

9:30 Y. Yamazaki "Recent
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of Accelerating Structures"

BREAK

TH2 INVITED
Chair - 1. Chuvilo

10:30 A. Favale "The
Transfer of Accelerator
Technology to Industry"

11:00E. Lee "Beam
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Instabilities in Heavy Ion
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tion Accelerators Through
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Friday, Aug. 28

FR1 INVITED
Chair - J. Le Duff
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Current Research in Laser
and Plasma-Based
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8:30 L. Kravchuk "The
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Linac Status Report"
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Chair - G. McMichael
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Accelerators"
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of Progress in SC High-Beta
Cavities"

11:00G. Voss "The Case
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WELCOME TO LINAC92

Malcolm Harvey
Director, Physics Division

AECL Research

On behalf of AECL and our president, Dr.
Rummery, who is regretfully unable to be with us
today, I would like to say how proud we are to host
this prestigious conference in Canada's capital. It
is particularly nice to welcome our foreign
delegates to Ottawa during this 125th birthday
celebration of our country. We hope during your
stay that you will be able to enjoy also some of the
activities associated with this celebration around the
city.

LINAC92 is the 16th of this series of international
conferences and only the third to be held outside the
USA. We are very pleased that it has returned to
Canada after 16 years, since the 1976 conference
that was held at Chalk River. At that time, the
attendance was 110 and could be accommodated at
our Laboratories site. The threefold increase in
numbers this year has brought us to Ottawa.

AECL's primary product is the highly successful
CANDU heavy-water power reactor. However, we
have also had a long-standing interest in
accelerators since the start of this series of
conferences in the mid-1960's. Then we launched
the idea of ING, the Intense Neutron Generator,
with a focus on nuclear breeding. Although ING
was never funded, research and development of
high-current, low-energy accelerators has continued
by our group of accelerator enthusiasts for various
scientific and industrial applications. Several of
these enthusiasts have left our company, but we are
pleased to see many of them in the audience today
renewing their ties with us.

As with many other companies in these troubled
economic times, we have had to pare back on our

research portfolio in order that we fund adequately
those research programs remaining. Regretfully,
part of this paring has led to cancellation of the
very successful cw RFQ program, which currently
holds a world record for high currents.
Arrangements are being made, however, to transfer
the technology to Los Alamos, so that this very
valuable line of research can continue. As I have
said, we live in very troubled economic times.

I am pleased to note that our electron linac program
is continuing at Chalk River to support the nuclear
power program, numerous commercial contracts in
support of basic research accelerator facilities, and
our business unit, AECL Accelerators, with their
50 kW, 10 MeV IMPELA industrial accelerator.

The organizers have planned a full schedule for you
during this conference. The scientific program, I
note, will run for the next five days, with a full
range of topics given both in oral and poster
sessions. We hope you enjoy the break on
Wednesday afternoon for a picnic on the historic
Ottawa River, with some of the more daring among
you, who don't mind getting wet, taking advantage
of the rafting through the white water. We are also
very pleased to welcome the over 100 among you
who have decided to take the trip up the Ottawa
Valley on Friday afternoon for a visit to the Chalk
River Laboratories and our accelerator facilities.

Let me once again welcome you to the conference
and to Ottawa, and hope that you have a very
pleasant and productive meeting.

XXXlll
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CEBAF: PROJECT STATUS AND FRONT END TEST RESULTS*

Charles K. Sinclair
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue
Newport News, VA 23606 USA CA9700049

Abstract

Construction of the CEBAF five-pass recirculating lin-
ear accelerator is in the final stages of installation and
subsystem commissioning. First beam to an experimental
hall is planned for early 1994. The current project status
is briefly reviewed. The front end accelerator, a 45 MeV
linac composed of a 5 MeV superconducting injector and
two standard CEBAF accelerator cryomodules, each con-
taining eight 5-cell, 1497 MHz superconducting cavities,
has been in operation over 3000 hours for commissioning
studies. The cavities are operated at an average accelerat-
ing gradient of 5 MeV/m. This accelerator has delivered
45 MeV, 200 /iA CW beam with both transverse and lon-
gitudinal emittances meeting design specifications. CW
beam has been recirculated through the two cryomodules
to reach a final energy of 80 MeV. Energy recovery at an
average accelerating gradient of 5 MeV/m has also been ac-
complished with CW beam. The recirculation experiment
demonstrates that the full CEBAF accelerator will operate
well below beam breakup threshold. Detailed results from
the front end tests are presented.

Introduction

CEBAF, the Continuous Electron Beam Accelerator
Facility, has been under construction since February 1987
in Newport News, Virginia. The accelerator complex,
shown schematically in Figure 1, includes a 45 MeV super-
conducting injector, two 400 MeV superconducting linacs,
and a beam transport system which permits up to five re-
circulation passes through the linacs. The Central Helium
Liquifier (CHL) provides 4800 watts of refrigeration at 2 K
for the accelerator. A system of RF separators will allow

mm \

!

45 MeV Injector
(2 1/4 cryomodules)

End
stations

Figure 1. Schematic view of the CEBAF accelerator.

beam from any of the five recirculation passes to be deliv-
ered to any of three experimental halls, permitting experi-
ments to be operated simultaneously with different, though
correlated, energies in each hall. An initial complement of
experimental equipment is included in the project.

At the present time, the years of design, specification
writing, and procurement are rapidly coming to fruition,
and the entire laboratory is involved in an intense period
of installation, checkout, and commissioning of each of the
major subsystems of the accelerator. An aerial view of the
accelerator site taken in July, 1992, is shown in Figure 2.
Civil construction is virtually complete. The three ex-
perimental halls visible will ultimately disappear beneath
mounds of earth, which will provide additional radiation
shielding.

•Supported by D.O.E. contract #DE-AC05-84ER40150

Figure 2. Aerial view of the CEBAF accelerator site as
of July 1992.

The 45 MeV front end accelerator has been in opera-
tion with beam for over 3000 hours for a variety of commis-
sioning activities and tests, including a beam recirculation
experiment. The first of the two linacs is 60% complete,
and is presently being commissioned with beam. During
the coming ten months, commissioning work will include
high beam current testing of the full north linac, and low



beam power optical studies of the first recirculation arcs.
A shutdown to complete the installation of the accelerator
is planned for the summer and early autumn of 1993, to be
followed by a period of commissioning of the full accelera-
tor. Delivery of single pass beam to the first experimental
hall is planned for early in calendar 1994.

In the following sections, the status of each of the ma-
jor accelerator subsystems will be reviewed, and results
from the extensive front end testing will be presented. Fu-
ture commissioning plans and the energy upgrade potential
for the accelerator will also be noted.

Accelerator Systems Status

Accelerating Structures. The heart of the accelerator
is a 5-cell, 1497 MHz niobium cavity originally developed
at Cornell University. The cavity structures are manu-
factured by private industry from CEBAF supplied, high
RRR niobium. After receipt at CEBAF, these cavities are
chemically processed and assembled into cavity pairs. This
assembly is done under strict clean room conditions, as il-
lustrated in Figure 3. The cavity pairs are tested in verti-
cal dewars before subsequent assembly into helium vessels
and cryostats, forming a cryounit. Four such cryounits are
joined together to make a cryomodule, the basic building
block of the accelerator. Each linac has twenty cryomod-
ules, and thus 160 cavities. The front end accelerator has
another 18 cavities. To date, 281 cavities out of a total
360 cavities ordered have been received from the vendor.

Figure 3. Clean room assembly of a CEBAF cavity pair.

CEBAF has four cryounit assembly lines in operation,
each producing one cryounit every two weeks. Finished
cryounits feed two cryomodule assembly lines, each pro-
ducing one cryomodule per month. This net production
rate of two cryomodules per month has been maintained
for six months, and will continue through completion of the
second linac. Twelve cryomodules of the first linac, along
with 2-1/4 cryomodules in the front end, are presently in-
stalled in the tunnel. At one time, cryomodules were tested
as a complete assembly prior to delivery to the accelerator
tunnel, but this step has proven unnecessary. Testing of

each finished cryomodule is now done in its final location
in the accelerator.

The performance of individual cavities routinely ex-
ceeds the CEBAF design specifications of 5 MeV/m accel-
erating gradient at a Qo of 2.4 x 108 [1]. Field emission
loading is presently the most common performance limit-
ing phenomenon. We define a "useable" gradient as that
gradient which is limited by the Qo dropping to 2.4 x
10s, or by the field emission associated heat load reaching
1 W, or by being within 1 MeV/m of the gradient at which
the cavity quenches. The distribution of useable gradients
for cavities produced to date extends to 15 MeV/m, and
has a mean of 8.6 MeV/m. The mean Qo is 5.7 x 10*.
A very interesting aspect of this fine cavity performance
is that no systematic degradation in cavity characteristics
is observed between vertical dewar cavity pair tests and
tests of completed cryomodules in the accelerator tunnel.
Previous experience at other superconducting accelerator
installations has been that cavity performance in the fi-
nal installation is measurably below that obtained during
vertical testing.

RF System. Each eight cavity cryomodule receives
RF power from an eight klystron high power amplifier
(HPA). The 5 kW klystrons are manufactured by Varian,
and include a mod anode to permit operation with reduced
klystron beam current when lower RF power is required.
An 11.6 kV high voltage power supply provides a com-
mon klystron beam voltage to each HPA. All HPAs and
high voltage power supplies for the complete accelerator
are presently installed in the above ground service build-
ings, along with the waveguides to deliver power to the
cryomodules in the tunnel. Delivery of the 350 klystrons
ordered is very nearly complete, and most of these are
tested and installed in the HPAs.

Each klystron and cavity combination is controlled by
an individual RF control module [2]. The control modules
also handle all interlock and monitoring functions. The
modules contain an on-board microprocessor and math co-
processor, and communicate with the accelerator control
system through a CAMAC interface. A local computer
handles two cryomodules and HPAs, and communicates
with the control room supervisor computers. The final ver-
sion of the RF control module has been developed through
extensive testing with superconducting cavities, both with
and without beam, and has been in production for five
months. Calibrated control modules are in place through
the presently installed accelerator, and are being produced
and installed at a rate of ten/week.

The Master Oscillator for the accelerator is located
in the Main Control Center, and has recently passed its
acceptance test. Output from the MO is distributed to
the linacs through two temperature-stabilized drive lines,
and throughout the injector by a star system [3]. The drive
line installation is complete in the first linac, and nearly
so in the second.

RF checkout and commissioning takes places in three
stages. A low level checkout is done to verify the perfor-



mance of all interlock and control functions, without oper-
ating the klystrons. This is followed by a high power check-
out, operating the full HPA into waveguide shorts installed
in the accelerator tunnel. Following high power testing, the
HPA is connected to its cryomodule for RF commission-
ing. This step includes an optimization of the parameters
for each control module, and a 16-hour duration burn in
run at high power. On completion of this stage, the fully
operational HPA/cryomodule unit is turned over to the
Operations Group for beam operations. Low level check-
out is now in the second linac, and high level checkout is
in the last of twenty HPAs for the first linac. RF commis-
sioning with cold cryomodules is well underway in the first
linac.

Beam Transport. The beam transport system for
CEBAF is nearly 4.5 km in total length, and includes over
2200 individual magnets. Presently, about a third of this
total beam path is installed, under vacuum, and through
final alignment. Magnets, stands, and vacuum chambers
for a large fraction of the remaining system are in place
and being aligned for vacuum hookup. Final alignment
follows vacuum, electrical, and cooling water hookup. The
last elements to be installed are those in the momentum
spreaders and recombiners at the ends of each linac. The
first of these spreaders, at the exit of the first linac, is
scheduled for installation in early September.

Magnet power for correctors, quadrupoles, and sex-
tupoles is provided by 32 channel trim power supply sys-
tems. Eighty of these systems are now complete, and most
are installed in above ground service buildings. All of the
major dipoles in each arc are powered in series by high
stability 10"8 power supplies. After magnetic measure-
ment, the major dipoles are matched in pairs. With this
matching, it is possible to maintain the field integral for
all of the dipole pairs in any arc to within about ± 10~4 of
the mean over the full range of operating current. Testing
of the dipole strings is underway, and the high stability
supplies for these strings meet their specifications.

Cryogenic Systems. The CEBAF cryogenic systems
include a 2 K refrigerator to support superconducting cav-
ity testing and a 1500 W satellite refrigerator for magnets
in the experimental halls as well as the 4800 W, 2 K CHL
refrigerator for the accelerator. The test refrigerator has
been in regular operation for several years, and the satellite
refrigerator installation is close to completion. The CHL
has been in operation at 4 K for over 8000 hours in support
of accelerator commissioning work. Liquid helium at 2 K
for the commissioning work to date has been obtained us-
ing an auxiliary Kinney pump. In the final system, pump-
ing to reach 2 K from the CHL is done by a series of four
cold compressors. These are being commissioned at the
present time, and are expected to be fully operational late
in the year. The helium supply and return transfer lines
are complete in both linacs.

Front End Test Results
The Front End Accelerator. The CEBAF front end

accelerator is a 45 MeV superconducting linac which serves

as the injector for the accelerator. It is designed to pro-
duce a very low emittance, low energy spread beam. The
present system begins with a 100 kV thermionic gun with
a 2 mm diameter cathode, and a control electrode rather
than a grid. Following the gun, a two aperture emittance
filter defines a geometric admittance of 3.9 x 10~e meter-
radian. A pair of fundamental frequency bi-mode chopper
cavities and an aperture select a nominal 60° bunch from
the DC beam, which is subsequently bunched further by
a conventional bunching cavity. A five cell graded beta
capture section is used to accelerate the beam to 500 keV
for injection into the first superconducting cavities, and
provides further bunching. A two cavity cryounit acceler-
ates the beam to a nominal 5 MeV. A view of the injector
area is shown in Figure 4. Following a long drift section,
in which the bunching continues to a minimum length of
about 0.5°, the beam enters two standard cryomodules for
acceleration to 45 MeV.

Figure 4. A view of the low energy region of the
CEBAF injector.

Future plans call for adding photoemission guns to the
injector to provide both polarized electrons and variable
duty factor beams. In addition, the fundamental frequency
chopper cavities will be replaced with similar cavities op-
erating at the third subharmonic, to permit independent
current control over the beam delivered to the three exper-
imental halls.

This front end accelerator has been in operation with
beam for commissioning, and a variety of other measure-
ments, for over 3000 hours. Several months of this time has
been with around the clock operation for 128 hours/week.
The cryogenic cavities have been cycled between room tem-
perature and 2 K several times, with no degradation in
performance noted. All beam performance objectives were
reached or exceeded, including:

• 45 MeV beam energy,
• 200 /xA CW (operation of the 500 keV portion was

typically at 340 /xA, with higher currents available),



• 4<r transverse geometric emittance in both planes was
less than 2 x 10~8 m,

• Bunch lengths less than 0.5° were routinely obtained
at the entrance to the first cryomodule,

• The longitudinal ellipse at 45 MeV was shown to be
upright, and to have a bunch length less than 0.8°,

• The full momentum spread at 45 MeV was less than
1.2 x 10-4.

The transverse emittance was determined by measur-
ing the beam profile with a wire scanner as the strength of
an upstream quadrupole was varied. Bunch length mea-
surements were made by two techniques. Cavity back-
phasing and a 3 m dispersion bend were used at 45 MeV,
while a technique suggested by Yao [4] was used in the
lower energy part of the injector. All of these measured
performance numbers are in good agreement with detailed
simulations of the front end accelerator.

RF Control Module Performance. The performance
of the RF control system was thoroughly explored dur-
ing the front end test. The specification for gradient noise
which is uncorrelated from cavity to cavity is a < 2 x 10~4,
and the measured value is a < 1.5 x 10~4. The specifica-
tion on gradient noise which is correlated between cavities
is much tighter, at <r < 1.1 x 10~6. Present measurements
indicate that we meet this specification at all frequencies
except 60 Hz and its harmonics, where our measurements
indicate a <r of about 2-3 xlO~B. This latter measure-
ment, in the realities of a 60 Hz world, is very difficult,
corresponding to measuring 60 Hz at the level of tens of
microvolts. We believe that careful attention to ground-
ing and proper distribution of loads on the ac line will
assure we meet the very demanding correlated noise speci-
fication. Our specification on fast phase noise is a < 0.25°.
The control module meets this specification very conserva-
tively, with measurements indicating a < 0.1°. Slow phase
variations are much less critical, and will be corrected with
a vernier system.

Beam Recirculation Experiment. A single pass beam
recirculation experiment through the two cryomodules was
designed in collaboration with the University of Illinois [5].
The experiment was planned to demonstrate that the full
CEBAF accelerator would operate below threshold for re-
circulating beam breakup, and to provide a Ph.D thesis
topic in accelerator physics for an Illinois graduate student.
The temporary recirculation loop was constructed with
magnets and power supplies from the de-commissioned Illi-
nois accelerator and a number of CEBAF accelerator com-
ponents. One of the two 180 bends was mounted on a
precision translation mechanism, which provided a full RF
wavelength of path length control. This 180° bend is shown
in Figure 5. A chicane was placed at the exit of the two
cryomodules and before the first 180° bend to permit a
beam deaccelerated on the second pass to be extracted to
a dump, for energy recovery studies. Finally, the recircula-
tion return path contained a six quadrupole FODO array
to allow variation of the recirculated beam tune.

Figure 5. The first 180° bend of the recirculation
system, mounted on a translation stage.

The majority of the recirculation experiment was run
with a 5.6 MeV beam injected into the two cryomodules,
accelerated to 42.8 MeV on the first pass, and to 80.0 MeV
on the second pass. A 190 pA CW beam was recircu-
lated to 80 MeV without any evidence of beam breakup,
as expected. Though no evidence of beam breakup was
observed, studies were conducted on the growth of HOM
power with beam current as the recirculation optics was
varied, using the unpowered last cavity of the second cry-
omodule as a pickup. These data are presently being an-
alyzed. Energy recovery was also accomplished, deaccel-
erating the 42.8 MeV beam back to 5.6 MeV. Within the
approximately 5 x 10~3 precision of the measurements,
100% energy recovery was observed with a 31 /*A CW
beam. These measurements indicate that the full five-pass
CEBAF accelerator should operate well below the thresh-
old for multipass beam breakup.

Other Measurements. A number of other studies were
accomplished during the front end test. The beam position
monitors were verified to provide the required 0.1 mm-/iA
resolution with 100 /xsec pulses, for example. A prototype
of the novel structure proposed for the RF separators was
tested and shown to provide the anticipated high trans-
verse shunt impedance [6]. Pseudo-random modulation
of the beam current, which is required to extract beam
position information from the five passes present in the
linacs, was demonstrated by modulating the RF power to
the chopper cavities. The complete front end test provided
a good opportunity to begin the development of acceler-
ator operational procedures, and to train beam operators
for the coming commissioning activities.

Future Commissioning Plans

The Front End Test was completed on July 2. Imme-
diately following this date, the recirculation experiment
was removed, along with the shielding which isolated the
test area from the remainder of the accelerator tunnel. The



front end accelerator has now been connected through a
beam transport line to the first of the two linacs, which
presently contains twelve cryomodules. A moderate reso-
lution spectrometer is located after the last cryomodule,
along with a beam dump in the straight ahead position.
Shielding has been installed to isolate this region from the
remainder of the accelerator tunnel. Testing of this portion
of the north linac with beam commenced in mid-August,
and is conducted in parallel with continuing RF commis-
sioning and CHL cold compressor commissioning. This
commissioning stage is planned to continue until late au-
tumn.

Late in the year, the full north linac will be connected
to the spreader and east arc beam transport system. In ad-
dition, a tuneup dump, which will permit full power opera-
tion of the north linac, will be installed in a straight ahead
position after the split-off to the east arc. The east arcs
will be terminated with low power (17 kW) dumps, which
are adequate for low beam current optical studies through
the arcs. Testing of the north linac at full current, and op-
tical studies through the east arcs, is planned to continue
until the summer of 1993. At that time, a shutdown of
several months' duration will allow for the completion of
all remaining accelerator and beam transport installation.

In late calendar 1993, final commissioning of the ac-
celerator will begin with beam transport around the full
east arc, through the recombiner, and into the south linac.
Beam will be transported to a tuneup dump in a beam
switchyard tunnel stub, and later through Hall C, the first
of the three experimental halls to come on line. Single
pass beam delivery for Hall C equipment commissioning
is planned for early in calendar 1994. Accelerator com-
missioning through full five-pass operation, to a nominal
4 GeV, will continue in parallel with the Hall C activi-
ties. Following five-pass operation, the RF separator sys-
tem will be commissioned to permit beams to be delivered
to all three experimental halls. This step is planned to
begin in the spring of 1994. Overall, it is an ambitious
commissioning schedule for a complex machine.

Energy Upgrade Potential

As noted earlier, the superconducting cavities are sig-
nificantly exceeding their design accelerating gradients and
Qo's, permitting operation of CEBAF at energies higher
than the 4 GeV design value. If the present average cav-
ity characteristics are maintained through the remainder of
the accelerator, achieving 6 GeV operation with five passes
appears to be quite likely. No magnets in the accelerator
suffer from saturation at energies up to 6 GeV, and only
minor power supply upgrades would be required to reach
this energy.

The accelerator tunnel includes slots for 25 cryomod-
ules in each linac, with only 20 being filled for the initial
4 GeV operation. By filling these additional slots with
cryomodules, energies in excess of 8 GeV appear possible.
At this energy, some magnet improvements would be re-

quired. In addition, it would likely be necessary to either
operate the RF system with less than 100% duty factor,
or to provide additional helium refrigeration capacity to
reach these energies. Above 10 GeV, the recirculation lat-
tice would need extensive rework, and cavity performance
above that presently obtained would be required, but the
existing tunnel could house a machine in the 15 to 25 GeV
range. Overall, it appears highly likely that CEBAF will
ultimately reach an energy well above its 4 GeV design
value.

Conclusion

The construction of the CEBAF accelerator is well
advanced, with completion of all installation work antici-
pated in autumn of 1993. A lengthy test of the 45 MeV
front end accelerator, the injector for the full machine, has
been completed. All beam quality specifications for this
part of the accelerator were met or bettered, and the RF
control system was demonstrated to meet its very demand-
ing specifications. A recirculation experiment in the front
end has demonstrated that the full five-pass CEBAF ac-
celerator will operate well below beam breakup threshold.
The front end accelerator is now connected to the north
linac, and beam commissioning in this expanded system is
underway. Over the next few months, commissioning ac-
tivities will move on to full current beam tests in the north
linac, and low current beam optics studies through the east
arcs. During summer of 1993, beam operations will shut
down to complete all remaining installation work. Com-
missioning of the complete accelerator will begin in late
1993, with first beam delivery to an experimental hall early
in 1994. The performance of the superconducting cavities
to date is substantially above their design specifications,
leading to the high likelihood that CEBAF will ultimately
operate well above its 4 GeV design energy.
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Abstract

The 600 MeV H- linear accelerator is the first stage of
acceleration in the chain of accelerators which make up the
Superconducting Super Collider. This paper will review the
present status of design and construction, conventional
construction and supporting research and development. More
detailed technical papers are also being presented at this
conference. [4-7,9, l i ; 14-27]

Introduction

The SSC linear accelerator [1-4] is designed to accelerate
beams of H- ions to 600 MeV. Macropulses of 9.6 us
duration, 21 mA peak current, are stripped, and fill each of the
114 rf buckets of the Low Energy Booster (LEB) with 1010

protons in 4 turns. The linac operates at 10 Hz, to support the
fast-cycling, resonantly driven LEB. The linac can provide
longer (35 us) pulses at 25 mA to fill the LEB for Test Beam
operation. The main parameters of the SSC Linac are given in
Table 1.

TABLE 1
Linac Specifications

H
600 MeV*
25mAt
2 - 3 5 us
10 Hz
< 0.3 n irmvmrad
< 100 keV
427.617 MHz t
> 98.8%

Particle
Output Energy
Nominal Output Current
Pulse Length
Pulse Repetition Frequency
Output Transverse Emittance (n, rms)
Output Energy Spread
Basic radio frequency
Scheduled availability
(Collider filling)

* ability to upgrade to 1 GeV must be preserved
t designed to be able to handle up to 50 m A
* 9th harmonic of LEB injection rf - preserves bunch-to-

bucket transfer option

The three main linac requirements which are notably different
from those of earlier proton linacs for injection into booster
synchrotrons are: low transverse emittance, high availability,
and preservation of the bunch-to-bucket LEB injection option.
The latter requirement determined the basic rf frequency and
output energy. Since space charge forces in the LEB at
injection dominate overall emittance growth in the Collider,
space has been reserved in the linac tunnel and the rf gallery for
additional klystrons and coupled-cavity linac (CCL) modules to
boost the output energy to 1000 MeV. This is the best
understood method for doubling the Collider luminosity.

A study carried out this year for the Southwestern Medical
Center determined that the linac would be a suitable source of

"Operated by the Universities Research Association, Inc. tor the
United States Department of Energy under Contract No. DE-AC35-
89ER40486.

protons for a radiotherapy facility. Although a final decision
has not been made, the linac has been designed to provide 70
to 250 MeV protons for this purpose. The primary impact is
the need to provide a stub-out from which the transfer line to
the proton radiotherapy facility can begin, and to provide for
adjustable quadrupole magnets in the CCL portion of the linac.

Ion Source/LEBT/RFQ [5]

Both magnetron and rf volume sources [6, 7] have
demonstrated normalized, transverse rms emittances of
=0.1 n mm«mrad, significantly better than the design
objective of 0.18 n mnrmrad. These results were obtained
with an in-house analysis code, and confirmed with REANE
[8]. In addition, the volume source continues to demonstrate
superior operational characteristics with respect to
commissioning times and stability.

Both Einzel lens and Helical Electrostatic Quadrupole
(HESQ) LEBTs will undergo detailed characterization on the
recently completed computer-controlled emittance measurement
system. A collaboration to investigate a conventional
electrostatic quadrupole lens [9] is being set up with the low
energy beam transport group at the University of Maryland .

The four-vane RFQ (Table 2) was designed [10] and built
by AT Division staff at Los Alamos National Laboratory,
under contract to the SSCL. A major design change in earfy
1991 reduced the higher multipole content of the cavity fields
and significantly improved transmission. Electroforming
technology restricts the design to 1.1 m long sections. Rather
than increase from two to three sections, the aperture was
slightly decreased and a voltage ramp created, which increased
the rf power required. The design now shows essentially zero
transverse emittance growth during acceleration, at the
additional expense of a 30% increase in longitudinal emittance
and LEBT focussing strength. Construction of the RFQ is
now complete, and it is expected at SSCL in mid-September.

TABLE 2
RFQ Specifications

Frequency
Input Energy
Output Energy
Input Current
Output Current (accelerated beam)
Input Transverse Emittance (n, rms)
Output Transverse Emittance (n, rms)
Output Longitudinal Emittance (rms)
Output Beam Radius (rms)
Vane Tip Radius
Bore Radius
Peak rf Field
Total rf power
Structure power
Length
Input Instrumentation:
Wire Scanner 1
Faraday Cup 1

427.617 MHz
0.035 MeV
2.5 MeV
30 mA
= 27mA
< 0.20 7i mm-mrad
<: 0.20 7t mnvmrad
= 0.8 * 10-6 eV-s
0.75 mm
1.5 - 3.85 mm
2.0 - 3.5 mm

36 MV/m (1.8 * Kilpatrick)
345 kW
280 kW

2.1863 m

Toroid 1
Segmented Aperture 1



The RFQ end walls are specialized devices, providing vacuum
isolation valves and instrumentation in a package occupying
minimum length along the beam line for optimum beam
handling on both input and output of the RFQ.

The rf power amplifier, low level rf controls and elements
of the rf supervisory controls were obtained through a
collaboration with LANL [11]. The power amplifier, based on
the GTA design, has been delivered to SSCL, installed,
connected to utilities and commissioned. It has achieved
satisfactory performance at the 600 kW level. A new high
voltage power supply has now been shipped to SSCL and is
ready for installation, commissioning ana acceptance testing.
Amplifier supervisory controls are based on an Allen-Bradley
PLC, and have also been integrated with the power amplifier
and tested. The SSC standard for supervisorycontrols will be
based on single-board computers on a VME/VXI bus, and
work has begun to develop a replacement supervisory control
system more representative of subsequent linac modules.

The low level rf control system is based on the I&Q
system [12]. It has been commissioned at SSCL, tested with
a cavity load and klystron simulator, and integrated with the
power amplifier. Supervisory controls for the low level
system are cased upon the system developed for GTA [13].

The RFQ will be permanently equipped with I
position monitors, toroids and wire scanners. A diagn

beam
.gnostic

cart will provide longitudinal and transverse emittance
measurement capability during commissioning. Voltages will
be calibrated by oremsstrahlung end point measurement First
beam tests are planned for the end of calendar 1992.

All rf accelerating cavities, including the RFQ, will use
temperature variation Tor resonance control. The RFQ has a
closed loop cooling/heating system to adjust the temperature
setpoint, either manually, or automatically, on the basis of a
resonance error signal derived from the low level rf system.

All resonant structures have relatively long thermal time
constants, so a rapid response to a request to service any linac
customer will depend on how accurately the temperature
control unit can nold the resonator on tune, and on the
difference between the temperature distribution characteristic of
an rf driven structure and one heated through the water system.
This will be established by experiment, but all rf systems may
have to run continuously if a rapid response is required.

RFQ/DTL Matching Section and DTL

Matching from the RFQ into the DTL [14, 15] is one of
the operations most critical to preservation of beam transverse
emittance. The original linac plan foresaw (for reliability) two
ion source/LEBT/RFQ systems matched into the single DTL
in a 120° switchyard. Shortage of internal engineering
resources, the difficulty of designing a satisfactory switchyard;
and a renewed emphasis on cost, led to a decision to abandon
dual injectors and revert to a simpler, in-line matching section.
A system of 4 bunchers, 3 dipofes and 14 permanent magnet
quadrupoles was replaced with a much simpler one with 2
bunchers and 4 variable gradient permanent magnet quadrupoles
(Table 3). Detailed design of subsystems and components is
well advanced. Commissioning is to begin in May 1993.

The complexity and compactness of the design has
required special attention to the interface to the DTL.

Drift Tube Linac

The main components of the DTL are being obtained from
industry after competitive bid. The four Alvarez tanks are
being manufactured by AccSys Technology, Inc. [16], the

RFQ/DTL Matching

Length
Bunchers:
Number
Type

Frequency
Peak Voltage (E0TL)
Power required
Quadrupoles:
Number
Type
Gradient
Bore
Instrumentation:
Beam Position Mon.
Wire Scanners
Segmented Aperture

TABLE 3
Section Technical Parameters

3
2
1

600 mm

2
Double-gap
427.617 MHz
136/146 kV
30 kW

4
Variable gradient PMQs
30- 100 T/m
24 mm

Toroids 2
Slit & Collector 1 set
Faraday Cup 1

klystrons will be delivered by Thompson CSF, and the pulse
modulator order hasbeenplaced with Maxwell Laboratories,
Inc., Balboa Division. The first klystron is expected by the
end of the calendar year, and the first modulator oy mid-1993.
The first DTL tank is expected in November 1993, with all
components scheduled to be at SSCL by May 1994. The
main technical features of the DTL are given in Table 4.

TABLE 4
DTL Technical Parameters

Number of tanks, modulators, klystrons 4
Length, Cells, Output Energy, rf Power Required:

Tankl 4.499 m 56 cells 13.41 MeV 1.187 MW
Tank 2 5.956 m 40 cells 32.84 MeV 2.333 MW
Tank 3 6.063 m 30 cells 51.59 MeV 2.360 MW
Tank 4 6.258 m 26 cells 70.00 MeV 2.387 MW

Peak rf power available
Permanent Magnet Quadrupoles
Quad Gradient (-0, +5%, sorted)
Quadrupole Bore
Design Transverse Emittance (n/ms)
Input
Output
Instrumentation:
Beam Loss Monitors 3
Toroids 3
Absorber/Collectors 3

4MW
156/Sm2Coi7
132.7 T/m
18.5 mm

0.20 rc mnvmrad
0.21 7t mm«mrad

Beam Position Mon. 6
Wire Scanners 3
Diagnostic Pods 3

The gradient in tank 1 is ramped, and all tanks are post-
stabilized. Rf phase in the last two cells of tanks 1-3 and the
first two cells of tanks 2-4 is adjusted for extra longitudinal

' ;h the intertank space. Initially achieved by
centers, this haa the unintended effect of

focussing through the intertank space. Initially achieved by
moving the gap centers, this haa the unintended effect of
producing a field tilt. The tilt could be corrected using the
post stabilizers, but an alternative solution [17, 18] restored
field flatness while maintaining post stabilizer operating range.

DTL/CCL Matching Section

Frequency tripling occurs at this point in the accelerator and
makes careful design of this section (Table 5) for minimum
emittance growth critical. Fortunately, the beam energy is
70 MeV which provides sufficient longitudinal space and beam
stiffness for solutions to be reasonably easily implemented.



TABLE 5
DTL/CCL Matching i

Length
Bunchers:
Number
Type
Frequency
Peak voltage (EQTL)
Power required

Quadrupoles:
Number
Type
Gradient
Bore

Instrumentation:
Beam Position Mon.
Wire Scanners
Beam Loss Mon.
Absorber/Collector
Design Output Transverse

Section Technical Parameters

2.9526 m

2
CCL sections
1282.851 MHz
1.2/1.8 MV
426/657 kW

9
Electromagnet
40T/m
23 mm

3 Toroids
3 Slit & Collector
3 Bunch Shape Mon
1 Diagnostic Pods
Emittance 0.21 n mn

Coupled-Cavity Linac

Changes to the CCL (Table 6) are the most s
that the Linac design has undergone in the past year

3
1 set

. 1
4

i«mrad

jignificant
[19-24].

TABLE 6
CCL Technical Parameters

Frequency
Input Energy
Output Energy
Number of modules / tanks
Peak Surface Field

Field Gradient (EQT)
Synchronous Phase
Amplitude Stability
Phase Stability
Magnet Lattice
Length
Bore radius
First-Neighbor Coupling Constant
Intertank & Intermodule Spaces
Modules 1 & 2
Modules 3-9
Bridge Couplers:

Coupling Constant
Transverse Emittance (n/ms)
Input
Output

1282.851 MHz
70MeV
600 MeV
9 111
32 MV/m
(1.0*Kilpatrick)
7.2 - 6.55 MV/m
-25°
± 0.5%
±0.5°
F0D0
112.41 m
10.0 mm
6 - 7 %

7/2 BX
5/2 PX
Multi-cell B-coupled

= 12%

XJ.LL 7t mnvmrau
< 0.25 re mm«mrad

Design Tor Reduced Emittance Growth

Redesign of the side-coupled linac was required by
increased transverse emittance growth, associated primarily
with frequency tripling and RFQ changes. The mechanism
driving emittance growth was coupling between longitudinal
phase and the magnitude of the rf defocussing force. The
original design had a predicted emittance growth through this
mechanism of approximately 30%. After the RFQ change,
this grew to about 50%. This would not produce a beam
within the emittance specification of Table 1.

Another motivation was the need to minimize cost,
without jeopardizing performance. In the CCL this led to an
attempt to reduce the number of klystrons. Originally, the
CCL was sub-divided into ten 6-tank modules, each with a
klystron. First and last tanks in each module had 20 cells; the
remainder had 22. The shorter tanks freed beam line space for
instrumentation. Bridge coupler lengths in the original design
were 5/2 BX in modules 1-5, and 3/2 BX in modules 6-10.
Intermodular spaces were 9/2 and 7/2 BX in the first five and
four modules, respectively. Pulsed quadrupoles between each
pair of tanks provided a F0D0 transport channel. For ease of
manufacture, all cells in any given tank were designed for the
same value of B. To make optical properties approximately
independent ofcurrent, the accelerating gradient was ramped
from =1 MV/m to the equilibrium value of 6.6 MV/m in the
first two tanks of module 1.

It was observed that coherent synchrotron motion caused
emittance growth, through the mechanism cited earlier. This
occurred even for zero injection phase error because of the ion
B variation in constant p tanks. It was further observed that
the motion was made more complex by the biperiodicity in
longitudinal focussing arising from two different tank lengths.
The first part of the solution was, therefore, to reduce the
magnitude of the oscillation by reducing the number of cells
per tank, and increasing the number of tanks per module.
Then, by keeping the same number of accelerating cells in
each tank (16), and eliminating the longer intermodular
instrumentation spaces, the number of quadrupoles was
increased, and their spacing decreased. This further reduced

average beam size, non-linear r-z coupling and emittance
growth. This lattice, now very smooth and regular in all three
phase planes, has essentially no emittance growth.

The most serious problem arising from these changes was
elimination of intermodular instrumentation space. A special
effort on compact quadrupoles, diagnostic boxes and flanges,
produced designs for these components which fit in available
space, as set out in Table 6. The CCL diagnostic plan was
refined to provide diagnostics space between tanks, rather than
just between modules. Although we can neither justify nor
afford permanent instruments at all these locations, the ability
to concentrate diagnostics in critical locations as needed will
provide the flexibility necessary to achieve our ambitious
goals for beam quality. The difficulty of predicting the
optimum location for a fixed set of instruments is increased by
the large transverse phase advance (60° <aot <80°).

Design for Fewer Klystrons

First, the beam size reduction gave a reduced bore radius,
even while the ratio of maximum beam size to bore radius was
decreased. This allowed the basic cavity to be redesigned for
improved shunt impedance. Second, other minor cavity
geometry changes lea to a few percent increase in efficiency, as
well as a smallreduction in peak surface electric field. Third,
re-evaluation of the ramped gradient section in the first module
showed that the penalty associated with forgoing this option
was negligible.

Concern had surfaced over potential difficulties in driving
such long assemblies of coupled resonators. It was concluded
that the design coupling constant of 5% was certainly too low,
and it was raised to 7% in modules 1 - 5, and 6% in modules
6 - 9. This change used up ail the power saved, so that the
only way to reduce the nurnber of rf stations was to reduce the
klystron power margin. The original designers had wisely
included a power reserve of approximately 73%, over the
amount required to establish cavity fields anq accelerate beam.
By reconfiguring the 10 modules of 6 tanks into 9 modules of
8 shorter tanks driven at slightly higher gradient, the same
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performance was achieved, while maintaining a margin for
waveguide loss, control and klystron aging of 63%. The
design improvement referred to in the preceding paragraph kept
the peak surface electric field below 1 .O*Kilpatnck.

Design for International Production: China

A requirement for substantial international contributions
led to favorable consideration of a proposal from the Institute
for High Energy Physics, Beijing, (IHEP) for a collaboration
in CCL construction. This institute successfully constructed
the SLAC-style linac injector for the Beijing Electron-Positron
Collider (BEPC), and has subsequently provided accelerating
columns of this design to institutes around the world.

A build-to-print approach has been adopted, and several
Chinese scientists ana engineers have visited SSCL to learn
the specialized techniques of assembly, tuning and testing
which must be applied to side-coupled proton linacs.

The standard TMmo bridge coupler design used at LAMPF
and FNAL was difficult to tune, and would have been
challenging in the higher P modules. This was of particular
concern, since we are determined that complete modules should
be assembled and tested at low power in the factory in Beijing.
Several [21-23] alternative design concepts were analyzed
numerically and modejled at low power. A magnetically-
coupled multi-cell design was chosen for its high internal
coupling co-efficient (low power flow phase shifts and high
group velocities) and relative ease of fabrication and tuning.
Although concern about the number of cells per module was
first addressed in the context of the new design; the number of
cells per module is nearly the same as in the original.

We were able to purchase engineering services from the
AT Division at Los Alamos to supplement internal resources.
They proposed and implemented an automated drawing scheme.
It has taken some time to set up, but it will greatly speed up
the process of generating the 1500 - 2000 drawings needed for
the CCL.

Design for International Production: India

The design effort on compact quadrupoles, previously
referred to, was carried out, to the prototype stage, using
internal SSCL resources. The offer of a contribution from
India led to the identification of these quadrupoles and other
magnets in the Linac-LEB transport/transfer lines, as suitable
items for contribution. An engineer from the Indian Center for
Advanced Technology in Indore is at SSCL reviewing these
magnet designs for pnysics and manufacturability. The first
prototype magnet is expected at SSCL in February 1993. The
CCL quads were originally proposed as pulsed magnets, to
minimize cooling, but were changed to dc magnets to
economize on power supply and control costs. The new
requirement to support provision of beams to the proton
therapy facility implies laminated magnets with short time
constants. We must switch the field in the CCL and transport
line quadrupoles between 600 MeV and 70 Mev settings
between linac pulses, since the plan is to drift the lower energy
beams through all or part of the CCL without acceleration.
Those modules not required for a particular beam energy will
receive a standard rf pulse, but it will not arrive with the beam.

Proton Radiotherapy Facility

The University of Texas Southwestern Medical Center at
Dallas proposed a joint initiative towards a medical proton
therapy facility at the SSCL. The proposal was that the linac
could provide beams of 70 - 250 MeV protons for radiotherapy
when it was not servicing either collider or test beam users. A
study group was formed under the direction of SSCL, to

review the options. The group included Particle Accelerator
Corporation and Lawrence Berkeley Laboratory. Options
considered included: direct application of linac beams;
extraction of a 70 MeV beam from the linac for storage and
acceleration in a small synchrotron/storage ring; and extraction
of variable energy beams from the linac for injection into a
storage/pulse-stretcher ring. A variety of beam application
techniques, as they integrated with the basic technical options,
were investigated, and the possibility of using the linac beam
for generation of small quantities of radioisotopes for local
PET applications was considered. The SMC group selected
direct application of linac beams (with intensity reduction),
with no radioisotope production capability. Efforts are
underway to obtain funding, and the linac tunnel has been
provided with a stub-out branch from which the medical beam
transfer line may be extended, without interrupting linac
operations during medical facility construction.

Conventional Construction

Design of linac conventional facilities is complete,
including tunnel and rf gallery extensions for an upgrade to
1000 MeV. Contract award for conventional facilities was in
May 1992, and construction is underway. Excavation for
underground facilities is complete, and pouring of concrete for
the source gallery and tunnel has begun. Scheduled beneficial
occupancy is April 1993, with contract completion in July.

Reliability Engineering

Other proton linear accelerators have achieved the
reliability levels set for the SSC Linac. Those that have done
so have typically taken more than a decade of operation to
achieve it. We will have to operate at these levels by 1999.

The SSCL strategy for guiding engineers in designing to
achieve high levels of availability was to allocate to machines,
sub-systems and components, specific levels of availability
which, when rolled up with the allocations for the rest of the
Super Collider, resulted in facility availability to take high
energy data 80% of the time scheduled. In a facility of this
size and complexity, this frequently led to a stated requirement
for a water pump, for example, of 0.999999 availability.

This approach had three problems: first, the only way to
reliably achieve such high levels of availability, in design, was
by redundancy. Such pervasive redundancy was not part of the
baseline estimate, and can not be afforded. Thus, no useful
guidance is provided to engineers. Second, the method takes
no account of actual operating profiles: e.g., the linac will be
required to provide beam for collider fill, at equilibrium, for a
period of 1 to 2 hours every 24 to 48 hours. The availability
allocation process did not take systematic advantage of this
fact. Finally, the process did not take into account preventive
maintenance or availability of spares and personnel.

Under the auspices of DoE, the Linac was the subject of a
pilot study on an alternate reliability assessment program.
This program utilized a linac model which included:

1) a detailed description of the accelerator at the circuit board
level, and as needed, even lower;

2) estimates of MTBF and Mean Time To Repair (MTTR)
for components, including time for identification and
diagnosis of faults, crew assembly, getting spares,
making repairs and testing; and

3) the linac mission, showing the time the linac will spend
in a typical operational cycle servicing each customer.

The program (TIGER) then simulated many years of operation
using Monte Carlo methods. Failures were identified and
classified as to the degree to which they threatened the basic
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mission. This approach proved capable of providing specific
guidance to the engineers on components of particular concern,
and the amount of improvement needed to bring the linac
operation back within acceptable bounds of availability.

In summary, overall linac availability is predicted to be
quite good, although it still needs improvement to achieve our
goals. Specific items identified as needing attention were
precisely those which experienced accelerator builders and
operators might have predicted at the outset. This approach
needs considerable attention to verify both the model and the
data, but it does give some reason to hope that reliability can
be managed effectively in design and construction.

System Engineering

The SSC is subject to a formal System Engineering
discipline [25] which addresses those project management
issues arising in a large organization attempting to complete a
large, expensive project with tight time ana cost constraints.

This involves development of specification trees and
management of the process by which functional and physical
requirements flow down through the various levels of
specification to the lowest level. Development of Interface
Control Documents attempts to ensure that communication
across organizational boundaries takes place efficiently and
effectively, so that no aspect of system integration 'falls
through the cracks". A co-ordinated series of design reviews
provides essential opportunities for the physicists preparing
system specifications and requirements to manage and direct
the activities of the engineering divisions as they attempt to
fill the requirements. Finally, preparation and documentation
of test plans provides the basis for demonstration of successful
completion of the project, both in total and in detail.

Commissioning Plans

A detailed commissioning plan [26,27] is being created to
satisfy the requirement for an acceptance test plan for the linac.
In addition, it has played a major role in development of
requirements for beam instrumentation and the control system.

Conclusion

In summary, the Superconducting Super Collider injector
linac is proceeding from detailed design to construction. We
are on schedule to achieve of our most significant milestone -
Ready to Support LEB Commissioning - April 1995.
Assuming the Proton Radiotherapy Facility is approved, it is
scheduled to begin commissioning during calendar 1996.
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Abstract

This paper summarizes the status of the technology of
superconducting (SC) linacs designed for the acceleration of ions.
The emphasis is on the technical issues involved, with only brief
descriptions of the numerous linacs now in operation or under
construction. Recent developments of special interest are treated
in more detail, and remaining technical challenges are outlined.
The technology required for the acceleration of ions with velocity
/ J - l is not discussed because it is almost the same as for
refativistic electrons. That is, this paper is mainly about SC linacs
for low-velocity heavy ions.

Introduction

The development of SC technology for heavy-ion
acceleration started in the late 1960's and early 1970's, stimulated
by the pioneering effort at Stanford on a SC linac for electrons. A
few of the milestones in the early work on heavy-ion acceleration
are listed in Table 1. The main thrust of the work in the period
1969-1973 was the development of helix accelerating structures,
with niobium being used as the superconductor at Karlsruhe and
Argonne, and lead plated on copper at Cal Tech. This was a
period when the basics of the technology were learned: techniques
for fabrication, heat treatment, and surface treatment, the
importance of material purity and surface cleanliness, and the
difficulty of achieving phase stability. By 1974 the field had
matured to the extent that new types of accelerating structures
were being developed, ion beams were accelerated, and the
technology of heavy-ion beam bunching was established. See [1]
for more detail.

TABLE 1
Milestones in Early History

1965 1 s t Superconducting Linac (for Electrons) Stanford
1969 Low-0 Niobium Structure (Helix) Karlsruhe
1970 Low-j8 Lead-Plated Structure (Helix) Cal Tech
1974 High Surface Electric Field (37 MV/m) Argonne
1974 First Phase-Locked Acceleration of Ions Argonne
1974 Development of Split-ring Resonator Cal Tech
1974 100-ps Heavy-ion Bunches Argonne
1975 Funding, Heavy-ion Linac Argonne

Table 2 summarizes some of the lessons learned during
the early work on low-/} SC accelerating structures, some of
which were rediscovered half a decade later by those working on
high-jB structures. Major technical challenges continue to be (1)
how to obtain clean, defect-free SC surfaces and (2) how to
control the phase of low-frequency structures.

Most of the work outlined above was aimed at the
development of individual accelerator components, especially
accelerating structures, but in 1974 the work entered a new phase
when Argonne obtained funding to build a real SC

*Work supported by the U.S. Department of Energy, Nuclear
Physics Division, Contract W-31-109-ENG-38.

accelerator, a small prototype linac to serve as an energy booster
for heavy ions from a tandem electrostatic accelerator. By 1978
this tandem-linac system was accelerating heavy-ion beams for
research, and other tandem-linac systems were being constructed
[3] or planned. A series of review papers [1, 4-6] provide an
overview of applications of RF superconductivity to heavy-ion
acceleration as the technology developed. References to most
publications prior to mid 1985 are in [1].

TABLE 2
Lessons Learned from Early Experience

• High Surface Fields are Possible
• Field Levels are Limited by Electron Field Emission
• Superconducting Surfaces are not Fragile
• Several Kinds of Low-/* Structures are Effective
• Fabrication of Niobium Structures is Straight Forward
• Surface Defects can be Located and Removed
> Major Technical Challenges are:

(1) Clean, defect-free Surfaces
(2) Phase Control

General Features of Tandem-Llnac Systems

The initial use of SC linacs for heavy-ion acceleration was
helped immensely by the availability of tandems as injectors since
their beams (for which p is usually > 0.05) removed the need to
solve the problems associated with RF acceleration of very slow-
moving particles. To be effective, a linac coupled to a tandem
must satisfy certain conditions: variable q/A ratio and incident
velocity, CW operation, easy energy variability, and acceleration
without much deterioration in either transverse or longitudinal
emittance. To satisfy these requirements the accelerating
structures of the linac must have few accelerating gaps (2 to 4)
and be independently phased. The transit-time factor for such
structures are illustrated in Fig. 1. Although 2- and 3-gap
structures accelerate effectively over a rather wide range of
velocity, more than one class (/J) of structures is often acquired.
The RF frequencies are usually in the range 90 to 150 MHz.

Fig. 1 Transit-time curves for accelerating structures.
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The main features of a tandem-linac system are shown in
Fig. 2. The negative ion beam from the source is bunched at the
tandem input, accelerated to the high-voltage terminal, pasted
through a thin (< 5//g/cm2) stripped foil to form highly-charged
ions, accelerated to ground potential, chopped to remove
unbunched ions, pasted through a second stripper, analyzed, and
rebunched to form beam pulses that are matched in longitudinal
phase space to the linac. The phase of the pre-tandem buncher is
controlled by the bunch-arrival time at the "phase detector"
because of drifts in the ion transit time through the tandem.

The SC linac consists of an array of short independently-
phased accelerating structures and transverse-focussing elements.
In the illustration (ATLAS), transverse focussing is provided by
SC solenoids, whereas other linacs use quadrupoles at room
temperature. The accelerating structures operate at a temperature
of -4.5 K. and, because of mechanical-design considerations, the
interior of the unit and the insulation vacuum are interconnected.

ION SOURCE

Nl1'

BUNCHER

^TERMINAL
«9MV

TANDEM-L INAC SYSTEM

KEY OeSICN FEATURES

1. BUNCMCR
2. INDEPENDENT RESONATORS
3. RESONATOR PERf ORMANCE

OHOPPER

/ -STRIPPER *2 . „ » •

LINAC WITX INDEPENDENTLY-PHASED RESONATORS

DETECTOR ^RESONATOR flCON DUCTING
SOLENOID

Fig. 2 Main components of a tandem-linac system.

As is discussed later, all but one of the SC heavy-ion
linacs maximize the fraction of the linac devoted to active
acceleration and avoid large gaps in acceleration. Consequently,
the behavior of the beam in longitudinal phase space can be
described approximately by conventional linac theory in which
the bunch rotates around the synchronous velocity and phase. In
most SC heavy-ion linacs the acceptance in both longitudinal and
transverse phase space is very much larger than the corresponding
phase-space area (emittance) of the beam. This condition is
highly desirable so as to avoid the need for careful tuning after
each change of ion species, which typically occurs one or two
times weekly.

Accelerating Structures

The heart of a SC linac is the accelerating structure.
When designing the structure, three main choices are involved:
the kind of superconductor, the type of structure, and the RF
frequency. These choices are dependent on a large number of
interacting considerations. Because of the complexity of these
considerations, the wide range of beam velocities, and the
differing user requirements, there is no type of structure that is
optimum for all applications, unlike the situation for electron
acceleration. The many possibilities for low-0 structures is still a
challenge for the designer.

The helix structure that was explored initially for heavy-
ion acceleration has been abandoned (with one exception) because
of its high ratio of surface electric field E s u r to accelerating field
Ea and especially because of its mechanical instability, which
makes phase control very difficult. For a time the helix was
replaced as the design of choice by the 3-gap "split ring"
resonator. The Argonne version [7] and the Cal Tech-

Mis

t?
P- 0.10

150 MHz
1/4 WAVE Pb
U. OF WASH.

p-0 12
356 MHz

1/2 WAVE Nb
ARGONNE

to -

3-0.O25
48.5 MHz

W WAVE Nb
ARGONNE

Fig. 3 Examples of recent accelerating structures.

Stony Brook version [8,3] are still in use. More recently,
structures consisting of drift tubes driven by a straight quarter-
wave line [9] are being widely used. Fig. 3 shows three examples:
a 2-gap lead-plated structure [10] used in the U. of Washington
linac, a 2-gap niobium structure with outstanding performance
characteristics developed at JAERI [11], and a 4-gap structure
developed at Argonne [12] for use in the injector described later.
The most recent development is a half-wave structure [13] for the
acceleration of light ions. Because of its length, this half-wave
design may not be practical at the low RF frequencies needed for
low-/J particles but it has excellent characteristics at higher
frequencies.

The best performance [11-14] achieved by various kinds
of accelerating structures are summarized in Table 3. In all units
the superconductor is niobium, and the limiting fields are high
enough that electron-loading is the dominant power-loss
mechanism. It must be emphasized that Table 3 gives maximum
achievable fields, and experience shows that the average
performance for online operation of many units is only 50 to 60%
of these values.

Table 3 also gives information about various design
parameters of the resonators. In particular, note the wide range of
P and the substantial accelerating voltages provided by individual
units. Also, note that the ratio E™/Ea is typically -5 whereas for
/?=1 structures it is - 2 . Thus, although the effective accelerating
fields reported for the 0=1 structures are considerably greater than
for the low-/) structures, the maximum surface fields are similar.
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TABLE 3
Best Performance of Low-0 SC Resonators

STRUCTURE TYPE (*)

MAX. MAX.
RF ACCEL ACCEL

NO. OF FREQ. FIELD VOLTAGE
GAPS (MHz) (MV/m) (MV)

1. INTERDIGITAL ( I ( ) 1.0

2. INTERDIGITAL ( I 2 ) 2.5

3. SPLIT RING ( L ) 6.5

4. SPLIT RING (H) 10.5

5. QUARTER WAVE 10.0

6. HALF WAVE 12.0

48.5

48.5

97

97

130

355

8.5

6.1

8.1

6.5

12.6

18.0

0.86

1.55

1.64

2.31

1.89

1.20

6.0

5.5

4.7

4.7

4.6

3 2

REF

[14, 12]

|14, 121

IK n
IK 7]

( " 1

[13]

When preparing Table 3,1 was struck by the large spread
in maximum accelerating field for the various structures. Since
these units are similar in material quality, fabrication technique,
heat treatment, and surface treatment, it seems likely that the
differences in performance result from differences in the designs.
This idea was explored by trying to find some correlation between
the maximum surface field ^ * * and various design parameters,
under the assumption that the limiting performance is established
by electron field emission. As shown in Fig. 4, it was found that
there is a remarkably good correlation between SPJU anc* t n e

quantity AV/P, where A is the area of the surface for which the
field is near its maximum value, V is the voltage through which
electrons emitted from this area are accelerated, and P is the RF
power dissipated at maximum CW performance. Since complete
information was not available concerning the distribution of
electric fields within the structures, the high-field surface area was
assumed to be A=0.5 JrrL, where r is the radius of curvature

CORRELATION OF
MAXIMUM SURFACE FIELD

WITH
SURFACE AREA, GAP VOLTAGE,

and POWER DISSIPATION
100 —

30 -

Fig. 4 Dependence of E^yY on AV/P. The numbers
attached to data points refer to the structures in
Table 3.

of the high-field region and L is the length of this region. In
addition to the data of Table 3, Fig. 4 includes the results for a
maximum-voltage test with a small unmodulated-rod RFQ
structure.[15]

Before too much is read into the relationship between
fl^S and AV/P, it should be recognized that the result is
preliminary and has obvious limitations. In particular, the
uncertainties in the data are large (especially in A), there is no
supportable theoretical basis for the correlation, it is not clear
whether the field limit is established by the electron-emitting
surface or by the electron-receiving surface, and the relationship
of the area A to the commonly held concept of electron emission
by a few small points is not clear. The initial motivation for
comparing I ^ £ to AV/P was the fact that the power P dissipated
by electron emission is equal to the emitting area A times the
voltage drop V for the electron time some functions of E~m, but
this relationship does not give any guidance concerning the
limiting values of P, V, and E s u r Nevertheless, it is believed that
the qualitative features of the correlation given by Fig. 5 are real
and should be considered in the design of future SC accelerating
structures.

Existing and Planned Tandem-Linac Systems

Accelerating structures of the kind discussed in the
proceeding section have been or are being used in the construction
of the linacs for a large number of tandem-linac systems. Some
general characteristics of these linacs are summarized in Table 4.
Both Nb and Pb are used as the superconductor, and

TABLE 4
Superconducting Linacs of Tandem-Linac systems

SYSTEM

OPERATING

ARGONNE

STONY BROOK

FLORIDA STATE U.

U. WASHINGTON

SACLAY

KANSAS STATE U.

CONSTRUCTION

LEGNARO (Italy)

PHASE I

PHASE I I

JAERI (Japan)

TATA INST. (Bombay)

SAO PAULO

DELHI

SC

Nb

Pb

Nb

Pb

Nb

Nb

Pb

Pb

Nb

Pb

Nb

Nb

STRUCTURE
GAP

NUMRFR

3

2

3

2

Helix

3

2

2

2

2

3

2

RF
FREQ.
(MHz)

97, 145.5

150

97

150

135

97

160

80, 160

130

150

97

-100

NO. OF
ACCEL.

STRUCT.

42

40

13

36

50

16

48

93
40

13

32

ACTIVE
LENGTH

(m)

13.3

7.5

4.5

8.6

12.5

3.5

-7

-14

6.0

4.2
-5

all of the linacs have a large number of independently phased
resonators. The total active lengths of the accelerating structures
are small compared to the SC electron linacs now under
construction but are large enough to enhance immensely the
research capabilities of the tandem injectors. To convert the
active lengths to accelerating voltages, multiply by -3.0 MV/m
for Nb structures and by -2.7 MV/m for Pb. More detail about
the operating systems are given in [1, 4-6].

Fig. 5 gives the layout of ATLAS, which is the largest of
the existing SC heavy-ion linacs and is representative of the scope
of a tandem-linac facility. As at other tandem-linac systems, the
beam from ATLAS is used mainly for research in nuclear physics
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and to a lesser extent in atomic physics. A wide variety of beams
are accelerated, with a change in beam type approximately weekly
and a change in beam energy more frequently. Emphasis is
placed on good beam quality, especially on small longitudinal
emittance, which is needed to be able to deliver to the user the
narrow (-100 ps) beam pulses required for time-of-flight
measurements on nuclear-reaction products. The size of the
facility has evolved gradually over a period of years, with the
positive-ion injector discussed later the most recent addition.

Most SC heavy-ion linacs are designed to be as compact
as possible so that during acceleration the phase space of the beam
behaves approximately as in a conventional linac and beam tuning
is simple. In these linacs the "packing fraction" (the ratio of
active accelerating length to total length) is -50%. In contrast, for
the large SC linac being built at Legnaro [16] it has been decided
to include within the beam path diagnostic stations at 4.3m
intervals and to use large quadrupole triplets for transverse
focussing. This design reduces the packing fraction to -25% and
requires the beam to be matched in 6-dimensional phase space at
each of the 19 diagnostic stations. It will be interesting to see how
this unusual approach to beam optics works out in practice.

ATI AS
('•Ml

Fig. 5 Layout of ATLAS.

New Kinds of Heavy-Ion Injectors

Although the tandem-linac systems have proven to be
valuable research tools, providing a total of -100,000 hr of beam
for research, by now it is widely recognized that the tandem
injector is not optimum, especially for very heavy ions. Two
kinds of injectors to replace the tandem are being actively
developed. One is the ATLAS positive-ion injector (PII), which
consists of an ECR source on a 350-kW voltage platform followed
by a CW 12-MV drift-tube injector linac. A refined beam-
preparation system matches the beam into the linac in 6-
dimensional phase space. The layout of PII is shown in Fig. 5 and
in more detail in [17]. All aspects of PII are treated in [18]. First
discussed in 1984 [19], this injector system was completed in
March 1992 and is now being used for research.

The main challenge for the injector linac is to boost the
ion velocity from 0=0.008 to >0.045 without much loss of beam
quality. This is achieved by using four different types of 4-gap
resonators [12], one of which is pictured in Fig. 3. Data for 2 of
the four types are given in Table 3. Powerful liquid-nitrogen-

cooled voltage-controlled reactances are used to control RF phase
[20]. The configuration of PII is shown in Fig. 6. At the input
end, where beam defocussing is a serious problem, a
superconducting solenoid is placed after each resonator. A high-
resolution (200 ps) fast Faraday cup [21] behind the first resonator
is used to guide beam matching in longitudinal phase space.

DIAGNOSTIC DETECTOR

I £0.008
^RESONATOfl / S OLENOI0 > O.MS

RESONATOR
TYPE

ii In HUH

SCALE (matari)

Fig. 6 Configuration of the injector linac of PII.

Operating experience [17] with ions from throughout the
periodic table (including " ° U ) demonstrates that all design goals
for PII have been met. The accelerating fields are greater than
was planned, transmission is -100%, the transverse emittance
growth in the linac is small, and the longitudinal emittance sets a
new standards of excellence for heavy-ion beams [17].

A second possibility for an injector to replace the tandem
is a low-frequency RFQ. A SC injector is desirable because a CW
beam is needed for many applications, but an RFQ operated in the
usual mode may not be satisfactory for some applications because
of its large longitudinal emittance. A potential solution to this
problem is described in Ref. [22]. The proposed injector linac,
which covers approximately the same velocity range as PII,
consists of 6 short independently-phase RFQ structures, each with
only a small number of cells (typically 4) and each with a
different /?. Since beam currents are assumed to be weak, the
modulations in the RFQ electrodes are designed to emphasize
acceleration rather than transverse focussing. Growth in
longitudinal emittance is largely eliminated by injecting into the
first RFQ structure a bunched beam matched to that structure.
That is, in many basic respects this proposed injector is similar to
PH; the main difference is the way in which transverse focussing
is provided.

The RFQ approach of [22] is being seriously pursued as a
future injector for the superconducting linac [16] at Legnaro. In a
collaborative effort carried out at Stony Brook, a prototype of one
of the 6 proposed RFQ sections has been built and tested [23].
This 40-cm-long unit uses a Pb-Sn alloy on Cu as the
superconductor, has 4 cells, and operates at 57 MHz. The
maximum accelerating field achieved to date is -1.3 MV/m, but
those involved believe that, with further effort, the field could be
pushed to its design value of 2 MV/m. Phase control was not
attempted, and this may be difficult because of the large stored
energy (4J at 2 MV/m) of the device and its relatively large RF-
frequency jitter (-50 Hz) under mechanically-quiet conditions
[24].

Present and Future Technical Challenges

The present and near-term future challenges for SC linacs
are: (1) optimize the technology for tandem boosters in the
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velocity range /}=0.04 to 0.2, (2) optimize replacement of the
tandem, 0=0.005 to 0.04, (3) develop high-current CW linacs for
light ions, and (4) develop technology for the front end of a
radioactive-beam accelerator, 0=0.001 to 0.05. Substantial effort
aimed at the first three of these tasks is underway, as reported at
this conference [25-29] and as summarized in Table 5. This effort
is likely to result in important advances before the next (1994)
Linac Conference, especially for the superconducting RFQ and
the structures designed to accelerate intense light-ion beams.

The one technical challenge that has not yet received any
ser ious at tent ion is the invest igation of the role of
superconductivity at the front end of a radioactive-beam
accelerator, a subject is of intense interest now in the nuclear-
physics community. Although the requirements for such an
accelerator have not yet been fully specified, it is probable that
they will be very demanding: very small charge-to-mass ratio
(-10~2), very small input /? (-10"^), large transverse input
emittance (-150 mm-mrad), and the need for -100% transmission
and small emittance growth in 6- dimensional phase space

TABLE 5
Developmental Activities now Underway

PLACE SC fit) (MHz)
STRUCTURE

TYPE

ARGONNE

LEGNARO

Nb

Nb

100 (a) 1/4 WAVE
(b) 2 COUPLED

1/4 WAVE

LEGNARO Nb-Sn

STONY BROOK Pb

ARGONNE Nb
(wtt ACCSYS)

LOS ALAMOS

ARGONNE

Nb

Nb

5.5
11

12
to
21

80
160

160

57

196

800

300
to

800

1/4 WAVE

1/4 WAVE

RFQ

RFO

RFQ

(a) 1/4 WAVE
(b) 1/2 WAVE

APPLICATION

TANDEM-UNAC
SYSTEM

TANDEM-UNAC
SYSTEM

TANDEM-UNAC

HEAVY IONS

HEAVY IONS

UGHT IONS

HIGH CURRENT
LIGHT IONS

REF,

[25]

[26]

[27]

[23]

[14]

[28]

[291

Whereas a SC drift-tube linac such as the one in the
positive-ion injector of ATLAS may turn out to be adequate and
optimum for /J>0.005, it is not obvious that this technology is
useful for 0<O.OO5. The main problem is that a very low RF
frequency is needed for beams of such low velocity and large
emittance, and hence phase control may be impractical for SC
devices. Clearly, the limits of usefulness of known SC structures
need to be examined quantitatively. Better yet would be to have
someone advance new ideas on how to handle the radioactive-
beam requirements.
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Abstract

RFQ focusing is expedient to use not only for the Initial
Part of an Accelerator but for the Main Part of an Accel-
erator as well. The structures with RFQ focusing are suffi-
ciently small and they are cheaper than the well known DTL
(Alvarez) structures with the magnetic quadrupole focusing.
Here we present some considerations that let one choose the
parameters of the linac with RFQ focusing. These consid-
erations are based on the experience of designing and ex-
ploiting such accelerators.

Introduction

Now the Initial Part of an Accelerator (IPA) is based on
using the ideas of the adiabatical capturing and the radio
frequency Spacial Homogeneous Quadrupole Focusing. The
similar linacs, named RFQ, are sufficiently wide spread as
the injectors and as independent facilities for industry and
scientific investigations. The RFQ focusing in the linacs
with j3 > 0.1 have not been used anywhere except IHEP.
Our 30-MeV proton accelerator with RFQ focusing (URAL-
30) has been operating well for more than ten years already.

Initial part of accelerator

A transversal motion of particles, which is characterized
by the phase shift of oscillations fi, the minimal vmin and
maximal vmax frequency, practically depends on one param-
eter only, ji. This parameter is proportional to the gradient
of the radio-frequency quadrupole component of the field G
and quadratically to the wave length. The parameters fi,
Vmin, vmax depend weakly on the defocusing by the accel-
erating field component as, to avoid the resonance of the
transversal and longitudinal oscillations, the phase shift of
the small longitudinal oscillations must be limited:

9 = 0.7f2T< 0.5/2 < 0.5

The average beam envelope radius, which determines a
coulomb scattering of particles, must be less than the aper-
ture radius (< 0.8Ra)- The nearest distance from the axis
to the electrode tip has the minimal Rmin and maximal

Rmax = mRmin value. The aperture radius is less or equal
to Rmin (Ra < Rmin)- The multiplier ??i is the electrode
modulation coefficient. The maximal distance Rmax is lim-
ited by maximal acceptable field

Emax > l.bRrnaxG

The field is chosen according to the Kilpatric's criterion
and with considerations of the experimental results. The
maximal field proportional to the square root of the fre-
quency is given in Fig.l by two curves:

Emax(MV/m) = (1.6 -

The field values for the known RFQ's are pointed there
by the dots.

The beam current of the RFQ is limited by the transver-
sal coulomb repulsion of iones (Fig.2). For optimal focusing
parameters the current is defined by the product of the in-
jection energy and velocity of iones:

/ < 0.2 • 10-3W7oA>

The current is proportional to (y)"- The aperture radius
is determined by the equality Ra = (0.23 .. . 0.34)/?0A. The
dependence of Ra on 3X is given in Fig.3. The dots point
to the value that different RFQ's have.

The electrodes for the RFQ foqusing

The electrodes for the RFQ focusing must satisfy several
requirements:

- to provide the necessary gradient of the quadrupole field
component;

to provide the linearity of the field (Ex s= 6'r; Ey a;
—Gy) within the apperture (7- < Ra)\

- to provide the required accelerating rate, i.e. 6U;
- the field on the electrode surface must be less than ad-

missible field Emax;
- the electrodes are to have the capacity load for the

resonator as small as possible.
The electrode cross section at the entrance of the RFQ is

desirable to be hyperbolic. In this case the tip radii of the
electode are equal to their distance from the axis. But in
practice the pure hyperbolic approximation is not used.
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This shape of the electrodes gives the high surface field
and big capacity. Instead of the hiperbolic electrodes the
4-Vane or 4-Rode electrodes are used.

To provide the highest rate of the acceleration one must
have the drift tubes on the axes. To minimize the capacity
of the electrodes and the field on the tips of the 4-Rode
quadrupole we had suggested the 2-gaps electrodes (Fig.4)
and the H-resonator for the Main part of the Accelerator
(MPA).

In the MPA the bunch of particles is already well formed
and its range is within ±y?c. Such bunch is focused by
the spatial periodic radio-frequency quadrupole field. The
bunch passes the electrical center of the axial symmetric
part of the field at the phase uit — —<fc. and it passes the
electrical center of the quadrupole part of the field at the
phase near to zero.

In the accelerator URAL-30 the voltages on both gaps
are equal. This is explained with the easiness in arranging
the intermediate electrode. With the aim to conserve the
acceleration rate the gap voltage with the axial symmetrical
field Ua must increase proportionally to the iones velocity
but the voltage at the gap with the quadrupole field Uq must
be constant. The distribution of the gap voltage Ua and Uq

is inversely proportional to their capacities Ca and Cq:

v =
Uq

The load of the resonator by the electrodes capacity is
determined by the series connection of the capacities.

The resonator for the RFQ focusing

For the IPA (for the RFQ's) many types of resonators
are proposed. Four chamber (or for vane) resonator has the
minimal radio-frequency power losses in the walls (Fig.5).
In our facilities we use a 4-chamber resonator with different
cells or "2H-resonator (Fig.6).

In the MPA of URAL-30 the H-resonator is used (Fig.7).
Higher shunt impedance has a "double chamber" resonator
(or 'iC-resonator). The power losses per unit in it (Fig.8)
are proportional to

P/L « \Q-\uCfl2U2

Namely, the 2C-resonator will be used in our new proton
accelerator with RFQ focusing up to 60MeV (URAL-60).
The accelerating rate can reach 2 and more MeV/ni. Higher
shunt impedance is achieved due to a small capacity load
(about 15 ~2() pF/m).

The Table 1 presents some parameters of the Russian
linacs with the RFQ Focusing. The linac PL-1 is our first
step of the linac designing for the medicine or industry ap-
plications.
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TABLE 1
RFQ Focusing Linacs in Russia

Institute

Installation
Ion

Output energy
Mev
Input energy
Mev
Beam current
mA
Frequancy
MHz
Vane voltage
kV
Surface field
Mv/m
Emittance
7r mm • mrad
Aperture
mm
Length
m
Pulse length
/( sec
Repetition rate
Hz

Type ity
Operates since

IHEP

RFQ1
P
1.98

0.1

300

148.5

167

27.6

8

9.5

3.5

10

20

2H
1981

RFQ2

P
1.98

0.1

130

148.5

150

22.5

2

6.7

4.0

10

20

2H
1985

URAL-30

P
30

1.98

100

148.5

300 -f 350

38-E-37

8

9.5 -T- 11

27

10

20

H
1981

PL-1

P
1.0

0.04

60

152.5

80

23.5

3

4.4

1.96

100

1

2H
1991

DL-1.4
d

1.4

0.04

50

152.5

90

24

2

3.46

1.96

100

1

2H
-

PL-35

P
35.8

0.1

100

148.5

250 -r 610

37

2

6.0

21

100

100

2C
-

URAL-60
P.H-
60

0.1

120

148.5

250 -4-610

37

3

6.0

30

10

20

2C

ITEP

ISTRA
P
3.0

0.088

250

148.5

185

25

7.7

4.9

4 V
1982

HI
A'e + +

0.36

0.00096

10

6.2

190

12

4R
1986

ITEP
INP

P
0.75

0.40

100

200

4.5

4.1 4-
6.85
1.2

200

50

4R
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Abstract

Four markedly different concepts of linear colliders are presently
under investigation. They may be characterized by the key-
words "X-band, S-band, two-beam, and superconductivity".
Both the essential differences and the common problems are
pointed out in this paper.
In addition, an overview is given on the six collider parameter
sets which are used by the study groups working on JLC/KEK,
NLC/SLAC, VLEPP/BINP, CLIC/CERN, DESY/THD, and
TESLA.

1 Introduction

This paper deals with the concepts of linear colliders in
the 300 GeV to 1 TeV center-of-mass energy range as they
are presently under discussion. These are based on four
distinct approaches: the conventional S-band (3 GHz) ap-
proach, the X-band (11 to 14 GHz) approach, the two-
beam accelerator approach, and the superconducting L-
band (1.3 GHz) approach. Except for the X-band ap-
proach, each of them is represented by a single linear col-
lider study group. This does not mean of course, that
important R&D work on components relevant to the re-
spective approaches is not also done elsewhere. These
groups are TESLA for the superconducting cavity con-
cept, CLIC(CERN) for the two-beam approach, and DESY/
Technische Hochschule Darmstadt putting forward the S-
band based design. Use of X-band cavities is proposed
by three studies named JLC(KEK), NLC(SLAC), and
VLEPP(BINP). The main parameters of this total of six
linear collider studies are compiled in table 1.

The information on the status of the respective activi-
ties lies beyond the scope of this paper. This information
can be found in the respective status reports and was the
basis of table 1 [1-7] . It may be useful, nevertheless,
to point out some problems which are common to all of
the designs, and to compare the different ways proposed
to solve them. This comparison is all the more possible

since at the 1992 Linear Collider Workshop in Garmisch-
Partenkirchen many experts put considerable effort into
the task of identifying the advantages and disadvantages
of their approaches. The emphasis in the following discus-
sion will be on the optimization of beam power and beam
size. It will be seen that the choice of rf frequency is (be-
sides other arguments) intimately connected to what one
feels to be the optimum and/or realistic assumption for
these parameters.

2 How to get the luminosity

It is the exclusive purpose of a linear collider to supply
electron-positron collisions with a luminosity L of the or-
der of 1033 to 1034cm.'2s~1. It is instructive to realize
that L can be represented by

L =
frcpnN2 _ Pb-N

(1)

For the meaning of symbols, see table 1.
Obviously, there are only three free parameters which can
be optimized at a given collision energy. P&, N, and the
beam size at the interaction point (IP) a\, -ay.

The bunch population N cannot be increased beyond
the 1011 level because of wakefields acting on the tail
of each bunch and because of excessive beam disruption
caused by the interaction with the large Coulomb-field of
the opposing bunch. The vertical disruption parameter
Dv scales as

N(T,
(2)

Thus, one could - at least in principle - compensate the
effect of a large N on beam-beam interaction by a large
beam size and a short bunch length. This would be
favourable only if one operates at a small rf frequency,
because only then are both the longitudinal and trans-
verse wakefields tolerable even at large N. In fact, as is
seen from table 1, all high fr; designs except VLEPP use
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General parameters
Initial cm. energy [GeV]
Luminosity [ l O 3 3 c m ~ 2 s ~ l ]
Two-linac active length [^m]
rf freq. of main linac [GHz]
Linac repetition rate [Hz]
Number of particles/bunch[1010]
Number of bunches per pulse
Damping ring energy [GeV]

Symbol TESLA DESY/THD JLC NLC VLEPP CLIC

E
L
lTj

frf
Jrep

N
n

Ed

500
2.6
20

1.3
10
5.1

800
14

500
2.4

30
3

50

2.1
172
3.25

500
3.5
17
11.4
150
0.7
90
1.98

500
5.7
14
11.4
180
0.65
90
1.8

500
12
6.4
14
300

20

1
3

500
0.7-2.7
6.6
30
1700

0.6

1-4
3

Main Linac TESLA DESY/THD JLC NLC VLEPP CLIC

Avg. beam power per beam [MW]
Bunch spacing [ns]
Bunch train length [ns]
Unloaded gradient [MV/m]
Loaded gradient [MV/m]
Length of sections [m]
a/A range
Section filling time [ns]
Klystron pulse length [f18]
Pulse compression ratio
Number of klystrons
Peak rf power
from klystron [MW]
Avg. total AC power for rf
generation (both linacs) . . . . [MW]

nn
TP

9o

9l
I.
a/A
TS
Tv

16.5
1000

8- 105

25
25
1.04
0.15
5 • 105

1300

7.2
10.7

1835

21
17

6
0.15 - 0.11

825
2.8
—

3.8
1.4

126

40

28
1.22
0.24- 0.12
75
1.5

4

4.2
1.4
126

50
38

1.8
0.21 - 0.15

100
1.5
6

2.4
-

-

108

96
1.01
0.14

107
0.7

6.5

0.4-1.6
0.33
1

80

73 - 78

0.27
0.2
11.2
0.011

Tlfc

Pk

Plot

1264

3.3

2450

150

110

3424

70

200

1945

94

150

1300

150

91

700

175

Beam parameters
at interaction: TESLA DESY/THD JLC NLC VLEPP CLIC

Horizontal invariant
emittance [lO~87rro]
Vertical inv. emittance . [10~87rm]
Horizontal (3 at IP [mm]
Vertical 0 at IP [mm]
rms beam width at IP [nm]
rms beam height at IP [nm]
Bunch length [mm]
Beamstrahlung parameter
rms 6p/p from beamstrahlung[%]
Vertical disruption
Crossing angle at IP [mrad]

j'V 2000
100

/?* 10

Py 5

a'x 640

cr* ; 101

cr, 1
< T > 0.07

D y 7.9

1-2

500
50

16
1

400

32

0.5
0.06
5

8.6

2

550
7.5
10
0.13
335
4.5
0.08
0.11
6
15
7.2

500
5
10
0.1
320
3
0.1
0.1
3
8.3
3

2000
7.5

100

0.15

2000
4

0.75

0.06
9

200
i

180
20

2.2
0.16

90

8
0.17
0.15
6

15
1

Table 1: Main parameters of linear collider studies at a cm. energy of 500 GeV [1 - 7] . For the JLC, there
is also a C-band (5.7 GHz) and a S-band (2.9 GHz) version under consideration. The choice will depend on
the maximum beam energy desired in the final stage of upgrade, given a fixed total length of the tunnel. The
luminosity L is calculated in accordance to eq.(l). No enhancement due to the pinch effect has been taken
into account, and no loss due to the crossing angle. For flat beams, the combination of both effects yields a
luminosity enhancement factor of typically 1.5.
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bunch population numbers below 1010. With VLEPP, one
intentionally puts up with both strong wakefields and a
large disruption factor Dy = 200, because the BNS damp-
ing with "autophasing" [9] and the "travelling focus" [8]
techniques are considered powerful enough to manage the
respective effects,
(It should be noted that the beam disruption is accompa-
nied by intense synchrotron radiation called beamsirahlung.
It is characterized by the parameter T which scales as
T ~ Dytr'/crJ. This limits -besides technical aspects- the
possible reduction of a,.)

One concludes that large N has at least a tendency to
favour lower acceleration frequencies. This is in parallel
with the high beam power approach, as will be seen in
the next section.

The beam size <r* • u j . cannot be reduced below the
1000 nm2 level, because the generation of very small (nor-
malized) beam emittances and emittance preservation dur-
ing acceleration both impose extraordinarily tight toler-
ances on the alignment and stability of optics and accel-
erating components [10].

When keeping clear of these ultimate numbers for N
and <r*<rj, one easily calculates beam powers of Megawatts
to keep L above the l03Scm'2s~l level. Thus, the effi-
ciency of beam power generation from wall plug power
becomes an important issue. It might be instructive to
divide the present day linear collider studies into two
groups: those who accept the challenge of high power effi-
ciency (high beam power approach, TESLA, DESY/THD),
and those who prefer to aim at very small beam sizes in
order to gain some freedom in the choice of rf parame-
ters. This freedom is used to go to higher rf frequencies,
which are considered to allow larger field gradients and,
consequently, a comparatively short overall tunnel length
(X-band, two-beam).

3 The high beam power approach

The average beam power per beam is 16.5 MW with
TESLA and 7.5 MW with DESY/THD, respectively (see
table 1). When this large electric power is extracted
from the accelerating cavities, there will be longitudinal
and transverse field distortions induced, called wakefields.
They will, in turn, act on the tail of each bunch and may
still be present to some extent when the next bunch ar-
rives, thereby causing both single bunch beam break-up
and multi-bunch instabilities.

The short-range longitudinal wake field causes an en-
ergy spread within the bunch, which is undesirable due
to the limited momentum acceptance of the final focus
optics. For scaled accelerating structures this spread is
proportional to the square of the frequency fTj. This
is plausible if one considers the fact that for fixed gra-

BNS
damping
required

good
alignment

10 N b / K r

Figure 1: Transverse wakefield E± as a function of bunch
population N for scaled structures with frequencies as
considered by the respective linear collider schemes. The
hatched area indicates the region where BNS damping
techniques will be indispensable, while for the dotted re-
gion good alignment of quadrupole lenses and cavities (in
the 10 to 100 pm range) may be sufficient.

dient the stored power in an accelerating cavity is in-
versely proportional to }}j. The easiest cure foreseen
for this higher order mode excitation is to increase the
aperture-to-wavelength ratio a/A when increasing the rf
frequency. Unfortunately, this measure also injures the
shunt impedance, i.e. one needs more power to generate
the accelerating field. Thus one cannot go too far in that
direction and one has to conclude that low frequencies are
preferable if high beam power is desired [13].

The frequency scaling behaviour of transverse wake-
fields is even more pronounced as they increase with the
third power of fTf and linearly with the bunch population
N. This is illustrated in figure 1, where N • f?j is plotted
in arbitrary units versus N for those frequencies which are
considered by the respective linear collider schemes. Note
that a logarithmic scale is used. Although TESLA and
DESY/THD use N nearly one order of magnitude larger
than the X-band designs and CLIC do (again except for
VLEPP), the transverse wakefields are still smaller by up
to two orders of magnitude. This means that beam sta-
bilisation like BNS damping -if required at all- will not
have to operate much above the instability threshold if
low frequencies are used. This threshold also depends on
the transverse alignment tolerances of quadrupole lenses
and cavities and can be improved using beam based align-
ment techniques [10]. The hatched area indicates the re-
gion where BNS damping will be indispensable for any
reasonable alignment tolerance.

Again, one concludes from this paragraph, that high

27



beam power colliders might prefer lower rf frequencies,
and one faces the at the first glance paradoxical result
that high beam power colliders will suffer much less from
wakefields than low beam power/high fTj schemes.

One of the most important parameters of a high beam
power collider is the efficiency 77 of beam power generation
from wall plug power. In order to optimize this parameter
it is useful to consider that part of the klystron pulse
which definitely cannot be used for acceleration, namely
the filling time T] of the accelerating structure. During
this time lots of electric power is dissipated but no bunch
can be accelerated as the full accelerating field is not yet
achieved. As the bunch length is much shorter than the
filling time of any structure, r\ of a single bunch linac
cannot exceed some 1-2 %.

If a long bunch train rp >> TJ is to be accelerated,
the situation may become much more advantageous, be-
cause the structure is operated in a steady state like mode.
Therefore, 77 is some 13 % at DESY/THD, and in the ex-
treme case of TESLA, with pulses of 0.8 msec duration,
the efficiency may exceed 24 %. Dissipative losses in the
superconducting structure would not be worth mention-
ing at all if they would not occur at Helium temperature
(approx. 1 W/m at 2 K [2]). Cooling at this temperature
is quite power consuming. This additional power require-
ment by the superconducting design (as well as the power
required to cool the static heat loss of some 0,4 W/m) has
not been allowed for in the above efficiency number. It
is also the limiting factor prohibiting CW operation of
TESLA.

The importance of high power efficiency has also seri-
ously affected the high frequency schemes, although they
do not play the high beam power card in the first place (by
now, only the VLEPP design still considers n = 1). They
cannot go as far as the low frequency colliders, however,
because high power klystrons for long pulses are techni-
cally much more challenging than those at low frequen-
cies.

To summarize this section, the advantages of the low
frequency/high beam power approach are obvious:

• significantly relaxed tolerances

• drastically reduced wakefields in spite of large N

• only one stage (and the less demanding one, see be-
low) of bunch length compressor required

• in case of DESY/THD, the existing SLC in Stan-
ford/USA, with all its experience, may be considered
as an existing 20 % prototype of a S-band collider.

There are, however, serious drawbacks of this approach,
namely:

• For accelerating gradients above some 30 MV/m, the
power consumption of a low frequency collider be-
comes unreasonably large. Thus, a high beam power
collider will be very long. This might be, if not an
economical, at least a political disadvantage.

• Concerning TESLA, the present state of the art of
some 10 MV/m [2] has to be improved at least by
a factor of two, and the component costs must be
reduced considerably.

• Dark currents have not been investigated sufficiently
so far, but it seems likely that they are more serious
at lower frequencies, since they have a higher proba-
bility to be trapped there.

• Multibunch operation is essential for high beam power
operation, and it involves all the complications of
multibunch-instabilities [12], Meanwhile no scheme
except VLEPP (and maybe CLIC) is completely free
of this complication, but one should be aware that
it has its roots in the requirement of high power effi-
ciency.

4 The small beam size approach

If one compares the beam sizes routinely achieved at SLC
[11] with the respective values of all of the linear col-
lider plans, one readily realizes that all of them need
"small" beam sizes at the interaction point, see table 2.
Some, however, use a'y values well below the 10 nm level
(VLEPP, JLC, NLC, CLIC). This is called the "small
beam size approach" within this paper. With such small
beam sizes, one can reach the 1033cm 2s Muminosity
level at an average beam power below one Megawatt.
This allows application of X-band rf technology or the

SLC

TESLA
DESY/THD
VLEPP
JLC
NLC
CLIC

(7,/mm <7*/nm

1 2000
1 i 640

0.5 400
0.75 i 2000
0.08 ! 300
0.1 300

0.17 90

<x*/nm

1500
100

33
4
3
3
8

30/30
20/1
5/0.5

20/0.08
5/0.05
5/0.05
2/0.2

Table 2: beam size of linear collider schemes in compari-
son with parameters routinely achieved at SLC.

even more ambitious two-beam concept, which both prom-
ise larger accelerating fields.
Remark: Historically, the development was vice versa: high
frequencies had been considered because they permit larger
accelerating fields, and, realizing that large beam power would
hardly be possible, one had to cope with very small beam di-
mensions to get the luminosity.
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The most important consequence is that there is a 1 TeV
cm. option within a total length of 15 km.

What are the objectives of the small beam size ap-
proach?

• one has to generate small beam emittances

• one has to preserve the small invariant beam emit-
tance on the whole course along the accelerator

Generally, no linear collider scheme can cope with emit-
tances as delivered from electron or positron sources. But
damping rings and bunch length compressors for small
emittance colliders are much more ambitious: The bunch
compressor must come in two stages (the second one at
some 15 GeV and over 500m long), and the vertical orbit
stability and beam position monitor (BPM) resolution in
the damping ring must be below 1 /j.m.

Emittance dilution in the main linac may be due to
three different error sources [10]:

• limited BPM precision and misalignment, causing
dispersive dilution

• quadrupole misalignment, causing dispersive dilution
as well as wakefields (as a consequence of orbit errors
in the accelerating structures)

• accelerating structure misalignment, causing wake-
fields and rf deflection of the whole beam

The tolerances can be relaxed by about 3 orders of magni-
tude if beam-based correction techniques are applicable.
This is the case only for misalignments changing slowly
compared to the repetition frequency ("quasi-static" reg-
ime). Table 3 gives an idea of the stability requirements.
None of these numbers is easy to achieve. To meet the
tighter tolerances for the small beam size designs, consid-
erable technical effort will be required.

type of

quasi-
static
jitter

misalignment

BPM, quads
ace.structure
low cut off
quadrupoles

high
i beam power

approach

ES b0fj.m
15 fim

' > IHz
30 nm

small
beam size
approach

7 nm
4 pm

> ZHz
5 nm

Table 3: approximate misalignment tolerances in case of
the high beam power approach and in case of small beam
size schemes. The numbers are rough estimates only,
mainly based on NLC [10] and DESY/THD [7] numbers.
TESLA numbers will be even larger.

Finally, the question of rf power sources should be
mentioned. The status of X-band klystron development
(100 MW during at least 1 fxs will be required) is given in
ref.[14]. rf pulse compression by a factor of 4 to 6.5 will
be necessary. This is under active development. Ref[5]
describes the challenges of the drive beam acceleration
for CLIC.
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Abstract

The SLAC Linear Collider (SLC) has begun a new era of
operation with the SLD detector. During 1991 there was a
first engineering run for the SLD in parallel with machine
improvements to increase luminosity and reliability. For the
1992 run, a polarized electron source was added and more
than 10,000 Zs with an average of 23% polarization have
been logged by the SLD. This paper will discuss the
performance of the SLC in 1991 and 1992 and the technical
advances that have produced higher luminosity. Emphasis
will be placed on issues relevant to future linear colliders
such as producing and maintaining high current, low
emittance beams and focusing the beams to the micron scale
for collisions.

Introduction

The SLAC Linear Collider (SLC) is a pioneering machine
which has demonstrated the viability of linear collider
technology for the next generation of high energy electron-
positron accelerators. Construction of the SLC was
completed in 1987 and, after two years of commissioning,
the first physics run with the Mark II detector began in 1989.
In late 1990, the Mark II experiment was complete and the
new state-of-the-art SLD detector was installed. During 1991
there was a first engineering run for the SLD combined with
an intensive program of machine development resulting in a
factor of 4 increase in the peak luminosity and greatly
improved reliability. For the 1992 run, a polarized electron
source was installed and successfully commissioned.
Average luminosity has increased by another factor of 4 and
further improvements are expected from higher beam
intensities and better optimization of beam size at the
interaction point.

Polarization at the SLC

The SLC polarized source,! 1] produces longitudinally
polarized electrons by illuminating a GaAs photocathode
with circularly polarized photons from a dye laser. Three
superconducting solenoids are required to deliver a
longitudinally polarized beam to the interaction point (IP).
The first solenoid in the Linac to Ring (LTR) transfer line
rotates the electron spin direction into the vertical direction
before injection into the Damping Ring. Two solenoids in the
Ring to Linac (RTL) transfer line and at the entrance to the
Linac are used to orient the spin direction on injection into
the Linac so that after the spin precesses through the Arcs,
the electrons are longitudinally polarized at the IP. A Moller

polarimeter measures the beam polarization at the end of the
Linac. A Compton polarimeter measures the longitudinal
component of the polarization near the IP.

The diode gun was built, tested and installed on the SLC
in early April 1992. This gun has a bulk GaAs cathode with
an expected polarization of 27-29% at the gun. The cathode
was cooled to 0 C after tests demonstrated longer quantum
efficiency lifetime at low temperatures. Commissioning of
the SLC with polarized beam began April 18. The cathode
was activated and longitudinally polarized beam transported

Compton
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Spin Rotation
Solenoids

e" Spin
Vertical

Spin Rotation
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Thermionic
Source

Damping Ring

Electron Spin
Direction
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POLARIZATION IN THE OVERALL SLC LAYOUT

Fig. 1. Schematic of the SLC showing components of the
polarized source, beam transport, and diagnostics. Spin

orientation is indicated by the arrows.
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straight down the Linac to the Moller polarimeter bypassing
the Damping Ring. A polarization of 28±1% was measured
consistent with no loss of polarization in the Linac. Beam
was then brought through the Damping Ring complex and
spin rotators where the polarization transmission factor is
predicted to be 92% due to the slightly lower than optimal
operating energy of the rings and LTR. Polarization at the
end of the Linac was about 26% showing no anomalous
depolarization.

By April 21, the polarized beam was transported through
the North Arc to the Compton polarimeter. Calculations had
predicted that at 45.6 Gev the spin orientation would be
almost fully longitudinal at the IP with the RTL spin rotator
set to rotate 90 degrees and the Linac spin rotator at zero.
However with these settings, initial measurements with the
Compton polarimeter gave essentially zero polarization. The
experimenters then mapped out the polarization as a function
of the beam energy and found that the spin precession
through the Arcs was nearly 90 degrees more than predicted.
Further studies showed a strong dependence of the spin
orientation on the beam orbit through the Arc, especially in
the vertical plane. Different settings of the RTL and Linac
spin rotators were used to orient the spin vector in the Linac
in three orthogonal directions: vertical, horizontal and
longitudinal. The longitudinal component of the polarization
at the IP was measured for each orientation of the spin vector
to reconstruct the empirical spin precession through the Arc
and determine the optimal settings for the spin rotators. A
peak polarization of 24-25% was measured indicating a few
percent relative depolarization through the Arc and Final
Focus systems.

Polarized Gun Performance

After the successful commissioning, the SLC began a
physics run with the polarized source. The first weeks were
spent tuning up the laser and injector performance for routine
operation and determining running parameters to optimize
both efficiency and luminosity. The gun has now been
operating for four months without any high voltage problem
and minimal downtime (93% efficiency). The primary
problem for machine operation is higher intensity jitter (and
therefore energy jitter) from the polarized source. There is
also a slight increase in the beam emittance due to the
difficulty of matching the optics through the spin rotators.

Routine maintenance includes recesiation of the
photocathode, renewal of dye and flashlamps for the laser,
and periodic heat treatment and reactivation. The initial
quantum efficiency (QE) after cesiation is 8-10% which then
drops about 1% per day. The gun is typically recesiated at a
QE of about 3% when intensity jitter begins to interfere with
machine stability. Recesiation takes 2 hours every 5-7 days.
The laser dye and flashlamp change takes 4 hours every two
weeks. Reactivation and heat treatment requires an 8-10 hour
intervention once a month. Wherever possible, other routine
maintenance activities are scheduled to overlap with the gun
work so the presence of the gun has had a negligible impact
on overall machine downtime.

A major concern to date has been the lack of a backup
gun but the first of two rebuilt guns is now successfully
through high voltage processing and both guns are expected
to be ready in August.

Prospects for Higher Polarization

The present cathode is Bulk GaAs with a polarization at
the cathode of 27-29% at 0 ° C with operational quantum
efficiency. After transport through the Damping Ring and
Arcs, the polarization at the IP is only 24-25% peak, or
23 ±1% in typical operation. The depolarization effects are
multiplicative so one can only expect 85-90% of the
polarization at the cathode to be delivered for physics.
Several candidates for higher polarization cathodes are under
study.

Cathode Polarization at Cathode
Bulk GaAs at 150 K (715 nm) 42%
Thin AlGaAs (715 nm) 42 %
Thin GaAs (760 nm) 45 %
Strained lattice [2] (830 nm) 85 %

All values are for expected polarization at the cathode at
0 C except where noted. For the longer wavelength options,
a new laser is required. A TkSapphire [3] laser pumped by a
doubled YAG laser has been constructed and will be ready
for installation in September. In addition to providing a
tuneable wavelength, this laser has a factor of 100 more
power and a better mode structure which should allow stable
operation at lower quantum efficiency.

Present plans are to install an AlGaAs cathode on the next
gun with the possibility of a test run on the accelerator before
the Fall shutdown.

1991 Performance

The 1991 SLC run began with an extended period of
intensive machine development while the SLD detector
installation was completed. As part of the SLD installation,
new superconducting quadrupoles were installed for the final
focusing telescope near the IP. After recommissioning the
Arcs and Final Focus, there was a brief 6 week engineering
run with the new detector. The machine repetition rate was
limited to 60 Hz during the entire run due to budget
constraints. By the end of the run, the luminosity per pulse
was a factor of 4 higher than in 1990 and operating efficiency
was dramatically improved with a machine uptime of nearly
60%. New records were achieved for electron and positron
intensity, positron yield, low emittance at the end of the
Linac, and small beam size at the IP. An estimated 1500 Zs
were delivered by the SLC with about 25% logged by SLD.

1992 Run Status

The 1992 run began in January, with two months of
recommissioning and machine development studies. The
machine repetition rate was raised to 120 Hz in early
February. In March, SLD logged 1000 Zs with unpolarized
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beam. The polarized electron gun was installed and
commissioned in April, The SLD physics run began in May
and will continue through mid-August. The last month of the
run will focus on machine development to provide higher
luminosity and higher polarization for 1993. During the SLD
run, there has been a steady increase in the luminosity from
primarily adiabatic improvements in intensity, beam size, and
tuning efficiency. The average luminosity is a factor of 4
higher than in 1991, while the rate of data logged by SLD has
improved even more dramatically. More luminosity is logged
on a typical day than in the entire 1991 run. The biggest
gains have come from 120 Hz operation (a factor of 2 in
luminosity), machine uptime (60-70%), and higher efficiency
for SLD logging due to a better integration of the machine
and the detector and better control of backgrounds. Benefits
from improvements in beam intensity, emittance control and
tuning techniques have slowly produced another factor of 2
in luminosity, but dedicated machine development studies
will be required for further progress.

Luminosity Issues

Positron Yield

A major limitation to performance in 1990 was low
positron intensity. The figure of merit for the positron
production system is the yield of positrons in the Linac
(exiting the South Damping Ring) per electron incident on
the target. In 1989 and 1990, the positron yield was typically
about 0.6. Additional beam position monitors and stronger
steering dipoles were added to provide better control of orbits
in the critical Linac to Ring transfer line. In early 1991, a
careful study of the apertures and optical matching
throughout the positron system was carried out. By reversing
the polarity of the positron damping ring magnets, a narrow
electron beam could be used to map the ring and transfer line
with much higher precision than would be possible with a
large emittance positron beam. Limiting apertures were
identified and corrected and a peak yield of 1.25 was
achieved.[4] In typical operation, a yield greater than 1.0 can
be maintained with little effort. This results in a factor of 2
higher positron intensity for collisions.

Beam Intensity

The polarized source has delivered over 4 1010 electrons
per bunch and higher intensities should be achievable with
the new laser. The present limit on beam intensity which can
be delivered for collisions is set by the onset of a microwave
bunch length instability observed in the Damping Rings at an
intensity of 3 1010 particles per bunch. During the damping
cycle, the bunch length shrinks until a critical current density
is reached and turbulent bunch lengthening occurs. The
longer bunch is then stable and damps until the threshold is
reached again, producing a "sawtooth" profile on a trace of
bunch length vs. time. The number and frequency of the
blowup cycles depends strongly on the bunch intensity
causing small fluctuations in intensity to translate into large
fluctuations in bunch length and phase at extraction. By

ramping the RF voltage down after the bunch is captured, the
bunch length may be kept above threshold. The RF voltage is
then ramped up to shorten the bunch before extraction. This
technique has allowed stable operation with bunch intensities
up to 3.5 10'". Further studies are needed to explore the
operational limits.

120 Hz Operation

The SLAC Linac is powered from the local electrical grid
with 3 phases of 60 Hz power, providing 6 "timeslots" for
360 Hz operation. At 120 Hz, alternate beam pulses are at
different zero crossings of the 60 Hz AC power, causing
what is referred to as "timeslot" separation. This can cause
subtle differences in the behavior of klystrons, kickers,
power supplies, etc., which result in different energy or
trajectory characteristics for the two different "timeslots".
The first line of attack is to identify devices sensitive to
"timeslot" and modify them to eliminate the sensitivity.
Special controls have been implemented for critical energy
and phase parameters to tune out the residual differences. In
particular, the feedback which keeps the beams in collision at
the IP can make different orbit corrections on alternate pulses
using pulsed dipoles.

Another long-standing problem with 120 Hz operation at
the SLC is the onset of a 2 bunch 7c-mode instability in the
Damping Rings at high intensity. (At 120 Hz there are 2
bunches stored in each ring for each machine pulse.) This has
been cured by the installation of a passive damping cavity in
both rings.[5] Finally, there is a slight increase in the
emittance of the electron beam due to it not being fully
damped after 1/120 second. Overall, 120 Hz operation has
produced nearly a full factor of 2 increase in luminosity.

Beam Emittance

Producing high current low emittance beams and
transporting them without increasing the emittance is one of
the most difficult challenges of a Linear Collider.[6] The
beams must be carefully matched through the transport lines
from the damping rings into the Linac lattice. Because of the
inherent energy spread of the particles in the beam,
unmatched beams filament as they are accelerated down the
Linac, causing an increase in the effective emittance. Four
wire scanners [7] in the first few feet of the Linac measure
the beam size at different betatron phases and provide a
calculation of the beam emittance and matching. Trajectory
data taken at different energies are used to measure residual
dispersive and chromatic terms. With these techniques the
beams were successfully matched to second order in
1991,[8,9]and with the addition of octupoles, to third order in
1992. Four wire scanners near the end of the Linac and
others along the Linac provide further diagnostics for
monitoring and measuring beam size.

Once the beams are matched into the Linac lattice, the
beam trajectory must be centered to within 100 microns to
prevent wakefield growth. Fits to orbit data from both
electron and positron beams in the Linac allow a
measurement of the offsets of quadrupolcs and beam position
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monitors with respect to the beam line.[10] These devices
have then been aligned to less than 100 microns. Alignment
of the accelerator structures is also critical and because these
structures and their supports can deform as a result of
temperature gradients, the alignment must be done at the
operating temperature of the machine.fl 1] The beam trajecto-
ries throughout the machine are maintained by an extensive
network of feedback loops. In 1991, most of these feedbacks
were upgraded to a new system which operates at 10-120
Hz.[12] Wakefield tails caused by residual misalignments
have been canceled successfully by introducing a controlled
trajectory oscillation to generate beam errors of the opposite
phase.[13] Invariant emittances of less than three 10*^ meter-
radians have been achieved for both beams with beam
intensities of 3 1010 per bunch at the end of the Linac

Arc Optics

From the end of the Linac, the beams are transported
through the SLC Arcs and brought to the Final Focus. The
Arcs follow the elevation of the local terrain while curving
towards the IP. This creates non-planar transport lines which
have presented a particularly difficult problem during SLC
commissioning. A new technique developed in 1990 allowed
a reconstruction of the entire optical transport matrix through
the Arcs from a fit to trajectories taken with induced
oscillations in the horizontal and vertical planes. [14] From
the measured matrix, optical errors in each achromat can be
corrected using calibrated closed bumps to introduce
compensating errors. With this technique, the Arcs have been
restored to the design optics with less than 5% anomalous
emittance growth.

Final Focus

In 1991, with the new superconducting final quadrupoles
[17] and standard tuning to eliminate coupling, dispersion
and chromatic aberrations, the beams were focussed to a size
of about 2 microns. This provided a factor of 2 improvement
in the specific luminosity. To reach the minimum beam size
with nominal emittances, the angular divergence must be
300-350 microradians where the upper limit is usually
restricted by excessive backgrounds in the detector. With the
Mark II detector, the divergence was limited to less than 250
mrads, but the SLD has successfully run with up to 350
mrads allowing more latitude for beam optimization. At very
small beam sizes, the minimum size achievable is limited by
optical aberrations from misaligned magnetic elements,
particularly the sextupoles. A new technique [16] uses the
measured change in focusing, dispersion or coupling with
sextupole strength to deduce the misalignments. This method
has higher precision than typical alignment using beam orbits
with a resolution of < 100 microns. Beam sizes of 1.9 by 1.2
microns for electrons and 1.7 by 1.4 microns for positrons
were measured. For luminosity running, an average beam
size of 2 microns is routinely achieved.

Efficiency

Machine operating efficiency was greatly improved in
1991, with nearly 60% uptime for the entire run. This
efficiency was the result of many years of effort to increase
hardware reliability, particularly of critical components such
as the kicker systems.[17] Expanded feedback control,
improvements in the Machine Protection System,
refinements in tuning procedures and better diagnostics all
contributed. The Machine Protection System has been
extensively upgraded with the most sensitive areas modified
to be more robust. Wire scanners in the Injector, Linac, Final
Focus and various transfer lines provide fast, precise, non-
invasive measurement of the beam size to facilitate machine
tuneup and to monitor routine operation. Operating
efficiency in 1992 has been 60-70% with the total of
scheduled and unscheduled downtime averaging less than
20% including interventions for the polarized source.

Feedback Systems

The most important single contribution to efficiency was
undoubtedly the new generation of pulse-to-pulse feedback
for orbit and energy control throughout the SLC.fl 1] Position
and angle controls were implemented in more than twenty
locations by the end of 1991, with another dozen loops added
in 1992. The feedback systems have continued to be
improved and extended to enhance machine stability. New
feedbacks have been added for the polarized source and to
control the beam trajectory into the Arcs. The sequence of
orbit feedback loops down the Linac have been upgraded so
that each loop receives information about incoming
disturbances from its next upstream neighbor. [18] Each loop
only corrects for disturbances not seen by the preceding loop.
This eliminates the problem of multiple loops attempting to
correct for the same disturbance and allows stable operation
with faster response time. The loops also adaptively "learn"
the transfer matrix from the upstream loop to compensate for
possible drifts in the optics over several hundred meters of
Linac.

Luminosity

Both the SLC luminosity and the efficiency for delivering
luminosity to the SLD have improved steadily over the
course of the 1992 run. During the March unpolarized run,
the luminosity was a factor of 2 higher than in 1991. Initial
running with the polarized source was at somewhat lower
luminosity while optimal running parameters were found.
The luminosity increased by a factor of 2 each month and by
mid-August over 10,000 Zs had been logged by SLD with a
polarization of 23%. Efficiency for logging events improved
steadily with a more mature detector, improved trigger
algorithms, and better control of backgrounds. Factors
contributing to the SLD/SLC ratio are well understood. The
SLC luminosity delivered is only 80-85% of the estimated
due to missing pulses and beam tuning. SLD downtime and
deadtime contribute another factor of 80-85%, for an overall
efficiency of 65-70% by the end of the run.
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1991
March
May
June
July
August 1-15

SLC
Estimated
1500
2900
2000
4000
7000
3800

SLD
on Tape
330
1000
1000
2200
4500
2600

Ratio

22%
35%
50%
55%
67%
69%

Future Plans

The goals for the 1992 run were to deliver an integrated
luminosity of 10,000 polarized Zs for the SLD and to reach a
rate of 50-100,000 Zs per year. The integrated luminosity
goal was reached on August 15. The last month of running
will concentrate on raising the peak luminosity by another
factor of 1.5-2 and on testing higher polarization. For the
1993-94 run, SLD should integrate 105 events with a
polarization of > 40%.
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Abstract

The goal of the Advanced Free-Electron Laser Project at
the Los Alamos National Laboratory is to demonstrate that a
free-eJectron laser (FEL) suitable for industrial, medical, and
research applications can be built. This FEL system should
be efficient, compact, robust, and user-friendly. To achieve
this goal, we have incorporated advanced components
presently available. Electrons produced by a photoelectron
source are accelerated to 20 MeV by a high-brightness
accelerator. They are transported by an emittance-preserving
beamline with permanent-magnet quadrupoles and dipoles.
The electron beam has excellent instantaneous beam quality
better than: 2.5 n mm mrad in transverse emittance and 0.3%
in energy spread at a peak current up to 310 A. It is used to
excite an FEL oscillator with a pulsed-current microwiggler.
Including operation at higher harmonics, the laser
wavelength extends from 3.7 (im to 0.4 nm.

Introduction

Since its inception, the free-electron laser (FEL) has
demonstrated that it can cover power and wavelength ranges
interesting for industrial, medical, and research applications.
It will be considered as a tool for these applications if it can
be demonstrated that FELs can be efficient, compact, robust,
and user-friendly. Demonstration of an application-oriented
FEL with these properties is the goal of the Los Alamos
Advanced Free-Electron Laser (AFEL). This goal is
achievable because of the technological advances in the last
10 years. These technological advances include the
integrated-simulation capability, the high-brightness
accelerator, the permanent-magnet beam-transport elements,
the pulsed-current microwiggler, and the computer-based
control system. In this paper, we will describe how the
technological advances help us to build an application-
oriented FEL.

Integrated-Simulation Capability

The AFEL system (Fig. 1) was designed with integrated
simulations * to achieve optimal efficiency. In the past few
years, we have come to understand how various physical
effects affect the design of an FEL system. These physical
effects include thermal effect at the photocathode, space-
charge effect at low electron energy, multipole rf fields in an
accelerating cavity, wakefield effects, and FEL interaction
with instantaneous beam emittance. We have also realized
that an FEL system should be designed as an integrated

•Work supported by Los Alamos National Laboratory Institutional
Supporting Research under the auspcies of the United States
Department of Energy.

system instead of as separate components. In an integrated
simulation, the fields due to different physical effects are
calculated using various computer codes. These fields are
incorporated as external fields in the computer code
PARMELA to track a micropulse through the whole system,
from the photocathode to the beam dump, to calculate the
FEL performance.

Hi «h Br i fh lnv ia
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Figure 1: A schematic of the Advanced Free-Electron Laser
System at Los Alamos.

High-Brightness Accelerator

A high-brightness beam is the key to achieving high
efficiency and short wavelength. The AFEL accelerator2

(Fig. 2) is designed to produce a beam of transverse
emittance of better than 2.5 n mm mrad (rms, instantaneous,
normalized) and energy spread of better than 0.3%
(instantaneous, rms). This corresponds to a brightness of
1013 A/m2.

Figure 2: A schematic of the AFEL high-brightness linac.
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A laser-driven photocathode^ is used as the electron
source. Such a photoinjector is necessary for the production
of a high-brightness beam for two reasons. First, it can
produce high peak current. A current density of 3 kA/cm^
has been demonstrated at Los Alamos. Second, the time
format of the electron micropulse is determined by the
micropulse format of the drive laser. A beam buncher,
which will cause beam mixing and beam-quality
deterioration, is not required.

The accelerator is operated at a field gradient of 25
MV/m. This high field gradient reduces the length of the
accelerator to 1.2 m for compactness and minimizes the
transverse-emittance growth due to space-charge forces for
high brightness. The accelerator is designed to operate at
cryogenic temperature (77°K) for improved efficiency.

Permanent-Magnet Quadrupoles and Dipoles

The quadrupoles and dipoles used on the AFEL beam
lines are driven by permanent magnets.'* They have a few
advantages compared with electromagnetic devices. They
are efficient because they do not need supply current and
have no resistive losses. They are simple and compact
because they have no resistive loss and require no cooling
lines. They have stable fields because there is no jitter in the
supply currents. Using stepper motors with high gear ratios,
the strength of these devices can be set very precisely.

Figure 3 is the schematic of an AFEL dipole. The
maximum field at the gap is 3.5 kG. The field is varied by
moving the shunt toward or away from the permanent
magnets using a stepper motor. Figure 4 is the schematic of
an AFEL quadrupole doublet. By rotating the outer ring of
permanent-magnet material, the quadrupole gradient can be
varied between -10 to 60 T/m.

PERMANENT MAGNET
MATER IAL

EAM PIPE — ^ N , - /

Figure 3: A schematic of the AFEL variable-field
permanent-magnet dipole.

Pulsed-Current Wiggler

Figure 5 shows the schematic of a pulsed-current
wiggler.^ It consists of a copper tube with transverse cuts
alternating on opposite sides. These cuts force the current to

STATIONARY PERMANENT
MAGNET PIECE

ROTATING PERMANENT
MAGNET PIECE

STATIONARY IRON
POLE PIECE

ROTATING
IRON

Figure 4: A schematic of the AFEL variable-field
permanent-magnet quadrupole.
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Figure 5: A schematic of a pulsed-current wiggler.

follow a wiggly path, generating a wiggler magnetic-field
pattern. The wiggler period is of the order of millimeters. It
is smaller than the wiggler period of a permanent magnet
wiggler, which is usually 1 cm or larger. By passing tens of
kiloamperes of current through such a wiggler, a wiggler
field of a few Tesla is possible. The aw from such a wiggler
field is one order of magnitude higher than that achievable
using a permanent magnets. The short period and high aw

allow a pulsed-current wiggler to efficiently produce short-
wavelength light with a compact low-energy electron source.

The AFEL pulsed-current wiggler has a period of 3
mm. Using a pulsed current of 40 kA, an aw of 1.4 can be
obtained. Such aw can allow the operation of the wiggler at
the fifth harmonic (0.36 |im) with a small signal gain of
150%.

Computer-Based Control System

A computer-based control system has many advantages.
A well-designed system can reduce the staffing requirement.
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The system can be reconfigured more flexibly when changes
of hardware and modifications are made. Control can be
added in piecemeal fashion. Different experimental areas
can readily communicate through a local-area network. Data
can be easily archived and made instantly accessible to
various users simultaneously.

The AFEL control system is derived from the
Experimental Physics and Industrial Control System
(EPICS)**, which was developed at Los Alamos. Extensive
experience with EPICS at Los Alamos and other laboratories
ensures a robust and user-friendly control system. EPICS
provides a software environment (Fig. 6) to readily develop
control software specific for a particular experiment to
achieve maximum simplicity and flexibility in operation
The operator communicates with the control system using a
Sun workstation. The screen display of the workstation is
driven by the Operator Interface (OPI). The display is
designed and modified with the Display Editor. A database
is constructed using the Database Configuration Tool. A
system can be monitored with the alarm manager. Specific
operating sequences can be implemented readily through a
sequencer with programs written in the State Notation
Language.

OPI
VME Crale

vxWocks kemal

Stale
Notation
vxWortus
Program

Figure 6: A schematic of the software environment of the
AFEL computer-based control system.

Summary

An application-oriented free-electron laser system, the
Advanced Free-Electron Laser in Los Alamos, can be
designed to be efficient, compact, robust, and user friendly
with state-of-the-art technologies.
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Abstract

The SLAC A-Line, originally developed to transport
electron beams to experiments in End Station A at
energies up to 25 GeV, is being upgraded to support a
revived fixed target program. In this paper we discuss a
proposed new configuration that will transport beams at
energies up to 50 GeV. Implementation of this configu-
ration will require the addition of several magnets, the
replacement of power supplies, and modifications to the
instrumentation. Also discussed are the energy resolving
capabilities of the new transport line and design options
for minimizing emittance growth.

Introduction

The A-Line, one of the two original beam transport
systems at SLAC, was designed some thirty years ago to
deliver electron beams from the linac to fixed target
experiments in the End Station A experimental hall [1].
As originally configured, the A-Line could transport
beams at energies up to approximately 25 GeV, which
was slightly above the peak energy capability of the
linac at that time. This beam line proved to be an
essential component of a spectacularly successful series
of experiments. Beginning in the late 1960's, deep-
inelastic scattering experiments provided the first
conclusive evidence of substructures within the proton,
and in the 1970's, a polarized beam was used to
demonstrate parity violation in electron scattering, a
direct manifestation of the weak nuclear force in
electromagnetic interactions.

Now, after a decade of infrequent use, the A-Line is
taking on renewed importance. The development of
higher-power klystrons and RF pulse compression tech-
niques, and various other improvements have more than
doubled the beam energy available from the linac. Short-
pulse beams of 47 GeV are routinely and reliably
produced for colliding beam experiments, and energies
up to about 52 GeV are within reach. Long-pulse beams
(1.6 (isec) of up to 32 GeV could be produced, but this
has not yet been attempted because of the limitations of

the existing transport lines. Such beams could signifi-
cantly expand the kinematic region open to exploration
in fixed-target experiments. In addition, new techniques
for producing polarized beams and polarized targets
have opened new possibilities for exploring the spin
structure of both protons and neutrons. The level of
interest and variety of ideas expressed by participants at
a SLAC-sponsored workshop [2] earlier this year have
led to a series of projects to upgrade the A-Line to
support this renewed program.

The Original Design

The A-Line, which was designed to function as a first-
order energy-defining spectrometer as well as a trans-
port system, guides the beam through a total bend angle
of 24.5 degrees. The first 0.5 degree bend is provided by
a set of five pulsed magnets which offer the option of
directing beam pulses down any one of several beam
lines on a pulse-by-pulse switching basis. The next 24
degrees are provided by two sets of four identical dipole
magnets powered in series to bend the beam by 3
degrees each. A quadrupole doublet at the front of the
first set of dipoles brings the beam approximately to a
focus at a high-dispersion point midway along the string
of bend magnets and 180 degrees in betatron phase from
the pulsed magnets. A high-power adjustable slit at this
position is then used to define the desired energy
spread. A symmetry quadrupole near the slit restores
the dispersion to zero at the end of the second set of
dipoles, which are followed by another doublet to vary
the spot size and angular divergence at the target. A
third doublet is available for added flexibility in manipu-
lating the beam characteristics at the target.

With this configuration, long-pulse beams (up to 2.1
usec) have been delivered over an energy range of about
1 to 22 GeV. An energy spread as small as ±0.06 % has
been achieved, although ±0.5 % has typically been used
when high currents have been desired. The maximum
beam energy that could be delivered with the existing
hardware is 25.7 GeV, a value limited by the power
supply on the 24 degree bend magnet circuit.

* Work supported by Department of Energy contract DE^AC03-
76SF00515.
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Figure 1. Schematic layout of the A-Line. The additional dipoles
required for 50 GeV operation are shown in dashed lines.

The Upgraded A-Line

The new design is based on the same design concept
as the original beam line, using as many of the existing
components as possible, but constrained by the tunnel
and experimental hall layouts to the same 24.5 degree
total bend.

The factors considered in choosing a maximum
design energy included both the linac capabilities and
the space available for additional dipole magnets. In the
limit of zero beam current and with all linac klystrons
optimally phased, a peak energy of perhaps 56 GeV
could be reached. In practice, beam loading effects,
imperfect phase control, and the failure rate of klystrons
impose a somewhat lower limit. A useful short-pulse
energy of about 48 GeV can be delivered at 120
pulses/second at moderate currents, and an energy of
about 52 GeV could be expected when all klystrons are
operable or when low currents are acceptable.

Also considered were the properties of polarized
electrons as they are transported through the 24.5 degree
bend. Electrons that are longitudinally polarized in the
linac will precess to an orientation at the target that
depends on their energy and the total bend angle
through the transport line. Of particular interest are
those energies that correspond to spin orientations
parallel to the momentum vector at the target. In trans-
porting through a total angle of 24.5 degrees, the
polarization will precess by 180 degrees for each energy
increase of 3.237 GeV. Thus, beam energies of special
interest are 45.32, 48.55, 51.79, 55.03 GeV, and so forth.

On the basis of on these considerations, a maximum
design energy of 51.8 GeV was chosen for the A-Line.
This also corresponds to the maximum practical mag-
netic field that can be reached with the existing magnet
design.

Phase I: Power Supplies and Controls

Upgrading of the A-Line will be done in two phases,
plus a possible third, interspersed with production runs
for several experiments. In the first phase, the power
supplies for the magnets will be replaced, and the con-
trol system will be upgraded. The new power supplies
will be capable of driving the magnets to a point where
their field quality becomes degraded by saturation
effects. The control system upgrade, which involves
replacing the original hard-wired controls and
diagnostic equipment with new interface electronics,
will put the A-Line under the control of the computer-
based system developed for the SLC. In addition, the
vacuum pumps and valves will be reconditioned, and
new gauges and monitoring facilities will be added.

Following the first phase, the A-Line will be capable
of transporting beams with energies up to about 34 GeV.
The maximum energy of the transport system will be
limited by the saturation of the bend magnets, but it will
be sufficient for the highest linac energy available in the
long-pulse mode. Energies of particular interest in this
range are 25.9, 29.1, and 32.4 GeV, corresponding to
longitudinal polarization at the target.

Phase II: Reconfiguration of Magnets

In the proposed second phase, most of the A-Line
magnets and other devices will be repositioned along the
beam line to make room for four additional dipoles. The
four additional dipoles were manufactured along with
the original set and are nominally identical to them. Two
have been in storage and the other two will be salvaged
from the B-Line. With a total of twelve dipoles along the
beam line, each will be required to bend the beam
through an angle of 2 degrees. Reaching 51.8 GeV,
however, will still require about twice the current now
needed for 25 GeV, because of the significant magnetic
saturation at that excitation.

The positions and angles of the incoming and
outgoing beams remain the same as the 25 GeV configu-
ration, and the two massive high-power collimators will
be left in their present positions. The first of these is D-
10, a water-cooled collimator which follows the pulsed
magnets and includes several fixed apertures to define
and separate the various beam lines in the beam switch-
yard, plus a dump to absorb the beam during tune-up
procedures. The second is SL-10, the high-power
adjustable collimator referred to above, which defines
the energy aperture of the A-Line system.

A possible third phase would be a project to upgrade
the existing bremsstrahlung photon beam. Dipole
magnets and a high-power dump downstream of the
bremsstrahlung target can be used to deflect and absorb
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the electron beam just before it exits the beam switch-
yard. This project would require reconditioning of the
dump dipoles and adding new power supplies to handle
the higher beam energy.

Synchrotron Radiation Effects

Synchrotron radiation emitted by the beam in passing
through the bend magnets has three effects that must be
considered as the beam energy is raised: the energy lost
to radiation increases as the fourth power of the beam
energy, the emittance grows (and with it the spot size at
the target), and the critical energy of the background
radiation at the experiment increases.

Power loss (per electron) due to synchrotron radiation
in the bend magnets is given by:

p 2

is:

For a total bend angle of 24.5 degrees, the energy loss

6E - 6.02x10"* —

where E is the beam energy in GeV, and p is the bending
radius in meters.

p = 57.285 m in the original 8-dipole configuration,

p = 85.927 m in the proposed 12-dipole configuration.

For beam energies below 25 GeV, the energy loss is
negligible, but at 32 GeV (with the original magnet
configuration), the loss is 0.11 GeV, which is comparable
to the energy spread of the beam. At 50 GeV (with the
proposed new configuration), the energy loss is 0.44
GeV, which is high enough to require special design
modifications in order to keep the beam on the nominal
trajectory.

Keeping the beam centered through the transport line
at high energy can be done by setting the power supplies
for the bend magnets and the downstream quadrupoles
to the desired final beam energy, but setting the
strengths of the quadrupoles upstream of the bends to
the appropriate incoming beam energy. The strengths of
the dipoles upstream of the slits will be boosted with
additional power supplies to supplement the main exci-
tation current.

At 32 GeV, the total power radiated in the dipoles by
5xlOn e7pulse at 120 pulses/second will be 0.69 kW (19
watts/m). At 51.8 GeV, with lxlO11 e"/pulse at 120
pulses/sec, the total radiated power in the dipoles is 0.95
kW (26 watts/m). Thus, water-cooling will be needed for
the vacuum chambers before the full energy and current
capabilities can be exploited.

Calculations have shown that horizontal emittance
growth is substantial and leads to a beam width at the
target that is roughly five times larger at 50 GeV than at
25 GeV. This emittance growth could be suppressed by
adding four additional quadrupoles, two on each side of
SL-10, interspersed with the dipoles. With the addition
of these quadrupoles, the dispersion function becomes
smaller by about a factor of two in the region either side
of SL-10. This has the effect of reducing the emittance
growth at the expense of energy resolution.

The critical energy of the radiation from the last bend
magnet is 3.3 MeV for a 50 GeV beam (c.f. 0.4 MeV at 25
GeV). If this poses a problem for future experiments, a
"soft bend" magnet could be added. For example, a 3m
dipole excited to 0.5 kG could be inserted just down-
stream of the second quadrupole doublet to provide the
last 1 mrad of bend, thereby reducing the critical energy
to 82 keV. The radiation from the last of the main bend
magnets can then be blocked from reaching End Station
A by a collimator in the switchyard.
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Abstract

Since August 1991 the superconducting cw-electron ac-
celerator S-DALINAC at Darmstadt produced single and
multi pass beam which is used for different experiments.
At energies below 10 MeV investigation of channeling radi-
ation production and nuclear resonance fluorescence expe-
riments are performed. Single pass operation yielding
beam energies up to 40 MeV has been used for tests of
the Free Electron Laser (FEL) beamline and for the in-
vestigation of spontaneous emission from the undulator
mainly. Two and three pass operation at higher energies
produces beam for electron scattering experiments, (e,e')
and (e,e'x), as well as for the production of channeling
radiation. True cw operation allows for energies up to
84 MeV limited by the capacity (100 W at 2 K) of the
He-refrigerator. At higher energies the duty factor has to
be reduced (e.g. d = 50% at 104 MeV), pulse length is
on the order of seconds. The successful operation of the
entire accelerator was the result of several developments,
(i) Six accelerating cavities fabricated from RRR = 280
niobium raised the average field gradient to 6 MV/m. (ii)
The control systems for gun, rf, cavity tuners, and the
beam transport system including beam diagnostics have
been integrated into a reliable remote control of the S-
DALINAC. (iii) Computer controlled path length adjust-
ments for the two recirculating beamlines were installed
for optimization of the reinjection phase.

Introduction and Present Status

Since the last Linac Conference in 1990 the S-DALINAC
has achieved remarkable progress. The accelerator has
gone into operation at the end of 1990 when for the first
time an electron beam was recirculated and reaccelerated
twice and a maximum energy of 75 MeV was obtained.
Since then the amount of beam time for different atomic,
nuclear physics and free-electron laser physics experiments
has kept increasing and the maximum energy, achieved in
August '91, raised to 104 MeV [l]. Table 1 below gives
the design parameters of the accelerator.

The S-DALINAC consists of a 270 keV injection
beam line where the dc electron beam produced by a
thermionic electron gun is electrostatically preaccelerated
and chopped as well as bunched in order to get the micro
structure needed for acceleration in the rf linac. Here a

'Supported by the Bundesministerium fur Forschung
und Technologie under contract number 06 DA 641 I and
05 345 EA I 3.

3 GHz continuous wave structure can be produced as well
as a subharmonic micro structure as it is used for FEL op-
eration (see below).This section is followed by the super-
conducting injection linac formed by a short cryomodule,
housing the 5-cell capture section, and a standard cryo-
module containing two 20-cell acceleration cavities. An
isochronous 180° beam transport system allows the beam
from the injector to enter the main linac at energies up to
10 MeV. The superconducting main linac consists of four
cryomodules, containing two 20-cell cavities each. The re-
circulating beamlines consist of two 180° bends formed by
separate dipole magnets and four quadrupoles each, con-
nected by straight sections containing seven quadrupoles.
Reinjection of both recirculated beams into the main linac
is performed via a four magnet chicane. Extraction of the
beam to the experimental area is possible after each pass
through the linac.

TABLE I
Design parameters of the S-DALINAC

Beam Energy / MeV 10 - 130
Energy Spread / keV ±13
CW Current //xA > 20
Operating Frequency / MHz 2997
Number of Structures (lm) 10
Capture Section (0.25 m) 1

For the FEL project [2], the present beam transport sys-
tem of the accelerator is extended by a bypass to the first
recirculation. The straight section of this bypass includes
the undulator and passes into the 15 m long optical res-
onator with its mirror chambers at each end. An optical
beam transport system extracts the laser beam to an ex-
perimental area outside the accelerator hall.

Operational Experience an Developments

During the beam time for atomic and nuclear physics
experiments we gained valuable experience in operating
the superconducting cavities and its frequency tuners [3].
Eleven cavities as well as the normalconducting chop-
per/prebuncher system can now be operated reliably, es-
pecially since the magnetostrictive fine and motor driven
coarse tuners are part of the computer controlled rf sys-
tem (see below). A detailed description of the rf system
and a comparison with other accelerators' systems is given
in [4]. During the last two months the energy spread of
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the beam could be reduced by a factor of two to AE/E
< 10~3 by improving the performance of the amplitude
control circuits. A further reduction of the energy spread
seems to be possible by carefully optimizing the individual
channels of the rf control system.

The present installation contains quite different super-
conducting cavities made from niobium of different purity
ranging from RRR = 30 to RRR = 280. The accord-
ing performance data are given in [1]. The average ac-
celerating field measured with electron beam amounts to
6 MV/m which is well above the designed accelerating gra-
dient of 5 MV/m. The highest gradient measured by the
energy gain of the electron beam amounts to 10 MV/m
and is remarkable for 20-cell cavities, since at present such
results are rather exceptional. For a reliable operation of
superconducting cavities one has to consider a reduction
in the accelerating field of at least 10%. Here detuning
due to Lorentz forces (electromagnetic surface forces) and
ponderomotive effects [4] are not taken into account.

In order to recirculate the beam from the main linac
and to reaccelerate it another time two requirements have
to be fulfilled: i) the energy of the recirculated beam has
to be five times the energy of the injector beam because
the last magnet of the chicane is identical with the last
magnet of the 180° bend for the beam from the injector
and ii) the phase of the recirculated beam has to match
the phase of the injector beam. First attempts to ac-
celerate the electron beam twice [5] or even three times,
followed by the calculation of the phase slippage which
the injector beam undergoes in the first main linac cavi-
ties, led to the construction of a system for adjusting the
path length of the recirculating beam transport systems.
The phase slippage too strongly depends on the injector
beam energy which means that keeping the recirculation
length unchanged is impossible. Therefore single mag-
nets or groups of beam transport devices are mounted on
linear bearings which are driven by computer controlled
synchron motors. For both recirculations a change in the
path length of more than 180° with respect to the accel-
erator frequency of 3 GHz is possible. TRANSPORT [6]
calculations showed that only slight changes in the settings
of the quadrupoles are required. Without a path length
adjustment the successful operation of the S-DALINAC
as a recirculating machine would not have been possible.

While commissioning the accelerator control of all beam
transport devices and all beam diagnostics as well as of
the electron gun was carried out by a local computer sys-
tem. Since then a much more reliable system has been
developed which includes the rf cavity-control and allows
for a quite comfortable remote control of the S-DALINAC.
Figure 1 gives the functional diagram.

The controller for more than 150 power supplies for di-
pole and quadrupole magnets and for steering coils, a mul-
tichannel ADC, a control unit for eight Faraday cups, and
the selection of view screens used for beam diagnostics
and the corresponding TV cameras is handled by an LSI
11/73. Hardware adapted programs interface between the
different devices and a common data block which can be
controlled by local software or using Ethernet from the re-

mote control room. There two workstations build a graph-
ical user interface and two groups of four knobs each can
be assigned to any beam transport device.
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Fig.l S-DALINAC control system

The rf-control system, in detail described in [7], consists
of a 68020 microprocessor board build in house which is
directly connected to 12 rf-control channels of the acceler-
ating cavities and the driver for their tuners via VME-bus.
The same microprocessor board acts as an interface to the
electron gun control in the high voltage terminal. The con-
nection is realized by a light link. Again either local soft-
ware allows for operating the rf-system and the electron
gun or remote control is possible using a more comfort-
able user interface, including another group of four knobs
assignable to all relevant parameters of the rf-control cir-
cuits. For program development and long time storage of
machine settings the remote control is part of the labora-
tory computer cluster.

Utilization of Beam

Since its completion the accelerator has produced many
hours of beam time for accelerator test runs but mainly
for different nuclear and atomic physics experiments.

At energies below 10 MeV the production of channeling
radiation [8] and nuclear resonance fluorescence experi-
ments (7,7') [9] are carried out behind the injection linac.
Since summer 1991 a high energy beam (30 - 86 MeV)
was delivered for first elastic (e,e) and inelastic (e,e') elec-
tron scattering experiments which were used to calibrate
a new spectrometer (QCLAM). Subsequent to the cali-
bration first coincidence measurements (e,e'p) could be
carried out. At energies between 65 and 72.5 MeV the
production of channeling radiation as a function of the
crystal temperature was studied in a collaboration with
the MPI Munich. For the first time the polarization of
channeling radiation was measured in a scattering exper-
iment.

Single pass operation for FEL experiments at about 30
MeV also started. We could study the production of syn-
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chrotron radiation i.e. spontaneous emission, the whole
experimental setup was tested, and the optics including
a 50 m long transfer line for the produced near-infrared
light were aligned. The next FEL run scheduled for this
fall will be used for the commissioning of the subharmonic
injection (see below) and to examine the spectral distrib-
ution of the spontaneous emission during first lasing ex-
periments.

The maximum energy obtained in an accelerator test
run was 104 MeV. Here the accelerator was operated with
50% duty factor (limited by the refrigeration power of 100
W) at a pulse duration of about one second. The achieved
energy of 104 MeV is not limited by the cavities' field
gradient (see above) but only by the Helium refrigerator.

Further Developments

While completing the accelerator with its recirculations
a free-electron laser in the near-infrared region was set up;
details are reported in [2] and [10] includes a status report.
Utilization of the electron beam accelerated in single pass
operation yields laser wavelengths between 6 and 2.5 fim
corresponding to electron beam energies of 35 to 50 MeV.
The modifications of the accelerator, necessary for the op-
eration of the FEL have been carried out. A modified high
current injector consisting of a pulsed electron gun and a
subharmonic 600 MHz chopper / prebuncher system has
been designed, tested separately and installed at the linac
[2]-

The subharmonic 600 MHz system uses a frequency gen-
erator, phase locked to the accelerator's frequency stan-
dard, as a reference for two rf-control circuits (chopper
and prebuncher). The principle function is identical to
the circuits of the superconducting cavities [7].

For FEL operation the electron gun is pulsed with the
300th subharmonic (= 10 MHz) which together with an
additional macro structure on the produced electron beam
and together with the 600 MHz chopper yields a quite
flexible system. While in cw nuclear physics operation
electrons are accelerated in every rf period with a beam
current of 20 (iA («3.6 mA peak current), in cw FEL op-
eration only every 300th rf-bucked is filled corresponding
to electron peak currents of 2.7 A.

Inbetween there exists a wide variety in time structure
only limited in the combination of peak current and macro
pulse length with respect to the acceptable energy spread.
Limits are set by the time constants of the rf-control cir-
cuits and of the superconducting cavities themselves. Us-
ing the 600 MHz chopper as well as the 3 GHz chopper at
the same time, another feature enlarges the variety: every
5th rf-bucket can be filled or two out of five rf-periods can
be used for acceleration.

The increased bunch charge in cw FEL operation gives
the opportunity to investigate the excitation and propaga-
tion of higher order modes (HOM) as it is interesting with
respect to future linear colliders. With its 5 pC per bunch
and 100 ns time spacing the induced rf-power per cavity
will be about 0.1 % of that in a linear collider cavity. A
first estimate yields rf-power in the order of a few mW

which allows for measuring the spectral distribution up to
about 20 GHz. The propagation of HOM power can also
be investigated using the rf-couplers of all superconduct-
ing cavities. Because of the possible macro structure the
HOM external quality factor can be measured by chang-
ing the beam duty factor. Thus the S-DALINAC operated
in the FEL mode seems to be a highly suitable tool with
respect to accelerator development and some aspects of
linear collider studies.

Outlook
Presently six 20-cell cavities, fabricated from RRR=280

niobium, are in the process of their final preparation.
They will replace cavities with low Q and therefore we ex-
pect (due to lower losses) cw operation at energies above
84 MeV after the next shutdown period. Also the de-
velopment of a new superconducting rf input coupler (a
prototype will be installed and tested this fall) will help to
reduce the load on the He refrigerator, allowing to operate
the cavities at higher gradients.
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Abstract

This paper describes the design of an accelerator that can
produce beams of greater than 1 x 1013 A/m2 (brightness = 2*1/
e2, where e is the rms emittance). The beam emittance growth
in the accelerator is minimized by: producing a short-electron
bunch in a high-gradient rf cavity, using a focusing solenoid to
correct the emittance growth caused by space charge, and
designing the coupling slots between accelerator cavities to
minimize quadrupole effects. The results from simulations are,
at 2.3 nC, a peak current of 180 A and an emittance of 1.6 n ram-
mrad, and, at 4.6 nC a peak current of 300 A and an emittance
of 2.4 n mm-mrad. The exit energy from the linac is 20 Me V
for both cases.

Introduction

A new accelerator design that produces a very bright
electron beam in a compact form has been developed through
the Advanced Free-Electron Laser Initiative (AFELI) [ 1] at Los
Alamos National Laboratory. State-of-the-art components will
be incorporated so that the FEL system will be compact, robust,
and user friendly.

The following definition is used for the normalized rms
emittance,

en = p-^x =TtpY[<x2><x'2>-<xx'>2]l /2t

where 71s the relativistic factor, (i is the particle velocity divided
by the speed of light, x is the transverse beam size, x' is the
transverse beam divergence, and ex is the unnormalized emittance.
The emittance is calculated in two ways. The "full" emittance
is calculated by using the entire micropulse in time and space.
The "slice" emittance is calculated by dividing a micropulse
into slices in time equal to a slippage length. To ensure enough
particles are in a slice to give reasonable statistics, the smallest
time slice is limited to l%ofthe total pulse length. Wecalculate
the slice emittance because the electrons do not generate gain
over the entire pulse, but only for the middle portion (in time)
of the pulse. If temporal mixing occurs, the use of slice
emittance is invalid and the full rms emittance must be used.

Overall Accelerator Design

The design goals for the accelerator is > 2 nC charge per
micropulse and an effective emittance of less than 3 n mm-
mrad. Simple design is accomplished by using a single radio-
frequency feed to drive the entire accelerator structure. The
accelerator (Fig. 1) design has the following features: 20-MeV
output energy, average cavity gradients of 22 Me V/m, up to 20-
Hz repetition rate, up to 50-ms long macropulses, 8- to 20-ps
long micropulses, and liquid-nitrogen operation. The accelerator
operates with a 1300-MHz, 20-MW-peak-power klystron.[1]

FOCUSING y
SOLENOID Md^.

PUMPING SLOTS

LINAC SUPPORT

VACUUM VESSEL
• LINAC

BUCKING SOLENOID

Figure 1. AFEL linac schematic.

Using a Solenoid to Compensate for Emittance Growth
Caused by Space Charge

The use of a solenoid to reduce emittance growth caused by
space charge has been discussed in several papers.[2] A
representative configuration is shown in Fig. 2. At the cathode,
the electron bunch emittance is determined by the cathode's
thermal emittance (position 1 in Fig. 2). As an electron bunch
leaves the cathode, the bunch expands radially because of radial
space charge forces. Since the space charge force acts
continuously on the bunch, no single discrete lens can compensate
for the distortion of the distribution in phase space (position 2 in
Fig. 2). However, a simple lens can be used to focus the bunch
(position 3 in Fig. 2). Then, to the first order, the same forces
that acted on the bunch during expansion are present while the
bunch is focused (position 4 in Fig. 2). Thus, the emittance
growth that has occurred can be significantly reduced by proper
lens placement. A unique solenoid design follows from the

0
1 2 9 4

H z

(CATHODE THERMAL
EMITTANCE)

1.25 K mm-mrad

•Work supported by Los Alamos National Laboratory
Institutional Supporting Research, under the auspices of the
United States Department of Energy.

25 K mm-mrad

2 K mm-mrad

(= v;l.252 + 1.52)

Figure 2. Placing a solenoid near the cathode can compensate for
space-charge emittance growth. Position 1 is at the cathode. Position's
2 and 3 are before and after the solenoid center (with thecenter between
5 and 15 cm from the cathode). Position 4 is downstream of the
accelerator. The figure also shows the growth in emittance (1.5 K mm-
mrad) above the thermal emittance (1.25 K mm-mrad) present at the
cathode.
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requirements of minimum emittance growth and simultaneously
having the beam focused at a particular axial location. The
solenoid design depends on the accelerator gradient, current
density, and location of the peak magnetic field with respect to
the cathode. The emittance numbers in Fig. 2 are from atypical
PARMELArun. Toaccurately renderthe solenoid field profiles,
we incorporated the POISSON field maps of the solenoid
directly into a modified version PARMELA.

From simulations, we computed the effect on the final
emittance caused from the cathode thermal effects. Asexpected,
the final emittance is the sum of squares of the final emittance
calculated with zero cathode temperature and the finite cathode
emittance. An example is shown in Fig. 2.

Minimizing Perturbations caused by Accelerator
Coupling Slots

The standing-wave, 1300-MHz, it-mode accelerator is
designed with on-axis coupling slots. By incorporating MAFIA
field maps of the coupling slots into PARMELA, we found that
the coupling slots produced a quadrupole lens in every accelerator
cell. Therefore, it was necessary to change the coupling slot
geometries to eliminate asymmetric focusing in the accelerator.

Several possible types of on-axis coupling are shown in Fig.
2. The effect of coupling slots is significant for very high-
brightness beams. A single slot produces a dipole lens, two slots
produce a quadrupole lens, four slots produces an octupole lens,
and so on. Each accelerator cell (except the cells at the
accelerator ends) has coupling slots on each hal f of an accelerator
cell. The relative orientation of the slots on either end of the cell
will determine the relative angle of the corresponding lens. The
two-coupling-slot configuration gives a quadrupole lens at the
entrance and exit of the accelerator cell. The orientation of the
slots will determine whether the quadrupole lens add or subtract
focusing for each cell. In the first arrangement, type T, the fields
at each cell end cancel, giving a net effect close to zero only for
a highly relativistic beam. In type H, the fields at each cell end
are additive, giving a net quadrupole lens. PARMELA
simulations show a very unsymmetrical beam at the exit of the
accelerator for an accelerator with all type T for type H cells.

The coupling-slot design for the AFEL accelerator uses a
four-coupling-slot arrangement for the first two cells and a type
T configuration for the remaining accelerator cells. Because the
four-slot arrangement has no quadrupole component, then the
first two cells produce no beam asymmetry. After the beam exits
the first two cells, the beam is highly relativistic and the type T
coupling gives a very small net quadrupole focusing.

The four-coupling-slot arrangement cannot be carried
throughout the accelerator. At the high-average currents of the
AFEL, beam breakup will occur because of the coupling of a
dipole mode from cell to cell. In the type T- and H-coupling-cell
configuration, the dipole mode does not couple because the
coupling slots are rotated 90° in the coupling cavity. In the 4-
slot coupling-cells, the slots are rotated 45° in the coupling
cavity, which very effectively couples the dipole modes.

Other Features of the AFEL Accelerator

The first cell, a half-cell, is 9 mm longer than one-half of a
standard 1300-Mhz cell. A longer injection cell has two
advantages. First, the exit phase of the electron bunch depends
on the cell length. Since the AFEL linac has a single rf feed, the

t
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4' - FOUR SLOTS ON AN END WALL

A A A A A

CS AC CS AC CS
H - SLOT ARRANGEMENT

t
CS

T - SLOT ARRANGEMENT

Figure 3. Possible coupling-slot arrangements with four- and two-slot
coupling. CS is a coupling cell. AC is an accelerator cell.

proper operating phase to minimize energy spread was met by
adjusting the first cell length. If the minimum energy spread is
outside the phase tuning range, a passive cavity following the
linac will be used to minimize energy spread. Second, a longer
first cell increases the electron-beam energy at the exit of the
first cell. This reduces the space-charge effects and helps
improve the final emittance. The exit energy from the first cell
is 1.5 MeV instead of 1.0 MeV for a regular half-cell.

Other engineering features of the AFEL accelerator are the
capability of operation at 77K; UHV design; and high-Q, high-
gradient, long-macropulse accelerator cells.

Beam Dependencies

This type of accelerator is unique in that the electron-beam
distribution does not mix longitudinally. With no mixing, the
rms emittance calculation for the full pulse underestimates the
FEL performance. Except for statistical noise caused by the
limited number of particles in the simulation, the slice emittance
is time independent during the micropulse. However, the
emittance of the full pulse is significantly larger. The larger full-
pulse emittance is caused from the variation in divergence
throughout the micropulse (see top graph in Fig. 4). Two factors
helpdetermine FEL performance: first, the local beam conditions
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in the micropulse (since the slippage length is a small fraction
of the entire pulse length); second, the ability to match into the
gain profile of the wiggler. Figure 4 shows the beam conditions
that affect FEL performance. The upper two graphs are the beam
divergence and the particle density as a function of time. The
lower graph is a calculation of Av (gain width [3] for a sample
wiggler) as a function of time. The three graphs show that most
of the electrons are in the gain width of the wiggler for the middle
portion of a micropulse. The beginning and end of the micropulse
are not matched into the wiggler, but the fraction of the electrons
in the temporal wings is small. Again, this type of analysis is not
correct if the beam mixes longitudinally.

The AFEL is designed to minimize components and distances
and to increase reliability and ease of use. However, the
performance of the FEL design does depend strongly on a few
parameters. The parameters that must be tightly controlled are
the radius of the cathode; the magnitude of the solenoid field
around the cathode region; the accelerator phase; and the
magnitude of the accelerator fields.

Results

The following results are based on the performance of the
FEL using the slice emittance as opposed to the integrated
emittance of the entire micropulse. This implies that the
contribution of the temporal tails of the micropulse is ignored.
The results are:
- The largest component of the emittance is caused by the
variation of the radial velocity during the micropulse and is
correlated.
- The next largest component ofthe emittance is caused by radial
rf effects.
- A Gaussian pulse in time gives almost the same performance
as a square pulse in time.
- A micropulse of 2.3 nC has a slice emittance less than 1.5 n
mm-mrad, a peak current greater than 175 A, and an effective
energy spread of less than 0.3%.
- A micropulse of 4.6 nC has a slice emittance less than 2.5 n
mm-mrad, a peak current greater than 310 A, and an effective
energy spread of less than 0.3%.

Simulations show that visible wavelength operation (>50%
gain @ 400 ran) is possible using a low-energy (20 Me V), high-
gradient (>20 MeV/m) accelerator.
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Figure 4. The upper plot shows the beam divergence during the
pulse. The middle plot shows the charge density during the
pulse. The bottom plot shows how well matched the pulse is to
the gain profile ofthe wiggler.
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Abstract

A novel magnetically coupled multi-cavity bridge cou-
pler is proposed for SSC Coupled-Cavity-Linac (CCL). The
bridge coupler is a five cell disc-loaded waveguide with a
small central aperture (used for measurement) and two
large curved coupling slots near the edge on each disc.
The two coupling slots on the adjacent disc are rotated
90" in orientation to reduce the direct coupling. This type
of structure is capable of producing very large coupling
(> 10% in our longest bridge coupler). Also because of
the small opening on the discs, the high-order-modes are
very far (> 300 MHz) above the operating mode. Thus
for long bridge couplers, the magnetic coupled structure
should provide maximum coupling with minimum mode
mixing problem. In this paper both physics and engineer-
ing issues of this new bridge coupler are presented.

I. INTRODUCTION

In the new design of the SSC side Coupled Cavity Linac
(CCL)1, inter tank spaces are increased significantly and
moat bridge coupler lengths are over 40 cm. The conven-
tional TM010 single cavity bridge coupler used in LAMPF
and Fermilab will have severe mode mixing problem at this
length, also its group velocity is too low and coupling is
too weak. Three types of new bridge couplers were pro-
posed for consideration2'3'4. After computer simulation
and cold model tests, the Magnetically Coupled multicav-
ity Bridge Coupler (MCBC) is chosen because it is least
subject to mode mixing problems and also provides large
nearest neighbor coupling.

II. SIMULATION AND MEASUREMENT

The MCBC is a five cell disc loaded wave guide with
two coupling slots near the edge of the discs, as shown in
Pig. 1. The geometry of a disc is shown in Pig. 2. The
length of the coupling slot has a first order effect on the
coupling, but the slot width only has a second order ef-
fect. MAFIA is used to select the slot length, width and
radial location. The goal is to have large nearest neigh-
bor coupling Ki without introducing large second near-
est neighbor coupling \K2\ (a large \K3\ will produce an
asymmetric dispersion curve and reduce the group veloc-
ity). Fig. 3 show the K\ and K% as functions of radial

Figure 1: Geometry of the magnetically coupled bridge coupler

WIDTH

Re.AVITY

Figure 2: Geometry of coupling dots

'Operated by the Univertitie> Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC35-
89ER40486
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Figure 3: K\ and Kj vs slot radial location. Slot center angle=60a,
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Table 1: Mode frequencies vs total cavity number (MAFIA)

location for different slot widths. Fig. 4 show the 0, T /2 ,
T and slot mode frequencies as functions of slot center an-
gle 9. It can be seen if 8 is over 60°, the dispersion curve
becomes apparent asymmetric (/„ - / , / j > /T/3 — /»).
Also the slot mode frequency becomes low and may get
into the pass band. For our design parameters a resonable
choice is: slot angle 9 = 60°, slot width hh = 16 mm and
slot radial location Rctnttr — 62 mm. Without affecting
K\, \Ki\ can be reduced if the coupling slots on adjacent
discs are rotated 90° in orientation so that the slots do not
directly "see" each other. The resulting structure is still a
single periodic structure, although under the half cell ter-
mination, it looks like a double periodic structure and hat
a stop band. This, the so-called 1/n effect, is caused by the
images of the coupling slots on the termination plates, as
a result the two end cavities will have a different T/2 mode
frequency as the middle cavity. The 1/n effect will disap-
pear for infinite long structure. Table 1 shows the MAFIA
results of mode frequencies vs total cavity number n. We
can see how 1/n effect is reducing aj increase of n: as n
increases, the difference of the two T/2 mode frequencies
reduces. Fig. 5 shows the cold model measurements of the
T/2 frequencies with n=2, n=4 and n=6. With these 3
frequencies, we can obtain /T/j for n=oo5.

The dispersion relation for a singly periodic structure is

/ = fcj y/l + KX COS <)> + K2 COS (1)
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Figure 6: Top figure: Measured mode frequencies of the bridge cou-
pler cold model. Bottom figure: The field level in the bridge coupler
by beadpull measurement. The cold model comiits of five bridge
cells, two coupling cells and two half accelerating cells.

if Kj is taken into account. This equation has two un-
knowns Ki and K^. With three measured frequencies
/«, (4> = 0), fr/2 {<t> = */2) and fT (4> = T) , we can get the
exact solution for K\ and K3. Prom Fig. 5, with 60° slot
center angle, K\ is about 13% and \K%\ is less than 1%.

The area of the coupling slots is very small compared to
the area of the entire disc. The bridge coupler is acting
like five short cavities to high order modes so these mode
frequencies are distributed far from each other. Fig. 4
shows that the closest high order mode is about 300 MHz
above the top of the pass band of TM01 mode if 6 = 60°.
The magnetically coupled bridge coupler, while providing
large nearest neighbor coupling, is least likely to have any
mode mixing problem even for our longest bridge coupler
('bridge = 46.1 cm) and it should provide zero power flow
phase shift. The is the biggest advantage the magnetic
coupled structure has over other structures3.

There are 63 bridge couplers in the CCL and their length
varies from 37.2 cm to 46.1 cm. If we choose to have an
equal cavity length for all five cavities in a bridge coupler,
then for 63 different cavity lengths we will also have 63
different cavity radii. A better scheme is: within a mod-
ule, fixing the three middle cavity length (the three middle
cavities have the same length), and let the length increase
of the bridge coupler take place at the two end cells. From
module to module, the length of the middle cavities only
increases two times from 7cm to 9 cm. The resulting cavity
lengths of this arrangement looks very reasonable and are
listed in Table 2.

A big advantage of this scheme is that there are only
3 middle cavity lengths thus only 3 cavity radii need to
be determined for 63 bridge couplers. The end cavities
will have the same radius as the center cavities and their
frequencies are adjusted by the two end posts as frequency
tuner, which is shown in Fig. 1.

Unit: [cm]

'-'bridge
Limid,ctll
Lend, ceil

MOD
30.79
7.00
4.89-

1,3,
- 36.

7.67

4
33

MOD
37.22
8.00
6.61 -

• 2,5,6
- 41.20

8.60

MOD
41.71
9.00
7.36-

7,8,
-46 .

9.56

9
13

Table 2: Cavity Length vs Module No.

Under this scheme, the determination of the bridge cou-
pler dimension is divided into three steps: (I) optimization
of the coupling slot geometry (Fig. 3 and Fig. 4). For max-
imum exchangeability the same slot geometry will be used
for all 63 bridge couplers; (II) determination of the three
middle cavity radius (Fig. 5), these three middle cavities
are considered as a part of an infinite structure; (III) set
the radius of the end cells to be the same as the mid-cells
and determine the end post length to obtain the right end
cell frequency.

This method works quite well. We have built a bridge
coupler cold model for Tankl-Tank2 of Module I and all
cavity dimensions are determined by this method. With-
out any tuning, the T / 2 mode frequency measured is within
2.5 MHz of the required operating frequency. This means
very little tuning is needed. By adjusting the post lengths
at the end walls of bridge cavity and gaps of the coupling
cavities, we can easily obtain the right T / 2 mode frequency,
as shown in Fig. 6. The measured K\ value is about
13.6%, the predicted value is 13%, which is again a very
good agreement.

III. CONCLUSION

Magnetically coupled structure is least subject to mode
mixing problems and is the most suitable structure for
long bridge couplers. The first measurement results of the
bridge coupler cold model are very encouraging.
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Abstract

The results of a direct injection experiment on the cw
RFQ 1-1250 proton accelerator are reported. The experiment
was made possible by a high-current low-emittance electron
cyclotron resonance ion source, with a 70 to 90% proton
fraction and a gas efficiency of up to 60 %. A beam transport
system, consisting only of drift spaces and a solenoid lens,
matched the beam to the radiofrequency quadrupole. A
relatively high pressure in the low energy beam transport
system ensured a high degree of neutralization to counteract
space charge forces.

Introduction

The RFQ1 proton accelerator at Chalk River comprises a
50 keV dc injector and a 100% duty factor 267 MHz
radiofrequency quadrupole (RFQ) linac. Previous operation
was with a 600 keV RFQ (RFQ 1-600) [1]. PARMTEQ
calculations for RFQ 1-600 predicted 85% transmission for a
90 mA input proton beam with a normalized rms emittance of
0.05 7r cm mrad. Recently, new vanes were designed and
installed in the RFQ to increase output beam energy to
1.25 MeV (RFQ1-1250) [2]. The calculated transmission
characteristics for the two RFQ versions are similar.

The original RFQ1 injector [3] was designed for a multi-
aperture duoPIGatron ion source. The proton fraction (the
ratio of proton current to total-ion current) was 30-40% and
a 60° dipole magnet was included in the low-energy beam
transport (LEBT) system to separate the unwanted H2

+ and
H3

+ from the protons. RFQ1-600 accelerated the 75 mA
design current; but with a * 125 mA proton current (350 mA
total current) from the ion source, well in excess of the
100 mA design current. The inability of the injector/LEBT to
generate and transport the proton current within the design
acceptance, and losses on an injector aperture were
contributing factors.

A high-current low-emittance electron cyclotron resonance
(ECR) ion source with a 70-90% proton fraction has been
developed at Chalk River [4]. Initial tests with this ion source
on RFQ 1-600 [5] proved that the design beam current could
be accelerated with comparable proton current, but with less
than half of the total current required with the duoPIGatron
source. However, losses at the injector aperture were still
high. Loss of neutralization and astigmatic distortions in the

* This work was partially supported by Los Alamos National
Laboratory under contract No. 9-X5H-O578G-1.

dipole magnet, and emittance growth throughout the LEBT are
suspected causes of the excessive losses.

The high proton fraction of the ECR ion source removed
the requirement for the dipole magnet for species separation,
and introduced the possibility of direct injection into the RFQ.
(Experiments on RFQ 1-600 showed that the RFQ could handle
beam spill exceeding 30 mA without adverse effect.) An
experiment was performed on RFQ1-1250 to examine direct
injection. Other features of the experiment were ion beam
extraction from a single aperture to reduce the initial
emittance, and the introduction of a short LEBT (one-third the
length of the original LEBT) with "point-to-point" focusing to
minimize emittance-growth.

Ion Source and LEBT Description

The ion source and injector arrangement for the direct
injection experiment is shown in Fig. 1.

-ECR ION SOURCE
& EXTRACTION COLUMN

T—DIAGNOSTICS BOX

RFQ ENTRANCE
FLANGE 7

SOLENOID —7 /

\ v

BEAM CURRENT MONITOR

Fig. 1 Direct injection ECR ion source and LEBT.

The ion source is the production version of the 2.45 GHz
ECR ion source previously mentioned [6]. The 50 kV
extraction system is a single-aperture triode arrangement with
a high-voltage acceleration (or accel) gap and a low-voltage
deceleration (or decel) gap. The decel electrode prevents
electrons generated by the ion beam from entering the accel
gap. The ion source was capable of producing current
densities at the extraction meniscus as high as 500 mA/cnr
with a proton fraction of up to 90%. Experiments on a test
stand showed that the beam emittance from the source was
minimized when the source was operated to give a minimum-
divergence beam [7]. In addition, the minimum-emittance and
minimum-divergence was shown to be uniform over a range
of aspect ratios (aperture radius to gap distance) up to 0.5.
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With a 2.5 mm aperture radius and 5 mm gap, proton currents
in excess of the 90 mA design were expected, with a rms
normalized emittance of < 0.012 T cm mrad and an rms
divergence of 15 mrad.

Existing RFQ entrance beam-line components were used
in the LEBT. These included: a diagnostics box, plunging
beam stop (PBS) and focusing lens. The PBS was required to
allow for ion source tune-up prior to injection. A power
density limit of « 1 kW/cm2 placed a constraint on the
minimum drift between the PBS and the source extraction
column. When the PBS was raised, an aperture at the base
limited the beam size. A cooled, shielding aperture behind the
solenoid intercepted some of the H2

+ and H3
+ ions. Typically,

the ion source operated at a hydrogen gas flow of ^ 3 seem
(4.5 /tg/s). A 2000 L/s cryopump at the PBS kept LEBT
pressure ^ 50 /ttorr.

Circular apertures in the LEBT were electrically isolated
with grounded shunt resistors to monitor intercepted currents.
A similarly equipped "four-jaw" aperture at the RFQ entrance
monitored beam size and misalignment. Non-intercepting
beam-current monitors in the diagnostics box and at the RFQ
exit measured the injected (ion source) and the accelerated
beam current. A pair of optical beam-profile sensors (Reticon
cameras) [8] on the diagnostics box, located « 35 cm from
the extraction column exit, monitored the vertical and
horizontal beam profiles and alignments. (These cameras
provided the principal means of determining the minimum
beam width and, hence, the minimum divergence.)

Beam Transport and RFQ Matching

Figure 2 shows the TRANSOPTR [9] prediction for the
LEBT beam match to the RFQ, assuming a waist at the
extraction column and a 0.5 m drift to the PBS (overall LEBT
length * 1 m). The calculated orientation of the LEBT
output emittance ellipse was optimized to fit within the RFQ
acceptance, by varying the RFQ solenoid induction. Because
of the extended drift, the beam is "stretched" into the RFQ
acceptance space. Even this compromise results in a peak
power density of * 1.5 kW/cm2 at the PBS at design current.

For a given extraction column, the injected beam current
can be varied over a limited range by operating the ion source
at currents over or under the matched current (that which
gives a minimum divergence/emittance). This results in
increased ion source divergence and a further elongation of the
LEBT output ellipse, thus worsening the match to the RFQ.
The apertures at the PBS and at the RFQ entrance were sized
to intercept the beam when the ion source divergence exceeded
« 60 mrad (or 25 mrad rms). Although, H2

+ and H3
+ ions

are not as sharply focused by the solenoid, an estimated 70
and 50%, respectively, will enter the RFQ (corresponding to
« 10 mA, at most).

Full space-charge neutralization of the beam was assumed
in the calculations. Incomplete neutralization, depending on
where it occurs in the LEBT, can result in further worsening
of the match into the RFQ.
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Fig. 2 LEBT beam match to RFQ.

Experimental Results

Experiments started at low injection currents, using a
2.5 mm radius aperture and a 10 mm extraction gap to
produce a low-current minimum divergence beam [7]. The
gap was decreased to 7 mm for intermediate currents and then
to 5 mm to provide the design injection current. Figure 3
shows how the injected and accelerated currents with the
7 mm gap varied as a function of total current. The injected
proton current was calculated by assuming proton fractions
previously measured on the ion source [6]. (In Fig. 3 the
proton fraction peaked at = 82% for the highest currents.)
The ion source operated stably over the range 50 mA to
90 mA, although the "matched" (minimum divergence) beam
current was * 73 mA (corresponding to « 60 mA protons).
The accelerated beam current varied between 20 mA and
50 mA, but dipped at the minimum divergence beam current.
The dip could be eliminated by lowering the extraction column
decel voltage to the minimum value at which the ion source
would operate stably. Decreasing the decel resulted in a beam
profile (on the Reticon cameras) with a less intense core.
However, the overall width of the beam did not appear to
increase. With this decel adjustment, RFQ transmission was
= 75% for proton input currents < 60 mA (minimum
divergence beam) and decreased for higher injected currents.
Up to 55 mA was accelerated by increasing the ion source
current above match and the RFQ field above the design value
[2]. The solenoid induction required for an optimum LEBT-
to-RFQ match varied little over the beam-current range in
Fig. 3 and was in good agreement with the calculations. With
the decel electrode at its normal (high) setting, only a slight
dip was noted with the 10 mm extraction gap (low-current
injection) and 25 mA was accelerated with a transmission
of
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Concluding Remarks

Direct high-current injection to a cw 1.25 MeV RFQ
(RFQ1-1250) from a single-aperture ECR proton source was
demonstrated. A 55 mA proton beam (75% of the RFQ1-
1250 design current) was accelerated. At low and
intermediate injection currents, beam losses in the LEBT were
small, and could be attributed to H2

+ and H3
+ constituents of

the beam. Performance was limited by beam current losses in
the LEBT and an apparent degradation of the LEBT-to-RFQ
match as ion source proton current was increased to the
90 mA design level.
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Abstract

Measurements are reported on the output beam
transmission, emittance and beam energy of the RFQ1-1250
proton accelerator. The RFQ1 accelerator, which comprises
a 50 keV dc injector and a cw radiofrequency quadrupole
accelerator (RFQ), is a test bed for a wide range of high-
power RFQ experiments. Recently, a new set of vanes for the
RFQ increased the output energy of the beam to 1.25 MeV.
The measurements are compared to the operating
characteristics of the earlier 600 keV RFQ 1-600 version.

Introduction

The Chalk River RFQ1 proton accelerator comprises a
50 keV dc injector and a 100% duty factor 267 MHz RFQ.
Commissioned in mid-1988, the facility first operated with a
75 mA 600 keV RFQ (RFQ 1-600). By the end of 1990,
design targets had been achieved on RFQ1-600 [1] and the
RFQ was upgraded with a new set of vanes to increase output
energy to 1.25 MeV (RFQ 1-1250) [2].

RFQ1 is a test bed for cw RFQ accelerator and
component development. To facilitate rf field balance
experiments, and to allow for vane upgrades, the RFQ was
built with adjustable/replaceable vanes. Design peak inter-
vane fields on RFQ1-600 were 1.5 times the Kilpatrick limit
[3], a limit now thought to be conservative. The vanes for
RFQ1-1250 were designed for peak fields of 1.8 Kilpatrick.
The increased field and an improved vane-tip profile recipe
allowed the output energy to be doubled (to 1.25 MeV) using
the same length structure while keeping the same high design
transmission.

Initially, measured beam transmission on RFQ1-1250 was
low and accelerated current was limited to less than
« 35 mA. Problems with alignment and beam steering on the
original RFQ1 injector are suspected to be the major causes.
A recent experiment on RFQ1-1250 demonstrated the viability
of direct injection (without molecular species separation) from
a high proton fraction ECR ion source [4]. Accelerated
currents up to 55 mA (75 % of design) were achieved. Results
of RFQ output-beam-parameter measurements performed
during this experiment are reported.

* This work was partially supported by Los Alamos National
Laboratory under contract No. 9-X5H-0578G-1.

Description

The increased peak field levels in the new vane design
result from a reduction in the mean bore radius from 4 to
3.3 mm. Therefore, RFQ1-1250 reaches the design peak
fields of 1.8 Kilpatrick (28.8 MV/m) at approximately the
same rf cavity power (135 kW) and intervane voltage (78 kV)
as RFQ1-600 [5].

The injector for the direct-injection experiment consisted
of a 50 keV, 2.45 GHz ECR ion source with a single-aperture
triode extraction system, and a linear low-energy beam
transport (LEBT) system. The LEBT was a "point-to-point"
focusing system with a solenoid at the RFQ entrance. The
high 70-90% proton fraction of the ECR ion source made this
"direct" injection scheme possible; H2

+ and H3
+ constituents

in the beam to the RFQ were typically < 10 mA.
The single-aperture ECR ion source emittance was

expected to be less than one-quarter the 0.05 x cm mrad (rms
normalized) RFQ acceptance. However, due to a constraint
on the LEBT design [4], an "over-convergent" RFQ input
beam was necessary. The LEBT was designed to just fit a
minimum divergence/emittance ("matched") ion source beam
of 15 mrad rms divergence into the RFQ acceptance space.
Matched beams were produced at "low" ( * 30 mA) and
"intermediate" ( « 60 mA) injection currents and could be
optimized to the RFQ acceptance space without significant
proton beam loss. Injection current could be varied over a
limited range by operating the ion source "under-" or "over-"
matched (at the expense of increased divergence and degraded
LEBT-to-RFQ match).

RFQ Transmission

Excepting the higher energy output, RFQ1-1250 was
designed for the same input and output beam parameters as
RFQ 1-600. The PARMTEQ code predicted * 85%
transmission (75 mA output current) for a 90 mA
0.05 T cm mrad (rms normalized) emittance input beam. At
injection currents less than 50 mA, transmissions in excess of
90% are predicted. Similar results were calculated for the
optimized input beams from the direct injection LEBT. (A
companion paper presents transmission parameters calculated
with PARMTEQ and with a finite-element method code,
RFQTRAK [6].)
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Injected and accelerated currents were measured using
non-intercepting current monitors in the injector and at the exit
of the LEBT. Injected proton current was calculated assuming
previously measured ion source proton fractions.

Transmission through the RFQ was nearly constant for
under-matched ion source currents and decreased when the ion
source was operated over-matched. Maximum transmissions
of 80% and 75%, corresponding to accelerated currents of
24 mA and 45 mA, were achieved at low and intermediate
injection currents, respectively. Prior to modifying the ion
source for a matched current of 90 mA, the 60 mA
configuration was operated over-matched and the RFQ
intervane voltage was increased to 10% above design to
accelerate 55 mA. After the modification, losses in the LEBT
were excessive, and to date injection at design current has not
resulted in increased accelerated current.

Figure 1 shows the measured RFQ transmission as a
function of intervane voltage for the optimized low and
intermediate injection currents. The measured transmissions
are » 15% lower than the PARMTEQ predictions and « 5%
lower than the measurements on RFQ 1-600 at similar injected
current levels.
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Fig. 1 RFQ1-1250 transmission versus vane
voltage.

Emittance Measurements

The emittance measurement unit (EMU) for RFQ1 is a
double slit device. The RFQ output beam is intercepted by a
moveable water-cooled beam-stop fitted with a 50 mm long by
0.12 mm wide copper slit assembly. A second moveable slit
(of the same dimensions), backed by a Faraday cup, allows the
divergence of the beam transmitted through the first slit to be
measured. Cooling on the first slit assembly was adequate for
RFQ 1-600, but the doubled beam energy and lower divergence
from RFQ1-1250 presented difficulties. Initially, over-heating

resulted in melting and closing up of the slit. The slit cooling
was improved and the EMU was moved back to reduce peak
power intensity. However, mechanical distortions of the slit
persisted and many absolute measurements are in doubt.
Nevertheless, qualitative trends have been established and
some reasonable results have been obtained. To date,
measurements have only been made in the horizontal plane.

Figure 2 shows the results of an emittance scan for a
* 60 mA injection current at 100% design field. Throughout
the experiments, results for matched ion source beams were
within = ±10% of 0.05 x mm mrad. As predicted by
PARMTEQ, the RFQ output emittance is increased (although
by twice the code prediction) over the ion source emittance,
due to the less-than-ideal LEBT-to-RFQ match. When the
current and input beam emittance were increased by operating
the ion source over-matched, the RFQ acted as an emittance
filter and the output emittance remained constant. At low
currents, the output emittance increased when the source
emittance increased, in general agreement with PARMTEQ
predictions. The measured RFQ1-1250 emittance is
marginally larger than the 0.04 TT cm mrad measured on
RFQ1-600, but the difference is within the estimated errors on
the measurement.

Varying the RFQ field had a more pronounced effect on
output emittance. Lowering the field reduces the longitudinal
acceptance, resulting in a growth of lower-energy beam
components, leading to a decrease in transmission and an
increased emittance. The design synchronous phase angle, <£,,
at the output end of RFQ1-1250 is -36.6° (and cos[<j!>J = 0.8).
Therefore, at 80% of the design RFQ field, particles are not
able to maintain synchronism and severe deterioration of the
output beam was expected. Such deterioration did occur.
Operation at 80 % of design field increased the energy spread
(see Fig. 4) and resulted in a > 50% increase in emittance;
output current at this field was reduced by the same amount
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Fig. 2 RFQ1-1250 output emittance for single
beamlet injection.
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(see Fig. 1). As the RFQ field was increased to 10-15%
above the design level, both emittance and output beam
current were observed to increase in about equal proportion.

Beam Energy

The energy spectrum for RFQ 1-1250 was measured in the
low-injection current range using an on-axis 45° bend,
magnetic-energy analysis system with an energy resolution of
* 0.2%. Figure 3 shows the energy spectrum from the RFQ
at 100% of design field at accelerated currents of 10 and
32 mA. The higher current spectrum is characterized by a
single broad peak at 1.25 MeV with full-width at half
maximum (FWHM) of * 65 keV. At the lower current, the
spectrum broke into several narrow energy peaks, each having
a FWHM of * 20 keV and spaced at « 20 keV intervals.
These results are in qualitative agreement with PARMTEQ.
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Fig. 3 RFQ1-1250 energy spectrum (1.25 MeV
centroid) at 100% design field.

Figure 4 shows the effect on the energy spectrum at the
higher current when the RFQ field is reduced to « 80% of
design. The main peak FWHM is reduced by « 1/4 and cuts
off above 1.25 MeV. The base is broadened on the low-
energy side and lower energy peaks are apparent. These
peaks are present in the design field spectrum, but are over
three orders of magnitude smaller. Operation at = 75 % of
design field resulted in a totally degraded spectrum, with a
cut-off of * 1.2 MeV.

Energy peaks from unaccelerated H+, H2
+ and H3

+ beam
constituents were observable in all of the measured energy
spectra. While reduced in intensity by about four orders of
magnitude, they served as useful calibration markers. Energy
measurements on RFQ 1-600 were made at higher currents and
showed characteristics similar to RFQ1-1250.

0.5 1.0
Energy (MeV)

1.5

Fig. 4 RFQ 1-1250 energy spectrum at 80% of
design field.

Concluding Remarks

RFQ1-1250 has accelerated up to 75% of the design
current using a direct injection scheme. As was the case on
RFQ 1-600, transmission is lower than code predictions, but
this may be due to the less-than-ideal LEBT-to-RFQ matches
achieved to date. Emittance and energy spectrum
measurements are in general agreement with code and RFQ1-
600 results.
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Abstract

Early June 1992, the original CERN 50 MeV proton
Linac accelerated its last beam after nearly 33 years of loyal
service. Although conceived as a proton machine and
commissioned in 1959 as an injector for the 26 GeV Proton
Synchrotron, it finished its life as a light-ion source for the
Super Proton Synchrotron (SPS) and as a cheap source of
particles for tests in the Low Energy Anti-Proton Ring
(LEAR). Highlights in its recent history were the
installation of RFQs and the upgrading with an ECR source
for O6+ and Si2+ ions. The early parameters and the
subsequent modifications as well as the performance will be
reviewed in this paper.

Introduction

Linac l's achievements during 33 years can be
conveniently described in 3 periods. As an introduction we
give in Table 1 the typical performance at 3 significant
dates in the machine's history, namely, 1960, 1978 and
1992.

Particle
Input Energy
Output Energy
Operating Mode
Beam Current (typical)
Repetition Period
Beam Length (output)
Energy Spread
en.in transverse (86%)
en out transverse (86%I

Table 1
Linac 1

1960
proton
520.
49.7

5
1.2
.2
±.2
2.

•

L Parameters

1978
proton
520
49.7

V\
70
1.2
100
<±.2*

3.5

1992
S12+
139.5
11.4
2(3X
.02
1.2
140.
<±.2
3.5
16.

keV/u
MeV/u

mA
s
(IS

AW/W%
K mm.mrad
n mm.mrad

* After debunching

E. Regenstreiff [1] is the source book for Linac 1 design
data. Subsequent developments of the Linac are reported in
early conferences of this series. Special references are
quoted where necessary.

Linac 1 as the Proton Injector for the CERN
Accelerator Complex (1958 to 1978)

1958 to 1959

This period covers the initial beam commissioning,
culminating with full operation at 50 MeV (with
quadrupoles installed in Tankl) and regular single turn
injection into PS. Figure 1 shows the layout of the linac in
1960.

The CERN Linac 1 was originally designed in the early
1950's, based on a similar accelerator built for AERE,
Harwell in England. In April 1958 tank 1 produced the first
10 MeV proton beam with an intensity of 20-25 |iA from an
input beam, produced by an RF type ion source, of 2 mA.
Later that year the input intensity was brought to 20 mA
(improved steering and focusing) and the output intensity to
250-300 JJA (change in RF tank level flatness and tilt).

The grid focused drift tubes of the first tank were then
replaced by pulsed magnetic quadrupoles embedded in the
drift tubes, resulting in an output beam of up to 4.8 mA at
50 MeV and in September 1959 the first turn at that energy
went around the PS (6.7fis being required for single turn
injection).

1960 to 1965.

This was a period of rapid development leading to an
increase in operational peak currents from 5 mA to greater
than 50 mA and pulse length up to 20 \is. There were
improvements to the RF ion source, the gradient in the pre-
injector increased, larger aperture quadrupoles were
installed and better beam matching using two triplets in the
LEBT was achieved. Important developments in the
ancillary equipment were extra modulators and RF feed-
forward coupling loops to compensate transient beam
loading, and the start of serious investigations into beam
quality, especially transverse emittances and beam
brightness.

1966 to 1978.

After the installation of a duoplasmatron source and a
very high gradient two-gap, re-entrant, pre-injector a peak

Figure 1. The Linac layout in 1960.
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performance of 135 mA in 20\is was achieved [2]. However
the long term aim was to meet the high quality requirements
of the Proton Synchrotron Booster (PSB) input beam of
100mA, IOOJIS for multi-turn injection. Improvements and
consolidation stages concerned firstly HT compensation
(bouncer) and tests of multi-turn (3 or 4 turns) injection into
PS. Later, pulse lengthening of the Tank 1 quadrupole
pulsed power supplies by addition of a third harmonic and
of the RF modulators met the 100 us beam length
requirements of the PSB. A double de-buncher scheme was
installed to obtain PSB energy spread requirements and
more detailed beam studies resulted in single pulse
emittance and energy spread measurements at the hand-over
point of beam. Among the changes to improve operational
reliability were the replacement of mercury diffusion pumps
and their refrigerated baffles by turbo-molecular pumps.
The typical operational results at 50 MeV were about 70
mA for 100 us.

Fundamental Limitations of Linac 1

It is not difficult to understand why a machine designed
in 1954 had difficulty in meeting the demands made in the
1970s by the PSB.

Machine limitations were in input matching, especially
in longitudinal phase-space. With a low injection energy
(500 keV) only ++- - focusing was possible in Linac 1 and
for high currents the poor RF field transient behaviour due
to unstabilised structures was evident. The old liner in
vacuum vessel design was neither suitable for modem high
vacuum technology nor for stable alignment. The ancillary
equipment, which lacked modem performance capabilities,
included the RF system (without level or phase control), the
controls system (based on the IBM 1800) and the beam
diagnostics, where full longitudinal emittance
measurements were necessary.

The Test Bench for New Developments(1979 to 1984).

The Beginnings of the Light Ion Programme

Already in 1964 machine experiments were done
accelerating deuterons [3] using an accelerating mode of
2$\ instead of PX. During the late seventies the use of Linac
1 for accelerating deuterons was continued, encouraged by a
small part of the physics community. After years of
improvement (higher intensities and longer pulses),
deuterons were accelerated and then stacked in the CERN
Intersecting Storage Rings (ISR) for use in physics
experiments.

After 1979 Linac 1 was fully available for development
work. The deuteron and alpha particle currents were
improved, for example with a pulsed gas-jet target at the
preinjector giving a 30% stripping efficiency at 130 keV/u
and an intensity of 10 mA was obtained at the end of the
linac. Eventually in 1980 alphas and deuterons were
collided in the ISR [4]. The success of the operation and the
physics potential launched the programme for physics at
SPS energies with oxygen and heavier ions .

LEAR Injection

Initially Linac 1 was considered as a (temporary) spare
injection system in case there were difficulties with the
newly commissioned Linac 2. However further uses were
soon found for Linac 1, the first being an injector of test
beams for LEAR which involved development of an H" ion
source and acceleration to 50 MeV.

RFQ1

Another important development was of a radio
frequency quadrupole (RFQ 1) designed to replace the old
500 kV Cockroft/Walton and high gradient pre-injector
column. It was successfully installed in front of Linac 1 in
1984 and gave an output beam of 80 mA protons at 520 keV
of which 65mA were taken to lOMeV [5].

Linac 1 as a Light Ion Accelerator(1985 to 1992)

Linac 1 Moved Back 12m

The event which started this third period in the Linac 1
life was precipitated by the risk of high radiation levels in
the linac hall in the case of large beam losses in the
extracted PS beam . The linac was moved back by 12 meter.
This was made possible by the dismantling of the old
Cockroft/Walton Faraday cage, so that a five meter thick
shielding wall could be installed at its output end. This did
not adversely affect the operation as using RFQ1 the full
proton beam was re-established in March 1985. Access to
the entire machine, even during PS operation was assured.
Also the problems related to powering and controlling a
source on a 500kV platform ceased to exist.

The Light Ion Programme

Already in 1977 a detailed study on the acceleration of
light ions had been launched. This showed that with
moderate investment, ions heavier than those utilized so far
could be accelerated using the existing chain of accelerators
with minor modifications to the PSB and PS (improved
diagnostics) [6]. On the linac side, a new (ECR) ion source,
LEBT and RFQ were envisaged. The proposed project was
a collaboration between CERN (cavities for matching RFQ-
Linac), GSI (ion source, which was bought from CEN,
Grenoble and low energy beam transport) and LBL (RFQ).
CERN also dealt with the necessary upgrading of the linac
itself and the instrumentation of different accelerators [7].

In late 1985 the installation and commissioning started.
An additional proton injection line was built to be able to
supply LEAR with protons for machine tuning and physics
experiments. Figure 2 shows the resulting layout of the
machine in 1992. As the ion source could only supply O6+,
an increase by 33% of the accelerating and focusing fields
relative to proton values was needed. For the RF this
required a substantial upgrading (almost doubling the
power), the cavities needed careful cleaning to try to
improve the vacuum especially as far as the hydrocarbon
content was concerned. On tank 1 it was necessary to install
a powerful cryopump. A computer controlled RF
conditioning program was used to regain the nominal
acceleration field level after sparking in the tank. A more
modest increase than 33% was adequate for the quadrupole
fields as there was less space charge defocusing.

The first tests of acceleration throughout the whole chain
of Linac 1, PSB, PS and SPS were made in September 1986.
The success of the oxygen programme led to the installation
of an improved ion source giving S12+ ions and further
physics at SPS energies with sulphur ions [8]. Since 1988
the amount of time for high energy physics with sulphur
ions has increased from 3 weeks per year to 9 weeks in
1992 with an increase in sulphur ion currents of about a
factor 2 per run as demonstrated in figure 3.
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In parallel with the normal physics programme, test
beams were injected via an additional injection line into
LEAR. Protons, H" ions and oxygen ions were provided, the
latter used to demonstrate the electron cooling of ion beams
for a possible LHC injection scheme.

Last Weeks of Operation

During the last operational period, which was some 11
weeks in 1992, the linac was required to furnish S12+, then
O8+ ions to SPS physics, O8+ and 06+ and then protons to
LEAR. Only a vacuum pump failure during proton
operation marred this achievement.

Conclusions

We have seen how Linac 1 has been adapted to the
changing requirements of the physics programme. From a
modest start where a 5mA proton beam for 20 us was
considered a world record performance, via continual
modernisation of systems, keeping this record for most of
the first period, the Linac finally achieved operational
currents of 70 mA for 100(is. Its limitations as a record
beating proton injector became apparent and in its second
period its qualities as a test bench for new techniques (H'
source, deuteron and alpha acceleration, and the first ever
use of an RFQ on an operational machine) were exploited.
It is in the third period that the successful operation as a
light ion injector has opened up the potentialities for very
heavy ion physics e.g. lead ions at SPS energies in the near
future and collision of heavy ions as a main plank of the
LHC proposals. So Linac 1 has gone to make way for the
future but the contributions it has made in the last 33 years
have always been fundamental to the CERN physics
programme.
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Abstract

The Ground Test Accelerator (GTA) has the objective
of verifying much of the technology (physics and
engineering) required for producing high-brightness, high-
current H" beams. GTA commissioning [1] is staged to
verify the beam dynamics design of each major accelerator
component as it is brought on-line. The commissioning
stages are the 35-keV H" injector, the 2.5-MeV radio-
frequency quadrupole (RFQ) [2], the intertank matching
section (IMS), the 3.2-MeV first 2-PX drift-tube linac
(DTL-1) module, the 8.7-MeV 2-pX DTL (modules 1-5),
and the 24-MeV GTA (all 10 DTL modules).
Commissioning results from the IMS beam experiments
will be presented.

Introduction

This paper addresses the commissioning of the GTA
IMS which was designed to control emittance growth, to
maintain high-beam transmission and brightness, to
provide for transverse steering, and to provide longitudinal
and transverse phase-space matching of the 55-mA, 2.5-
MeV RFQ output beam to the first DTL-1 module. For
compactness in the IMS (length -35.5 cm), permanent
magnet quadrupoles (PMQs) were used. The IMS optical
elements include four PMQ variable field quadrupoles
(VFQs) (range 2 to 7 T), two steering PMQs (fields 4.7
and 5.6 T with horizontal and vertical movements of
±1 mm), and two cryogenic (~ 25 K) 425-MHz rf
bunchers. Further details on the IMS are given in
Reference 1.

To evaluate the IMS's performance, the
commissioning plan encompassed a variety of experiments.
To verify the IMS steering model, beam-position centroids
were measured as functions of the RFQ exit position and
the IMS PMQ steerer positions. To determine the rf set
points of the IMS buncher cavities with beam,
measurements of longitudinal beam centroids (i.e., energy
and phase) were made. Transverse and longitudinal phase
space were also measured as functions of the VFQ
strengths and the IMS buncher rf amplitudes and phases to
verify the IMS transverse and longitudinal matching
models needed for the DTL-1 commissioning.

•Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the
US Department of Energy.
'Industrial partner, Grumman Space and Electronics Division,

IMS Experiments and Results

Commissioning of the IMS was completed in April
1992. Preliminary results from the beam experiments are
reported here.

Two principal GTA diagnostic systems were used for
the IMS commissioning [3-4]. The first system was
installed on a moveable diagnostics plate (D-plate) that was
designed for use in the commissioning of the RFQ, IMS,
and DTL-1. The D-plate diagnostics included (1) two sets
of slits and collectors for measuring horizontal and vertical
(i.e., x and y) transverse phase space and position and angle
centroids (designated x or y and x' or y', respectively); (2) a
toroid for measuring beam current; (3) three microstrip
probes for measuring x, y, energy, and phase centroids; (4)
a capacitive probe for measuring phase spread; and (5) a
laser induced neutralization diagnostic approach (LINDA)
[5-6] for measuring longitudinal phase space and energy and
phase widths.

400 600 800 1000 1200

Position along beamline (mm)

SR Measurements

Fig. 1.

<00 600 800 1000 1200

Position along beamline (mm)

Measured horizontal and vertical beam centroids along
the beamline. Shown are data from the three D-plate
microstrip probes and the emittance gear slit. Each
line corresponds to a different steering configuration
in the IMS.

The second system consisted of permanent beamline
diagnostics. For monitoring beam transmission, the RFQ
had two toroids, located in the entrance and exit endwalls,
respectively. Within the IMS beamline there were (1) three
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microstrip probes; (2) a toroid; and (3) a Video Profile
Monitor [7-8] for measuring transverse beam profiles and
position centroids at the IMS exit.

As expected, beam losses in the IMS were small, with
beam transmission at 97 ±2%. This was typical for most
configurations of the IMS VFQs, buncher cavities, and
PMQ steerers. Significant decreases in transmission
occurred only for extreme VFQ and steerer settings.

As the RFQ exit position and the IMS PMQ steerer
positions were varied, individually, the transverse centroids
of the beam were measured with the IMS and D-plate
microstrip probes and with the transverse emittance gear.
Determination of the IMS steering model is in progress
based on this database. Figure 1 illustrates the degree of
self consistency that can be obtained with the microstrip
probes and emittance gear.
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Fig. 2. Output beam energy as a function of the input cavity
phase for the two IMS bunchers. Cavity A and B refer
to the upstream and downstream cavities, respectively.
For the data shown, the two cavities were operated at
their design power levels. To operate the cavities in
the bunch mode, the input cavity phase settings for
cavities A and B are ~-146 and -180 deg, respectively.

The microstrip probes provide information on the
longitudinal phase-space centroids of the beam (i.e., energy
and phase). These diagnostics are useful in determining the
rf set points of the IMS bunchers under beam conditions.
This objective was achieved with data of the type shown in
Fig. 2, where the output beam energy is shown as a
function of the cavity phase. In particular, the data in Fig.
2 allows us to determine the appropriate cavity input phase
for beam bunching, debunching, acceleration, or
deceleration. Figure 3 illustrates the type of data needed to
determine the rf amplitude set point. For each cavity
power, the difference in the beam output energy was

measured as the cavity was changed from its acceleration to
deceleration mode. The energy differences were within
2.5% of the predicted values.

•E
Q

0 23

/ / @ Design Cavity Power
Expeded energy 0.232 MeV

Fig. 3.

JQ 40 50 60
Cavity Power (kW)

Measured beam energy difference between the
acceleration and deceleration modes for cavity A as a
function of the rf cavity power. At the design cavity
power, the expected and measured energy differences
were 0.232 and 0.240 MeV, respectively.

Fig. 4. IMS longitudinal phase-space distribution dependence
on the operational mode of cavity A.

The database for establishing an IMS matching model
was obtained by measuring the transverse and longitudinal
phase-space distributions as functions of the four VFQ field
strengths and the two IMS buncher rf amplitudes and
phases. The full analysis of these data is still in progress.
Preliminary results for the situation where the IMS VFQs
and rf bunchers are set at their nominal design values give
rms normalized transverse emittances that are a factor of
-2.1 and -1.9 times design for x and y, respectively. The
longitudinal emittance is consistent with that coming out
of the RFQ. Qualitatively, the longitudinal phase-space
distributions change as expected when the mode of
operation for either IMS cavity is varied from bunch mode
to debunch mode or to being out of time with respect to
the beam pulse (Fig. 4).

Reference 2 showed the RFQ input and output
currents and transmission dependence on time in the
macropulse. Although beam transmission varies in time,
the RFQ and IMS output transverse emittances do not (see
Fig. 5). The same is true for the CS parameters, as
illustrated in Fig. 6, where the time dependence of the
mismatch factor MM [9-10] is shown. A value of MM =
0 has been arbitrarily assigned to one measurement at
25 us.
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in x and -0.05 in y indicating no significant changes
in the CS parameters during the macropulse.

Summary

Commissioning of the IMS has been completed and it
is now fully operational. During the commissioning, the
injector and RFQ operations were shown to be reliable.
Extensive beam measurements have been made and analysis
has been started to establish steering and matching models
for the DTL-1 module commissioning. Qualitatively, the
performance of individual IMS components is correct.
Preparations are underway for the beginning of DTL-1
commissioning in the near future.
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Abstract

The Ground Test Accelerator (GTA) has the objective
of verifying much of the technology (physics and
engineering) required for producing high-brightness, high-
current H" beams. GTA commissioning [1] is staged to
verify the beam dynamics design of each major accelerator
component as it is brought on line. The commissioning
stages are the 35-keV H" injector, the 2.5-MeV radio-
frequency quadrupole (RFQ), the intertank matching section
(IMS), the 3.2-MeV first 2-pX drift tube linac (DTL-1)
module, the 8.7-MeV 2-fi\ DTL (modules 1-5), and the
24-MeV GTA (all 10 DTL modules). Commissioning
results from the RFQ beam experiments will be presented
along with comparisons to simulations.

Introduction

This paper addresses the commissioning of the GTA
RFQ, which was designed to accelerate a beam of 55 mA
from 35 keV to 2.5 MeV with high transmission and high
brightness. To characterize the RFQ output beam
performance, experiments were made with low-current
(-18 mA) and high-current input beams. Variations in
RFQ output beam parameters such as transverse and
longitudinal emittance, Courant-Snyder (CS) parameters,
transverse and longitudinal centroids, and transmission were
studied as functions of the input beam parameters (e.g.,
energy, match, and transverse centroids), RFQ rf power
(RFQ vane voltage), and time in the macropulse.

RFQ Experiments and Results

Commissioning of the RFQ was completed in June
1991, although experiments have continued after beamline
installation of the intertank matching section (IMS) [2].
The RFQ conditions rapidly and operates reliably with few
cavity breakdowns. Its input beam is provided by the GTA
injector, which was designed to match a 35-keV, 55-mA H'
beam to the RFQ. The injector consists of a H' source
and a low-energy beam transport (LEBT) beamline.
Pertinent GTA injector RFQ parameters are given in
Reference 1.

Transverse emittances at the LEBT midpoint emittance
station (ESI) and RFQ match point (ES2) have been
significantly reduced over time with LEBT upgrades.
Before the latest GTA operation, rms normalized

*Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the
US Department of Energy.
f Industrial partner, Grumman Space and Electronics Division.
n Present address: SSC Laboratory, Dallas, Texas.

emittances in both transverse planes at ESI and ES2 were,
respectively, -1.7 and ~2 times design. During the most
recent commissioning experiments, ESI emittances were
relatively stable and were in the range of -1.33 to -1.67
times design.

The principal GTA diagnostics [3-4] available for RFQ
commissioning were located on a diagnostics plate CD-
plate) and included (1) two sets of slits and collectors for
measuring horizontal and vertical (i.e., x and y) transverse
phase space and position and angle centroids (designated x
or y and x' or y', respectively); (2) a toroid for measuring
beam current; (3) three microstrip probes for measuring x,
y, energy, and phase centroids; (4) a capacitive probe for
measuring phase spread; and (5) laser-induced neutralization
diagnostic approach [5-6] (LINDA) for measuring
longitudinal phase space and energy and phase widths. The
D-plate was designed for commissioning of the RFQ, IMS,
and DTL-1. An additional two toroids are located in the
entrance and exit end walls of the RFQ.

Total Bum

Simulations

U4 06 08 10 12 14 16

Normalized Vane Voltage

Fig. 1 Normalized beam transmission versus the RFQ
normalized vane voltage.

Output beam parameters were compared with results of
simulations to evaluate RFQ performance. Measurements
of transmission versus vane voltage were consistent with
simulations (Fig. 1), although high-current, large-
emittance beams did not achieve the design maximum
transmission. The knee in the transmission curve occurred
at 62 kW of cavity power (gap voltage was -56 kV,
corresponding to a normalized vane voltage of 1 in Fig. 1).
The 35-keV design injection energy gave the maximum
beam transmission of 82 ±2% for low currents (input and
output currents were 27 and 22 mA, respectively) and of 72
±2% for high currents (input and output currents were 45
and 32 mA, respectively). This transmission is consistent
with simulations when effects of larger-than-design input
emittance, image charges, and RFQ multipoles are
included. RFQ transmission exhibited broad maximums
for variations in LEBT steering and movement of the RFQ
entrance. The effects of LEBT match on beam
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transmission were clearly visible, with best transmission
near the design RFQ CS parameters.

Figures 2 and 3 show the RFQ input and output
currents and transmission plotted against time in the
macropulse. Although beam transmission varies in time,
the RFQ output transverse emittances and CS parameters
do not [2].
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Fig. 2. RFQ input/output beam current versus time.
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Fig. 3. RFQ beam transmission versus time.

The RFQ output-beam transverse phase space was
measured as a function of the RFQ cavity power or,
equivalently, the vane voltage. The relative rms
normalized emittance dependence on vane voltage is shown
in Fig. 4. At design vane voltage, measurements and
simulations agree if simulations are based on "as measured"
RFQ input emittances rather than design values. For input
and output currents of 27 mA and 22 mA, the rms
normalized transverse emittances were a factor of -1.9 and
-1.5 times design for x and y , respectively. The CS a
and P parameter dependences on vane voltage were as
expected. At design vane voltage, the mismatch factor
[7-8] MM between the measurements and simulations are
in reasonable agreement with MM <0.4 for x and MM
<0.2 for y (Fig. 5). At low cavity power (45 to 40 kW),
the RFQ transverse phase-space distributions change from
their characteristic elliptical shapes to ones more similar to
parallelograms (Fig. 6). The data are supported by
simulations that indicate that the change is due to off-
energy particles.

RFQ output beam centroid changes were
approximately equal to input centroid changes for either
RFQ entrance movement or LEBT steering in x. LEBT
steering in y produced inconsistent results in the output x
and y centroids. RFQ output emittances were constant

within measurement error over the range of LEBT match
variations.

.1 6

I Horizon!aT|

* *
• ^

Design Vane
Voltage

50 60
Vane Voltage (KV)

70

!
UJ S

I;
* HHi

Design Vane
Voltage

40 50 SO 70
Vane Voltage (kV)

Fig. 4. Relative normalized rms transverse emittance versus
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The RFQ output beam longitudinal phase space was
measured as a function of the RFQ vane voltage, the RFQ
injection energy, and the LEBT match. Data and
simulations showing the dependence of the relative
longitudinal rms emittance and CS P parameter on vane
voltage are presented in Figs. 7 and 8. For cavity powers
>62 kW, there is good agreement between measurement
and simulations (MM <0.1 at design cavity power). For
cavity powers <62 kW, the agreement is poor for reasons
which are not yet understood. For power levels <52 kW,
the longitudinal phase-space distributions begin to change
from circular to crescent-shaped (Fig. 9). The change is
caused by off-energy particles. The LINDA and capacitive
probe measurements of beam phase spread were in
relatively good agreement.
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Fig. 9. RFQ longitudinal phase space distributions as a
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As the RFQ injection energy was varied from 33.5
to 36 keV in 0.5-keV steps, the longitudinal phase space
was observed to vary little. The minimum phase space
occurred at the design injection energy of 35 keV. Over a
limited range of LEBT matches, the measured longitudinal
phase space did not exhibit significant variations.

Summary

Commissioning of the GTA RFQ has been completed.
The RFQ has been shown to be reliable. The RFQ
performance is as expected on the basis of comparisons
with simulations that utilized the as-measured input beam.
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Abstract

A four-vane RFO cavity is designed for an intense heavy-
ion linac system. RFO-vanes with small lip curvatures are
applied in order to improve the RF power efficiency, Ikam
optical and RF parameters are investigated by beams of
numerical methods. Using a scale model, the cavity structure
is experimentally optimized.

Introduction

An intense heavy ion linear accelerator system at Tokyo
Institute of Technology (TIT), which consists of a four-vane
RFO linac and an IHQ(^ ] (Interdigiial H structure with RF
Ouadrupole focusing) linac, is being designed for researches
on high energy density in matter produced by heavy ion
beams. The first stage linac, the four-vane RFO, accelerates
particles with charge to mass ratio (q/A) of 1,16 up to
200keV/amu. It is well known that four-vane cavities have
high shunt impedunce compared with other RFO structures.
Nevertheless higher RF efficiency is still prefarable
especially for operations with high duty factors and for
accelerations of heavier particles. In many RFQs, the vane
tip curvature p is designed to be equal to the quadrupole bore
radius r0. if vanes with smaller tip curvatures are applied, the
intervane capacity is reduced, and higher.shunt impedunce
can be obtained.

In this note we present an outline of the design work on
the RFQ cavity loaded with these "thin" vanes. Some new
technical developments concerning the RFO vanes are
presented. Preliminary results on a scale model cavity are
also reported.

Design Parameters '^ ]

The output energy of the RFO has been designed to be
20()keV/amu, because this value is the minimum acceptable
input energy for the second stage linac. The computer code
GENRFOl J w a s used for the optimization of vane
parameters. The computer code PARMTEOW was used to
simulate the particle motion in the RFO.

The parameters ware optimized in order to obtain a high
particle transmission and a small cavity length. The obtained
design parameters are summarized in Table 1. In Fig.l
parameters are plotted as a function of the cell number. The
total vane length is 394 cm, which corresponds to 272 cells

including the radial matching section with 20 cells. The
beam transmission is expected to be 92% for the beam
current of 0mA and 72% for 10mA. Fig.2 shows results of a
PARMTEO calculation for beam current of 10mA.

T a b l e 1
P a r a m e t e r s D e s i g n e d U s i n g P A R M T E Q a n d

G E N R F Q
Charge-to-mass ratio
Operating frequency(MHz)
Input energy(keV/aniu)
Output energy(keV/amu)
Normalized emittance(cnvmrad)
Vane length(cm)
Total number of cells
Characteristic bore radius, ro(cnl)
Minimum bore radius(cm)
Margin of bore radius, amin. abeam
Maximum modulation, mmax
Focusing strength, B
Maximum defocusing strength, A|-,
Synchronous phase, <))s(deg.)
Intervane voItage(kV)
Maximum field(Kilpat.)
Transmission^) (0mA

(5mA
(10mA

2:1/16
SO

5
200

0.0 5;i
394
272

0.49
0.30

1.1
2.1
3.2

-0.048
-90-* -30

84

input) 92
input) 83
input) 72

-30

-60

-90

10 400

vane parameters
for TIT RFQ

o

200

100 200
cell number

Fig. 1 Vane parameters for TIT RFO as a function of cell
number
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T I T O X Y G E N RFQ (10 MA)

X VS CELL NO Vane-tip radius(cni)
Cavity diamctcr(cm)

0.37
76.6

" 0 <0 30 120

PHI-PHIS CDEC) VS CELL NO

C,:. ̂ ~:4^\c^&^£?^^s%

Fig.2 Results of the I'ARMTEQ Simulation
Top: Particle position is given in cm. The dashed lines are

the envelope of the minimum aperture.
Middle: Phase oscillation. The dashed lines show the phase

width of the longitudinal separatrix.
Bottom: linergy spread. The dashed lines show the energy

width of the separatrix.

New Vane-Tip Configuration

A high RF power efficiency is required because the
available RF power is limited to 120kW including beam
load. In order to obtain a high shunt impedance and a high
sparking limit between vanes, thin vanes with small vane-
tip curvatures are preferable. We are planning to 0.75 times
of characteristic bore radius (p = 0.75r0) as the curvature. The
vane-tip is machined with a numerically controlled (NC)
mill. Two dimensional machining will be adopted in order to
reduce time and cost of machining. These two-dimensionally
machined thin vane configuration, however, can distort the
linearity of the intervanc electric field.

We are now investigating the beam dynamical effects of
higher-order harmonics including longitudinal terms.

Table 2
RF Parameters Obtained Using SUPERFISH

Resonant frequency(MHz) SO
Calculated Q factor(SUPERFLSH) 21600
Wall Ioss(at nominal intervane voltage, kW) 81.0
Shunt impedance(MQ/m) 29.8
Maximum field(Kilpat.) 2.0
Am 0-97
A03 0-033

50 60

Fig.3 Cross sectional view of a quadrant of the TIT RFQ

C a v i t y Des ign

A cross-sectional view of one quadrant of (he cavity is
shown in Fig.3. The cross-sectional shape of vane was
determined as shown in the figure consider ing further
reduction of wall loss and easiness of machining. Main RF
parameters of the RFQ linac is summarized in Table 2. A
high shunt impedance and allowable peak surface electric
field of 2.0 times the Kilpatrick limit have been achieved
without any increase of A03- It seems to be difficult to
machine the 4m long vane will) sufficient geometrical
accuracy. Therefore, the cavity will be divided into two tanks
with 2m long vanes.

Cold Model D e s i g n ^ 6 - 7 !

A 1/2.4-scaled cold model without any longitudinal vane
modulation was constructed to examine the field stabilization
and to determine end structures. Fig.4 illustrates the model
cavity. The vanes are made of aluminum, while tanks are
made of commercially available steel pipe for cost reduction.
The vanes, the tanks and the lids of the tanks are plated with
copper. The tank length and diameter are 1.7m and 32cm,
respectively. The same two-tank structure in the actual
cavity was applied in order to investigate the influence of
connection of the tanks. The vertical gaps between vanes in
different modules have theoretically no electromagnetic
effect, because no current flows across the gap owing to
the symmetry.

The vanes with p of 1.55mm were two-dimensionally
machined using a numerically controlled mill. An
geometrical accuracy within ±0.02mm was obtained for the
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,end tuner side tuner vane end cut

AA

Fig.4 Schematic drawing of the 1/2.4 sdale model.

vane tips. The vanes are bolted to the lank with RF contacts.
The vane end cuts are triangular and tuning plates can be
attached as shown by dotted lines in the figure. Four
capacitive end tuners (C-tuncr) are also inserted from each
end plate.In addition to the C-tuners, each quadrant has six
inductive side tuners to tune the RF field distribution more
precisely. A loop type antenna is employed and each quadrant
has one pick-up for monitoring internal field strength.

Scale Model Measurement

A preliminary alignment of four vanes is carried out
using two end jigs and reamer pins. The measurement of the
intervane distance, which is designed to be 1.96mm, has
shown an unexpected large assembly error. At the end of the
vane the error is ±().04mm and at the middle of the vane it is
±0.17mm. Improvement of the alignment is now being done
intensively.

The electric field strength near the beam axis is measured
with bead-perturbation method. Through two halls bored at
the center of both end plates, aperturbator, a ceramic bead
with a diameter of 10mm, is introduced into the cavity. The
perturbator slides on the surfaces of neighboring two vanes
by means of a guiding thread. This measuring technique
allows exact positioning of the perturbator without special
holding devices. The diameter of center halls is reduced to be
12.5mm in proportion to beam halls of the actual cavity.
The end lids have other four halls near the bottom of vanes
to measure the magnetic field in each quadrant cavity.

Conclusion

An 80MHz RFQ linacwas designed to achieve the
intervane voltage of 84kV with the limited available RF
power of 120kW. According to the SUPERFISH analysis,
the structure with two dimensionally machined p = 0.75r0

vanes has shown an improvement of shunt impedance. In
order to study the field stability of this RFQ, a 1/2.4-scaled
cold model without vane modulation and a radial matching
section was successfully fabricated, and preliminary RF

properties were obtained. Not only the beam dynamical
analysis with higher-order harmonics, but also structural and
thermal designs are in progress including the R&D
concerning machining procedure.
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Abstract

The construction of the ATLAS Positive-Ion Injector (PII)
is complete and beam acceleration tests are underway. The
PII consists of an ECR ion source, on a high-voltage platform,
providing beam to a low-velocity-acceptance, independently-
phased, superconducting linac. This injector enables the
ATLAS facility to accelerate any heavy ion, including
uranium, to energies in excess of the Coulomb barrier. The
design accelerating field performance has been exceeded,
with an average accelerating field of approximately 3.2
MV/m achieved in early tests. Initial beam tests of the entire
injector indicate that all important performance goals have
been met. This paper describes the results of these early tests
and discusses our initial operating experience with the whole
ATLAS system.

Introduction

The ATLAS Positive-Ion Injector(PEI) is a new injector
[1,2] for the ATLAS superconducting linac developed with
the goal of providing beams of extremely heavy ions up to and
especially including uranium for the ATLAS user program.
This capability was to be achieved while also maintaining the
excellent beam properties which ATLAS users have come to

expect from the tandem injector/ATLAS system. With the
PII, ATLAS is now able to provide ions across the entire
periodic table with properties including: energies greater than
the Coulomb barrier, excellent longitudinal emittance giving
good energy and time resolution, good transverse emittance,
and beam currents generally higher than can be obtained from
the ATLAS tandem injector.

The construction of the Positive-Ion injector has
proceeded in three stages. In the first stage, completed in
1989, the ECR ion source, high-voltage platform, low-energy
beamline, and the first linac cryostat with five resonators
(giving an effective voltage of 4 MV) were completed and
initial beam tests were conducted. In this stage the basic
concepts were tested with lower-mass ion beams and shown to
be sound. The second phase of construction, finished in
1990, resulted in the completion of a second cryostat and a
total of ten resonators (7 MV). Heavier ion beams accelerated
in tests during this second stage continued to show good
results. The completed PII accelerated first beams in April,
1992.

This report describes the results of the initial months of
using the complete PII for beam acceleration. Observed beam
properties are summarized together with the results of earlier
beam tests during the first two stages of construction.

POSITIVE-ION INJECTOR

£5

REBUNCHER

CHOPPER VJ

- B 1 BOOSTER UNAC

CHOPPER
SLITS

INJECTOR LJNAC U2MV)

5 jp
SCALE (nfiril

Fig. 1. Schematic floor plan of the ATLAS facility. The new PII is shown to scale with the remainder of the facility
compressed and not to scale.
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System description and performance status
Initial operating experience

The ATLAS Positive-Ion Injector design is based on a
unique combination of technologies - an electron cyclotron
resonance(ECR) ion source producing high charge-state ions
and an independently-phased superconducting resonator
linac. Such a design makes use of the high charge-state ions
from the ECR ion source by accelerating them efficiently in a
continuous-wave superconducting linac. The low etnittance
beams from the source are bunched by a sophisticated two-
stage bunching system into narrow time packets for injection
into the linac. The tightly bunched beam is then accelerated
in the linac with a nearly linear dependence on phase error
which minimizes distortion of the beam phase space. The
result is an accelerator for nuclear physics near the coulomb-
barrier with uniquely desirable beam properties including
continuous-wave operation, easy energy variability, good
beam-emittance properties in longitudinal and transverse
phase space, and adjustable on-target energy and time spread.

The floor plan for the ATLAS PII in figure 1 shows the
major components of the injector. The ECR ion source is
mounted on a 350 kV high-voltage platform in order to
provide ions to the linac with the required velocity of p*=
0.009. New high-voltage isolation transformers have solved
the early problems of high voltage breakdown and exhibit
lower voltage ripple characteristics. The ECR ion source
performance generally meets or exceeds the project design
goals in routine operation. For the heaviest beams, 1 ejiA
of 208Pb24+ and 238U28+ was achieved, but the beam current
for 238u28+ was more typically 300-600 enA when UF6 was
used as a source material.

A three-component bunching system prepares the
continuous beam from the ECR ion source for acceleration in
the linac. First a four-harmonic gridded single-gap buncher,
located on the ion source high-voltage platform, [3]
compresses 60-70% of the beam into 1-3 ns FWHM bunches.
The unbundled tails are removed by a sine-wave chopper
assisted by the momentum resolution slits of the first 90°
analyzing magnet after the high-voltage platform. Finally, a
sine wave buncher near the entrance to the linac rebunches
the beam into bunch widths of 0.2-0.5 ns at the first
accelerating resonator.

The linac consists of eighteen(18) independently-phased
4-gap resonators [4] in three cryostats providing
approximately 12MV of acceleration voltage. Interspersed
among the resonators are eleven superconducting solenoids
which provide the necessary transverse focusing in the linac.
The eighteen resonators in the PII linac have performed well.
An improved design [5] of the fast tuner system (VCX) for
resonator phase control has allowed the PII resonators to
operate at higher field levels with phase lock maintained
essentially 100% of the time. The average accelerating field
for PII resonators has averaged between 3.0 and 3.5 MV/m
during these tests.

Acceleration studies have now been conducted with a
variety of beams. The beams used and the PII accelerated
energies are listed in Table 1. Also listed are beam used in
tests during the first two stages of construction. If the beam
was used for test experiments, that is also noted in the table
by an asterisk.

The results of beam tests at the first and second stage of
construction, indicated that the beam quality from the PII was
largely as calculated. The most serious problem identified in
these tests was that transmission through the linac portion of
PII was only 30-70%. The temporary beamline set up for
these tests did not properly match the linac acceptance and it
was felt that the transmission problems were due to this
compromise.

The first beam transmission tests through the completed
PII have confirmed this analysis. Unaccelerated beam
transmission is 100%. The bunching system compresses
approximately 60% of the DC beam into acceptable bunches.
The total transmission through the PII linac of the bunched
and accelerated beam is generally between 90-100%, giving a
total efficiency of DC beam usage of 50-60%.

Beam

Injector
Linac
Size

3MV
3MV
3MV
3MV
3MV
7MV
7MV
7MV
12MV
12MV
12MV
12MV
12MV
12MV

TABLE 1
Parameters Used in ATLAS Positive-Ion Injector

Date

1989*
1989
1989*
1989
1989*
1990
1990*
1990
1992
1992
1992
1992
1992
1992

Commissioning Tests

Ion
Species

3He2+

1 3 C 3 +

40^12+
*°Ar11+

86^19+
8 3 Kr 1 7 +

86^15+
92Mo16+
3OSi7+

40AJ.11+
132Xe13+

208pt,24+
238TJ28+

28 S i 5 +

PII
Exit

Energy
(MeV)

2.8
8.7
37
34
56
89
88
92
54
77
53

248
293
43

ATLAS
Energy

Used
(MeV)

28
42

173
239
229
641
415
440
161

1018
1363
114

Long.
Emit.

(TikeV*
ns)
<1

5

19

9

16

The transverse and longitudinal emittances of beams
provided by the tandem-injected ATLAS facility are very
small. This feature has been exploited in the design of
experiments where the excellent time structure and energy
spread of the beam can be used to clearly identify reaction
products, and in the accelerator design where relatively small
apertures 0= 1.6 cm0) have been used while achieving
excellent transmission. Maintaining the good beam quality
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obtained with the tandem-injected lighter ions was an
important design criterion for the PII development.
Calculations indicated that the PII injector could be expected
to provide lighter ion (A<80) beams with even lower
emittance than beams from ATLAS with the tandem injector.
This was due in part to improved emittance from less
stripping (in many cases none will be required) as well as
better beam transport optics.

The longitudinal emittance of a number of beams has been
measured during all three stages of the PII development. The
results of these measurements are given in Table 1. The
longitudinal emittance measured for these beams is
approximately one half the measured longitudinal emittance
of beams of similar mass from the tandem.

The transverse emittance of the system in not so well
studied at this point. These expectations were that the
transverse emittance of PII beams would be similar to that of
beams from the tandem injector. The qualitative information
and quantitative inferences support this view. The only
quantitative results at this point is a measure of the emittance
of the 208pb24+,39+ a t 4 9 MeV/u. The normalized transverse
emittance for this beam was measured to be TPE = 0.2TC mm»
mr.

First acceleration of uranium

The first acceleration of uranium ions with the new
Positive-Ion Injector of ATLAS was successfully
accomplished during the week of July 27. A beam of up to
300-600 electrical enA 238TJ28+ w a s provided by the ECR ion
source and accelerated by the PII linac to 293 MeV. This
beam was stripped to a 42+ charge state and further
accelerated to 1363 MeV (5.7 MeV per nucleon) in the
"Booster' and 'ATLAS' linac. Beam current after stripping
and acceleration was 6 enA at the exit of the accelerator (for
300 enA injected).

A number of important techniques were demonstrated
and developed. The most important of these was the highly
successful demonstration of tuning the "booster1 portion of the
ATLAS linac with a 'guide' or 'analog' beam from the tandem
injector. In this case 3 4S6 + , which has the same charge-to-
mass ratio (q/m) as 238U42+, was used. In addition to the
same q/m ratio, the analog beam must also be injected with
the same velocity and phase as the uranium beam.
Corrections for energy loss in the stripping foil must be
properly included in determining the matching conditions.
This analog beam technique is necessary because a number of
charge states are now injected into the "booster' portion of the
linac and so, before completion of the charge-state selector
(planned for installation in FY93; see Fig. 1), 'tuning' of a
single selected charge state is not possible for this section of
the linac.

Beam transmission through the PII linac was excellent
during this test. Total transmission through PII was 85-95%.
Including bunching efficiency, over 50% of the DC source
beam was delivered through the PII linac to the entrance of

the booster linac. Transmission through the remainder of the
ATLAS linac was approximately 80% after accounting for the
stripping fraction to the 42+ charge state. This successful test
built on a previous test of accelerating 2 0 8Pb2 4 + '3 9 + to 4.9
MeV per nucleon in May.

Conclusion and short-term plans

The initial test acceleration of beams using the new
Positive-Ion Injector for ATLAS is nearly complete. During
these tests, the beams have been used to actually carry out
four experiments, further demonstrating reliability and beam
quality. The use of the PII for routine operation is now ready
to begin but a number of areas for improvement still need to
be addressed.

Reliable operation for 238U at 6 MeV/u is the goal which
we now will work toward. We will strive to make
improvements in cryogenic system capacity, resonator field
level, and ion source operation in order to achieve this goal.
The results of our initial operating tests are very encouraging
and make us confident that this next goal will soon be
achieved.

This research was supported by the U. S. Department of
Energy, Nuclear Physics Division, under contract W-31-109-
ENG-38.
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Abstract

A code has been developed to evaluate relative costs of
induction accelerator driver systems for relativistic klystrons.
The code incorporates beam generation, transport and pulsed
power system constraints to provide an integrated design tool.
The code generates an injector/accelerator combination which
satisfies the top level requirements and all system constraints
once a small number of design choices have been specified
(rise time of the injector voltage and aspect ratio of the ferrite
induction cores, for example). The code calculates dimensions
of accelerator mechanical assemblies and values of all electrical
components. Cost factors for machined parts, raw materials
and components are applied to yield a total system cost.
These costs are then plotted as a function of the two design
choices to enable selection of an optimum design based on
various criteria.

Introduction

The Induction Technology Optimization Study (ITOS)
was undertaken to examine viable combinations of a linear-
induction accelerator and a relativistic klystron (RK) for high-
power microwave production. It is proposed, that microwaves
from the RK will power a high-gradient accelerator structure
for linear collider development [1]. Previous work [2]
indicates that the RK will require a nominal 3-MeV, 3-kA
electron beam with a 100-ns flat top. The proposed
accelerator-RK combination will be a high average power
system capable of sustained microwave output at a 300-Hz
pulse repetition frequency (prf). The ITOS code models many
combinations of injector, accelerator, and pulse power designs
that will supply an RK with the beam parameters described
above.

Accelerator design equations are written into the ITOS
code and follow a criterion that equally weights three
characteristic time scales in the system: (1) Rise time of the
source pulse which is determined by the inductance of the
output switch, (2) Rise time of the induction module gap
voltage due to cell capacitance, (3) Rise time of the A-K gap
voltage due to injector stalk charging. Given initial design
information, the ITOS code calculates the dimensions of all
accelerator mechanical assemblies and values of all electrical
components. Costs are generated from the mechanical data.
These calculations are repeated by changing three design inputs
over a range of interest. The resulting costs are plotted as a
family of surfaces. Each cost point on the surface is a valid
accelerator-RK system design for one set of input conditions.

* Work performed under the auspices of the US Department
of Energy by the Lawrence Livermore National Laboratory
under W-7405-ENG-48.

Interesting cost minimums can be selected from the cost
surface and studied in greater detail.

The three input quantities which specify a given design
are the risetime fraction, the aspect ratio of the ferrite core in
the induction cells and the injector balance parameter.

The risetime fraction is simply an e-folding time divided
by the duration of the "flattop" (100 ns). The aspect ratio of
the ferrite core is the ratio of the core axial length to the
difference in outer and inner radius of the core. The injector
balance parameter is given by the number of induction cells on
the anode stalk minus those on the cathode stalk divided by the
sum of the two. An injector balance parameter of 0.0
corresponds to a balanced injector while a value of -1.0
corresponds to a cathode stalk only. The code loops through
designs by varying the risetime fraction and ferrite aspect ratio
for a given choice of injector balance parameter.

Injector, Accelerator and Transport Constraints

The ITOS code contains numerous constraints on various
quantities. The injector cathode stalk radius is set such that
the radial electric field on the surface is less than or equal to
lOOkV/cm in order to avoid field emission. The cathode
current density is limited to 25 A/cm2 in order to impose a
minimum on the bore of the anode beam pipe.

The beam pipe radius is determined by imposing two
constraints: the pipe must be larger than three times the
equilibrium edge radius of the beam, and the pipe must be
large enough to limit the growth of the beam breakup
instability to 5 e-folds (the cavity coupling impedance is a
strong function of the pipe radius) [3].

The total cyclotron phase advance (and hence the
solenoidal focusing field) is constrained by requiring the
corkscrew amplitude of the beam in the RK to be less than
one mm. The corkscrew amplitude [4] arises from four
sources of misalignment in the code: injector displacement,
injector tilt angle, individual random solenoid tilts and
individual random solenoid displacements. Alignment
tolerances achieved in practice with the ETA-II accelerator are
used. The energy variation over the "flattop" portion of the
beam is assumed to be 1%.

The three characteristic times mentioned earlier are forced
to equal an input parameter, the risetime fraction multiplied by
the flattop width of the beam. The cell voltage rise time is
given by the product of the cell capacitance and the cable
impedance which is roughly equal to the cell voltage divided
by the sum of the beam and ferrite leakage currents. Since the
capacitance is a function of the cell dimensions (which can be
related to the cell voltage) specifying the cell "RC" time
determines the cell voltage.

The injector charge time (which is quasi-diffusive)
depends on the length of the longest stalk (and hence on the
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number of cells in the longest stalk) so that fixing this time
and the injector balance parameter results in a selection of the
injector voltage. The code checks that the perveance of the
injector is less than or equal to 3 micropervs in order to insure
sufficient beam quality.

Pulse Power Architecture

The ITOS pulse power model must generate the
prescribed voltage pulse at each induction cell for every trial
design. Rather than searching out a variety of pulsed circuits
for every design change, the ITOS code uses a single network
architecture and varies the circuit values to match the needs of
each design. The network is simple and efficient, for low
cost, yet robust enough to accommodate an interesting variety
of accelerator shapes and sizes.

The pulsed power network for ITOS was selected with
three fundamental ideas in mind:

1. The study is based on a detailed pulse-power circuit
specifically derived for this one application. The network
architecture is fundamentally capable of generating a
reasonably flat, 100-ns pulse of the proper voltage, current,
prf, and jitter specifications.

2. The pulsed-power technology selected for the study
combines the best features of previous induction
accelerators constructed at LLNL. This experience has helped
us to select network elements that are reliable, efficient, low
maintenance, and low in cost.

3. Calculations of the network component values are
bounded by physical limitations, such as insulation breakdown
strength, field-emission threshold, and magnetic material
saturation.

The network architecture selected for ITOS is shown in
Figure 1. The air-core resonant transformer (To) and water-
filled Blumlein pulse-forming line are circuit features found in
the ATA pulsed power system [5]. The single stage of
magnetic pulse compression draws on our more recent
experience from the ETA-II accelerator [6].

100-250 kV

Prime power

Figure 1.

Normally, the induction cell pulse is initiated by a spark
gap attached to the Blumlein, but in this application high-
pressure spark gaps are unsuitable due to the high prf and long
service life required. For ITOS, the spark gap has been
replaced by a series combination of a magnetic switch and a
low-pressure gas switch. Our previous experience with low-

pressure switching indicates that high prf operation can be
obtained, but the amount of anode erosion is unacceptable [7].
Other researchers have shown that delaying the onset of current
flow by a series magnetic switch reduces electrode erosion and
increases switch efficiency [8,9]. Laboratory research is now
underway to develop a magnetically-delayed low-pressure
switch (MDLPS) for the ITOS network. Other commercial
switches, such as the back-lighted thyratron, are also under
consideration as the critical Blumlein switch.

Network Operation and Features

The network of Figure 1 begins its operation by
charging Co from a power supply connected to a pulsed
voltage regulator, depicted in the figure as a command resonant
charge device (CRC). The silicon-controlled rectifier (SCR)
connects Co to the air-core transformer, To, which charges
Ci . In this design, the transformer has a coupling coefficient
of 0.6 and the primary and secondary frequencies are the same
[10]. The primary current is bidirectional, so a diode is
employed to conduct the reverse current. The magnetic switch
saturates when Ci is fully charged and connects Ci to the
transformer Ti.

The power conditioning section described above has
several interesting design features selected for this application:

(a). Solid-state switches were selected for long life and
high prf capability. Reverse current through the diode assists
the SCR's recovery.

(b). The air-core transformer does not need a reset supply.
Isolation is easily obtained between the slow power-
conditioning ground and the faster pulsed ground due to the
low transformer coupling coefficient Pulse transformers that
also isolate compression stages help reduce instrumentation
noise by avoiding large ground loops.

(c). The unique dual-resonant waveshape on Ci allows
the magnetic switch to always saturate at the peak charge on
Ci without regard to the absolute voltage amplitude. The
combination of resonant-transformer charging and magnetic
switching yield the specific benefits of low switching jitter
and a self-resetting switch core. These technical details are
described elsewhere [11].

(d). The step-up transformer, T ^ allows the voltage at
Ci to be within the application range of inexpensive, solid-
dielectric capacitors. If the Blumlein switch fails to fire at the
peak voltage on Ci , then Ti will saturate and discharge the
Blumlein safely.

The Blumlein is charged from Ti in approximately 5 us
through the anode of the MDLPS. The charging time is
selected fast enough to mildly stress the water dielectric in the
Blumlein, but slow enough that charging reflections within
the Blumlein have damped out before switching. Closing the
MDLPS launches a pulse that is distributed by the cable
system and eventually reaches the acceleration gap in each
induction cell.

This pulse-forming section described above also has a few
subtle design features:

(a). Charging the Blumlein from Ti also resets the
magnetic core in the MDLPS and the ferrite cores in the cells.

(b). The MDLPS is a triggered switch and thereby
exercises final timing control over the acceleration pulse.
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(c). The Blumlein generates an output pulse voltage that
equals the charge voltage. This feature reduces the peak
voltage handled by the charging network.

(d). The cables connecting the cells to the Blumlein
provide transit-time isolation between cells.

The cells are designed with more ferrite than is needed to
support the volt-seconds of the acceleration pulse. This was
done to avoid the near-saturation behavior of the ferrite and
thereby match the stabilized cell impedance to the constant
cable impedance. Shunt resistors are also provided in the cell
design to maintain a constant load impedance, should the beam
current vary from a nominal 3 kA.

Calculational Modules

The circuit of Figure 1 is partitioned into modules and
shown in Figure 2. Each box represents a set of design
calculations specific to one or two elements in the circuit.
The arrows indicate that the calculations proceed from the cell
load to the prime power. The feedback module contains
MDLPS inductance and Blumlein impedance information
needed to calculate one of the three rise time conditions at the
cell.

Feedback

Cell
design

Cables
3

PFL
Blumlein

h
-*• Computational

pathway

MDLPS Trans-
former

10
Power
supply

CRC
Solid- 8
state

switching

7
Trans-
former

6
Mag

switch

Figure 2.

Information from the previous module is processed to
yield component values for the network and mechanical
dimensions of the network elements. The newly calculated
circuit information is passed onto the next module while
mechanical dimensions are processed to obtain cost and weight
of the network elements. Each module assesses an electrical
efficiency and local checks of physical limits are imposed.

The results of a run over many point designs are
shown in Figure 3 for an injector balance ratio of -0.2.

0.80

Rise Time
Fraction

Ferrite Aspect
Ratio

Summary

The ITOS prices an injector and accelerator combination
based upon a valid end-to-end design. Many design iterations
are displayed as families of cost surfaces, which allows the
researcher a wide selection of optimal designs ranging in cost.
The ITOS combines the best pulsed power technology from
past accelerators and bounds the designs by physical limits.
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Abstract

A concept to form a hot, pulsed, inhomogeneous pla-
sma and to use it as a linac structure is presented. The
plasma spatial distribution is controlled by an external
magnetic field and by the location of thermionic emitters;
microwave ECR heating at frequency a>i favours plasma
build up and reduces plasma resistivity. A shorter mi-
crowave pulse with frequency ui2 ^ <^\ excites a longitu-
dinal mode. An expression for the maximum attainable
accelerating field is found. A linearized theory of acceler-
ating modes is given.

Introduction

In this paper, we consider a plasma, whose density
ripples have a macroscopic length, as a possible accelerat-
ing structure for relativistic particles; this concept belongs
to the general class of plasma fibre accelerators [1,2]. The
similarity with a conventional linac [3] is obvious, since
both a plasma wall and a metal wall reflect waves which
have a frequency CJ smaller than the plasma frequency u/p]:

4*-e2n(x)
(1)

where n is the electron density. A copper wall is thus
equivalent to a plasma wall with sharp boundaries, a huge
value of a/pi = 1.6 1016 rad/s and a resistivity g = 1.8 10"*
ohm-m. It is well known [3,4] that, in order to accelerate
relativistic electrons along the axis z, the Fourier expansion
of the electric field component Et must contain waves with
wavenumbers k such as:

(2)

In conventional linacs, this is accomplished by corrugations
with period d < J = (2x/kc) on a cylindrical tube with
diameter 26 ; the phase advance is defined as $ = kcd .

In the plasma linac case, the smoother n(x) imposes
to consider also structures with <f — A (see eq. 22). The
smaller o>pi limits the attainable field (see eq. 16), but may
be of advantage when wake fields are a concern. Wake
fields are indeed reflected from plasma less effectively, so
that our structure may approximate the smooth pipe im-
pedance. The resistivity of the plasma depends from col-
lisions and from involved wave decay processes, that are
beyond the scope of this paper; anyway the collisional con-
tribution [5]:

where Te is some effective electron temperature and In A is
the Coulomb logarithm, suggested us to heat the plasma
through the Electron Cyclotron Resonance (ECR) with a
microwave pulse of duration TX and frequency u\. The

™—

Thermionic emitters
Vacuum chamber
Spiralling electron

. Mesh
PS.N.VS.WI Y o k e

t-:"-""-'---i P l a sma

Fig 1 One cell CC of the structure. P is the pump port.

typical values kTe = 10 keV, Z = 1 and In A = 15 give
g = 10~9 ohm-m.

To obtain ECR heating a periodic magnetic field is
added, such that the heating condition |B(x)| = Sec r =
mcbJi/e is satisfied on a surface, called the resonant sur-
face: a scheme of our concept is shown in Fig. 1. A
tube (with proper slots for pumping or microwave feed-
ing) is surrounded by solenoids, spaced at a distance d\,
with alternate current flow directions (iron yoke and/or
cryostats may be placed around the solenoids). Inside the
tube (earth potential), a cylindrical mesh (diameter 2b) bi-
ased to Vx 5? 50 V limits the cavity region; on the mesh
thermionic emitters face the solenoids and holes face the
microwave feeds. A small flow of hydrogen is maintained
as a buffer gas.

In the period 0 < i < rx the thermionic electrons,
perhaps reflected by the tube walls, get accelerated by mi-
crowaves and trapped along the magnetic field lines; they
ionize hydrogen atoms, which provide protons for charge
compensation and slow electrons, replacing the unavoid-
able electron losses. We have to choose a T\ short enough
( 10"5 — 10"4s) to avoid possible magnetohydrodynamic
instabilities [5]. Then the plasma follows the spatial dis-
tribution of the emitters and of the field lines to a great
extent; this scheme may achieve strong inhomogeneity in
n(x), as required by eqs. 23 and 24. Note that n may con-
tain also ripples spaced at a distance d2, approximately
equal to the yoke length; it results d2 — di/2.

Detailed consideration of transport processes (for ex-
ample, hydrogen ionization by plasma radiated X-rays)
and experiments are of course necessary to confirm this
plasma generation concept. Density and ECR microwave

76



frequency are usually [6] related by: The above linearized mode analysis of eq. 5 can be
complemented with an estimate of the accelerating field at

(4) saturation of the plasma oscillating current:

At the time i = i\ — r? a second microwave pulse of
much shorter duration T? <C T\ and frequency u>i < wi (see
eqs. 4 and 24) will form the resonant wave satisfying eq.
(2) condition for electron acceleration.

Field equations

From Maxwell's equation, it follows the wave equa-
tion:

rotE = - (5)

let 8a be the notation for derivative with respect to any
variable a . Here we consider the oscillations at u> = u? of
a plasma with density n and use a cylindrical coordinate
system r,t),z . The boundary conditions are E$ = Et —
0 at r = b .

For small field amplitudes, the electric field oscillation
is sinusoidal: E = E(r,t),z)exp(— tvi) and the plasma cur-
rent may be easily expressed when u <C e\B\/mc as:

(6)

where EN is the electric field component parallel to B . To
have an idea of the plasma modes, we use a very simplified
model, considering

(7)
u)

which is strictly justified only when E is parallel to B or
ijj > e\B\jmc . From eqs. 5 and 7 we get:

= rot rotE (8)

(9)

introducing the shorthand w . Our accelerator has cylin-
drical symmetry, so that dj = 0 ; therefore, the scalar
function

(10)

(11)

allows to solve eq. 8 for Ec and ET as:

E r = -w8zY Ez = {w/r)8r(rY)

From these expressions and eq. 10 a closed equation for Y
is obtained:

= 0 (12)

which is the starting point for detailed mode analysis. In-
deed, the d component of eq. 8 :

= 0 (13)

gives only the trivial solution Ej = 0 provided that w > 0 .

}^nec0 (14)

where c/3 is the maximum velocity of plasma electron os-
cillation at frequency ur? ; we require /? < 1/2 to save on
energy stored in the plasma.

Assuming that any field / approximately behaves like
exp(— iuii + tkzz)f(r) and using eq. 2 to simplify the z-
component of eq. 5, we get

= (4r/C)divx (15)

where the suffix x means taking the transverse part (that
is, ignoring the terms which contain 8Z ) . From dimen-
sional analysis and according to eq. 19, each r-derivative
gives a factor rj — 2.405/4 ; so we get:

4x
2.504

b <

2.504 e
(16)

) andfor wpi S u>! = 14 GHz (that is n = 2 1012 cm"3

b = 2 cm we obtain a satisfying Ec < 144 MV/m.

Zero phase advance mode

We consider now the class of simple problems n —
n(z) , which offers a rough approximation of our accel-
eration field. In a context of a conventional copper wall
linac, this would mean no coupling between cells, since the
irises are then closed; for plasma linacs, fields can still pass
from cell to cell in part. Note that the complicate class
n = n(z) for a < r < i (peripheral plasma) and n = 0 for
r < a (central high vacuum) is also desirable for the sake
of beam propagation (see later).

The assumption on n implies that w is also a func-
tion of z only and that eq. 12 is separable with Y(r, z) =
X(r)((z) ; w e get:

8z(w8zQ = 0 (17)

(18)

where r)2 is the separation constant. From eq. 11 and 18
we easily get:

Ez{r,z)=J0(nr)w(z)az) (19)

the boundary condition Et(b,z) = 0 requires rjb to be a
root j n of the Bessel function Jo ; in particular, let us
consider the fundamental mode rj = jo/b — 2.504/6 .

Eq. 17 may be transformed to a Mathieu equation for
(, which is well known in circular accelerator theory.

As alternative, we discuss here the inverse method:
setting ( with a desired periodicity and solving for w
The analytic solution for w of eq. 17 is then:

( 2 0 )

where ^ z is the 2-derivative of ( and I(z) is
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The <J> = 2r /3 mode may apparently be obtained by

< = A [cos(kz) + (B/4) cos(2Jfcz) + (C/16) cos(4A:z)]

but here we consider the $ = 0 mode, which has no corre-
spondence in usual linac theory. This mode is given by:

Bcos(k,z)] (22)

where B is a positive constant; profiles of u; are shown in
Fig. 2 and 3, respectively for B = 0.25 and B = 0.1 ;
in both plots, we have chosen kt — 7VTI) so that the
parameter R = rj7/k7

z has the nearly optimum value 2/3 .
Indeed, from eq. 20 the maximum w+ and the mini-

mum w- of w are:

\±B (23)

The maximum is finite provided that B < R/(R + 1) .
Moreover, we find that a cusp develops at each maximum
point when B > R/(R + 2>) .

The eq. 2 requirement for electron acceleration kzc —
OJ and the definition of w in eq. 9 imply:

-
w

-
w

(24)

since cjp\
2 must be positive. Therefore: k2 min w > 1,

which using expression 23 for UJ_ gives:

B <
\-R

R
(25)

Requiring no cusp in the w profile, the maximum B =
0.215 is attained for R = Rm = 0.823 . Accepting cusps in
w gives B — 0.414 at R = 0.707 . Using again fc = 2 cm,
the frequency a^ = cr)R'1^2 is, respectively 6.6 GHz and
7.1 Ghz, for these two R values.

0 0.5
"HZ

1.5 2.5

Fig 2 Electric field and other quantities (normalized) for
B=0.25 and R=2/3 ; half a period is shown.

0 0.5 1 1.5 2 2.5 3
"HZ

Fig 3 Same quantities of Fig. 2 when B=0.1 and R=2/3

Residual gas and plasma duty cycle
The quality of vacuum where the beam propagates

is a concern for every accelerator. The most optimistic
assumption is that the electron stay frozen to B lines (for
i < T) ) and that the previous pulse left no residual atom
inside the tube.

Then the plasma electron density in the centre of the
tube n(r < a) may well be negligible in comparison to
the density at tube periphery n(r > a) , equal to 1012 —
1014 e/cm3 ; the central ion density n, (mostly protons)
is also negligible, since it is equal to the electron density
thanks to the quasi neutrality condition n, ^ n . Neu-
tral gas generation in the peripheral plasma and transport
gives a contribution nn to the central density:

( r < a ) = - n,(r (26)

where <rcap is the cross section of electron capture from a
singly ionized atom and <Tion is the ionization cross section
of neutral gas. The large value of <T-,ori/<Tcap (for kTc ;» 1
keV) makes the plasma opaque to neutrals and eq. 26 con-
tribution negligible. Since the plasma acts as an ion pump
on the outgassing from the tube walls, vacuum better than
10* atom/cm3 may be expected for i < T\ .

A more careful consideration of the afterglow i >
TX + r2 is then needed. We require that the recombined
gas reaches the pumping port to be cleared by the exter-
nal pumping. It may be necessary to taper the uix mi-
crowave power off, so that the plasma forming the acceler-
ating structure can still provide some ion pumping, while
it is being gradually released. Note that the plasma must
not be held on continuously, to prevent build up of large
Z impurities, accumulating from wall sputtering.
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The Argonne Wakefield Accelerator (AWA) is an
experiment designed to test various ideas related to
wakefield technology. Construction is now underway for
a 100 nC electron beam in December of 1992.

The original design [1] has been modified somewhat
as shown in figure 1. The major change was to create a
witness beam with its own separate electron source.
Simulations of the beam optics using different energies
for the source and witness bunches showed that it would
be extremely difficult to optimize the drive bunch without
major divergence problems in the witness bunch. The
design of several witness gun geometries is underway and
the final decision on which particular design to use will
be made within the next year.

CUN.PRFACCELtRATOR ^

Figure 1. AWA area layout.

A minor design change has been to split the linac into
two sections. The original design called for a single 36
cavity linac which would be two meters long. We had
worried that shipping two meters of soft annealed copper
as well as mounting it may have been a problem so we
split it into two sections. In the process we added one
more solenoid between the linac sections. The second
section can be moved downstream in case we decide to
put in a quadrupole triplet instead.

* Work supported by the U.S. Department of Energy,
Division of High Energy Physics, Contract
W-31-109-ENG-38.

The fundamental parameters of the AWA have not
changed. These include a 100 nC driving bunch with a 30
picosecond full width, 30 Hz repetition rate, and 20 MeV
energy. One major component used to create these
parameters is now installed and operational. This is the 5
millijoule, 2 picosecond laser system. Details of this laser
are described in reference [2]. The parameters of the laser
are:

Wavelength
Pulse length
Energy
Timing jitter
Energy jitter

248 nm
3ps
8 mJ/pulse

~3ps
- 1 0 %

(measured)
(measured)

The two other major components required are the
Linac tanks and the RF power supply. The copper
sections used to create the Linac will ship out for brazing
the first week of September 1992. Unfortunately we have
been experiencing difficulties with machine shop time to
fabricate some parts which has delayed us by two months
but this is not considered serious. The klystron for the 1.3
GHz, 25 MW RF power supply has been delivered. The
Pulse Forming Network has not yet arrived, but is
expected some time in September of 1992.

A schematic drawing of the driving bunch source is
shown in figure 2. It is this system which should be
operational some time in December of 1992 assuming
delivery of the RF and linac tanks by early October. The
iron for the solenoids will be cut sometime in September
and the copper windings were delivered several months
ago.

As shown in figure 3 a majority of the components to
move the photo-cathode plug between the surface
preparation chamber and the photo-cathode cavity have
been fabricated. The central rod which holds the
photoemission surface has yet to be built but the design is
finished. Long lead items such as bellows have arrived
and within the next three months they will be welded into
place.

A photograph of the linac cell stack is shown in
figure 4. The cells were fabricated using standard
technology and then polished using optical methods. The
cells are stacked on a stainless steel plate that is part of
the oven fixture which will hold the stack in place during
brazing.
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Figure 2. AWA pholocathode gun and preaccelerator.
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Figure 3. Photocathode and associated components.

The table that the entire electron source sits on was
fabricated from a single piece of aluminum tool plate. It
was mounted as shown in figure 3 and the entire surface
is flat (with respect to local gravitational field) to within
.2 mm.

Two chillers have been delivered to maintain the
temperature of the photocathode cavity and the linac
tanks to +/- .5 degree F. Electrical power and plumbing
are all well under way and should be completed before
the end of September. The chillers have computer
interfaces to allow monitoring in the control room. They
can be seen on the roof of the concrete tunnel in Figure 5.

The computer control system has been delivered. It
consists of one HP-750 workstation and an associated
VME crate with 68030 independent controller. A
CAMAC crate is connected via interface to the VME
crate. Slow signals come through the CAMAC and high

speed signals through the VME bus. A BIT 3 interface
between the HP and VME has 1 Megabyte of dual ported
RAM. This allows the HP to send commands and get
picture data without having to do any real time control.

The interface between the RF supply and computer
system is via fiber-optic link. The RF system, magnet
supplies, chillers and vacuum control all go through
CAMAC. Picture data from CCD's will connect directly
to VME. The reason for use of CAMAC is historical, we
simply have lots of it around. For slow speed items it is
perfectly adequate. The step to VME for future
expansion will be more important in later phases of the
project.

A radiation safety interlock system has been devised
[3] and most parts have been ordered to construct it. A
Safety Analysis Report (SAR) is now in preparation. The
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Figure 4. Linac cell stack.

laser safety system has already been installed. An
interlock to allow the laser beam into the linac tunnel with
RF off is part of the radiation safety system.

Many new devices are being constructed to make the
electron bunch work at the 100 nC level. The interested
reader may wish to read [4] for work being done on
shaping the laser pulse and future experiments with
staging. The pulse shaper is a set of tubes which can be
independently positioned to create an appropriate wave
front delay. The staging experiments include numerical
and analog studies to compress the RF bunch of the
driving beam into a different tube for the witness beam.
Bench top studies have shown that a step up in gradient
by a factor of 3 is possible.

Conclusion

As seen in figure 5, the construction of AW A is well
underway. The majority of the hardware is about to be
delivered or is already installed. Radiation safety systems
are in the review process and the laser system is fully
operational. We hope to see 100 nC bunches some time
in December of 1992.

Figure 5. AWA overhead view
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A b s t r a c t

The Fermilab 200-MeV Linac has been in
operation for nearly 22 years as a proton injector to
the Booster synchrotron. It presently accelerates H"
ions to 200 MeV for charge-exchange injection into
the Booster and to 66 MeV for the production of
neutrons at the Neutron Therapy Facility. The beam
intensity is typically 35 mA with pulse widths of 30
u.sec for the Booster for high energy physics and 57
usec for NTF at a maximum of 15 pulses per sec.
During a typical physics run of nine to twelve
months, beam is available for greater than 98% of the
scheduled time. The Linac history, operation,
tuning, stability and reliability will be discussed.

Introduction

The Fermilab 200-MeV linear accelerator began
construction in May, 1968 [1,2] and achieved full
beam on November 30, 1970 [3]. It has operated
since as an injector to the 8-GeV Booster synchrotron
and from September, 1976 for the Neutron (cancer)
Therapy Facility providing 66-MeV protons for
neutron production [4]. The early Linac accelerated
protons for injection into the Booster. Initially it
was planned to inject four turns of 75 to 100 mA to
fill the Booster but later a single turn (2.8 usec) of
300 mA proved more effective although straining the
Linac to its limits [5]. In March, 1978 H" ions were
accelerated in the Linac and multiturn charge-
exchange injection into the Booster became standard
operation [6]. For short periods the Linac provided a
low-intensity 200-MeV beam for proton radiography
and electron-proton cooling studies.

Presently the Linac accelerates 35 mA of H" ions
which can be time shared for injection into the
Booster and for Neutron Therapy. For the Booster a
pulse of 10 to 20 |i sec every few seconds is
sufficient while NTF uses a pulse of 57 (isec at a 15-
Hz rate for several minutes when treating patients.

P r e a c c e l e r a t o r

The preaccelerator is a commercial 750-kV
Cockcroft-Walton generator with a seven gap dc
accelerating column and an ion source. The original
source was a duoplasmatron which at one time
provided 500 mA of protons to the Linac. Since 1977
there have been two 750-keV preaccelerators
providing -50 mA of H" ions from a magnetron
surface-plasma ion source [7].

* Operated by the Universities Research Association,
Inc. under contract No. DE-AC02-76H03000 with the
U.S. Department of Energy.

A normal H" ion source has a lifetime of 4-5
months. Some fail catastrophically but most operate
smoothly with some adjustment the full time with a
slow decrease in beam intensity (10-20%) during the
last month. During the 1991 run, the source was
reduced by 10% by lowering the arc current. This
source ran for seven months with less decrease
toward the end. Two preaccelerators provide the
redundancy for rapidly switching to another source
and for easier source maintenance [8].

The high voltage systems have operated well.
The accelerating columns have only been cleaned and
repolished a few times during their 15-20 year
lifetime while the generator and its electronics have
been very reliable especially after converting to
solid-state electronics.

Low Energy Transport

The beam is transported from the original
preaccelerator to the Linac through a straight four-
meter line of three quadrupole triplets and one
single-gap buncher. The line from the other
preaccelerator is ten-meters long, has seven
additional quadrupoles and two horizontal dipoles
[9]. The lines merge before the second quadrupole of
the first line using the second dipole. Each line
contains an electrostatic chopper to determine pulse
length for different uses. These lines have
transmission of 98-95% with a growth in emittance
of -2 from beginning to end. The injector gives a 50-
mA H" "bunched" beam to the Linac with a 90%
normalized emittance of approximately: e n ( 9 0 ) = 2 . 1 -
2.3 7t mm-mr.

L i n a c

The Linac is a typical Alvarez drift-tube linac
operating at 201.25 MHz [2]. It was designed to
accelerate 75-100 mA of protons for four-turn
stacking injection into the Booster with a beam pulse
width of -30 (isec. This pulse width allows some
time for rf feedback control before chopping beam to
the Booster. The Linac can produce beam at a 15-Hz
rate commensurate with the cycle time of the
Booster. Multiturn stacking and adiabatic capture
into the Booster were not very efficient. To improve
the beam quality a debuncher was installed in the
200-MeV transport line to decrease the momentum
spread and to stabilize the mean momentum of the
beam from the Linac. With the debuncher it is
possible to operate the Linac at much higher beam
intensities than designed and still be acceptable to
the Booster. Given this option the Linac began
operating with 500 mA of injected beam and 300 mA
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accelerated beyond Tank 1 and through the Linac.
This permitted the Booster to achieve high intensity
and efficiency with single-turn injection. For some
time this was standard operation. Since one turn for
the Booster is 2.8 jisec, the Linac pulse was 5 usec.
It was necessary to use manually adjusted feed-
forward circuits to the rf systems to anticipate
beam. This put considerable strain on the Linac rf
systems, operation and maintenance [10].

In 1978 H" ions of moderate (-50 mA) intensity
were injected into the Linac and subsequently
accelerated (35 mA) to full energy [9]. Within a
month the Booster achieved record intensity using
multiturn H" charge-exchange injection. Since that
time this has been the standard operating mode for
Booster injection. It has unquestionably proved to
be the most efficient, effortless and reliable of the
methods tried for the Linac and Booster [6].

The Linac requires minimal tuning or attention.
The drift-tube quadrupoles, and the rf amplitude
and phase are virtually never changed. Good
conditions are achieved by tuning the low energy
line and a few steering magnets. Performance of the
Linac is checked daily or as necessary by observing
beam profiles in the 200-MeV output line. Upon
start-up or when needed, about every few weeks, the
Linac tuning is investigated. With proper tuning the
capture efficiency of Tank 1 is 72%. Beyond Tank 1,
all of the beam is accelerated to 200 MeV.

NTF

The Neutron Therapy Facility began cancer
patient treatment in September, 1976 [4]. During
treatment, NTF uses the maximum beam the Linac
can provide: 35 mA, by 57 usec pulse width, at 15
Hz for several minutes per an irradiation field. A
dipole between Linac Tanks four and five sweeps the
beam out of the Linac toward a beryllium target
where neutrons are produced. The dipole may be
energized for patient treatment only when a timing
signal from the Main Control Room indicates that
beam is not needed for high energy physics. Thus,
while a patient is being treated the therapy beam
can be interrupted for about half a second to send a
pulse to the Booster. The patient is not aware that
this is happening. In its most demanding mode the
high energy physics program requires one pulse of
beam once every 2.4 seconds.

NTF uses the linac beam to treat patients three
days per week. On those days the beam is available
as long as is necessary to treat all the patients,
generally from six to nine hours each day. On rare
occasions treatments have been delayed due to minor
linac problems, but scheduled treatments have never
been cancelled due to linac downtime.

Reliability and Downtime

The Linac operates with a reliability of 98%
during physics runs. Table 1 shows the total
downtime for eight runs, from 1983 to the current

collider run. Averaged over a run the downtime is
typically 2% or less.

TABLE 1. Downtime Percentage of Total Hours.

10/83
8/86
6/87
6/88
2/90

12/90
6/91
4/92

Run
7/84
5/87
2/88
6/89
8/90
2/91
2/92
7/92

Downtime
2.25 %
1.68 %
1.28 %
1.36 %
1.94 %
1.42 %
1.87 %
2.34 %

Average 1.76 %

The monthly statistics have variations from
<0.4% when all runs well to 4.5% when major items
fail or become erratic. Over half of the downtime
entries are three minutes or less, predominantly
caused by arcs in the rf modulators, power
amplifiers or the preaccelerator high voltage. They
represent however only 7.3% of the actual downtime.
Occurrences over fifteen minutes account for 71% of
the downtime. Usual problems here range from
replacing tubes to vacuum leaks.

Fermilab no longer has regularly scheduled
maintenance periods during a run. Preventative
maintenance is done on an "annual" basis between
HEP runs. Necessary maintenance is done during a
failure in some part of the accelerator. The system
with the failure is charged the downtime while other
systems conduct necessary maintenance while time
permits. If one cannot keep a necessary component
running until such an opportunity arises then a
shutdown is requested and downtime is charged.
Downtime due to power outages, once or twice per
year, is not included as it is not considered an
accelerator failure. Following a power outage the
Linac can be operational within a few hours.

Table 2 shows the percentage of the total
downtime caused by the major Linac systems.

TABLE 2. Linac Downtime by Major System.

System
Modulator
Driver
Power Amplifier
RF Miscellaneous
RF Unknown
Preaccelerator
Vacuum Systems
Water Systems
Quadrupole P. S.
Linac Miscellaneous

Downtime
32.5 %
12.9 %
11.6 %
8.6 %
5.7 %

13.7 %
4.2 %
4.6 %
3.1 %
3.0 %

RF Miscellaneous includes problems with RF
phasing, the RF transmission lines, modulator
charging systems, etc. Linac Miscellaneous includes
problems from the 200-MeV area, trim magnets, roof
leaks, etc.

The largest downtime comes from the RF
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modulators. They have accumulated 32.5% of the
total downtime. In 1984 a major modification to the
modulators was made by replacing the first stage
tube with a MOSFET and improving the feedback
loops [11]. Not only did this improve the modulator
reliability by 15%, but we have since had only one
cavity rf-vacuum window failure.

New Controls

In February, 1992 the third control system in
the history of the Linac was installed [12]. The new
Control System consists of nine VME crates which
control seventeen sub-systems in the Linac and
communicate over a token ring network to Macintosh
consoles in the Linac Gallery and to (iVax consoles in
the Main Control Room. As in the previous systems,
this system has the following features: To monitor
the Linac and allow data acquisition and control at
the 15-Hz operating rate of the Linac; to immediately
inhibit further beam pulses if a critical device goes
beyond a preset tolerance; to give a display of
devices out of tolerance; to allow local control of all
parameters; and to be modular with the arrangement
of the Linac.

The VME local control stations each function as
a full control system. They consist of a MC68020
cpu contained in a MVME 133A-20 cpu card, a token
ring adapter, a 1 MB non-volatile (battery-backed)
RAM, an Arcnet adapter and a 4-channel 2-MHz
digitizer. Each VME station interfaces to the
hardware via the Arcnet local area network to
several Smart Rack Monitors (SRM) [13]. The SRMs
provide all of the local data gathering and control.
They have the versatility to be configured as A/D,
D/A, digital I/O, binary interface, or timers; or in
combinations. Each station contains software
feedback loops to regulate the rf amplitude and
phase during beam pulses. The amplitude is
regulated to 0.7% and intertank phase to - 1 % .

Upgrade

The Linac has been a very successful accelerator
and can provide more beam than can be accepted by
the Booster. To increase the intensity in further
accelerators requires higher energy from the Linac.
Early next year (1993) the Linac will undergo a
major conversion to 400 MeV. This Upgrade, which
is essentially fully constructed, will be accom-
plished by removing the last four of the nine drift-
tube tanks and replacing them with a series of side-
coupled cavities having approximately three times
higher accelerating field. Five 201.25-MHz drift-
tube cavities will remain to accelerate the beam to
116.5 MeV. At this point the beam will go through a
transition section to give a longitudinal rotation and
into the 805-MHz side-coupled accelerator which

will accelerate the beam to 401.5 MeV [14,15].
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Abstract

The CEBAF accelerator can drive high power IR and
UV FELs, if a high peak current source is added to the ex-
isting front end. We present a design for a high peak cur-
rent injector which is compatible with simultaneous oper-
ation of the accelerator for cw nuclear physics (NP) beam.
The high peak current injector provides 60 A peak cur-
rent in 2 psec long bunches carrying 120 pC charge at
7.485 MHz. At 10 MeV that beam is combined with 5 MeV
NP beam (0.13 pC, 2 psec long bunches at 1497 MHz) in an
energy combination chicane for simultaneous acceleration
in the injector linac. The modifications to the low-energy
NP transport are described. Results of optical and beam
dynamics calculations for both high peak current and NP
beams in combined operation are presented.

Introduction

The CEBAF superconducting accelerator will have
unique capabilities for the acceleration of high-intensity,
high-quality electron beams. A proposal is being devel-
oped to apply these capabilities to obtain beams suitable
for driving high power infrared and deep ultraviolet FELs.
The CEBAF injector linac would provide the IR FEL with
50 MeV beam, while the UV FEL would use 400 MeV beam
from the CEBAF north linac [1].

FEL operation requires the addition of a high peak
current source to the CEBAF front end. This source con-
sists of a photoemission gun, a bunching and preaccelerat-
ing system, and a chicane to combine the beam with the
lower current NP beam for simultaneous operation. The
new beam source produces 2 psec long pulses at 7.485 MHz
with 60 A peak current and a rms normalized emittance
smaller than 15 irmmmrad. This injector will be located
in an existing drift region between the NP beam source
and the existing injector cryomodules. Therefore a beam
bypass transport must be provided for the NP beam. A
design of the NP bypass and its PARMELA [2] simulation
are presented together with the high peak current source
(see Fig. 1) and the results of the high space charge beam
transport calculations.

Modification of the NP Beam Transport

In the present configuration of the CEBAF front end
the beam drifts at an energy of 5 MeV between the NP cry-
ounit and the first cryomodule of the injector linac [3]. The
new high intensity source will be inserted in this presently
14.2 m long drift space. Therefore, a beam bypass trans-
port around the new source into the CEBAF injector linac
will be needed for the NP beam. A design for a matched

bypass transport, which includes high peak current and
NP beam combination, has been developed (see Fig. 1). It
requires four dipoles and seven quadrupoles. In order to
preserve the beam quality, the beam line is designed to be
first-order achromatic and isochronous, using the transport
code DIMAD [4]. The existing CEBAF injector was first
simulated using PARMELA to calculate the parameters of
the beam exiting the cryounit to be used as input to the
bypass. The DIMAD results (see Fig. 2) show the beam
parameters through the NP bypass.

Fig. 1 High peak current source and NP bypass transport
(dimensions in cm).
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Fig. 2 NP beam parameters in the bypass transport.

The CEBAF injector with and without the NP bypass was
simulated using PARMELA to check its performance. Fig-
ure 3 presents the longitudinal phase space of the NP beam
exiting the NP cryounit and entering the injector linac
with and without the bypass. One can see that these two
different transports produce identical longitudinal results.
This demonstrates that undegraded beam quality for the
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NP beam will be maintained with the beam bypass. The
PARMELA results also show that adequate transverse fo-
cussing is obtained with the bypass transport; the beam
actually has improved transverse confinement with the by-
pass replacing the 14.2 m drift.
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Fig. 3 NP bunch longitudinal phase space (keV vs. deg):
(a) exiting the NP cryounit, (b) without bypass,
entering the injector linac, (c) with bypass, enter-
ing the injector linac.

In addition, the PARMELA calculations demonstrate that
the NP beam does not need any additional focussing down-
stream of the bypass to travel through both linac cryomod-
ules (see Fig. 4).

-WH • I I I I I

0 420 840 1260 1680 2100 2520 2940 3360 3780 4200

420 640 1260 1680 2100 2520 2940 3360 3760 42OQ

Fig. 4 NP beam envelope from the electron gun to the
end of the injector linac, with the bypass transport
(cm): (a) horizontal, (b) vertical.

Description of the High Peak Current Source

The solution adopted to deliver pulses of 120 pC and
2 psec duration employs a 500 kV DC electron gun with
a photoemission cathode [5], followed by a room tempera-
ture prebuncher, a 10 MeV/m CEBAF two-cavity cryounit
(quarter-cryomodule) which both bunches and accelerates
[6], and an injection chicane to combine the beam with the

lower energy NP beam prior to acceleration in the CEBAF
injector linac (see Fig. 1). The photoemission gun with
its associated laser system generates a 7.485 MHz train
of low-emittance bunches containing sufficient charge, but
with a 4cr pulse width of 100 psec. These long-duration
but otherwise acceptable bunches are further bunched by
the room temperature prebuncher, by the two supercon-
ducting cavities in the cryounit, and by the injection chi-
cane to the desired microbunch length of 2 psec at the
combination point. Two solenoids between the electron
gun and the 10 MeV/m cryounit ensure that the beam
is transversely confined through the RF bunching process.
Immediately following the 10 MeV/m cryounit, an asym-
metric triplet of quadrupoles matches the beam optics to
the injection chicane in a manner which does not require
further focussing downstream of the combination point; no
focussing is needed until the end of the second (and last)
injector cryomodule.

Calculations of Space Charge Dominated
Beam Dynamics in the High Peak Current Source

The bunching scheme for our source was developed
using PARMELA. We implemented the code with a point-
by-point space charge calculation subroutine [7] which is,
we believe, more appropriate than the original PARMELA
subroutine (which uses a mesh method) for the very short
high peak current bunches our source will deliver. Simula-
tions of the photoemission gun show that its performance
depends strongly on the size of the cathode (of the order of
a few mm), but the resulting normalized emittance remains
well below the 15 mmmrad FEL specification (simulations
obtain 4 to 10 mmmrad). These simulations also demon-
strate the capability of the gun to emit bunches with a 4<r
momentum spread as low as 0.6%. Typical calculations
assume a 3 mm radius beam spot, a 10 mmmrad rms nor-
malized emittance, a 4ff momentum spread of 0.6% and a
4cr pulse length of 100 psec, at the output of the electron
gun.

The wide aperture of the CEBAF superconducting
cavity (radius of 3.5 cm) permits us to expand the beam
radially to about 1 cm of radius, reducing both transverse
and longitudinal space charge effects. Transverse focussing
requires two solenoids before the 10 MeV/m cryounit and
a triplet of quadrupoles before the combination chicane.
This triplet counters the focussing effects of the combina-
tion chicane dipoles and matches the beam to the end of
the injector linac. Figure 5 shows the horizontal and ver-
tical beam envelopes as calculated with PARMELA, from
the gun output to the injector linac end.

Since the beam is bunched to a length much shorter
(< 1 mm) than its width, longitudinal phase space dilu-
tion is a significant concern, particularly at lower energies.
Bunching is obtained through phase control of both pre-
buncher and cryounit. The simulations show an emittance
increase from 10 keVdeg to 24 keVdeg from the gun to the
cryounit, as the beam bunches from 100 psec to 30 psec.
Bunching continues through the cryounit and the chicane
(M5e = —8.7 cm), where a final magnetic compression from
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8 to 2 psec occurs. Figure 6 shows the high peak current
at the cryomodule entrance (10 MeV), after compression
of a 160 pC, 100 psec bunch, and combination with the
NP beam. The design specifications of 120 pC within the
central 2 psec (1.1°) are exceeded, with a 25 keVdeg emit-
tance. The pulse duration stays constant through accel-
eration to 50 MeV in the injector linac cryomodules, but
the longitudinal rms emittance can increase to 30 keV deg
depending on the phase of the beam. If driven on-crest
(<(> — 0), the high peak current bunch receives an energy
tilt with a full width as large as 400 keV (still accept-
able for the FEL). Space charge forces increase the energy
spread. This effect can be countered with off-phase op-
eration; however, that is constrained by matching to NP
requirements. Future studies will optimize phase-matching
for concurrent operation.

0 255 510 765 1020 1275 1530 1785 2040 2295 2550

0 255 510 765 1020 1275 1530 1765 2040 2295 25bU

Fig. 5 High peak current beam envelope from the photoe-
mission gun to the end of the injector linac (cm):
(a) horizontal, (b) vertical.

Summary

Space charge dominated dynamics calculations have
shown that the design of our high peak current source
meets the requirements of the CEBAF FEL proposal. This
source can be inserted in the front end of the CEBAF ac-
celerator with simple modifications of the existing injec-
tor, including a transport bypass for the NP beam. Unde-
graded simultaneous operation is possible. Further efforts
will be concentrated on optimizing both beams and match-
ing their energies for various simultaneous operations.
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Abstract

We report on the development of a thermionic gun that
is capable of producing multi-bunch beam to be used at the
KEK Accelerator Test Facility for the Japan Linear Collider
project. Two types of grid pulse generators have been
developed. One is an avalanche pulse generator. A Y-646E
cathode was successfully operated to generate double-bunch
beam with a pulse width shorter than 700 ps, bunch spacing
1.4 ns, and a peak current 4.3 A. The other grid pulse
generator is a fast ECL circuit with an RF power amplifier.
Generation of 20-pulse trains with 2.1ns time spacing has been
demonstrated.

Introduction

The Accelerator Test Facility (ATF) has been built at
KEK as a development bench of the Japan Linear Collider
(JLC) project. To achieve the design high luminosity of the
JLC, it is required to generate multi-bunch beams without any
satellite beams. Presently the ATF consists of a thermionic gun,
three sub-harmonic bunchers, S-band bunchers, followed by a
high-gradient accelerating structure. Various experiments are
planned for the gun to generate and accelerate multi-bunched
beams. In the early stage of the experiment, the thermionic gun
used a dispenser cathode with an area of 2 cm^ (EIMAC Y-
796), operating up to 240 kV. It had been successfully
generating a single-bunch, high-current beam with a short pulse
width. The beam was accelerated with a high-gradient structure
over 80 MV/m[l], Recently the cathode Y-796 was replaced
with Y-646E which has an area of 1 cm^ in order to reduce the
beam emittance and to improve the gun response to fast driver
pulses.

As a first step we have fabricated a grid pulse generator
which can produce double pulses with 300V peak, 500 ps
width and 1.4 ns time spacing. It consists of two fast
avalanche pulse generators and an RF power combiner. With
this pulse generator the amplitude of each pulse and the pulse
time spacing can be easily controlled. We have generated the

double-bunch beam with this pulse generator[2]. However with
this type of grid pulse generator it is difficult to produce more
than several bunches in bunch train. Consequently we have
decided to develop another type of grid pulse generator that
consists of a fast ECL circuit and an RF power amplifier. This
circuit should be able to produce more than 20 bunches/shot.
In this paper we describe the experimental results of beam
emission using the Y-646E cathode with the double pulse
generator, and experimental results of the low level test of the
multi-pulse generator.

Experiment with double-pulse generator

The design of the gun using Y-646E cathode was
performed using the program ETP to obtain a high current and
low emittance with low surface electric field [3]. Figure 1
shows the particle trajectory. With the anode voltage 240 kV

ATF Thermionic Gun

HV = 240 kV
= 19.3 A peak

En = 3.2x 10*6 n m rad
Emax=187 kv/cm

Fig. 1 Beam trajectory
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higher than that of the Y-796 cathode. The pulse response of
this cathode is improved compared with the Y-796 cathode,
because of the small stray capacitance. These stray capacitance
were measured to be 13 pF for Y-646E and 27 pF for Y-796.
The peak current of the emitted beam is still below the space
charge limit. We can expect higher current by increasing the
amplitude of the grid pulse generator.

Multi-pulse generator

Fig.2 Output of the double-pulse generator
(lOOV/div, 500ps/div)

the peak current at the space charge limit is expected to be 19.3
A, the beam emittance(En) 3.2xlO^7C m-rad and the maximum
surface electric field 187 kV/cm.

The grid pulse generator used in this experiment was
similar to the one described in reference [2]. The observed
output pulse shape is shown in Figure 2.

The beam emission of the Y-646E cathode driven by
this grid pulse generator was measured(response time -200
ps), located immediately downstream of the gun. The wall
current monitor has four output ports which are used for the
correction of the position dependence[4], A typical data of the
emitted beam is shown in Fig.3 in the case that anode voltage
170 kV, heater voltage 6.0V, net drive voltage 260 V and
vacuum pressure 2x10'^ Torr. The peak current of two
bunches were measured to be 4.3 A (lxlO1^ electrons/bunch).
In Fig.3, ringing signals which follows bunch signals can be
observed. It is caused by characteristics of the wall current
monitor. The current density of Y-646E cathode is two times

Tfek
Cursors Window DffTra

149.

Fig 3 Wave shape of double bunches beam.
Anode voltage: 170 kV, Heater voltage: 6.0 V, Net drive
voltage: 260 V, Vacuum 2xl0"8 Torr

As mentioned earlier, a new multi-pulse generator is
under development. It consists of a fast ECL circuit and an RF
power amplifier to generate more 20 pulses per train. Figure 4
shows its schematic diagram, and Figure 5 gives details of the
ECL circuit. The ECL circuit clock is a 476 MHz RF signal
synchronized to the RF of the accelerating structure. The
required number of pulses are formed by counting and gating
the RF signals in the circuit. The SONY CXB-seris circuits
were used. The maximum operational frequencies of their flip-
flop and preset counter circuits are 3.2 GHz and 1.1 GHz,
respectively. The output pulse of our circuit is shown in Figure
6(a). This pulse train is then amplified by the RF power
amplifier. The RF amplifier is required to have an output
power of - 10 kW and the gain 60 dB to achieve sufficiently
large pulses to drive the gun. Ordinary the band width of RF
power amplifier is not enough to amplify this pulse train with
no distortion. Output pulse train of the 1 W test RF amplifier is
shown in Figure 6(b). The band width of this amplifier is
between 5 MHz and 1 GHz, and is not wide enough so the
signal distortion is taking place. In order to get the flat-topped
pulse train, a wave form shaper to create a compensation signal
needs to be introduced. The design work of the wave form
shaper and the RF power amplifier is under way.

Fasi ECLCircuil + RF Power Amplifier

F/F

Wave form shaper
(W.F.S.)

*J 1_
• VWWVWVVA

\ ililliLLL

ECL output
output WF.S. output
(without W F.S. )

output
(with W.F.S. )

Fig 4 Schematic drawing of multi-pulse generator.
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Fig.5 Circuit diagram of the fast ECL of multi-pulse generator

Summary

Fig.6 (a)Output of the fast ECL circuit (upper),
(V: 50 mV/div, H: 5 ns/div)

(b)Output of the test RF amplifier(lower)
(V: 1.5 V/div, H: 5 ns/div)
power 1W
Bandwidth 5M~lGHz

We have improved the beam characteristics of the
double-bunch beam by replacing the Y-796 cathode with Y-
646E cathode driven by a double-pulse generator.

In order to satisfy the JLC parameter requirements, we
are developing a multi-pulse generator using a fast ECL circuit
and an RF power amplifier. The fast ECL circuit could make a
pulse train consists of 20 pulses and the wave form shaper and
RF power amplifier are developing.
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Abstract

The injection system ( preinjector) of the 2.5-
GeV linac is now being upgraded so that intense
beam acceleration can be investigated for the KEK
B-factory, which is under consideration as a future
project. It requires intense beams of electrons and
positrons in order to achieve a practically short
injection time. An outline of the improvements is
given.

Introduction

An asymmetric-energy B-factory was proposed
for KEK, which has intersecting rings of 3.5-GeV
positrons and 8.0-GeV electrons. In order to achieve
a high luminosity of over 1033 it is necessary to
accumulate beams of more than one Ampere. Then,
beams stronger than 8 x 108 particles per pulse are
required to complete injection within one hour. This
means that the e+ beam should be increased by a
factor of 5. We have recently succeeded in doubling
the positron beam intensity by improving the
positron focusing system.[1] In order to further
increase the positron beam, it would be necessary to
use a higher energy electron beam, for instance 1
GeV, by means of moving the target location
downstream. The injection system to the collider
rings has not yet been fixed. Some methods have
been proposed: direct injection from the linac into
the rings; a method using rapid cycle synchrotrons;
or a combined method. In any case, a highly intense,
high-energy e" beam is necessary to produce a
sufficient number of positrons.

Last summer, intense-beam acceleration was
tested [2] using the 2.5- GeV linac. A beam of 17-ns,
1-A was accelerated to the exit of the linac.
Instabilities were, however, observed. For the
purpose of accelerating intense beams, the number of
monitors was insufficient as well as the focusing
strength. The linac was constructed between fiscal
year 1978 and FY 1981 as an injector for the Photon
Factory storage ring [3]. At the beginning, a beam of
50-mA and 1-us was used. We then started to

improve the linac from its beginning part, which
includes an electron gun, a bunching system, two
accelerator structures, and a beam analyzer system.

The main items improved are the following: (1)
An electron gun was newly designed. The gun
voltage was increased up to around 180 kV. (2) A
bunching system was replaced with new one. A
double prebuncher and a high-field buncher system
was adopted. They are of the traveling-wave type. (3)
An rf phase & power adjusting system was
rearranged for the new bunching system by adding
one unit. (4) The focusing system was reinforced.
Solenoid coils were extended to the buncher end. (5)
Some kinds of beam monitors were added: screen
monitors, current monitors, and a bunch monitor.
(6) An energy monochromatic system was installed
near the exit of the injection system. It also functions
as a bunch compressor. (7) A part of the control
system was modified due to hardware changes. (8)
Blocks supporting the entire system were changed to
ones made of aluminium.

New system configuration

Layout of the new system is shown in Fig. 1.

Electron gun

We changed the electron gun to a newly
designed one so as to be able to investigate intense
beam acceleration. The gun voltage will be
increased to 180 - 200 kV. A ceramic insulator was
changed from 130 mm-long with ICF-203 flanges to
one 300 mm-long with ICF-253 flanges. Three types
of cathode (Y- 796.Y- 646, Y-646E) were prepared for
safety.

Table 1. Electron gun design parameter changes

Gun voltage (kV)
Cathode type
Max. current(A)
Perviance (uA/V3/2)
N. emittance (n mm-mr)

100 --->
E 3078—>
3.8 - ->
0.12 --->
17 - >

180,
796,
10,
0.13,
14.

200
646.E
7
0.08
5.5
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Gunpulser

A gun pulser was modified so that maximum
voltage became 200 kV. The changed elements are
listed in table 2 as well as associated parameters.

Table 2. Gun pulser parameter changes

bunched by a buncher with a high field and are then
accelerated rapidly so that they will not debunch.

Table 3. Bunching system design values

Maximum voltage
Pulse duration
Thyratron
Pulse forming network

condenser
section number

Pulse transformer
step up ratio
sec. impedance

Load resistance fkii)

160kV ---> 200kV
3us ---> 3^s
ITT 8789 —> F-175

18 nF
3x4

1:9.56 —>
1.14 kQ —>
9.2/9

14.6 nF
3x5

1:12
1 .8kfl
8.2x2/9

Bunching system

The bunching system comprises 2rc/3 mode
cavities of 2856 MHz. They are all of the traveling-
wave type. A double prebuncher system was adopted
in order to obtain short bunches and a high bunching
efficiency. Prebuncher cavities were designed so
that the shunt impedances are low in order to
decrease the wake-field effects. In the second
prebuncher, electrons loosely bunched by the first
prebuncher will be accelerated at different phases, so
that they will be bunched furthermore due to energy
differences at a higher average energy. The role of
the second prebuncher will become more important
as the beam intensity becomes higher. The
electrons bunched by the prebunchers are finally

Prebuncher 1
maximum field
shunt impedance
attenuation coefficient
available input power
cavity number
cavity size D

2a
2b

Drift space
Prebuncher 2

maximum field
shunt impedance
attenuation coefficient
available input power
cavity number
cavity size D

2a
2b

Drift space
Buncher

field strength
available input power
cavity number

buncher section
normal section

cavity size D
2a
2b

0.4 MV/m
15.96 Mfi/m
0.0643 Neper/m
100 kW
7
24.318 mm
35.74 mm
89.418
158.71mm

1.0 MV/m
14.97 MQ/m
0.0597 Neper/m
1 MW
5
24.318 mm
36.89 mm
90.075 mm
42.27mm

-15 MV/m
13 MW

5
30
27.01 - 34.99 mm
22.44 - 19.32 mm
83.057-81.735mm

Fig. 1 Layout of the new injection system of the KEK 2.5-GeV linac. GUN is an electron gun; STC, steering
coils; ML, a magnetic lens; PRM, a profile monitor; WCM, a wall current monitor; CM, core monitor;GV, a
gate valve; FC, a focusing coil; PB1, first prebuncher; PB2, second prebuncher; Buncher, a buncher with
accelerating cavities; QM, quadrupole magnets; ACC, accelerating cavities; 90-B, a bending magnet; EMS,
an energy monochromatic system; and BM, a bunch monitor.
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RF adjusting system Table 5. Number of monitors

It is necessary to optimize the power levels and
phases of microwaves input into the prebunchers and
the buncher. We employed equipment which is
capable of changing the power level and the phase
independently [4]. This equipment has noticeable
features: (1) The power divide ratio can, in
principle, be changed continuously without a phase
shift. This function acts as an attenuator with no
phase shift. (2) It can also be used as a phase shifter.

-3dBlr\AA

ATT

ATT

PM1

*vs
ATT

PB1

PM3Mf

PB2

-20dB

PM : Power Meter

BUNCHER

Fig. 2 Relationship between the rf phase & power
adjusting system and the bunching system.

Focusing system

The focusing system has been strengthened for
intense beams: Solenoid coils installed at regular
intervals (165 mm) have been extended to the
buncher end. The maximum field is 1 kGauss.
Every two of the coils are fed by one power supply.
The number of quadrupole magnets were increased
from 3 to 4, and set at about the same spaces. If the
focusing system is strengthened in only the
injection system, it would be insufficient for intense
beams.

Table 4. Magnets of the transport system

Solenoid coil
Set of quadrupole magnets
Set of steering coils

22
4
5
1

Monitors

As the beam intensity increases, it becomes
more important to transport beams at the centers of
accelerating cavities in order to reduce any
transverse wake-field effects. We added screen
monitors along the linac. A bunch monitor was also
established, since it is preferable for this monitor to
be installed near the bunching system. A streak
camera is used to analyze any transition light
emitted from a metal foil, which is in a chamber of
the last screen monitor on the beam line. Some
investigations will be necessary. The number of rf
monitors were also increased.

Profile monitor
Bunch monitor
Wall current monitor
Core monitor
Rf monitor

Bethe hole coupler
phase detector
power meter

6
1
6
2

14
1
5

Energy monochromatic system

This system was proposed in order to
compensate for energy differences produced by a
beam-loading effect [5]. If there are any energy
differences between bunches, after they pass the
system comprising three bending magnets, the
spacings between bunches would change slightly due
to pass differences in proportion to the energy
differences in the first approximation. If the lower-
energy bunches are accelerated at phases near to the
crest, the energy differences would be decreased.
This system can be used as a bunch compressor. It is,
however, a necessarily condition that each bunch
becomes sufficiently short.

Control system

Due to the upgrade of the injection system, the
number of elements to be controlled considerably
increase: the DC power supplies of the focusing
system, many kinds of monitors, and the rf
adjusting system. It is necessary to either modify or
develop much software.

Summary

Reconstruction of the injection system of the
KEK 2.5-GeV linac is now in progress. Normal
operation is scheduled to start on September 28.
Although there is much work to do, we are proceeding
with the program as prearranged. After the upgrade,
investigations of intense beam acceleration will
start again.
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Abstract

The Superconducting Super Collider (SSC) Ion Source is
required to provide 30 mA of H" beam at 35 kV with
normalized rms emittance of less than 0.2 7C-mm-mrad.
Furthermore, the beam quality is to be preserved in the low
energy beam transport section (LEBT) while the beam is being
matched into the RFQ. A Magnetron ion source, because of its
proven performance and characteristics, has been adopted as the
near term ion source for SSC. Electrostatic LEBTs, more
specifically HESQ and Einzel lenses, are possible choices of
the LEBTs for SSC. An extensive experimental program is
under way to characterize the SSC Magnetron ion source and
the LEBT concepts to identify the best LEBT for SSC. The
available experimental results pertinent to the performance of
the SSC Magnetron ion source and LEBTs will be discussed.

Introduction

The H" ion source as the first component of the SSC
LINAC is to provide 30 mA at 35 keV with a pulse width of
7-35 usec at 10 Hz repetition rate. The magnetron source was
chosen for the baseline design partly because it has been used
at large high energy physics facilities where long-term
operation with high availability is required (Fermi Lab.,
Brookhaven National Lab.) and partly because it would require
little effort to optimize it to the SSC beam parameters. A
prototype magnetron source has been built and delivered to the
SSCL by the Texas Accelerator Center (TAC). We were able
to achieve the SSC required beam current at the required energy
in the spring of 1991. However, we still needed to achieve the
required beam emittance at the out put of LEBT and improve
the reliability and availability of the source.

Emittance measurement

Figure 1 shows the magnetron source test stand. A slit &
collector1 emittance measurement unit (EMU) was developed
to characterize the magnetron source by measuring its
transverse output beam emittance. A pair of EMU's is utilized
in our studies, one in the horizontal plane and one in the
vertical plane. The slits are made of graphite and have a
spacing of 0.1 mm. The collector consists of 48 copper foils
that are oriented parallel to the slit and have a thickness of
0.203 mm and are spaced 0.254 mm with respect to the foil
centerline. The drift distance between the slit and collector can
be varied for the desired angular resolution. The data
acquisition system is comprised of 48 channels of inverting
pre-amplifiers, five LeCroy 2249w charge ADC's, a LeCroy

SOURCE BOOY 4
EXTRACTOR CONE

CNGAIGE

•Operated by the University Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC35-
89ER40486.

Figure 1. Magnetron Source test stand

2323 timing module, and an HP workstation. Through
software the operator can vary the charge integration time (gate
width) and the data acquire time (gate delay) with respect to the
leading edge of the beam pulse. The collector foils are biased
to a positive 20 volts to repel the secondary emission
electrons. This results in a net positive charge on the collector
wire and it is this charge that is measured^. Software control
of stepper motion, timing and data transfer is thru a CAMAC-
GPIB interface and data is displayed and analyzed by TACL3.
An average measurement takes about 3-4 minutes depending
on the angular resolution chosen. The emittance is measured
by stepping the slit & collector system across the beam. At
any step, the angular distribution of the beamlet that passes
through the slit is measuered by letting it drift to the collector
where the beam intensity is measured. After each beam pulse
the slit and collector are moved to a new position for the next
measurement. This process will continue until the entire beam
cross section is covered. In order to minimize the effect of
differences between each collector channel, at the start of each
run a back ground measurement is made far away from the
beam center and this value is used for back ground subtraction
during data analysis.

When characterizing the magnetron source the slits were
located 11.75 cm down stream of the extractor electrode. The
distances between slit and collector were 32.27 cm and 13.44
cm for the horizontal and the vertical EMU's respectively.
Figure 2 shows a typical horizontal emittance contour plot.
The rms normalized emittance (extrapolated to 100% of the
beam assuming a gaussian beam4) is measured to be 0.11 n
mm mrad. This emittance value is about half the required
emittance for the SSC ion source. The preliminary analysis of
measured emittance in the vertical plane seems to indicate a
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Figure 2 Phase-Space horizontal emittance plot (Source)

30%-100% higher emittance. Even though it is possible that
the beam has a higher emittance in the plane of the bend
(vertical plane) of the magnetron source, part of difference in
the measured emittances could be due to lower measurement
resolution in the vertical plane (shorter distance between slit&
collector). We are in the process of upgrading our magnetron
ion source test stand which include supervisory computer
control of its operation. We will pursue the answers to these
questions later this year when we will resume the
characterization of the magnetron source.

Reliability and Availability

We operated the magnetron source with 30 mA current at
35 keV for 21 days straight without any major problem and
down time. This has given us confidence that we can achieve
reliability and availability similar to that of other major labs
using magnetron source. However, the down side of the
magnetron source is the operation with the cesium. At both
Fermi Lab and BNL long LEBTs are used. At Fermi, an RFQ
is not utilized. However, here at SSC we have the RFQ only
at a maximum distance of 25 cm from the ion source. The
possible cesium contamination of RFQ is a major concern.

LEBT

The relatively large diverging beam from the ion source is
matched to the RFQ in the LEBT. The LEBT also contains
source diagnostics and provides the differential pumping
between the source and the RFQ. Since SSC LINAC requires
short pulses, it was decided not use a plasma neutralized
LEBT. Instead, we will use electrostatic focusing. The 30 mA
operating current is small enough that several concepts using
electric field focusing can be considered. The einzel lens and
helical electrostatic quadrupole (HESQ) lens are the leading
candidates for the SSC LINAC.
The einzel lens is probably the most mature technology for
this application. However, it requires voltages similar to the
source voltage and is prone to aberrations. We have designed

and built a dual einzel lens LEBT. This LEBT was partially
characterized with 10mA of beam at 24 keV. Figure 3 shows a
typical beam phase space emittance contour plot out of the
einzel lens. The aberrations are quit pronounced, and a large
emittance growth is apparent. However, one should remember
this LEBT was designed to operate at 35 keV for a 30 mA
beam.

-0.8 -0.8 -0.4 -0-2 0J3 02 0.4 0.E 0.8

Figure 3 Phase-Space horizontal emittance plot (Einzel)

The HESQ should be a more reliable LEBT since it
requires lower voltages for beam matching. A prototype HESQ
LEBT has been built with nickel electroformed electrodes. For
30 mA at 35 keV operation, a 22.5 cm HESQ has an
operating voltage of 7 keV. Figure 4 shows a typical beam
phase space emittance contour plot out of the HESQ. The
aberrations are much smaller then the Einzel lens, and the
emittance growth does not seem to be as large.

f
I

-02 0.0 0.2

position (cm)

Figure 4 Phase-Space horizontal emittance plot (HESQ)
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Conclusion

We have demonstrated that the magnetron ion source is
capable of providing the required beam for the SSC LINAC.
We still need to address the question of reliability and
availability in more detail. We will fully characterize both
LEBTs later this year in order to select one for the initial
operation of SSC LINAC.
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Abstract

The Superconducting Super Collider (SSC) Ion Source is
required to provide 30 mA of H" beam at 35 kV with
normalized rms emittance of less than 0.2 Ji-mm-mrad.
Furthermore, the ion source has to be highly reliable, easy to
maintain, and must provide a quick turn around time in case of
failure. The RF-driven volume source1 developed at Lawrence
Berkeley Laboratory (LBL) has been adopted as the
developmental ion source for SSC. An extensive experimental
program is under way to investigate the performance and
reliability of the SSC RF-driven volume ion source. Available
experimental results pertinent to the performance of the SSC
RF-driven volume ion source will be discussed.

Introduction

Multicusp plasma sources provide volume production of
low energy (<2 eV) H' ions which lead into low emittance,
high brightness beams. However, the volume source requires a
large discharge power in order to yield a high beam current
density. Since the SSC ion source must operate reliably for
many months continuously, the use of filament cathode type
volume sources is not realistic. Thus, an RF driven volume H"
source, based on RF induction discharge, was developed for
SSC by LBL1 and delivered to SSCL in December 1991.
Furthermore, the RF-excited volume source has the promise of
being simple to maintain and operate. It also may have an
additional advantage in terms of system reliability since it can
be operated without filaments or cesium injection.

SSC Volume Source

A schematic of the SSC RF volume ion source is shown
in Figure 1. The source chamber is made out of a 10 cm long
by 10 cm diameter copper cylinder with a back plate at one end
and a plasma electrode at the other end. The plasma is confined
by the longitudinal line-cusp field produced by twenty
columns of samarium-cobalt magnets that surround the source
chamber. These magnets are enclosed by the source outer shell
(an anodized aluminum cylinder). Magnets are cooled by water
circulating between the source chamber and the outer shield.
To close the confining magnetic cusp field, the back flange of
the source also contains four rows of water cooled magnets. A
pair of water cooled permanent magnetic field rods which are
placed near the plasma electrode creates a narrow region of
transverse magnetic field which divides the source chamber
into discharge and extraction regions. The gas molecules are

DIAGNDSTICS EXTRACTIDN

FILTERS
ANTENNA

\FILAMENT
PLASMA GRID

•Operated by the University Research Association, Inc. for the
U.S. Department of Energy, under contract No. DE-AC35-
89ER40486.

Fig. 1 RF Volume Source

excited and ionized in the discharge region. To generate the
plasma a small hairpin tungsten filament is used as a starter
which adds enough electrons to the hydrogen gas that RF
power (at 2MHz) can be inductively coupled to the mixture via
a two turn ceramic coated copper antenna. As soon as the
plasma is formed, the RF power is matched efficiently to the
plasma for the duration of the pulse. The antenna is connected
through an isolation transformer to a matching network which
matches the impedance of the RF amplifier to the impedance
of the plasma. The filter rod's magnetic field prevents the
energetic electrons from entering the extraction region while
the cold electrons along with the positive, negative and
vibrationally excited ions will drift across the field. Thus, a
plasma with a lower electron temperature is formed in the
extraction region which allows the formation of H" ions by
dissociative attachment.
Figure 2 shows our volume source test stand. The source is
mounted on a diagnostic chamber. In addition to the diagnostic
systems, slit-collector and Faraday cup, all the pumping is
done through the diagnostic chamber. Two 500 liter/sec turbo
pumps are used to keep the test stand under vacuum (base
pressure of 5*e-7 torr). The source is operated in the pressure
range of 10 to 20 mtorr and RF power of 15 to 50 kW. Beam
is extracted at 35 kV and we have been able to extract up to 40
mA of H". As one would expect, the extracted beam current
depends on the RF power level and the extracted electron
current to H" current ratio could be as high as 50:1 at high
powers. However, after allowing time (2-3 hrs) for the source
to condition, we have achieved the ratio as low as 20:1 when
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extracting 30 mA of H" at 35 kV. The high electron current
that is extracted along with the H* beam is separated out of the
beamline by spectrometer magnets placed downstream of the
extractor electrode. These magnets are placed inside a soft iron
envelope which prevents the spectrometer magnetic field
penetrating the extraction gap and the volume source.

CHLLECTDR SLIT

VACUUM
PUMP

RF
MATCHING

CIRCUIT
H.V,
ISDL.

XFMR.

Fig. 2 RF Volume Source Test Stand

Emittance Measurements

To characterize the SSC RF volume source we have measured
the transverse emittance of the extracted H" beam in the
vertical plane using a slit & collector system. It is desirable to
place the slit as close as possible to the extractor electrode
because of drastic effects of space charge at low energies.
However, because of the long electron separating spectrometer
we placed the slit 13.46 cm down stream of the extractor
electrode. The separation between the slit and collector was
21.83 cm which resulted in very good measurement resolution.
Figure 3 shows a typical vertical emittance contour plot for a
30 mA beam at 35 keV. There are two distinct beams present.
The main beam is the H" beam (which constitutes over 80% of
the beam current) and the secondary beam is H^ produced by
gas stripping downstream of the extraction gap. The two
beams are separated in the spectrometer by the electron
separating magnetic field. The angular separation between the
two beams is 66 mrad (3.8 degrees) which is the amount that
the spectrometer magnet bends the H~ beam. Figure 4 shows
the vertical emittance contour plot of the H" beam alone. The
rms normalized emittance (extrapolated to 100% of the beam
assuming a gaussian beam^) is calculated to be 0.11 n mm-
mrad, about half the required emittance value for the SSC ion
source, while the emittance of the H° beam is 0.2 JC mm-
mrad.
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Fig. 3 Vertical Phase-Space emittance plot

i

-I.0 -0.5 an 0.5 1.0 1.5 2.0 2J

position (cm)

Fig. 4 Vertical H~ Phase-Space emittance plot

We have also measured the beam emittance in the
horizontal plane. Figure 5 shows the horizontal emittance
contour plot. The rms normalized emittance is calculated to be
0.15 re mm-mrad. This is much larger than the emittance in
the vertical plane. However, this apparent larger emittance is
probably due to the fact that the H" and H° beams are not
separated in the horizontal plane and the measured emittance is
the effective emittance of the two overlapping beams.

Discussion

The measured normalized rms emittance of a H~ beam is
related to the plasma ion temperature by3:
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MHC 2

MHC 2
: Hydrogen mass in eV (939 MeV)

£n rms: normalized rms emittance in n m-rad
KTj ; Hydrogen ion temperature in eV
a : emitter radius in meters.

This equation leads to an H" ion temperature of 5 eV for the
measure normalized rms emittance of 0.117t mm-mrad which
is much larger than the expected ion temperature of 2 eV in a
RF driven volume source. With ion temperature of 2 eV one
would expect normalized rms emittance of .07 n mm-mrad. A
closer look at the contour plots reveals that the beam is highly
diverging, encompassing 400 mrad, and very large, 5.4 cm in
diameter. Figure 6 shows the H" emittance contour plot with
the end wings (which contains only 4% of H" beam) cut off.
The emiuance is 0.09 TI mm-mrad, angular spread of the beam
is 280 mrad and it is only 3.5 cm wide. Furthermore, the beam
emiuance is measured 13.46 cm downstream of the extractor
electrode and for a portion of this distance there is one Ampere
of electrons accompanying the H" beam. The space charge
forces in this area could cause an emittance growth. However,
adding neutralizing argon to the spectrometer region did not
affect the emittance noticeably.

-0.5 0.0 CLS
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Fig. 6 Vertical H" Phase-Space emittance plot with the wings
cutoff

Conclusion

•
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We have achieved the SSC beam requirements with the
RF driven volume source. The next task is to develop/select a
LEBT that provides the required beam into the SSC RFQ. At
the same time more work needs to be done in order to refine
and understand the RF volume source output beam
characteristics.
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Fig. 5 Horizontal Phase-Space emittance plot

In a separate experiment the extraction voltage was
reduced, the emittance increased slightly while the angular
spread of the beam was reduced. This result seems to suggest
that the 35 keV beam comes to a waist near the extractor
(under dense plasma) and then diverges sharply. The next step
is to increase the extraction gap distance in order to achieve a
parallel beam (medium dense plasma) output.
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Abstract

The ratio of electrons to negative ions extracted from
Penning surface-plasma sources (SPS) such as the 8X source
is low even before any steps are taken to suppress the
electrons. For the 8X source the e"/H" ratio is typically four
or five to one for H~ operation and nine to one for D"
operation. Because the coextracted e" present a power-loading
problem to the 8X-source extraction system, methods to
dissipate and/or reduce the power in the e" beam must be
developed before extracting a dc H" or D" beam. Thus, we
conducted this study to determine whether a collar installed in
the near-extraction region of the 8X source suppresses the
electrons extracted from that source.

Introduction

The 8X source is presently under development for use in
the neutral-particle-beam (NPB) program. The pulsed-8X-
source design and measured performance are described in Ref.
1. We are developing a cooled version of the 8X source that
can operate with dc arc and with dc H' beam extraction [2].
The key issue that we address in this paper is whether or not
the e7H" ratio in the extracted beams can be reduced by simple
changes in the 8X-source geometry.

Experimental Method

McAdams et al. [3] used a collar to reduce the electron
current extracted from a volume source. Leung et al. [4] and
Debiak et al. [5] varied the geometry of a collar to lower the
e~/H~ ratio in the beams extracted from a volume source. We
varied the geometry of a collar installed in the 8X source and
measured the e~ and H" currents as well as the H" beam
emittance. Figure 1 shows the geometry of the 8X source
collar arrangement. The collar is constructed from a single
piece of molybdenum. Its length along the beam direction is
L; its diameter is 2R (perpendicular to the beam direction).
Set screws (not shown) are used to clamp the collars in the 24-
mm-diam by 8.0-mm-long drift region of the 8X source. We
then measured the performance with all 12 different L and R
combinations with L = 1.0, 2.4, 4.8, and 8.0 mm and R =
1.5, 3.2, and 4.5 mm, and also without a collar. The
measurements without a collar reproduced the results reported
•n [1].

We measured the H current with a Faraday cup, and
determined the e" current by subtracting the H" current from the
drain current (Fig. 2). We make the assumption that the drain
current is comprised only of the H" and e" current; that is, no
other negative ions are extracted and no positive ions cross the
gap in the reverse direction. The H" beam emittance is

measured with electrostatic sweep scanners [6] located 12 cm
from the emitter. All of the measurements reported in this
paper were obtained using the high-current test stand.

The extraction system uses an emission-aperture diameter
of 2.6 mm, an extraction gap of 3.0 mm, and an extraction-
aperture diameter of 3.0 mm. Typical source parameters are
discharge voltage Vd = 90 V, discharge current Id = 440 A, H2

gas now = 0.25 T//s, N2 gas flow = 0.006 Ti/s, and arc mag-
netic field Bx = 360 G. The discharge pulse length is 1.2 ms;
the pulse repetition rate is 5 Hz.

Emission Aperture Plate

Cathode

Anode

H

Collar

Fig. 1 The 8X-source collar geometry. The cylindrical collar
insert (hatched area) is placed in the drift region between
the emission aperture and the discharge region. The
collar's length is L and its diameter is 2R.
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Fig. 2 Schematic of the H" and e" current measurements. The H"
current is measured directly with a Faraday cup. Because
the e" are deflected into the extractor electrode by the
stray, transverse magnetic field, the e" current is the
difference between the drain current and the H" current.
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Results

Figure 3a shows the electron current vs the collar length
L for fixed collar radius R. The e" current with no collar, 182
mA, is the circle. The general trend is that the larger the L
(for a fixed R), the lower the e" current. For a fixed L, the
smaller the R, the lower the e" current. For the H" current
(Fig. 3b), there is at first a slight rise, or at least a plateau
region, with increasing L, then a fall-off with collar length
that is slower than the e" current. At fixed collar lengths
>2.4 mm, the H~ current drops with decreasing collar radius.

The e" to H" current ratio as a function of collar length
for a fixed collar radius is shown in Fig. 4. The e7H~ ratio
decreases with increasing L (at fixed R) and with decreasing R
(at fixed L). Because the e" current falls off faster with L and
R than the H" current, a large reduction in the e7H~ ratio is
accompanied by only a small reduction in the H" current. For
example, at L = 4.8 mm and R = 4.5 mm, the H" current drops
by 20% (from 38 to 31 mA, Fig. 3b), while the e" current
drops by more than a factor of 4 (from 182 to 42 mA, Fig.
3a), resulting in an e" to H' ratio near 1/1.

The extracted H" current varies by an order of magnitude
for the measurements shown in Fig. 3b. The largest H'
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Fig. 3 a) The electron current I - vs the collar length L for fixed
collar radius R. The circle is I - fo r no collar, b) The H"
current Lj- vs the collar length L for fixed collar radius R.
The circle is IH- for no collar. The lines connect the data
points.

current recorded is 41 mA for a collar with L = 1.0 mm and
R = 3.2 mm; the smallest is 3.0 mA for L = 8.0 mm
and R = 1.5 mm. To make meaningful comparisons between
emittance measurements for different collars, we adjusted the
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Fig. 4 The e to H current ratio I -/IH- vs the collar length L for
fixed collar radius R. The fines connect the data points.
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electron-equivalent H" beam perveance P to 0.4 (xPerv (P =
[(mjj-/me-)1/2(IH-/V3/2)]} by choosing the correct value of
the extraction voltage V. Figure 5a shows £x as a function of
L for fixed R, and Fig. 5b shows ey as a function of L for
fixed R. With the exception of the K = 1.5 mm data at L =
4.8 and 8.0 mm, ex is remarkably constant with L and R.
There is more scatter in the ey data, but ey also appears to be
independent of L and R.

Discussion

Bel'chenko et al. [7] point out that for electrons
transported along z, across the magnetic field lines, in a SPS
the electron density should decay exponentially as a constant
times z/8, where 8 is the distance between two parallel plates
whose surfaces are perpendicular to the magnetic field (B and S
are in the x direction, Fig. 1). They considered suppression of
e~ by the rectangular slit edges in the ion-optical system of
their SPS. By replacing z with L and 8 with 1.70R (the
average distance parallel to Bx inside the collar), we get
Ie-(L,R) = Ie- exp(-CL/R), where C = (n/1.70) \DH/D±\V2.

For classical diffusion, DM/D^ = [(me/Mi) (1 + (0 c e
2 t 2 ) ] ,

where coce is the electron cyclotron frequency and x'1 is the
collision frequency. We estimate that x"1 is 86 MHz for
electrons on 112, giving D«/D^ « 3, so the magnetic field does

inhibit transport of the electrons across the magnetic field
lines. This leads to Ie-(L,R) = Ie- exp(-3.2 L/R).
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Fig. 6 A plot of Ie- vs L/R, the ratio of the collar length L to the
collar radius R. The line is a least-squares fit to the data.

Haas and Holmes developed a hydrodynamical model of a
volume source with a collar geometry similar to ours. They
arrive at an expression for Ie- that also has an exponential
dependence on -L/R [8].

Figure 6 shows a semi-log plot of Ie . as a function of
L/R for our collar geometry. The e' current follows the
"universal" curve Ie. (mA) = 164 exp[-1.37 (L/R)] shown on
Fig. 6. Uncertainties in our approximate expression for
Ie-(L,R) include the assumption of classical diffusion, the
assumption that the electron diffusion across the magnetic field
is due solely to collisions with H2 molecules, and the
calculation of the H2 density from the H2 gas flow through
the emitter of known size. In view of these uncertainties, the
discrepancy between the calculated (3.2) and measured (1.37)
values of the exponent is not surprising.

Conclusion

A collar can be used to suppress the electrons extracted
from the 8X source with little sacrifice of H" beam current.
Presumably, the reduction in Ie- arises from the electrons
being drained off on the collar edges (by diffusion parallel to
the magnetic field) before they can diffuse across the magnetic
field lines and be extracted from the source. This result will
facilitate the design and implementation of an electron
collector for the CW 8X source beam extraction system.
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Abstract

Several diagnostics have been installed on the electron linear
accelerator of the ELSA free-electron-laser. They include beam
current transformers, Faraday cups, beam position monitors,
profilers, magnetic spectrometers for mean-energy and energy-
spread determination, and a streak camera associated with
Cerenkov or transition-radiation screens for time profile
measurement of the electron bunches. These diagnostics are of
primary importance for controlling the beam transport throughout
the machine down to the undulator, and for optimizing the coupling
between the electron and laser beams.

Introduction

To reach a high-efficiency regime in converting the electron-
beam energy into photon-energy in the wiggler of a free electron
laser (FEL), constraining requirements are imposed on the main
parameters of the electron beam. It must be a high-brightness beam
with high-density bunches. This implies large peak current and low
transverse emittance as well as small energy spread and pulse
duration.

To fulfill these operating conditions a research and
development program has been undertaken at Bruyeres-le-Chatel
since 1987; this FEL program, called ELSA, is described in
refs.[l,2]. It involves the use of a low-frequency laser-driven photo-
injector running at 144 MHz [3-6], a 433 MHz radio-frequency
linear accelerator [1,5,7] and a tunable, hybrid, tapered wiggler
placed in an optical cavity [1,8].

In order to ensure proper operation of the machine, numerous
electron diagnostic equipments have been installed. There are
Faraday cups and current transformers for beam current monitoring,
beam position monitors, profilers for position, profile and
transverse emittance determination, magnetic spectrometers for
measuring mean energy and enrgy spread of electron bunches, and
a streak camera associated with Cerenkov or transition-radiation
screens for bunch length measurement.

These diagnostic equipments are presented here and recent
measurement results are reported.

Beam current measurements

Current monitors and associated electronics were designed to
optimise their responses towards the temporal structure of the
electron beam. The ELSA machine delivers macro-pulses, of 50 to
200(is duration, with a repetition rate of 0.5 to lOHz. The macro-
pulses consist of micro-pulses of 30 to 150ps full width at half
maximum and 0.1 to lOnC charge, the time separation between the
electron bunches being 69.2ns (14.44MHz).

Faraday cups are set up at the extremity of the acceleration
line and close to the focal plane of the beam-dump bending magnet

placed behind the wiggler. They were designed with special care to
suppress electron losses from secondary emission. The output of the
Faraday cups is charged with a precise 5Oi2 resistor and the voltage
signal is integrated with a time constant of IOJIS so that one
observes an envelope corresponding to the macro-pulse current
(Fig.l).
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Figure 1 : Current signal, during the macro-pulse, for:
Stripline BPM (top). Beam current transformer (middle) and
Faraday cup (bottom). The time structure observed on the signals is
generated by the drive laser.
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Figure 2 : Longitudinal section of a beam current
transformer.
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Current transformers have been developed to complement
Faraday cups. These non-destructive monitors yield continuous
information on the beam current. They consist of a coil, of 36 turns
wound on a ferrite toroidal core, installed on the beam pipe as
shown in Fig.2. The coil is terminated with a lOfi resistor and
connected to an electronic unit which amplifies and integrates the
signal to give the macro-pulse current (Fig.l) and The charge of the
electron bunches. The machine is equiped with four current
transformers placed in front and back of, respectively, the 180°
deflecting magnet system (U-turn) and the wiggler [3].

Beam position monitors

Beam position monitors (BPM) consisting of four 10 cm-long
stripline electrodes, for part of them, and of four 14 mm-diameter
button electrodes, for the others, have been developed. Since they
are non-interceptive, BPMs are very useful for the permanent
control of the beam in the machine and the adjustment of the
magnet, quadrupole and steerer currents for centering the beam
along the acceleration and transport system. Four stripline
monitors, depicted schematically in Fig.3, are located at places
where enough space is available on the machine, whereas five
circular button detectors are situated on the acceleration line, where
drift spaces are reduced because of space-charge effects on the
electron bunches, and two rectangular button detectors are installed
between the three bending magnets of the achromatic U-turn
loop [3].

carefully tuned so that the position of the beam, close to the center
of the BPMs, is determined with an accuracy better than ±0.1mm.
In addition to beam-position information along the machine, BPMs
yield indication on the electron beam current (Fig.l).

The signal processing electronics connected to the current
sensing monitors (Faraday cups, current transformers and BPMs)
has been designed to offer two main features: i) Fast and easy
observation of the beam behaviour by direct visualisation on an
oscilloscope (Fig.l); ii) Analysis on a TV screen of beam position
and intensity fluctuations along the machine by data acquisition and
processing on a micro-computer [10].

D O D D D

Quadrxipole current [A]

stripling electrode oulouh

Figure 3 : Transverse (a) and longitudinal (b) sections of a
stripline beam position monitor (BPM).

A computer code, based on the resolution of Poisson's
equation, has been developed; it simulates the response of the four
electrodes for given geometries corresponding to the stripline and
button monitors, and for given positions of the electron beam
relatively to the monitor symmetry axis. The calculated data are
then used to deduce a polynomial expression relating the beam
position to the four electrode indications. The results of this
simulation code compare fairly well with measurements obtained
from a calibration experiment in which the electron beam was
replaced by a rigid linear wire whose position was well determined
and through which a pulsed current circulated.

Monitors have been machined with high precision and
associated high speed electronics, described elsewhere [9], has been

Figure 4 : Transverse emittance measured through the three-
gradient technique. Beam energy is 4.2 MeV; current is 0.2nC per
micro-pulse. Estimated emittance: 100 n mmmrad.

Beam profile

Transverse profile of the electron beam is measured in two
ways: i) with scintillating screens consisting of lmm-thick disks of
alumina doped with 0.5% chromium (AkO3:Cr) which stand ultra-
high vacuum; since they are very sensitive these scintillators are
used to observe low-intensity beams; ii) with optical transition
radiation (OTR) screens which are either lmm-thick disks of highly
polished stainless steel, or foils of aluminium or nickel stretched
between two rings; OTR screens in the form of bevel-edged
stainless-steel cylinders are installed in the wiggler vacuum
chamber. These detectors are used for high-intensity beam
observation, above 0.5nC per electron bunch.

The screens, mounted on actuators, are viewed by CCD video
cameras the signal of which is sent to a data acquisition and
processing computer. A TV screen displays, also, the beam profile
during experiments; this allows positionning and focusing
adjustments in the beam acceleration and transport lines. The
accumulated data are processed off-line to yield characteristic
parameters such as beam transverse dimensions, inhomogeneities
and moments of the spatial distribution.

Transverse emittance

Transverse emittance is a most important quantity for the
performance of a FEL. It is currently determined on ELSA by
means of the three-gradient method which consists in measuring the
beam profile on the same screen for, at least, three different values
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of the current ( or magnetic field ) in a magnetic lens or quadmpole
placed upstream. A greater number of measurements would yield
an emittance value with better accuracy. In this method it is
assumed that beam emittance is conserved in the transport from the
magnetic lens to the screen. The measured data are processed to get
the second-order moments of the spatial distribution, from which
the Twiss parameters of the emittance ellipse are deduced. Results
obtained at low energy, around 4MeV, are presented in Fig. 4.

0 5 1,0 1.5 2,0

Time

Figure 5 : Streak-camera image showing the lime spread of
the drive-laser (left) and the electron-beam (right) micro-pulses.
Estimated FWHM of electron bunches is 130 ps.

Transverse emittance was measured on the photoelectric
injector injector through the "pepper-pot" technique. The
experimental set-up is described in ref.[5], and results for a
1.8 MeV, 8 nC electron beam are presented in ref.[ll]. This
technique yields direct measurement of beam emittance; however,
it cannot be used at high energies because of the large stopping
range of electrons in the pepper-pot disk.

Longitudinal emittance

Longitudinal emittance is determined from the measurement
of the electron-bunch energy dispersion and time spread.

Energy dispersion and mean energy are measured at two
locations on the machine: in the middle of the analysing magnet of
the U-tum and in the focal plane of the beam-dump bending
magnet. The energy profile is obtained from the light emission of
AkO3:Cr scintillators and OTR screens moved in the beam path and
viewed by CCD video cameras. Recorded data are processed to
yield moments of the distributions. These data are combined with
the spectrometer parameters (magnetic rigidity and energy
resolution power) to give mean energy and energy dispersion of the
electron bunches.

Time spread of the electron bunches is obtained through the
light emitted by a Cerenkov or OTR screen inserted in the beam
and analysed by a streak camera. Earlier measurements, at low
energies (around 1.5MeV) and low currents, were made with a pure
fused-silica plate which generated Cerenkov radiation. OTR foils or
thick disks are now in use because they are much simpler to handle
and they deliver enough light at energies around 17MeV. A beam
splitter is inserted in the drive-laser path allowing the temporal
profile of both laser and associated electron pulses to be
simultaneously analysed by the streak camera (Fig. 5).

Conclusion

Electron beam diagnostics have been designed to meet two
requirements: i)control and operation of the beam acceleration from
photo-injector to accelerating cavities, and its transport in the U-
tum down to the wiggler; ii)determination of the beam
characteristic parameters, that is, its brightness, obtained from
intensity and transverse emittance measurements, and its
longitudinal emittance, resulting from energy-dispersion and time-
spread measurements. These diagnostics are routinely and
satisfactorily running.

Further developments are planned to measure energy
dispersion and transverse emittance in a single macro-pulse by
using OTR properties.
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Abstract

A beam position monitor (BPM) for Japan Linear
Collider (JLC) is required to have around lum resolution
for injector linac, damping ring, bunch compressor and
main linac, and to have around lOnm resolution for final
focus line. The development study of such a high
resolution BPM has been started. A strip line type pickup
and a one-shot conversion electronics using pulse
stretcher are employed for lum resolution BPM. The
electronics shows 0.35|im resolution for multi bunch and
0.7uxn for single bunch signal. The bench test using
simulated beam pulse on a moving wire confirmed that it
has at least 2.5um resolution. For around lOnm
resolution, a microwave cavity is proposed as a pickup
because of its high induced voltage. The design and
prototype cavity are described.

Introduction

The transverse position measurement is required for
more than 20 multi-bunched beam which has 2xlO10

electrons in a micro bunch with 2.8ns spacing in JLC. A
2x1010 single bunch beam should also include of
consideration for a possible operation. The required BPMs
can be considered of two categories by its resolution. One
should have several \im resolution within 500(j.m from
center during optics tuning and have measurement range
of few mm. The other is a BPM with several nm resolution
for few ten urn region of center. The candidates for those
BPMs are a strip line BPM for the former and microwave
cavity BPM for the latter. The strip line BPM system,
which is an extension of SLAC FFTB's[l], is designed to
meet the requirement for multi-bunch beam. The cavity
BPMs were developed and studied by several people[2,3].
We reconsider it as a high resolution pickup.

Strip Line Monitor

Pickup and Signal Processing Scheme

Figure 1 shows a pickup chamber and signal processing

ICF1H , SMA lend Uirou«tl ICF114

electronics diagram. Strip lines were selected as a pickup
for their enhanced low frequency response which is
almost proportional to the strip line length. After some
compromise with electronics speed, 80mm was chosen for
its length. One end of the strips is shorted to the chamber
wall. The aperture 030mm was determined to have a beam
stay clearance greater than that of accelerator structures.
The electrode transverse dimensions were determined
with the code "POISSON" to present a 50fi characteristic
impedance.

The strip line pulses are 0.5ns apart which corresponds
to twice the length of the strip line. Since the bunch length
is a few millimeters, we can treat the induced signal as
impulses. The expected signal wave form is calculated by
an approximation formula[4] which estimates an impulse
response for long dispersive cables. The impulse areas are
estimated using the charge in the bunch and the beam
coupling coefficient to the pickup electrode. A geometrical
coupling coefficient 0.167 is used.

The processing electronics has two identical channels
for two pickup electrodes and detects signals by
Track&Hold (T&H) circuits. The electronics for two
electrodes which measure one direction consists of a pulse
stretcher amplifier (called Head Amp), T&H, digitization
(NiTNH) and a pulse generator for electronics calibration
(TPG). The signals through the long cables are fed into the
Head Amp, then amplified and stretched by gaussian low
pass filters to get wider pulses with good signal to noise
ratio (S/N). In our case, we have to treat both of multi-
bunch and single bunch. The multi-bunch signal has an
enhancement of low frequency components. It comes from
the frequency components of the train width. The
elimination of the amplifier gain is required for that. The
AM-147 which is the first stage amplifier is skipped for the
multi-bunch case. It introduces 17dB gain reduction in
Head Amp and 2 times S/N enhancement. The outputs of
the Head Amp are connected to the input of the NiTNH by
matched RG-223/u cables. Inside the NiTNH, the trigger
signal is generated from its input. The input signals are
tracked and held at their first extreme by the self-
generated trigger. After holding, they are digitized by 16-
bit ADCs and latched until the read operation is

Figure 1 The strip line pickup and the block diagram of the electronics.
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Y = k

completed. To remove the electronics offset, pedestal levels
are measured in advance during calibration and
subtracted from the readings.

A beam position will be calculated by
V2-Gx*V4

X ~ k V2 + Gx*V4
VI - Gy*V3
VI + Gy*V3 '

where k is geometrical coefficient and Gx and Gy are the
gain ratios V2c/V4c and Vlc/V3c respectively between two
channels, which are obtained by calibration in advance.

For high resolution electronics, the thermal noise in the
signal had to be reduced. For high precision, the
electronics was required to have good linearity within a
dynamic range for off-centered beam. The design effort
was made on the noise reduction, linearity of circuit and
position offset, and it was described elsewhere[l].

Performance of the Electronics

We now have a prototype stripline pickup, a Head Amp
and a NiTNH. The electronics test was carried out by
using a HP pulser. The input signal which simulated only
a single bunch was split into both channels as a centered
beam. The position calculation is done by;

x k t
A ~ K V2 + V4 '

where V2 and V4 were pedestal subtracted, conversion
coefficient k=7854 um was used. The test for multi-bunch
circuit scheme was done by much higher amplitude than
that of single bunch pulse. In order to estimate a
resolution, we made 50 position measurements during
each signal amplitude and took the standard deviation as
a resolution. Figure 2 shows the result of the resolution
measurements. The resolution plot was rearranged by
estimated signal level for 50m length of cables, and plotted
as a function of estimated equivalent beam charge. We can
obtain about 0.7um resolution for 2x10*° single bunch
beam and 0.35um for multi bunch.
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2 Measured resolution of the electronics for 50m
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O.lum precision and repeatability. The test pulse on the
wire was fed using a fast and high voltage pulser of 400ps
width and 450V amplitude. Figure 3 shows a detected wire
position calculated using measured conversion coefficient
as a function of the mover position with 2.5 urn step.
Though the signal amplitude was not enough to get high
resolution because of miss-match into the thin wire, a
wire movement could be easily distinguishable in case of
2.5um resolution.
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Figure 3 Measured wire position by the pickup.

Microwave Cavity BPM

Overview of cavity BPM

Differently from a case of two opposed electrodes which
have to subtract one signal from another for position
detection, the TM110 resonant mode in a cylindrical cavity
automatically does such a subtraction. The amplitude of
excited oscillation is almost proportional to the distance
from a nodal point within a central region. If a beam
impulse current is quite large and its width is enough
short, the amplitude of TM110 excitation is so large that
we can resolve very small beam movement. The key point
of high resolution position detection is to draw a damped
oscillation out from the cavity with low loss as possible as
we can. In order to couple the mode to external load
strongly, we introduced two coupling slots on the wall of
the sensor cavity. Two slots on the one side of wall are for x
direction, and the other with 90 degrees rotation are for y
direction. The slots are located 90 degrees rotation from
the E field maxima couple into external by the H field with
opposite phase each other. The next cavity of thin coaxial
shape placed on the outer side of the sensor cavity is
coupled by the two slots. This cavity works as a resonant
wave guide excited by the two coupling slots with 180
degrees opposite phase. Since the fields excited with the
same phase on the two slots cancel out in that cavity, it
works as a common mode rejection cavity at that
frequency, also works as a band pass filter. The signal
comes out from the common mode rejection (CMR) cavity
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is then drawn into a rectangular wave guide and band
pass filter, then into coaxial cable. The common mode
rejection is necessary because that it is detected as a
background signal which does not depend on the beam
position. If there is a common mode leakage into the
TM110 difference mode position signal, the node point will
be shifted and the detected position will walk around
independent with the beam position. The design details
will be described elsewhere[5].

Expected signal amplitude and resolution

The frequency of TM110 mode in the sensor cavity was
chosen to 6426MHz which is 18th harmonic of bunch
spacing frequency. It is also chosen apart from the
harmonics of accelerating frequency 2856MHz in order to
avoid interferences with leakage fields of an accelerating
rf power and parasitic excitations by a dark current. The
peak excitation amplitude Vc of TM110 in a pillbox cavity
(radius b=27mm, height h=10mm) can be estimated by
using impulse excitation on a equivalent circuit, that is;

Vc = co (R/Q) Mb T q0 ,
where

co : a TM110 angular frequency,
R/Q : shunt impedance of TM110,

D « 2;h T max , ,
R/Q= ~~ (Ji 'Ji(poi))

rabpn

= 28.8Q ( ;=376.7£i),
Mb : beam coupling coefficient,

A is the beam position from the center,
T : beam transit time factor,

_ sin(kh/2)
1 ~ kh/2 '

qo: beam charge.
For the nominal charge of 2xlO10 single bunch, Vc will be
0.42 mV for 1 nm beam displacement. If we can succeed
the common mode rejection, the spatial resolution we can
get is determined by a thermal noise in a circuitry which
will be comparable or smaller than the signal.

Signal Detection Scheme

The TM110 signal comes out from the CMR cavity is
rectified by a synchronous detection circuit. The reference
signal which is used for synchronous detection is obtained
from another pickup. A synchronous detection is
necessary to identify a polarity of position displacement.
After the rectification, the peak amplitude of the signal is
sampled and held, and then digitized. Several filters are
used to reject unwanted frequency components. Since the
signal is lost due to coupling out to transmission line from
the cavity, filtering loss, coaxial cable loss and
synchronous detection loss, low noise amplifiers are
required to obtain a high signal to noise ratio.

Prototype cavity BPM

Figure 4 shows the prototype BPM cavity for a cold test.
It consists of four pieces; two are coaxial cavities for
common mode rejection and filtering, one is TM110 sensor
cavity which has one end plate with two coupling slots,
and the rest is an another end plate of sensor cavity. The
CMR cavities have coupling windows which couple to
rectangular wave guides. The dimension of wave guide is
34.84 mm width by 10 mm height. The width is taken to
match with WR-137 in order to use standard components.
So the cutoff frequency is 4.29 GHz which cut out lower
side of TM010 common mode resonance (4.36 GHz). The
frequency of TM110 is measured to 6.38 GHz and Q L I S
about 510. The first study was concentrated on the
common mode rejection. Though the dimensions of CMR
cavity were determined to couple and to resonate 6.4GHz
TM110 mode by a differentia] excitation, it had a common
mode resonance in neighbor (6.0GHz and 7.6GHz). So the
obtained common mode rejection ratio (CMRR) was -7dB
at the target frequency. To obtain high CMRR we tried to
use CMR cavity with dual coupling port on both sides and
made CM rejection by external anti-phase combiner. In
this case, dual port CMR cavity itself had -18dB rejection
rate, and total -48dB rejection was obtained with additional
external anti-phase combiner. The further study will be
going on to get nm resolution.

TM1 ] 0 sensor cavity

common mode
rejection cavity
<XK

:oupling slot

Figure 4 Prototype cavity BPM for cold test.
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Abstract

The KEK 40Me V proton linac comprises a pre-buncher,
the first tank (750ke V to 20MeV), the second tank (20MeV
to40MeV) andade-buncher. As routine operation, negative
hydrogen ion (H) beams of 5mA with abeam pulse duration
of about 80(is are accelerated and transported to the Booster
Synchrotron. In April, 1992, negative deuterium ion (D)
beams of about 2.5m A were accelerated under the 47t-mode
operation.

At present, in order to accelerate H' or D beams, the ac-
celerating field strength in each of the four cavities and the
phase differences between the cavities are manually tuned
by watching many beam monitors installed on the transport
lines. Operation of the KEK 40MeV proton linac has
therefore not been very easy. An RF control system with a
feedback (ALC and PLL) system has thus been developed
in order to stabilize the accelerating RF-fields and to deal
with the acceleration mode, which would be used to select
parameters of the accelerating field for the acceleration of
various particle beams.

This report describes the RF-control system under de-
velopment and the tested results.

Introduction

At the KEK-12GeV Proton Synchrotron (KEK-PS), un-
der routine operation, proton beams are accelerated up to
the 500MeV, with an average intensity of about 1.6-1.7 x
10l2pps,and then supplied to the Booster Synchrotron
Utilization Facility. A proton beam accelerated up to an
energy of 12GeV is transported to the Counter Halls for
high-energy physics experiments. On the other hand, deu-
teron beams were successfully accelerated up to an energy
of 11.2GeV on January 30th in 1992". In April, 1992, the
acceleration of deuteron beams were being carried out as
routine operation. The 40MeV proton linac has thus sup-
plied not only H'beams of 5m A with a beam pulse duration
of about 80u.s but also D beams of about 2.5mA to the
Booster Synchrotron as routine operation.

Recently, as one candidate future plan of the KEK-PS, a
PS-collider, which is an accelerator machine used to ac-
celerate and collide heavy ion beams, has been proposed2).
Therefore, in the future, the KEK 40MeV proton linac
would accelerate not only Hand Dbeams, but also heavy-

ion beams: For examples, polarized Dbeams, oc-particles,
carbon ions and so on. It is thus very important to reconstruct
the RF-control system for ease of operation of the 40MeV
proton linac.

Now, a new RF-control system has been designed to
stabilize the accelerating field and to deal with the accelera-
tion of various ion beams.

Present RF-System

After completing the linac upgrade to 40MeV, and then
successfully operating the 40MeV proton linac,3) some
components of the RF-system have been improved. The
two stage RCA 7651 amplifiers were replaced by a lOkW
all solid state amplifier.

r

Fig. 1 Block diagram of present RF system for
the KEK 40MeV Proton Linac

Fig. 1 shows a block diagram of the present RF-system for
the 40MeV proton linac. As shown, the phase differences
between the cavities have been tuned using a trombone
phase shifter. The accelerating field strength has been
manually controlled by tuning the anode voltage of TH516
at the final stage of the RF-amplifiers.

Beam Monitors, Tuning and Operation

The beam monitors installed on the transport lines have
been used to adjust the phase and amplitude of the accel-
erating field in each of the cavities.
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Fig.2 Layout of the KEK
Proton Linac and
the Beam Lines

Fig.2 shows the beam monitors in the 20 and 40MeV
transport lines. Toroidal current monitors (CT), multiwire
profile monitors (PR), destructive coaxial- type bunch
monitors and a conventional magnetic analyzing system
were installed. Recently, in addition to these monitors,
nondestructive bunch monitors (one turn toroid with an
amorphas core and pick-up electrodes), velocity monitors4',
a loss monitor system and the emittance monitors were
designed and have been installed.

The energy of the centerof beam bunches depends on the
accelerating field in each tank as well as the phase differ-
ence between two tanks. At the beginning of routine op-
eration, the variation of energy with the accelerating field
strength and the phase difference has thus been measured
with velocity monitors. The momentum of the 40MeV
beam is strongly affected by the accelerating field. Since
the momentum distribution is also very sensitive to the
characteristics of the accelerating field, the momentum
distribution has been measured using a conventional
analyzing system. The usual momentum spread has been
within ±0.15% . Finally, the beam losses have been inves-
tigated using the loss monitor system installed around the
proton linac and near to the transport lines.

Sometimes, to observe the microscopic beam bunches,
the destructive coaxial-type bunch monitor was used. The
bunch length was usually less than 72°. The capture effi-
ciency of the second tank was measured with the phase
differences between the first and second tanks. The ac-
ceptable phase width was about 40° under the normal ac
celerating field strength in the two tanks.

From our experience in tuning the KEK 40MeV proton
linac, the characteristics of the 40MeV beam is very sensi-

tive to the phase differences and the accelerating field
strength. Therefore, a phase-lock system (PLL) and an
auto-level control (ALC) should be made and installed in
the RF-system.

New RF-Control System and Test

A new RF-control system was designed in order that the
RF-system can be easily controlled against the acceleration
of various particles and the high-power RF-field supplied
to the cavities with high stability and reliability. Fig.3
shows the designed RF-control system. This system com-
prises two loops (ALC and PLL) and mode-selector cir-
cuits. The ALC and PLL systems are useful for controlling
the accelerating field strength and the pulse phase . The
mode selector would be used to set up phase differences
between the cavities. Therefore, in the future, some mode
selectors will be combined with a big feedback loop to
control the total RF-systems for the 40MeV proton linac.
The 'mode select' will thus correspond to the requests
against the acceleration of various particles, the beam
intensity, the beam pulse duration and the beam velocity.

The ALC and PLL systems shown in Fig.3 were exam-
ined. In order to evaluate the ALC system, the accelerating
field in the second tank was varied with the anode voltage
of TH516 tube. Fig.4 shows the dependences of the accel
erating field strength with or without the ALC system. As
can be seen, the variation of the accelerating field was
decreased to 1/10 by ALC. We also tried to accelerate an H
beam with the ALC system. However, Beam loading effect
was not completely cancelled using only the ALC because
of the time lag of the accelerating field excited in the cavity
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Fig.3 New RF-Control system
with a high Q-value of about 64000. Therefore, in addition
to the ALC system, the RF-pulse for compensating the
beam loading was applied in advance. The examined results
are shown in Fig.5. As can be seen, the accelerating field
was kept constant during the beam pulse duration.

TANK-2 FIELD LEVEL versus 516 Ep
1.55-

q
3

30 30 5 31
516-2 Hp(kV)

Fig.4 Evaluation of the ALC

(l)ALConly (2)ALC+Compensation
Fig.5 Tank field and pulse beam

upper: Tank field (6.7%/div)
lower : pulse beam (2mA/div)

The PLL system has worked well in spite of
the phase lag in the cavity .The phase shift due
to beam loading was below a few degrees5' and
the phase shift caused by an extra compensa-

1 -* tion pulse was also not very large .Therefore,
the PLL would not effectively cause the phase

J » n lag in the cavity.
The results measured with/without the PLL system are

shown in Fig.6. As shown in Fig.6, the phase shift in the
pulse beam duration was decreased within 1 ° with the PLL
system.

From these results it was concluded that the ALL and
PLL systems operated well and that an extra compensation
pulse against beam loading should be fed in advance. We
are now trying to operate the RF-control system, including
the big feedback loop, with the mode selectors.

(1) PLL off (2) PLL on
Fig.6 Effect of PLL

upper: phase (2.5deg/ div)
lower: pulse beam (2mA/div)
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Abstract

At the KEK 40Me V proton linac, beam velocity monitors
were designed, constructed and then installed in the beam
transport lines in order to measure the velocity of negative
hydrogen and deuterium beams, nondestructively. It com-
prises a pair of bunch sensors (one turn toroid with an
amorphas core), 201 MHz band-pass filters and a phase
detector. The measured results are consistent with those of
the conventional magnetic analyzing system. This monitor
is very useful to tune an accelerating field strength in the
tank and to control the phase difference between two tanks.

Introduction

At KEK, a conventional magnetic analyzing system has
been installed at the 40MeV transport line in order to
measure the momentum spread and the energy of negative
hydrogen beams accelerated with the 40Me V proton linac.
This system comprises a pulsed bending magnet, a DC
bending magnet, a slit, an analyzing magnet, a foil (for
stripping electrons) and 94 charge collectors. The relation
between the slit and the collector was fabricated based on
Barbahr's law. The system is thus big and very compli-
cated.

Further, to measure the momentum of accelerated beams,
almost all of the beams transported to the analyzing course
were stopped on the slit and collectors. Therefore, the
residual radio activities around the system have been in-
creased.
The KEK 40MeV proton linac comprises a pre-buncher,

the first tank, the second tank and a dc-buncher. In general,
the momentum and its distribution are very sensitive to the
accelerating field in the cavities. It is therefore very impor-
tant to control the accelerating field strength as well as the
phase differences between the cavities. It is very useful to
nondestructively measure the velocity of the beam accel-
erated with each of the cavities.
We designed a velocity monitor system, and have
installed it at the transport lines.

TOF (time-of-flight) method

In general, in order to measure a velocity of the beam

particles, the time-of-flight method is used. '• ;

The velocity (p) divided by the velocity of light is given
by

(3=L/(xxc),
where L, c and x are the distance between two bunch sen-
sors, the velocity of light and the time of flight, respec-
tively.

A pulse beam accelerated with the KEK 40McV proton
linac is beam bunched with a repetition rate of 201.068MHz.
Therefore, it would be very difficult to measure the time of
flight at a repetition rate of 201 MHz. We thus measured the
phase differences between the beam bunches and ones
travelling at a distance of L instead of the time of flight.

It is considered that the beam bunches are combined by
several frequency components with a multiple of the main
frequency of 201 MHz. In general, after the beam travels a
distance of L, the shape of the beam bunches varies because
of the momentum spread in the bunches. Therefore, al-
though the higher frequency components included in the
beam bunches vary, the main frequency component remains
constant if there is no beam loss. We thought that an
investigation of the 201 MHz component in the bunches
would yield much information concerning the behaviourof
beams accelerated with the cavities. The amplitude corre-
sponds to the intensity of the beam bunched and the capture
efficiency in the last cavity. The phase difference between
bunches corresponds to the momentum of the center of
bunches. On the other hand, the variation of the higher
frequency components would be due to debunching of the
beam bunches.

We measured the phase difference of the 201MHz com-
ponent in order to observe the beam velocity. It is given by

(3=(Lx 3 6 0)/(<je&),
where Xis the wave length (201.068MHz) and <J) (degree)

the measured phase difference.

Velocity Monitor System and Test

A block-diagram of the velocity monitor system is shown
in Fig. 1 .This system comprises two bunch sensors, 201 MHz
band-pass filters and a phase detector.

In order to observe microscopic beam bunches, a bunch
monitor with a wide frequency range of above a few GHz
would be required.

112



..no—OUT

EAM

Fig.l Block diagram of velocity monitor

Therefore, we designed two types of bunch monitors. One
of them is a one-turn toroid with an amorphas core (type
NA-40, TDK ctd). Fig.2 and 3 show the frequency charac-
teristics and the pulse response.
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Fig.2 Frequency characteristics of one turn toroid

The other is a pick-up electrode type, which comprises a
cylinder split into four electrodes. This split prevents the
electromagnetic waves induced by bunched beams from
propagating tangentially, and a higher frequency response
would thus be expected. The pick-up electrodes will also be
used to measure the position of the beam bunches. These
monitors have been installed on the beam transport lines.

Fig.3 Pulse responce of one turn toroid
(upper: input, lower: output)

As can be seen in Fig. 2 and 3, although the one-turn toroid
does not have such a wide frequency range to measure
microscopic beam bunches ,it was sufficient to pick up the
201 MHz frequency component from the beam bunches.
The toroidal monitors were thus used as a bunch sensor
against the velocity monitor system.
The signals picked up by the bunch sensors are transmitted
through a phase-stable coaxial cable
(~105/° C, Mitsubishi cable ctd) into the local control
room.
Then, the signals through the 201 MHz band-pass filters

are divided into two paths in order to detect the amplitude
of the 201MHz component and to measure the phase
difference.
In the phase detector, the input signals are down converted
to 1MHz and then into the logic signal level (ECL). Phase
detection is carried out under the logic signal. The de-
pendence of the phase on the amplitudes of the input signals
were observed. The accuracy of the velocity monitor was
less than ±1°.

, . . . ...I, , .

20MeV Monitor
(0.34MeV/V)
(2029McV u 0V)

4O.VfcV Monitor
,4 (0.64MeV/V)

(41.38.VteV.lOV)

(l)H-beam

20MeV Monitor
(0.08McV/V)
(9.837MeV at OV)

, 40MeV Monitor
+ (0.14MeV/V)

(!8.78MeVitOV)

(2)D"beam L !
Fig.4 The measured results using Velocity Monitors
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The developed velocity monitors were installed on the 20
and the40Me V transport lines. The variation in the velocity
in the beam pulse duration was measured with these moni-
tors. The measured results arc given in Fig. 4.
To compare the energies measured by the velocity monitor
with those measured by the conventional magnetic analyzing
system, the energy of the beam was changed with the
accelerating field strength in the cavities.

Fig.5 shows the measured result. The open circles in
Fig.5 indicate the center of mass in the momentum distri-
bution measured by the conventional analyzing system.
The results measured with the velocity monitor were con-
sistent with those measured with the analyzing system
within ±0.1%. The disagreement between the two data
given at the ends of Fig.5 might be due to the limits to the
sensitivity of the collectors and/or a decrease in the ampli-
tudes of the 201 MHz component.
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Fig.5 Comparison the results of a velocity monitor

with those of the analyzing system.
(l)Energy changed by the first tank
(2) " by the second tank

Conclusion

We designed a new velocity monitor and installed at the
transport lines. The velocity monitor comprises very sim-
ple one-turn toroids, 201 MHz band-pass filters and a phase
detector. The filter and the phase detector are necessarily
used to control/tune the pulse high power RF-field.This
monitor system is thus very simple and inexpensive; the
measured results using this system were consistent with
those determined using the conventional analyzing system.
At the beginning of routine operation, this monitor system

was used to adjust the accelerating field in the cavities.
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Abstract

Industrial applications of a control system package have
extended from industrial research to process control. While
the requirements of these applications have much in common
with accelerator controls, there are always extensions,
different emphasises, and additional requirements. These
often add to the applicability of the software in all fields and
certainly keep the development team challenged. This paper
will discuss some of the influences that industrial
applications such as power distribution monitoring, casting
and rolling mills, and aircraft engine testing have on software
originally designed for scientific research. We will also
briefly discuss some of the differences in the software
development process between development for in-house use
and development for sales and industrial use.

History of Vsystem

Vsystem is a commercial control systems toolkit that
traces its roots to control systems developed in the
Accelerator Technology Division of the Los Alamos National
Laboratory. The system was commercialized three years ago
by Vista Control Systems, Inc. The software has grown
dramatically in those three years in response to the needs of
the customer base using Vsystem. The Vsystem toolkit
consists of

• Vaccess A real-time networked database that
provides extensive capabilities for
monitoring and storing a current view of the
system

• Vdraw A graphical interface builder and viewer
for displaying the data in the Vsystem
database

• Vscript A natural language scripting facility with
specialized programming knowledge that
is based on the client/server model for
interacting with the Vsystem database

• Vlogger A data archiving facility

• Vscan A utility for scanning hardware and
maintaining the view of the system in the
Vaccess database

• Valarm An alarm reporting and monitoring
facility

• Vtrend A new tool for viewing files generated
by Vlogger

More complete descriptions of Vsystem may be found in
"The Influence of Industrial Applications on a Control
System Toolbox"! 1].

Recent Status

Applications have been found for Vsystem in an ever
growing number of industrial applications, in addition to a
large number of accelerators and other large physics research
projects such as tokamaks. The new areas of industrial
application include industrial power distribution monitoring,
industrial process control, aircraft engine testing, FM
transmitter monitoring, and toxicology testing. In recent
years, the mix of Vsystem sites has been shifting away from
an exclusively scientifically oriented customer base to a more
even mix of industrial and scientific sites.

Industrial Influences

Ease of Use

In scientific applications such as accelerators, a higher
level of computer literacy is assumed and user interfaces can
be designed with this in mind. In industrial applications, the
user/operator of the control system may have no familiarity
with computers. In fact, in some industries, union
agreements discourage access to any keyboard for the
computer interface. If the union member were required to
use a computer keyboard, his grade would have to be
changed to a higher level. Also, some industrial applications
physically and environmentally preclude the use of
keyboards. For an application such as this, Vdraw, the
graphical interface builder for Vsystem, was modified so that
the complete graphical interface could be used without
requiring a keyboard. The primary effect of this requirement
was to extend the capabilities of Vsystem menus. Figure 1
shows an example keypad that allows users to enter
numerical values and perform other operations by clicking
the mouse pointer on the control window.

Control system use by individuals unfamiliar with
computers and with little time to learn Vdraw led to the
addition of default settings for all of the control tools in
Vdraw so that users could build standard looking screens
without needing an in-depth knowledge of all of the control
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tool options available. This enhancement was a requirement
of a client for automobile testing.
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Figure 1. This keypad was modeled after one
created by an industrial client who needed
keyboard functionality without requiring
access to a keyboard.

Visualization

In this important area, industrial applications have had
strong impact on the Vsystem control toolkit. To provide the
most meaningful information to the engine tester, the bar
object of Vdraw was enhanced to have a number of
additional attributes that customize the manner and amount of
information displayed by the bar object. For another
industrial application, the strip chart object was similarly
enhanced. One particular enhancement to Vdraw that has
direct bearing on most accelerator applications is the addition
of an imaging capability to render multivariate data.

Similarly, the alarm management utility, Valarm, has bad
color customization added to display alarms in user selectable
colors so that the colors used can match the corporate error
color specifications.

Reliability

While future generations of accelerators will require
extremely reliable systems, this requirement is quite common
now in industry and has been the driving force behind Vista
Control Systems' quality control procedures. In industry, a
few hours of downtime for the control system can cost
millions of dollars and this cannot be tolerated. The
industrial power monitoring system needs reliability on the
order of 104. This order of reliability will also be needed by

the Superconducting Supercollider and other large accelerator
projects. Vista has addressed these high reliability
requirements by adopting a longer in-house and field test
cycle so that a greater percentage of the problems can be
detected before the software is released. Also, to adequately
track customer difficulties and assure that they are addressed
in a timely manner, an internal problem tracking system was
developed.

Speed

Industrial process control applications are every bit as
demanding of performance as accelerator control systems.
Industrial process loops for several industries need to run on
millisecond time scales and throughput requirements can be
very high with requirements to process hundreds of points at
rates up to 100 Hz. Vsystem has been extensively optimized
and routines have been added to perform lists of database
access, thus greatly reducing the function call overhead.

Industrial applications also require high speed graphics
processing. The speed of plotting capabilities have been
greatly increased because of the requirements of the engine
test facilities. This requirement was handled by adding a fast
complement mode to Vdraw's graph control tool that
increases the plotting speed by a factor of five. Along with
the increased graphics requirements is the need to quickly
print the graphically displayed data. This area also has been
enhanced in Vsystem as the result of explicit requests from
industrial customers.

New Capabilities

The industrial environment has been a fruitful
environment for developing requests for new Vsystem toolkit
components. The latest component to be added is Vtrend, a
history and trending application for viewing the logged data
generated by Vlogger. Additionally, there are many other
extensions to Vsystem that are on the future development list.
Among these are Statistical Process Control and Statistical
Quality Control components, interfaces to commercial
relational databases, interfaces to industrial analysis packages
and more extensive report generation facilities. All of these
enhancements to Vsystem are geared toward industry and
have little impact on accelerator control systems.

Commercial Versus In-house Development

One of the primary differences between development of a
commercial control toolkit versus a control system developed
for in-house use is that there are different levels of
expectations on reliability. Although this is changing with
the ever increasing reliability expected from accelerator
control systems for each succeeding generation of
accelerators, commercial systems are expected to be error
free. In industry, a failure in the control system can cost
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many millions of dollars. This translates into extensive
internal testing and field testing of a commercial control
system. At Vista Control Systems, a substantial fraction of
the development process is spent in the test phase.

Another difference between commercial and in-house
control systems is that with the commercial systems being
used in such a wide variety of industries and applications,
consistency between releases must be maintained. In an
in-house system, the effects of a change in behavior can be
estimated because the use of that function is known. In the
commercial setting, our experience is that applications and
uses will be found for the system that were never anticipated
when the control system was first designed. This translates
into having many configuration options to maintain old
behavior while adding new behavior that may be at odds with
the old behavior.

As an example, Vsystem provides an interface to write to
the hardware when a channel in the database is changed.
Originally, the database value was changed and then the new
value was written to the hardware. However, this leaves
incorrect data in the database if there is an I/O failure. This
prompted Vista to add an option allowing the hardware to be
set prior to setting the database value so that failures could be
trapped and the database and hardware would always be
synchronized.

Interoperability is also a vital component for the
commercial market. Commercial systems may have very
long lives between system upgrades and different systems
must be able to smoothly intemperate. This requirement is
still being addressed at Vista. Components of an
interoperability strategy are being put in place.

Summary

The experiences of Vista Control Systems, Inc. with
Vsystem demonstrate the fruitful interactions that can exist
between industrial control applications and control systems
designed for use in accelerators and other research
applications. The thrust of this paper has been to describe the
effects of industrial applications on a control toolkit. It is
certainly not meant to imply that there have been a lack of
influences from the accelerator and scientific community.
The requirements of the two types of applications are not as
different as might be expected and both fields contribute
ideas and functions that can benefit each other. This synergy
between industrial applications and scientific research is a
major benefit of a commercial control system toolkit versus
in-house development.
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Abstract

The architecture of the GTA control system, the nature
of a typical GTA commissioning activity, and the varied
interests of those analyzing the data make it challenging to
develop a general-purpose scheme for archiving data and
maJcing the data available to those who will use it. Address-
ing the needs of those who develop and trouble-shoot hard-
ware and software increases the challenge.

This paper describes the aspects of GTA that affect
archiving operations and discusses how the features of the
EPICS archiving module meet a variety of needs for storing
and accessing data.

Introduction

At the Ground Test Accelerator (GTA), much of the data
acquisition and control uses the Experimental Physics and
Industrial Control System (EPICS) [1]. The actual data
acquisition and control occur on a distributed network of
Input/Output Controllers (IOCs), each running EPICS. Each
IOC has its set of hardware input and output channels as well
as a set of 'soft' channels. The number of channels in the
various IOCs ranges from a few hundred to many hundreds.
The sheer number of channels is one of the first challenges to
archiving at GTA.

Only a small fraction of the channels in an IOC are use-
ful for analyzing the physics of GTA. In some cases, there
are several channels that appear to provide a needed piece of
information. This usually happens when 'soft' channels are
used to alter the raw data in some way—by smoothing, aver-
aging, or applying an offset, for example. In these cases, a
controls engineer is needed to specify which should be used;
an incorrect choice by a casual user would invalidate the
analysis of an experiment.

Data can be requested from EPICS in several ways. The
two of most interest for archiving are 'on each system trig-
ger' and 'whenever the value changes.' The first method is
needed for channels associated with beam-related informa-
tion, such as current or position. The second method is use-
ful for other channels, such as those that measure
temperature or pressure. With a beam repetition rate of 5 bz,
archiving a large number of beam-synchronous channels for
an extended period of time produces a very large volume of
data.

The last item on the list of challenges to archiving is the
isolated nature of the GTA network. The IOCs are on a clas-
sified network that is separate from the unclassified network

* Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.

accessible from most users' offices. Archived data resides
on the classified network in files on Sun workstations. Most
of those who analyze archived data work on Macintosh com-
puters attached to the unclassified network. In order to let
these people concentrate on physics issues, an effective,
painless way is needed to transport the data between the two
networks and transform the data into a form accessible to the
Macintosh's.

A brute-force approach to archiving would just save
everything that is available. For GTA, this would quickly
overwhelm both the network and disk space, as well as being
a burden to those who are trying to find data for a particular
set of channels for a particular time period. In addition, this
approach has the risk that a particular channel will be used
for inappropriate purposes. And, finally, the mountain of
data would bog down most mechanisms for moving data
between the two networks.

The evolution of the EPICS archiving module, and the
evolution of how it is applied to GTA's needs, have
addressed many of the challenges presented above. The
objectives have been to minimize the impact on network
loading and disk space utilization and to minimize the need
for 'guru' involvement in using the archiving software.

Commissioning

GTA commissioning activities are often focused on suc-
cinct questions, such as "How does RFQ position affect
beam position?" Typically, one or several parameters will be
changed and then a 'synchronous snapshot' will be initiated
to archive a few dozen samples. The samples in a synchro-
nous snapshot are correlated by time. The advantage in
archiving such a snapshot is two-fold: occasional erratic data
can be filtered out; and variations in data behavior can be
measured and studied. The product of this sampling process
is a file containing a set of synchronous snapshots. In most
cases, analysis focuses on the mean and standard deviation
for each snapshot; occasionally, a study requires the actual
data.

Archiving real-time data

Prior to a commissioning activity, the commissioning
team addresses several issues:

1) What channels should be archived? In many cases, a
generic list of channels will be used. For special commis-
sioning activities, a special list of channels may be devel-
oped. When a new module is being commissioned, the
channel name for an item may have changed, which requires
a change in the list.

2) How many samples should be in a snapshot? Often, a
snapshot is considered to be a fixed number of samples.
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Some other number is sometimes used. Occasionally a snap-
shot is based on time, such as "take however many good
samples are obtained in 30 seconds."

3) What special restrictions should be applied to sam-
ples? Typically, a sample for a beam pulse is required to
have a value for each channel; if one or more channels didn't
report a value for the beam pulse, then the sample is dis-
carded. Other conditions can also be applied. For example,
if the beam current is below a threshold on a particular beam
pulse, then the sample for that beam pulse can be discarded.

These criteria, and others, are stored in the file that
guides the archiver. This control file serves as a permanent
record of what channels were archived and what criteria
were used in the archiving. It and the archive data file are
kept together until they are written to tape and then deleted
from the disk.

When the GTA operator initiates a snapshot with a
mouse click, the archiver begins accumulating synchronous
samples, subject to any restrictions specified in the control
file. Since the IOCs are on a network, the arrival times of
data at the operator workstation are unpredictable; the
archiver copes with this condition to accomplish time corre-
lation, based on the time-stamp attached to the data in the
IOC [2]. If any temperatures, pressures, or other slowly
varying parameters are being archived, the archiver incorpo-
rates these values in a special way into the synchronous sam-
ples. When the snapshot is complete, the operator is
informed of the number of samples and the time range of the
data.

Retrieving archived data

Following the commissioning activity, the control file
and the data file are copied to tape and subsequently loaded
onto disk on the unclassified network. The retriever, which
extracts information from the data file, is most often used
just to read the values for a small subset of channels and
write the values to a text file that can be read by Microsoft
Excel on Macintosh workstations.

This 'export' process is controlled by a script file that is
part of the larger script that is used for loading the tape onto
disk. Each physicist can have an individually tailored script
that is automatically executed when the tape is loaded. This
procedure makes the data easily available for analysis, with-
out the analyst needing to lake any special action.

A choice is available for exporting either the actual data
or snapshot means and standard deviations. Using the latter
produces smaller files, which are quicker to upload into the
Macintosh and which don't use as much memory and other
workstation resources. Some analysts choose other tools to
do their analysis—these can also read the exported text files.

The retriever program, which runs on a Sun worksta-
tion, can also perform other functions. It can print data in
textual form and plot it in a variety of ways. The printing
and plotting can be for either raw data or for means and stan-
dard deviations. In some simple cases, all of the desired pro-
cessing can be accomplished with the retriever.

As information is gained about the data, that informa-
tion can be stored in the control file as a permanent record
associated directly with the data. For example, analysis
might show that an error has occurred in surveying the loca-
tion of a beam position monitor. Comments can then be
entered in the file indicating that an offset should be applied
to beam position values. The retriever supports viewing,
editing, and printing the control file, with the comments that
have been added.

Development and Trouble-shooting

Both the archiver and the retriever are used in other con-
texts than commissioning activities. The software is useful
for checkout during the development of both hardware sub-
systems and software programs. The archiving software has
also been valuable for trouble-shooting activities.

For some activities, synchronous snapshots aren't
appropriate for archiving. For example, data from some of
the channels (such as temperatures and pressures) may be
intermittent, rather than on every system trigger. For these
cases, each channel is archived as an independent stream of
values, saving each change in value. With this approach, the
data can be scrutinized later to understand how the channels
are actually behaving.

Intermittent problems can be diagnosed by having the
archiver trigger the sampling process based on some data
condition. The archiver holds incoming data in a 'pipeline',
so that it's possible to store data both prior to and following
the trigger condition.

For either approach, the retriever supports printing and
plotting data, as well as exporting the data for use by other
programs.

Utility logging

Some GTA hardware subsystems are monitored around
the clock as a routine part of operations. The vacuum sub-
system and cryogenic subsystem are two examples. For this
purpose, the archiver periodically samples the channels of
interest; ten minutes is a commonly used sampling interval.

Application programs

The design and implementation of the EPICS archiving
software have placed a high priority on modularity and code
reusability. Other programs can use selected parts of the
archiving software without the need to 'reinvent the wheel.'

For example, the EPICS operator interface software
uses parts of the archiving software to acquire synchronous
data and plot it on the screen.

As another example, the GTA application program that
automates the transmission scan of the RFQ uses the
archiving software to save the transmission scan data on the
disk in a form that can be accessed by the archive retriever.
Not only does this exploit reuse of the archiving code, but it
also allows unifying the procedures for handling experimen-
tal data—the same procedures used for archiver data also
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allow making data from applications programs available to
experimenters who use Macintosh workstations.

Conclusions

The unparalleled state of the art capabilities of EPICS
[1] provide a superb foundation for data archiving. These
capabilities include EPICS' software bus (Channel Access),
its distributed database architecture, and its modular archi-
tecture. These features directly support the implementation
of programs, such as the EPICS archiver, which operate in
the extremely powerful client/server mode.

The EPICS archiving module is the basis for a robust
system for handling GTA data. Through the use of UNIX
scripts, the needs of experimenters, developers, and opera-
tions personnel are served. The focus of the archiving soft-
ware is on power, efficiency, and flexibility in saving real-
time data to disk and in later retrieving data from disk. The
rudimentary processing capabilities are adequate for many
needs; where more involved processing is required, or where
publication quality displays are needed, support is provided
for exporting data to more sophisticated processing tools.
With this approach, the investment in the archiving software
is lessened, and data analysts are enabled to use the tools that
are specially tailored to their analyses.

Appendix A

Archiver features

1) handles numeric, discrete, text, and waveform chan-
nels

2) takes samples as data streams, as synchronous snap-
shots, or as periodic 'grab samples'

3) sampling can be triggered by operator demand, on a
data event, or periodically

4) for synchronous snapshots with sampling triggered
by a data event, archiving of data can begin prior to the event

5) for synchronous snapshots, assembling time-corre-
lated samples compensates for variations in arrival time; also
compensates for slightly different notions of time-of-day in
the IOCs involved; non-synchronous channels can be speci-
fied to receive special treatment to simulate synchronous
channel behavior

6) for synchronous snapshots, samples can be included
or excluded from synchronous snapshots depending on the
values of channels in the sample

7) data can be stored in either a binary form that opti-
mizes disk and network utilization or in a text form that pro-
vides very high immunity from network or computer crashes

8) supports checking the quality of synchronous snap-
shots, especially with regard to detecting channels that aren't
beam synchronous

9) can be operated in interactive mode, script mode, or
as a server that starts running when a workstation boots

10) in all modes of operation, setup for archiving is
obtained from an archive control file; in interactive mode,
directly supports editing and testing of the control file

Archive retriever features

1) retrieves data from any of the forms produced by the
archiver; retrieval can be 'on the fly' to allow viewing
recently archived data, without needing to stop the archiver

2) can also retrieve real-time data directly, without need-
ing to go through an archiving step

3) allows specifying the channels to retrieve, the file
position to start retrieving, and number of samples to retrieve

4) a retrieval always produces time-correlated samples,
regardless of the source of the data; slight variations among
IOCs' notion of time-of-day are accomodated; non-synchro-
nous channels can be specified for special treatment to simu-
late synchronous channel behavior

5) printing, plotting, and exporting can use either the
raw data or means and standard deviations for snapshots

6) prints data in textual form, with alarm status for each
point; width of column, number of columns per line, and font
size can be specified; if channel name exceeds column
width, it is folded and printed in several lines

7) plotting can be with lines, marks, or points, optionally
showing the alarm status for each point; when plotting is for
means and standard deviation, error bars can be plotted; plot-
ting can be value vs time, value vs value, or value vs sample
number; axis scaling can be based on channel operating
ranges, ranges of data values, or user-specified ranges; plots
can be shown on individual grids or on a shared grid; for
plotting on a shared grid, lines are automatically distin-
guished by color or dashed line pattern, depending on the
plotting medium; plots can be on screen, to a PostScript
printer, or to an Encapsulated PostScript file

8) the retrieved data can be exported to disk file; alarm
status for each point can optionally be written; file can be in
spreadsheet format or in archiver text file format; new export
formats can easily be added

9) allows interactive selecting of channels to retrieve,
interactive modifying of the list, and saving the list to a file
for use in subsequent retrievals

10) can be operated in interactive mode or script mode
11) in both modes of operation, the archive control file

can be used as the primary retrieval control file, to avoid the
need to explicitly specify the name and type of the archive
data file; in addition, the retriever supports editing the
archive control file, primarily as a means for capturing anno-
tations about the data.
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Abstract
A linear accelerator contains many systems; however,

the most complex and costly is the RF system. The goal of an
RF system is usually simply stated as maintaining the phase
and amplitude of the RF signal within a given tolerance to
accelerate the charged particle beam. An RF system that
drives a linear accelerator needs a complete system specifi-
cation, which should contain specifications for all the subsys-
tems (i.e., high-power RF, low-level RF, RF generation/ dis-
tribution, and computer interface control). This paper de-
fines a format for the specifications of these subsystems and
discusses each RF subsystem independently to provide a
comprehensive understanding of the function of each sub-
system. This paper concludes with an example of a specifica-
tion spreadsheet allowing one to input the specif icat ions of a
subsystem. Thus, some fundamental parameters (i.e., the
cost and size) of the RF system can be determined.

INTRODUCTION
An linear accelerator (LIN AC) consists of five subsys-

tems; ion or electron sources, accelerating structures, RF,
beam diagnostics and interface and controls. Using this ter-
minology, a system configuration block diagram is illustrated
in figure 1. A review of the linear accelerators and the sys-
tems that compose a LIN AC is presented in numerous pa-
pers [1]. This paper will focus on defining the essential pa-
rameters that derive an RF subsystem by including funda-
mental parameters of the other subsystems. Using this ap-
proach to define an RF subsystem, allows one to design a
general RF subsystem that can be used in a variety of LI-
NACs.
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Figure 1. Simplified block diagram of the system
configuration of a LINAC

RF System Description
From the title heading of this section, the terminology

has changed such that, the RF subsystem is now referred to a
system thus, the LINAC system should be referred to as a

'Work supported and funded by the United States Department of Defense,
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super-system. It is important to note that each level (i.e., sys-
tem, subsystem and sub-subsystem) will have a set of specifi-
cations. The primary goal of any RF system is to provide RF
power to a high Q structure and maintain the amplitude and
phase of the RF fields in the accelerating cavity within a spe-
cified tolerance. This is why most RF specifications simply
state these tolerances. While this type of specification pro-
vides a foundation to design an RF system, the specification
does not provide any insight into the complexity of the sys-
tem. A LINAC RF system is illustrated in fig. 2.
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Power Conditioning |
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Figure 2. Simplified block diagram of a LINAC RF system
Figure 2 contains the four components that the specification
stated above requires such as; a RF reference subsystem, a
cavity control subsystem, an RF amplifier and an RF cavity.
Each of these subsystems will be discussed in the following
section. In addition, figure 2 illustrates peripheral subsys-
tems which are also needed to meet the specification. It is
important to note that characteristics from other systems, for
example the characteristics of the ion source, are needed to
predict the effects of beam loading on the RF fields. Also,
the resonant frequency and the unloaded Q of the RF accel-
erating structure are needed in determining the type of high
power amplifier and the accuracy of the low-level RF subsys-
tem.

Subsystem Description
If the RF subsystem is considered a system and the LI-

NAC is now a super-system of the RF system, this paper de-
fines the key terminology that is needed to accurately assess
the size, cost and complexity of an RF system. Each subsys-
tem has a set of key parameters which when defined allows
one to determine the types of components that should be
used at the sub-subsystem level. These key parameters of
the RF subsystems are defined in the following sections.
RF Generation Subsystem

There are two types of RF generation/ distribution sub-
systems being used in LINACs "star" [2] and a "serial" [3].
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Both RF generation/ distribution systems provide a phase-
stable RF signal that surpasses the phase-stability require-
ments of the LJNAC. For this subsystem to exhibit any drift
in phase would directly translate into phase error thus, the
beam would not "see" the specified accelerating field. Fig-
ure 3 presents the block diagram for a star RF generation/
distribution subsystem configuration. In the star configura-
tion, an independent RF reference signal is sent to each ac-
celerating cavity and each cavity is controlled independently
while, in a serial configuration the RF reference signal is al-
located through a main distribution subsystem and then the
RF reference system is monitored with a control system.

RF Reference
Generation
Subsystem

— •

— »

RF Reference,
Field Sense &
Drive Sense
Transport

sub-subsystem

RF Reference,
Field Sense &
Drive Sense
Transport

sub-subsystem

RF Reference,
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Cavity Field
Control &
Monitor

sub-subsystem

Tb an RF
Cavity

Cavity Field
Control &

Monitor
sub-subsystem

TbanRF
_£avity

Cavity Field
Control &
Monitor

sub-subsvstcrr

Tban RF
Cavity

Figure 3. Star configuration of an RF generation/
distribution subsystem

Using figure 3, the critical parameters of this subsystem
are defined as:

1. Operating Frequency
2. Output power level of the subsystem
3. Frequency stability of the RF source (long-term

and short-term)
4. Distance from the RF reference to the acceler-

ating structure
5. Phase stability of the monitoring loop
6. Operating temperature

Low-Level RF Subsystem
The primary goal of the low-level RF subsystem is to

regulate and monitor the fields in the RF accelerating struc-
tures. There are two standard approaches in designing a low-
level RF subsystem a frequency and power dependant sys-
tem or a frequency and power invariant system. However
both design implementations have similarly specified per-
formance parameters which characterize the fields such as
the rise, fall and settling time of the RF field. To further de-
fine these parameters, a control theory perspective will be
implemented. Figure 4 illustrates the dynamic response of a
low-level RF subsystem to an RF signal.

Figure 4 graphically defines key parameters that are
needed in designing a LLRF subsystem such as, the rise time
(tf) which is dependant on the fill time of the RF accelerating
cavity, settling time (t^) which is dependant on the Q of the
cavity and the resonant frequency. The figure also describes
the dynamic position error which is the tolerance in magni-
tude after the settling time period in response to a function.
The dynamic velocity errors defined as the tolerance in mag-
nitude during the rise time period.

Figure 4. Response of the LLRF control to an RF signal.
While figure 4 defines general parameters for a LLRF

subsystem, the frequency and power dependant realization
such as, an amplitude and phase low-level subsystem is im-
plemented using precision digital phase shifters and at-
tenuators. Thus, in addition to the general parameters the
following key parameters are unique to this implementation
such as, the operating frequency and operating power levels
of the phase shifters and attenuators.

The frequency and power independent system such as,
an in-phase and quadrature (I & Q), orthogonalizes the am-
plitude and phase of the RF signal into two vectors, I and Q
[4]. If one down-converts to baseband, simple integrated cir-
cuits can be used to monitor and control the magnitude of
the I and Q vectors thus, the component tolerances are the
key parameters.
High-Power RF Subsystem

In this section the definitions of the characteristics pa-
rameters of the High Power RF (HPRF) subsystem are dis-
cussed. A general block diagram is illustrated below (see fig-
ure 5). The primary function of the high power RF system is
to amplify the low-level RF signal to the required power lev-
els such that, the RF cavity has the proper field magnitude to
accelerate and bunch the beam.

I
Control signals j

Step-Down
Xfrar

Circuit
breaker

Line Voltage!

High
Power RF

Load

High-Voltage
power supply

Power
conditioning

RF Amplifier
Station

(i.e.,Klystron,
Tetrode)

Interface
Controls

Figure 5. Block diagram of a HPRF subsystem
In figure 5, the HPRF subsystem is separated into five

sub-subsystems; a transformer/ circuit breaker, a high-vol-
tage power supply, an amplifier, interface controls and a RF
load. Each sub-subsystem has a distinct set of specification
which defines the component explicitly; however, the subsys-
tem has a specification which integrates the component
specification and defines the interfaces between each com-
ponent.
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For example, the power supply has the following key pa-
rameters:

1. Output voltage
2. Peak output current
3. Input voltage
4. Flat-top Ripple

And the amplifier has these selected key parameter:
1. Output Peak Power
2. Output Average Power
3. Frequency
4. Duty
5. Efficiency

These examples are not complete but, do provide fundamen-
tal information which allows one to begin designing the
HPRF subsystem. For example, knowing the power supply
voltage and current parameters allows one to determine if an
energy storage network is needed. And knowing the amplifi-
er output power (peak and average) allow one to determine
the type of amplifier (solid-state, tube (grid or cavity configu-
ration).

Computer Interface Controls
This subsystem provides the LINAC user with impor-

tant information on the status of the RF system that is "user-
friendly"and easily accessible. There are three formats that
are currently being used in LINACs CAMAC, Allen Bradley
Panel View and VME/VXI. The last two standards are dis-
cussed in this section. Because the software interface is de-
pendant on the type of accelerator and of the users, this sec-
tion will focus on the hardware interface between the subsys-
tems. All three systems have manufacture qualified basic
modules such as, I/O binary or analog devices.

The VXIbus standard evolved from VMEbus standards
to incorporate more instrumentation modules into an open
system architecture. A consortium of instrument manufac-
turers (i.e., Hewlett Packard, Tektronix, Colorado Data Sys-
tems, Racal Dana and Wavetek) was formed to develop an
integrated set of system standards (i.e., rules, recommenda-
tions) (VMEbus Extensions for Instrumentation 1989) that
must be strictly adhered, as to, provide a customer with a ful-
ly integrated standardized system. The specific benefits of
conforming to this type of a system include a concise module
format with data bus, local bus, address bus, clock and inte-
grated power supplies (i.e., 5V, _±.12V, _±.24V) with a cooling
system as a basic features of the system architecture. This
standard allows one to access the appropriate data of a sub-
system and determine the status.

The Allen-Bradley (AB) panel view standard is similar
to the VXI/VME standard but, the AB has a software straw-
man program which allows one to begin developing a graphi-
cal interface. The AB standard can interface with the VME/
VXI system using a DATA HIGHWAY configuration. Thus
allowing one the flexibility of implementing both systems.

Thus, the key parameters are the speed of processing
the data (i.e., does the data need to be processed in real-
time) and the compatibilities with a software interface.

RESULTS

Using the terminology discussed in the previous sec-
tion, a specification spreadsheet is derived and is illustrated

in figure 6. This particular spread sheet is for the LLRF sub-
system.
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Figure 6. An example of a specification spread sheet for
the LLRF subsystem

CONCLUSION

While the spreadsheet illustrated in the previous sec-
tion is not the final specifications of the LLRF subsystem,
the spread sheet allows the RF development team to begin
defining sub-subsystems at the beginning of the project.
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Abstract

We report on the development of RF windows which are used
to handle a high transmission power up to 100 MW for the Japan
Linear Collider. A detailed simulation on multipactoring has been
carried out. The results were compared with cathode-
luminescence on the surface of alumina RF windows
experimentally observed with power transmission up to 200 MW.

Introduction

At the KEK Accelerator Test Facility (ATF) for the Japan
Linear Collider (JLC), an S-band linac with the energy of 1.54
GeV will be used as an injector for a damping ring. Each
accelerating unit consists of two 3 m long accelerating structures,
a high-power wave guide system, an 85 MW klystron with a
SLED, and a klystron modulator. The injector linac is operated at
an accelerating gradient up to ~ 35 MW / m and the maximum
repetition rate of 50 pps. The entire system will comprise of eight
such units. An RF window with a power capability up to 100 MW
must be used between the klystron and SLED cavities [1] for an
ease of klystron maintenance work. However, window failures
often occur in the power range of a few lens of MW. An improved
reliability of RF windows is highly desirable.

It has been known that breakdowns occur because of following
reasons: (1) electron bombardment onto the surface due to the
multipactoring, (2) material imperfections such as voids and
impurities, and (3) poor surface conditions such as contamination
and micro-cracks [2, 3]. Although the detailed mechanism has not
yet been understood, it has been widely believed that the
multipactoring on the surface of an alumina disk is mainly
responsible for the breakdown. In the past the trajectories of
multipactoring electrons on the window surface have been
calculated in one or two-dimensional models where only the TEl 1
mode electromagnetic field is assumed to propagate through the
window [3]. In those models since the electric field is parallel to
the alumina surface, only the surface charge build-up could cause
electron bombardment on the window. However, more recently
Yamaguchi [4] calculated electromagnetic fields through the RF
window by using a three-dimensional (3D) computer code
MAFIA [5] and simulated multipactoring electrons in a 3D space.

We have extended the method in reference [5] and carried out
further studies on multipactoring by taking into account the effect
of magnetic fields and by considering a detailed mechanism of the
secondary electron emission. We have compared such calculations
with our breakdown experiment on alumina window using a
resonant ring. In this report we report on results of those studies.

Simulation of multipactoring

In our simulation program, the equation of motion of electrons
is written as;

where m is the electron rest mass, e electron charge, and E and
B being the electromagnetic fields through the RF window (see
Figure 1), calculated by using MAFIA code. These 3D were
numerically integrated by using Runge-Kutta-Gill's method. A
Monte-Carlo technique is used to randomly create the initial
electron position and the RF phase. The velocity and emission
angle of secondary electrons are assumed to be 10 eV and 90
degrees, respectively. The delay of the secondary electron
emission from the primary electron bombardment is taken to be 28
ps [6]. The tracking of each electron trajectory is continued until:
(a) the number of RF cycles exceeds 20, or (b) the electron
impinges on the metal part of the window, or (c) electric field is in
the deceleration phase at the moment of the electron emission. We
used the following equation to describe the secondary electron
emission coefficient 6 which was introduced by Dionne [7]:

- exp(ad))
(2),

d = EL.
An

where B is the escape probability, e the excitation energy of the
secondary electron, A the absorption constant of the primary
electron, n the power-law exponent, a the absorption constant of
the secondary electron, d the maximum penetration depth and Ep

the energy of the primary electron. The (B/E)An and a in Equation
(2) are determined by filling experimental data by Dawson (see
Fig. 2) [9].

25 mm

Fig. 1 The stnicture of the if window

A typical electron trajectory is given in Figure 3, in which the
multipactoring electrons drift only a few cm on the surface. The
calculated distributions of the number of impinging electron due to
the multipactoring on the alumina disk are indicated in Figure 4 for
the transmission power of (a) 4 MW, (b) 10 MW and (c) 50 MW.
The multipactoring is predicted to occur only in the low
transmission power regime below 50 MW. As shown in Figure 5,
the energy of the impinging electron is mostly between 0.8 and 3
keV.

dv^ = -(E(x,y,z,t) + v x B(x,y,z,t))
dt *-

(1),
m
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Fig. 2 Secondary electron emission (SEE) coefficient of an alumina as a
function of primary energy. The open circle is the measured data by
Dawson[10], and solid line is fitted with eq. (2)

Experimental apparatus and procedure

The purpose of this experiment is to observe fluorescence light on
the RF window surface when a high RF power is transmitted
through it Their pattern is compared with the distribution of
multipactoring electron as predicted by the simulation outlined in
the previous section.

Figure 6 shows a schematic drawing of the resonant ring used
as the experimental setup. The S-band RF power is fed to the ring
through a -11.54 dB two-hole-type coupler. Details of the
apparatus have been described elsewhere [8]. Tests were carried
out with an alumina disk window whose diameter was 92 mm,
thickness 3.5 mm, with purity 99.5 %. No TiN coating has been
applied to the window. During the test fluorescent light on the
window surface was observed through the viewing port.

Results and discussions

During the test two types of cathode luminescence were
observed. The first is the one observed when the transmitted
power is relatively low, below 10 MW. Features of the
luminescence depend on the transmitted power. The second is the
one observed under a high transmission power condition. It was a
small bight spot (1.5 mm in diameter) which appeared at 90 MW.
Once it appeared, from then on the bright spot continuously grew
to 20 mm in size, irrespective of the transmitted power. The
alumina window eventually broke at a peak power of 201 MW at
10 pps. The broken window was later examined with a
microscope. A cluster of small melted spots of 50 urn in diameter

I • • • ' I • • • ' I • " ' '

N
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YAXIS(m)
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Fig. 3 The typical trajectory of the simulated multipactoring electron at the
power of 4 MW.
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Fig. 5 The distributions of energy of multipactoring electrons at the
transmission power of 4 MW
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Figure 6 Schematic drawing of the resonant ring

(a) (b) (c)
Fig. 4 The density distributions of number of impinging electrons at the power level of (a) 4 MW, (b) 10 MW and (c) 50 MW. The rectangles in figure are

corresponding to rectangular wave guide.
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were found (see Figure 8). They were localized in the area that
corresponded to the bright spot seen during the experiment. Some
cracks, a few cm long, were formed around this area due to a local
heat stress. The wide patterns of cathode-luminescent seen in the
low power range (< 10 MW) is shown in Figure 5. They agree
well with the calculated distributions of impinging electrons as
shown in Figure 4. The energy of impinging electron due to
multipactoring is below a few keV (see Figure 5). It is known that
to initiate an imperfection such as F-center [10] in an alumina an
energy deposit up to 300 ke V is required. Therefore, we speculate
that the breakdown of an alumina disk in the multipactoring
regime is caused by a cumulative effect of many low energy
electrons, rather than by a few numbers of high energy electrons.

When the peak RF power is larger than the multipactoring
region ( - 50 MW), the multipactoring can still occur during the
rise and fall time of the pulsed RF power. This phenomenon was
observed with photo-multiplier tubes as shown in Figure 9.
Multipactoring can occur between edges of voids or micro cracks.
This may account for the bright spot on the window which was
seen near 90 MW in our experiment. This multipactoring is a
serious problem, because it will grow by itself with increasing tan
8 and the secondary emission coefficient due to the temperature
rise. A further study of this localized multipactoring must be
carried out.

(a)

(b)
Fig. 7 Experiment*! observation of the cathode luminescence at the

transmission power of (a) 4MW and (b) 10MW from viewing port

LO^sec/div
Fig. 9 The cathode luminescence for the few tens nsec was observed. The

upper line is the excited power of the resonant ring and the under a
signal of photo-multiplier. The rf peak power of 100 MW, cathode
luminescence occured at the point of about 10 MW
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ABSTRACT
To achieve the acceleration gradient of 100 Mev/m
necessary for the future linear collider in X-band,
an RF power source which could produce more
than 100 MW peak power with the pulse duration
of 500nsec is needed even with the factor 4 RF
pulse compression system. As the first step for the
development of the 100MW class klystrons in X-
band(l 1.424 GHz), a 30 MW class klystrons
named XB-50K were tested several times since
1990. XB-50K was already tested up to the peak
power of 18 MW with the pulse duration of 100ns.
A new 100 MW class klystron named XB-72K was
designed and fabricated. Some test results of this
klystron is reported.

1. INTRODUCTION
At the present status of the design studies dedicated
to the next generation of the linear collider, the
necessary output power of the RF power source in
X-band is still under complecated discussions(Ref-
1). Since 1989, the R&D program aiming the 100
MW class X-band klystron has been carried out
partly and still under progress. As the first step of
this R&D program, 30 MW klystron in X-band
named XB-50K was designed, fabricated and tested
for several times.(Ref-2,Ref-3) A new 100MW
class klystron named XB-72K was designed. The
first XB-72K was fabricated and tested in last April
up to the cathode voltage of 430 kV,at that voltage
the cathode ceramics had many pin-holes possibly
due to the high voltage break-down. This #1 XB-
72K was repaired with the new cathode ceramics
and under high voltage test this August.

2. XB-50K's
XB-50K's are the 30 MW class klystrons developed
as the first step to the 100 MW or even more peak
power klystrons in X-band. The main purpose of
this rather moderate power klystron is to produce
the RF power useful for the several high power
tests of X-band parts including the high gradient
tests of X-band accelerating structures. Prior to the
design of this XB-50K, the Pierce type test gun
named XB-50D, without the focusing magnetic

field, had been fabricated and tested.(Ref-2,Ref-3)
As the results of this test diode, the gun parameters
designed as XB-50K was checked successfully. The
design parameters of XB-50K are summarized in
the Table-1). Further details of the design of XB-
50K are reported in Ref-3).

Table-1) XB-50K parameters
Beam voltage
Beam current
Max. Surface Field
Beam areal compression
Cathode diameter
Current density(Max.)
Focusing field(Bz, Max.)
Number of cavities
Frequency
RF power
RF efficiency
Max. Surface Grad.
(Output gap)
Gain

450 kV
170 A
260 kV/cm
80 to 1
50 mm
10 A/cm2
4.6k
5
11.424 GHz
36.2 MW
47.3 %

lOOOkV/cm
53.5 dB

2.1 XB-50K fablication and test results
Since 1990, #1, #la, #2 and #3 XB-50K's were all
fabricated by TOSHIBA Corporation and delivered
to KEK.XB-50K #1, which had the 1/2 wavelength
rectangular ceramic window had been tested in 1990
up to the peak RF power output of 11 MW with
the pulse width of 70 nsec, at this level the
window was broken due to the RF discharge. After
this failure in the window #1 was rebuild with the
ordinary pill-box type window and tested in 1991
successfully up to the peak power of 18 MW with
lOOnsec pulse duration. The new pillbox type
window could survive up to this power, and
showed only slight discharge. Following results
were obtained by these tests of XB-50K#l &
#la.(REF-4)
1) With the pulse duration of 100 nsec, 18 MW
peak RF output was obtained at the cathode
voltage of 403 kV.
2) RF efficiency was measured as -30 % at the
peak power of 18 MW and this value is still lower
than the simulation result of 42 % at this cathode
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voltage. Further trimming of the magnetic field is
considered.
3) Diode characteristics, such as the perveance,
fault rate etc., are all in good agreement with the
gun simulation and the operation experience
obtained in the previous high voltage tests of the
XB-50D test diode.
4) Ceramics window of pill box type tested in the
opration of #la tube showed only slight discharge,
and could survive through the 500 hours operation
dedicated to the high gradient test of X-band
accelarating structure. For the longer pulse
operation such as 500 nsec or even more, further
R&D works in window ceramics are required. For
the R&D of high power windows, X-band SLED
system and an X-band resonant ring are under
construction.

3. XB-72K
XB-72K is the 100 MW class klystron designed as
the prototype klystron which could satisfy the
minimum peak power requirement as the possible
power source for X-band linac in the next
generation of linear collider. The main purpose of
this klystron is to produce the peak RF power of
100 MW or more. Other possible problems such
as a power efficiency including a modulator
efficiency, focusing magnet power consumption
are not discussed in this report.

3-1 Design of XB-72K
Assuming the RF efficiency of 40 %, the
necessary beam power is more than 250 MW.
Considering the present state of arts in the pulsed
high power klystrons, The cathode voltage of 550
kV with the perveance of 1.2 micro-perveance was
decided. This cathode voltage is -30 % higher than
that of present high power klystrons such as #5045
and other S-band tubes. Generally, these present
tubes are operated with the pulse width of a few
micro seconds. The XB-72K's are to be operated
with the rather shorter pulse length such as 500
nsec flat top compared to the typical S-band tube
operation. Therfore it is pretty reasonable that the
cathopdc voltage of 550 kV to 600 kV is safely
within the reach of present high voltage pulse
technologies. By the use of E-GUN code(REF-5),
the diode design of the XB-72K was carried out,
and the final design parameters are summarised in
Table-2). In spite of the considerable increase of
the cathode voltage compared to that of XB-50K's,
the surface field strength could be kept relatively
low value of 273 kV/cm on the anode electrode as
shown in Table-2). To achieve the beam areal
compression of 110 to 1, cathode curveture is
relatively small as 53 mm. Therefore the cathode
loading is rather large especially around the
peripheral of the cathode, it reached to 17 A/cm2 at
the maximum and 10 A/cm2 in average at the

cathode voltage of 550 kV. Even at the maximum
cathode loading, the life of the cathode determined
by the operating temperature is on the order of
several tens of thousands hours(REF-6). RF design
was also carried out by the use of FCI-code(REF-
7). The specific point of this klystron is in the
output cavity without a nose cone(REF-8). With
this cavity structure, the maximum surface field in
the output gap was kept lower than that of XB-
50K in spite of the considerable increase of the RF
output power. Two output waveguide with the
pill-box type ceramic windows on each are attached
to the output cavity symmetrically.

Table-2)
Beam voltage
Beam current
Max. surface field
Beam arcal compression
Cathode diameter
Current density(Max.)
Focusing field(Bz Max.)
Number of cavities
Frequency
RF power
RF efficiency
Max. Surface Grad.
(Output Gap)
Gain

550 kV
490 A
273 kV/cm
110 to 1
72 mm
17 A/cm2
6.5 kG
5
11.424 GHz
120 MW
47%

720 kV/cm
53-56 dB

3-2) XB-72K fabrication and test results
The fabrication of the first XB-72K was carried out
by TOSHIBA Corporation, and deliverd to KEK.
The picture of the high power test set-up is shown
in Fig-1). As shown in the Fig-1), the two output
windows are connected to seperated high power
matched load respectively, and the output power
was measured independently on each wave-guide.

Fig-1) XB-72K with output waveguides.
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The first high power test of the XB-72K
was carried out last April(REF-9). At the cathode
voltage of 430 kV with the Rf output power of 22
MW, the gun ceramics had small air leak and the
test was terminated at this stage. The relations
Observations through the drift tube from an anode
to the down stream end of the output gap was
carried out by the use of a glass fiber scope for
medical use, and no visible damage was found on
the inner surface of the drift tube. Apparently up to
this voltage, no serious beam interception did exist
in the beam drift section in this XB-72K.

XB-72K #1 was rebuilt with new gun
ceramics, a new cathode and new windows. The
high power test are under way, and following
results were obtained last August.
1) 486 kV cathode voltage and 190 MW beam
power were achieved.
2) 33 MW RF output with the pulse duration of
100ns was obtained.

Fig-2) XB-72K saturated power vs cathode voltage
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3) RF efficiency was 18%.
4) Up to that cathode voltage no serious high
voltage breakdown was observed.

Saturated RF power vs cathode voltage are
summarized in Fig-2), and measured perveance
curve are in good agreement with the simulation
up to this cathode voltage.(see Fig-3)

4. SUMMARY and DISCUSSIONS
Two XB-50K's has been tested up to 18 MW of
the peak RF power, #la with the pill box window
successfully produced RF power with the pulse
duration of 100 nsec or shorter. Further high power
tests of XB-50K and XB-72K are scheduled to the
end of 1992. As the results of these high power
tests, further intensive R&D activity is required
and under progress for the X-band klystron
development.
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Abstract

We present the state of the art of high power klystrons at
Thomson Tubes Electroniques, along with the main techno-
logical limitations for peak power and pulsewidth. Then we
describe the work that is under way to upgrade the
performances, and some of the alternative RF sources that
have been developed.

Introduction

Recent changes in accelerator technology and growth of
new applications are causing a significant evolution of cha-
racteristics specified for high power klystrons. Besides the
classical requirements for high peak power, short pulse
klystrons for linear accelerators on the one hand, for CW RF
sources on the other, Thomson developed a complete range
of long pulse klystrons able to provide a large amount of peak
and average power. These tubes generally use the technology
already applied to existing klystrons, but the requested per-
formances are now close to the technological limits.

The improvements studied and now implemented should
cover the requirements for the most recent projects of linear
accelerators; they also offer a breakthrough for the future
needs of very high peak power RF sources for linear collider
projects.

State of the art of high power klystrons at TTE

For practical reasons, high power klystrons can be divided
in three families according to pulse length:

1) Short pulse klystrons (less than 10 MS). TWO subdomains
may be considered:

- existing conventional linacs, which require peak powers
up to 45 MW for 4 to 5 us (Table 1)

- future linear colliders, which would require peak powers
in the range of 100 to 200 MW for about 1 \is.

It is noticeable that the SLAC 5045 klystron has perfor-
mances intermediate between these two areas.

TABLE 1
Selection of short pulse high power klystrons

P/N

TV 2022D
TH 2128C
TH 2100B
TH 2132

Frequency
(MHz)

1300
2856
2998
2998

Peak Power
(MW)

30
45
40
45

Pulsewidth
(MS)

7
4.5
4.5
4.5

2) Long pulse klystrons for proton accelerators, FELs,
superconducting linacs or industrial linacs. Typically the range
of peak power spreads from 2 to 20 MW and the pulsewidth
from 20 us to 2 ms (Table 2).

TABLE 2
Selection of long pulse high power klystrons

P/N

TH 2140*
TH2134
TH 2118
TH2138
TH 2143*
TH 2104A
TH 2115

TH 2104U
TH2130

Frequency
(MHz)

428
432
433
850
1284
1296
1300
1300
2998

RF Power
Peak

(MW)

4
2
6

1.25
20
5

2.5
10
20

Average
(kW)

5
100
200
75
25
150
150
250
20

RF
Pulsewidth

100 MS
1 ms

220 MS
2 ms

100 MS
600 MS
1 ms

250 MS
20 MS

* under completion

3) CW klystrons such as the TH 2089B, recently delivered
at CERN for the LEP-200 project, which supplies 1.38 MW
CW (for a rated 1.3 MW CW) at 352 MHz. It is a sound basis
for the development of higher power tubes, which would fit
with future high energy linear accelerators.

Technological limitations

The main limitation for high peak powers and pulse
duration in klystron is electrical breakdown, which can occur
at different locations in the tube.

Pout (MW)

I 2 3 4 S 10 20 X 40 50 100 200 300<00500 1000

Fig. 1 Klystron gun breakdown limitations

t (|1S)
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- in the gun : arcing can appear along the insulators or
between the electrodes. Behavior of the gun is strongly related
to peak power (thus to the high voltage between the electrodes)
and to pulse duration (Fig. 1)

- in the RF circuit: arcing can occur across the gap of the
output cavity for very high peak powers or when a high VSWR
of the load induces high electric fields in the cavity, and along
the RF window ceramic, strongly depending on the quality of
the brazing.

Ugrading of klystron performances

Moving the limitation of performance due to possible
electrical breakdown in the tube has spinoffs on the design of
all types of klystrons, from short pulse to CW operation. The
subassemblies concerned by the improvement of the tube
behavior are the electron gun (electrodes, cathode) and the
RF output structure (output cavity, RF window).

Improvement of the gun voltage standoff

The first two parameters that can enhance gun perfor-
mances are the optimization of the geometry of the electrodes
and the lowering of their temperature. In the recently designed
gun of the TH 2143 klystron (Table 2) for SSC, the calculated
maximum electric field inside the gun is 8.8 kV/mm at 230 kV
and the temperature of the focusing electrode has been brought
down to around 300°C, whereas the cathode operates at
1000°C.

Improving cathode technology is another means to upgrade
gun performances. Depleted cathodes minimize barium eva-
poration; osmium coating of the cathode or the use of different
cathode materials such as scandate decrease the temperature
necessary to extract the electrons. All these factors that
improve the voltage standoff of the gun are implemented or
under study at Thomson.

An extensive study of electrical breakdown in electron guns
will also be done in the coming years, including the influence
of electrode materials, surface and temperature, thermal and
chemical treatments and cathode type and activation.

Improvement of the RF output circuit

Once the electron beam is obtained, the extraction of RF
power may be limited by electrical breakdown appearing in
the output structure of the klystron, either in the cavity or along
the ceramic window.

There are several methods to improve single gap output
cavity structures:

- with the constraint of keeping a high R/Q, design longer gaps
and rounder noses, so as to reduce the electrical fields across
the gap

- coat the noses with titane and reduce the electron intercep-
tion, that triggers multipactor and arcing

- reduce the perturbations caused by reflected electrons due
to a high VSWR of the load or to a incorrect optimization of
the size of the collector

- keep a good symmetry of the output cavity : in Thomson
S-band klystrons, drift-tube internal diameter is around 2 cm
instead of 3, allowing for better coupling, higher efficiency and
a smaller influence of the output iris as far as symmetry of the
cavity is concerned.

Multigap output structures are another solution to reduce
electric fields; Thomson keeps in touch with labs that work on
such structures around the world and is ready to start with that
technology if it becomes necessary.

When high peak or average power is under consideration,
the RF output window becomes a critical part of the tube.
Classical pill-box windows were developed for L and S-band
klystrons, that can handle powers as high as 45 MW for 4.5 us.

The choice of the material, the quality of the brazing and
the coating of the window determine its performances and a
continuous effort is done to improve this technology. For UHF
klystrons, evanescent mode windows were designed; their
diameter is smaller than the cross-section of the waveguide,
which is mandatory when the dimensions of the waveguides
become as big as 457 x 228.4 mm. Such a window is under
development and has been designed to handle 2 MW CW.

Performances expected from first stage of improvement

Performances of existing klystrons are typically spread over
the lower curve of Figure 2, which shows the peak RF power
vs pulse length. The improvements implemented on the coming
generation of high power long pulse klystrons aim to raise these
performances up to the upper curve of the same figure. This
change will address the requirements issued for the new
generation of proton injector linacs and free electron lasers.
The TH 2143 klystron is now under completion to enter in
operation on the coupled cavity linear injector of the SSC in a
few months. A similar breakthrough will occur in S-band with
klystrons like the TH 2144 or TH 2151 able to provide from
20 to 40 MW of peak power in pulses in excess of 10 |os.

UPGRADED
KLYSTRONS

1 2 5 10 20 SO 1OQ 2O0 500

Fig. 2 Peak power vs pulse length diagram
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Solutions implemented to push back the technology limits

- The double resonator pulse compressor (CIDR)

A way to get very high peak output power is the use of pulse
compressors. These devices are passive structures that store
energy for a few microseconds and release it for typically 0.5
to 1 ps. Thomson developped the CIDR [1] and last year 210
MW peak and 155 MW averaged over 0.8 ns were obtained at
3 GHz (Fig. 3).

Tamp«ratuf« regulation syittm

Frequancy luning (2)
(motor unit|

Fig. 3 CIDR layout and measured performances

- The Multi Beam Klystron (MBK)

The MBK is a klystron-like tube where several parallel
beams share a common RF interaction structure (Fig. 4). This
arrangement gives a high current, low voltage device, giving a
significant size and weight reduction while maintaining high
efficiency and gain and solving the arcing problem. 64 kW CW
were demonstrated with a four beam device at 18kV [2].

Up to L-band, the MBK can use fundamental mode cavities;
for higher frequencies the output structure should use higher
modes and oversized cavities should be designed.

- Other RF sources are under study at Thomson and other
laboratories. In the high current area the relativistic gate effect
klystron (perveance of the order of 30 to 40(-iperv.) is an
exemple of such a device, which are still on the experimental
stage [3].

60-

20
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NUMBER OF BEAMS

Fig 4 MBK experimental performances

- high peak and average power in long pulses for modern
proton injector linacs, free electron lasers and radioactive
transmutation facilities

- high CW power for storage rings and high current linacs.

The R&D program carried out aims to bring realistic
solutions for RF sources necessary for the emerging generation
of particle accelerators.

References

[1] "Progress report on 3n/4 backward TW accelerating
module for the Elettra 1.5 GeV electron injector", P. Girault
et al, EPAC 92, Berlin march 1992.

[2] "Advantages of Multiple Beam Klystrons (MBK)", C.
Bdarzatto, M. Bres, G. Faillon, ITG 92, Garmisch Partenkir-
chen, may 4-5,1992.

[3] "Gate effect klystrons", N. Gerbelot, M. Bres, G. Faillon,
ITG 92, Garmisch Partenkirchen, may 4-5, 1992.

Conclusion

Present high power klystron technology has reached its
maturity and fills almost all existing requirements for linear
accelerators. More demanding requests are now expressed,
which call for three operating domains:

- very high peak power in short pulses for projects of linear
colliders under study
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Abstract

This report describes the design and fabrication as well as
some test results of an X-band (11.424 GHz) SLED system
for high-power use. This system comprises a 3-dB hybrid
coupler, two TE015 cavities, and a waveguide system pumped
by ion pumps. The unloaded Q-values were measured as
being 52000 for each cavity. The results of the first high-
power test are presented.

Introduction

A couple of X-band (11.424 GHz) linacs were introduced
as the main accelerators in the electron-positron linear collider
(JLC) project at KEK, which is one of the post-TRISTAN
high energy experiments. An accelerating gradient of over
100 MV/m is required for these linacs to gain a center-of-mass
energy of 1.5 TeV, which is the final goal of this project [1].
Two major R&D efforts are under way to build such a high-
gradient accelerator. One is an investigation of accelerating
structures by which uniform and stable e+/e" beams might
become available at the colliding point. The other is the
development of high-power RF sources to drive the
accelerating structures. In this attempt, the development of
klystron tubes and windows which could be sustained under a
high RF output has been carried out.

Concerning X-band klystron tubes of over 100 MW output
with 100 ns duration, the required R&D has been carried out
[2]. At the first step, a 30 MW class klystron tube was
constructed for the purpose of studying how to produce an RF
output of more than 100 MW. A klystron modulator was
also designed and constructed. At the present time, a high
RF output of almost 20 MW with 100 ns duration is available
at the test-bench. Thus, various kinds of waveguides have
been successfully examined and a prototype accelerating
structure has also been tested. Of course, the system
performance during long-term operation has been continuously
examined. By applying these test results, a 100 MW class
klystron tube has been designed and constructed. However,
it seemed to take a lot of time to make the entire RF source,
including high-output klystrons for practical use.

For stable operation of the RF system, ceramic windows
and waveguides are required to sustain a higher field than that
produced by the klystron output. It is very important to find
the limit of such waveguides and windows, since they have an
affect on developing high-power RF sources and on choosing
the accelerator parameters. For this reason, a pulse
compression technique, by which the peak RF power is
enhanced at the expense of the pulse width, was considered to
be useful for testing the components forming the high-power
RF transmission line. There were some methods involving
pulse compression already operating at worldwide accelerators
(for example the SLED, the SLED II, and the BPM). The

SLED system was introduced to our attempt, since it had a
simple, compact assembly [3].

The SLED system was originally developed with S-band
RF for increasing the beam energy of the SLAC [4]. The
assembly comprising a couple of high Q cavities and a 3-dB
hybrid was inserted into the RF transmission line between the
klystron and the accelerator. The cavities were identically
made and tuned to resonance. By using this system the
klystron output was increased as follows. The klystron
output pulse charging the each cavity was reversed in its
phase, according to a certain timing. The two waves, that
emitted from the cavity and that reflected at the coupling
aperture of the cavity, were added so as to provide a high peak
power of more than a few times as that of the klystron output.
The 3-dB hybrid had a role: the waves from each cavity were
combined so as to add at the accelerator port, while they were
canceled at the klystron port. In this scheme, however, the
pulse width was inevitably shortened, and the peak power
decayed away with a time constant determined by the cavity
filling time.

The design and measured RF characteristics of the
components of the X-band SLED system arc described in the
following section.

Power enhancement by the SLED

At the high RF power test-bench, the output of 30 MW
klystron was increased by the SLED, so as to supply power
into a test object inserted between the SLED and the dummy
load, as illustrated in Fig.l.

*.—400 n* -100 o « * —

JDiCOUPLEI 0

E .

(c)

Fig. 1 Schematic diagram of high-power RF test-bench
using the SLED. When the klystron output
wave (a) is supplied, the emitted wave (b)
from the cavity and compressed wave (c)
transmitted to the device-under-test (D.U.T) appear
as illustrated, respectively.
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The maximum amplitude and decay time depend on both
the Q-value and the coupling coefficient p of the cavity, as
described theoretically in reference [4]. According to
reference [4], the emitted wave E e from the coupling aperture
of the cavity is related to the incident wave Efc from the
klystron, as expressed in following equation:

Tc(dEe/dt) + Ee = -aEk, (1)

where Tc=2Qo/a)(l+P) and a=2(3/(l+P). Equation (1) can
be solved for the klystron output shown at the top-right in
Fig. 1. By using the results obtained by solving equation
(1), and EL=E]C+Eei the following expressions for the load
field in the three time intervals (I), (II) and (III) are obtained:

E(I) = - (2a)

(2b)

and E(III)= [7e-(x2-Tl).a]e-(t-T2), (2c)

where T=l/Tc and Y=a(2-e~Tl). The peak voltage is
obtained at time l\ (Fig. 1), and the calculated value for the
case (P=4.5, Qo=52OOO, ti=400 ns and t2=500 ns) is 2.28-
times as high as the klystron output voltage (5.2-times as
high as the power).

Components

The 3-dB coupler The Riblet short-slot coupler is
used as the 3-dB hybrid through which the output of the
klystron is guided to a couple of cavities; waves from each
cavity are combined so as to add and be transmitted to the load.
This coupler comprises two adjacent rectangular waveguides
(WR-90), as shown in Fig. 2, in which wave coupling is
provided at an opening of the common wall.

INPUT WR-90 l o CAVITY

CAPAcrrrvE DOME

OLTPLT

Fig. 2 Cross-section view of the 3-dB coupler.

This type of 3-dB coupler has been widely used in high-
power RF transmission lines, since the structure is simple
enough to sustain a high electric stress.

The value of coupling depends on both the width and
length of the coupling region. For 3-dB coupling, they
were designed to be 36.0 and 26.6 mm, respectively. Two
posts (called the capacitive dome) were attached for fine tuning

at the center of the top and bottom walls of the coupling
region. The measured characteristics of the coupler are listed
in Table 1.

Table 1
__ Measured characteristics of the 3-dB coupler
COUPLING (MAIN LINE) -3.16 DB

(SUB LINE) -3.14 DB
PHASE DIFFERENCE 96.1 DEG
ISOLATION -25.0 DB
INPUT VSWR 1.09
OUTPUT VSWR 1.15

The cavities Room-temperature cavities made of
copper (OFHC) are used as pillbox cavities for the assembly.
The TE015 mode was chosen as the S-band SLED system of
the SLAC. The Q-value of the each cavity was measured as
52000 and 52300, respectively. To lower the resonant
frequency of the TM115 mode, which is normally degenerate
with the TE015 mode, a groove was circularly cut in one end-
plate (also following the model of the SLAC). This groove
(1.5 mm in width and 1.5 mm in depth) shifted the TM115
mode by nearly 450 MHz while having no influence on the
TE015 mode. A coupling aperture was drilled through the
other end-plate (9.1 mm in diameter with 1.5 mm thick,
roundly finished to avoid breakdown). The measured
coupling coefficient P of each cavity was 4.55 and 4.57,
respectively. Illustrated in Fig. 3 is a cross-section view of
the cavity.

Fl-ANGE COUPLING IRIS

FREQUENCY
TUNIXG SCREW

Fig. 3 Cross-section view of the cavity.

The vacuum pumps This SLED system, including
the waveguides and the load, was pumped by four 20 1/s ion
pumps distributed along the waveguides. For measuring the
pressure, four cold cathode gauges (CCG) were installed near
to each ion pump.

Test results

An experiment concerning the X-band SLED system with
low-level RF was successfully carried out after being
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assembled. The peak RF power enhanced by the SLED
reached to almost five-times as high as the input RF power,
the pulse width was 500 ns with 100 ns phase reversal in the
rear. Since that was nearly 90% of the calculated value, it
was found that the assembly was well fabricated for practical
use at the test-bench. The phase-control system of the
klystron input pulse was also successfully made for practical
use. The design and fabrication of this circuit are described
in detail in reference [5]. Shown in Figs. 5 and 6 are
pictures of the phase of the input pulse and the output of the
SLED in the low-level experiment, respectively.

parameter adjustment are still needed,
signal at 2.5 MW is shown in Fig. 7.

Observed output

Fig. 5 Observed input pulse phase (low-level).

Fig. 6 Observed output of the SLED (low-level).

In the high-power RF test-bench, the SLED system was
pumped by ion pumps and the vacuum pressure obtained 10""
Pa range within three days. A high RF output of 2.5 MW
has been successfully obtained with a klystron output of 800
KW (a repetition rate of 2 Hz) during the first seven hours of
an aging run. In this run, due to RF discharge, the vacuum
pressure frequently rose up to 1x10" ̂  Pa which was set as the
threshold value to stop the klystron output. While
continuing the conditioning process of the SLED, the vacuum
pressure at the same RF input became lower. It seems that a
required high RF output can be obtained with proceeding the
conditioning process. The peak power obtained during high-
power operation was lower than that of the test result with
low level, since the output pulse width of the klystron was
shortened so as to make the best for an experiment with short
pulse (100 ns). Frequency trimming and/or RF input

50.0mVi.> C:h2 M 100ns Chi \ ISmV

Fig. 7 Observed output signal of the SLED in the high -
power test. Klystron output (top), reflected power
to the klystron (middle) and output of the SLED
(bottom) are shown.

Summary

The construction of an X-band SLED for high power use
was successfully completed. The result of SLED operation
with low-level RF showed good agreement with a value
obtained by a theoretical calculation in the case of
P=4.5,Qo=52OOO, ti=400 ns and t2=500 ns. This shows
the cavities and the 3-dB coupler has been well fabricated for
practical use. During seven hours of a high-power aging
process, a 2.5 MW peak output became available with no
serious problems. The conditioning of this system is
continuing.

Acknowledgement

The authors wish to acknowledge Mr. Odagiri for
operating the high-power RF system, including high-power
klystron.

References

[1] K.Takata,
"Recent progress in R&D work for the Japan Linear
Collider", Proc. HEAC '92, (1992)

[2] H.Mizuno, J.Odagiri, T.Higo and M.Akemoto,
"X-band klystrons for Japan Linear Collider",
Proc. HEAC '92, (1992)

[3] Z.D.Farkas, T.L.Lavine, A.Menegat, R.H.Miller,
C.Nantista, G.Spalek and P.B.Willson,"Radio
frequency pulse compression experiments at SLAC",
SLAC-PUB-5409,(1991)

[4] Z.D.Farkas, H.A.Hogg, G.A.Loew and P.B.Willson,
"SLED: A method of doubling SLAC's energy",
SLAC-PUB-1453, (1974)

[5] S.Araki and Y.Otake,
"Development of low-power RF components for JLC
(III)", Proc. 16th Linear Ace. Meeting in Japan, (1991)

135



CA9700088
ANALYSIS OF HIGH-POWER CONDITIONING FOR ACCELERATOR CAVITIES

USING A SIX-PORT REFLECTOMETER*

G. 0 . Bolme, P. M. Denney, W. D. Gutscher, S. P. Jachim, K. F. Johnson, C. K. Little,
R. D. Patton, A. H. Regan, and O. R. Sander

Los Alamos National Laboratory, MS H818
Los Alamos, NM 87545

Abstract

An rf structure's capability to sustain high-power rf
operation without sparking is one measure of the
conditioned state of an rf accelerating cavity. High-power
impedance measurements from a six-port reflectometer
developed for the Ground Test Accelerator (GTA) program
now provide additional information on the rf drive line and
accelerating cavities relevant to the conditioning and
reconditioning process. The information provided has been
particularly useful in understanding unexpected power
consumptions and decreases in coupling during rf
conditioning and operations and in identifying multipacting
power bands.

Introduction

The conditioned state of an rf accelerating structure is
normally measured and quantified by the peak-power capacity
of the cavity, by the tendency of the cavity to multipactor,
and by the ability of the cavity to resist high-voltage spark
breakdown. Because of the limited viewing access to the
cavity's interior and the limited accuracy of rf power
measurements, visual observations and rf power
measurements provide only limited indications of field-
induced effects. Diagnostics that help quantify high-power
operation would be useful to measure the conditioned state
of an rf structure and could provide indications of the root
causes for high-power rf anomalies.

The recent development of a six-port reflectometer [1]
for the Ground Test Accelerator (GTA) provides an additional
diagnostic tool useful for analyzing the performance of a
resonant rf structure at high power. While operating at high
power, the six-port reflectometer measures the complex
impedance of the resonant rf accelerating structure. The
impedance information from the six-port reflectometer
complements the conventional power information for
understanding the resonant structures at operational field
levels.

Application

The six-port reflectometer measures and resolves both
the real and imaginary components of the rf line and rf load
attached to the reflectometer. As an rf diagnostic for the
GTA program, it provides rf structure coupling data for the
beam experiments, and it provides the data used in the
feedback control of the rf structure tuners.

During high-power conditioning and operation of the rf
structures, the impedance data from the six-port

reflectometer has also been very useful in determining
abnormal or unexpected response to the rf power. Using the
six-port refiectometer data along with the system power
measurements, gives a much better understanding of rf
structure behavior. For the GTA rf structures, this
understanding of anomalous behavior was very useful in the
applications discussed below.

Identifying a Well-Conditioned
Quadrupole (RFQ)

Radio-Frequency

*Work supported and funded by the US Department of Defense, Army Strategic
Defense Command, under the auspices of the US Department of Energy.

After each vacuum and temperature cycle of the RFQ,
it is reconditioned back to a state in which it will maintain
the design field levels at pulse lengths on the order of
500 us. For the GTA RFQ, the design-field level is reached
at a peak-power level of 63 kW; however, as a matter of
practice, the reconditioning is done up to a peak-power level
of 85 kW to accommodate various accelerator experiments.
During the first reconditioning subsequent to vacuum and
temperature cycling, we have observed that the measured
cavity fields will not exceed levels corresponding to -75 kW
of consumed power, even though excess incident power
(forward power minus reflected power) is applied. Under
conventional conditions, excess incident power will result in
high-voltage spark breakdown; however, during this
reconditioning, there is the appearance of a saturation of
cavity signal with no apparent sparking. As a result, there
is an unexpected power loss mechanism during the initial
reconditioning.

Within an hour of the initial reconditioning, the RFQ
accepts power levels exceeding 85 kW, and very little
evidence of the power loss mechanism remains. At this
point, the RFQ is considered well conditioned and ready for
beam experiments. Figure 1 depicts the RFQ response to
incident rf power at 15 minutes following the initial
reconditioning and after the rf structure is well conditioned.

A more complete view of the RFQ power response
during reconditioning is obtained from the six-port
reflectometer impedance measurement. Figures 2 and 3
show impedance after 15 minutes and 30 hours of
reconditioning, respectively. From Fig. 2 we can see that
there is the onset of a reactive impedance component at
-65 kW RFQ cavity power that increases through the
saturation power levels. After the RFQ is well conditioned,
we see from Fig. 3 that the onset of this reactive impedance
component is pushed back to -85 kW.

Although the source of the power consumption
mechanism and the corresponding impedance change is
unknown, the impedance measurements of the six-port
reflectometer give a very clear view of the conditioned level
of the RFQ.
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Fig. 1. GTA RFQ power response during reconditioning.

Fig. 2. RFQ impedance response after 15 minutes of
reconditioning.

Identifying a Multipacting Power Band for the
RFQ

During operation of the GTA RFQ, we have observed
a power band over which the if structure tends to undergo
multipacting. During both initial and daily reconditioning,
it is necessary to break through this multipacting band with
peak powers that exceed 40 kW. After the RFQ is
conditioned to accept high power, the multipacting
breakdown can be conditioned away by extended pulse-length
operation through the RFQ cavity power band of 8-40 kW.
It is interesting that once the multipacting breakdown is
conditioned away, it returns after overnight shutdowns with
no temperature or vacuum cycling.

After conditioning away the breakdown in the
multipacting power band, there remains an impedance
response to the power band from 8-40 kW. Figure 4
displays the six-port reflectometer measurement of the drive-
line coupling (|3) across the multipacting band. The
indication of a power response to the multipacting power
band even after the multipacting breakdown is conditioned
away proves the tendency of this phenomenon to recur.

Fig. 3. RFQ impedance response after 30 hours of
reconditioning.

CO.

Fig. 4.

0 20 40 80 80 100

RFQ Cavity Power (kW)
GTA RFQ drive-line coupling as a function of cavity
power.

Quantifying an Unusual Power Consumption
Mechanism for the IMS Bunchers

An unexpected power consumption mechanism for the
GTA IMS bunchers occurs above cavity powers of -8 kW.
The nonlinearity of the power measurements for the second
buncher, IMS buncher B, is shown in Fig. 5.

The six-port reflectometer measurements of drive-line
coupling (p) and the cavity impedance for the same buncher
are displayed in Figs. 6 and 7, respectively. Because the
additional power consumption is primarily resistive and
corresponds to a drop in p\ the loss mechanism could be
either an emission power loading or a drop in Q from
increased surface resistivity.

Although the unexplained power loss and its character
is known, we have yet to identify the root source.

Measure System Degradation Over Time for an
IMS Buncher

During a recent GTA experimental cycle, we observed
that IMS buncher B required additional power to
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Fig. 5. GTA IMS Buncher B cavity and reflected-power

response.
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Fig. 6. GTA IMS Buncher B drive-line coupling (p") power

response.

Fig. 7. IMS buncher B impedance from 0 to 20 Kilowatts.

maintain the operational field level as the experiment
progressed over several weeks. The buncher's power
response to net incident power is displayed in Fig. 8 for two
separate days during the experiment.
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Net Incident Power (kW)
Fig. 8. GTA IMS buncher B cavity power response for two
separate days.

The six-port reflectometer drive-line coupling (P)
measurements for the same incident powers are displayed in
Fig. 9, and the corresponding decrease in p is evident. This
decrease confirmed a degradation in the buncher performance.
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Fig. 9.
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GTA IMS Buncher B drive-line coupling on separate
days.

Following the experiment, we removed the drive line
and an inspection was completed of the buncher's interior
and the drive-line components. Resistive tracking was
discovered on a teflon stand-off in the coaxial drive line.

Conclus ion

Data provided by the six-port reflectometer has
increased our understanding of rf structure performance at
high-power levels. It also has provided a useful tool for
measuring the conditioned state of an rf structure and has
augmented other data for increasing our understanding of
anomalous rf structure behavior at high power.
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Abstract

An accelerator has been developed for the
production of radioisotopes for Positron Emission
Tomography (PET) applications. This device uses a series
of three radio-frequency quadrupole (RFQ) accelerators to
produce 8 MeV ^He ions. The 3He reactions produce
fewer neutrons than do conventional deuteron and (p,n)
reactions, thereby reducing the radiation shielding required.
In addition, the RFQ is a robust and relatively light-weight
device. These factors result in substantial cost and weight
savings over conventional cyclotrons. The design and
performance of this accelerator will be discussed along with
initial isotope production results.

Accelerator Facility

A line-drawing of the the SAIC PET accelerator is
shown in Figure 1. The He+ ions produced in an ion
source are accelerated to 1 MeV by a 1.07 meter RFQ
operating at 212.5 MHz. The 1 MeV ions are stripped of
the second electron in the charge-doubler and further
accelerated by a pair of 425 MHz RFQs (total length 2.81
meters) to a final energy of 8 MeV. The 8 MeV beam is
focused into the isotope production target by a
combination of quadrupole and multipole electromagnets.
Beam diagnostics consist of current transformers,1 current-
collecting aperture plates, and a removable beamstop
immediately in front of the target. Beam steering is
accomplished by steering magnets in the low energy beam
transport (LEBT), medium energy beam transport (MEBT),
and high energy beam transport (HEBT) sections. While
not normally a part of the accelerator, a slit-and-collector
emittance scanner can be installed wherever necessary for
characterization of beam quality.

The duoplasmatron ion source produces up to 30
mA of % e + ions. The "PreStripper" RFQ is designed to
accelerate 20 mA of these 1 + ions to 1 MeV. The charge-
doubler strips 70-75% of these 1 MeV ions to the 2 + state

and the "PostStripper" RFQ accelerates 75% of these ions
to 8 MeV. The design goal of the accelerator is to provide
currents of up to 15 mA (electrical) of 8 MeV ions in a 2%
duty factor (300 \iA average electrical current). This level
of performance is sufficient to produce at least 0.5 Curies
(Ci) of 1 8 F and 1 5 0 ,1 .0 Ci of l lC, and 0.1 Ci of 1 3N.

To date the accelerator has been operated with 50
US pulses at 180 Hz and has produced peak currents of 30
mA of 20 keV ions 14 mA of 1 MeV ions, and 2.5 mA of
8 MeV ions.

Ion Source/LEBT

Although direct acceleration of 3 H e + + ions is
desirable, no ion source has demonstrated sufficient 2 +

current and charge-state purity for this application.
Therefore we produce a -*He+ ion beam with a
conventional duoplasmatron ion source and use the
PreStripper RFQ to accelerate the 1 + ions above 300
keV/AMU where the stripping cross sections are favorable
for the production of the 2 + ions.^- ' The duoplasmatron
ion source operates at 20 kV above ground potential and
has produced up to 30 mA of ^He+ ions in 100-150 us
pulses ai 360 Hz. The species content of the ion beam
was measured with a magnetic analyzer and typically
consists of 96% ^He + ions with approximately equal
amounts of ^He+ + and H* ions.

The 1 + ion beam is matched into the PreStripper
RFQ using a solenoid magnet. The total ion current in the
LEBT is measured by a current transformer while ion beam
losses are collected on a washer plate located immediately
in front of the RFQ entrance. The aperture of the plate
matches the RFQ entrance aperture so that any beam
current not focused into the RFQ is collected on the washer
plate. The ion current injected into the RFQ is equal to
the difference between the total current and the "lost"
current.

* Work sponsored by Strategic Defense Initiative
Organization Contract Number SDIO 84-89-C-0O46
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Figure 1. Line drawing of the SAIC PET Isotope Production Accelerator

PreStripper RFQ

The PreStripper RFQ operates at 212.5 MHz and
accelerates the 1+ ions to 1 MeV where the stripping cross
sections are favorable for removing the second electron
from the helium ions/* ^ Because RFQ focusing of •5He+

ions is insufficient at 425 MHz, it was necessary to reduce
the operating frequency of the PreStripper RFQ. The
design of the PreStripper RFQ is discussed in detail
elsewhere in these proceedings.4 Frequency control is
provided by adjusting the temperature of the cooling water
and by a pair of rotary tuners. The rotary tuners use
rotation of a flat paddle to shift the resonant frequency.
The tuning range of the paddles was measured to be 170
kHz without exceeding 5% dipole field mixture. The
position of the rotary tuners is controlled by a stepper
motor. Typical startup rf operation of the PreStripper
RFQ shows a decrease in resonant frequency due to heating
of the vanes, followed by a return to the original frequency
as the cylindrical RFQ housing heats up. This time delay
is due to the difference in thermal mass and to the relative
rf power deposited in the vanes and in the housing.
Following the return to the original resonant frequency, the
tuning range required of the tuners is relatively small,
typically less than 10 kHz. Hence under normal operation,
the effect of the tuners on the rf field symmetry and cavity
Q is small.

Charge-Doubler/MEBT

Upon exiting the PreStripper RFQ, the 1 MeV
beam ions are stripped of the second electron in a gas cell
and matched into the PostStripper RFQ by a combination
of permanent magnet quadrupoles (PMQs)^ and an rf
buncher cavity operating at 212.5 MHz. The stripper
employs a gas cell rather than a foil stripper because of the
high specific ionization rate of helium. A foil thin enough

to not degrade the beam quality (1-2 ^g/cnrr) would not
survive the high energy deposition rate (5-10 mJ/pulse).

The 1+ ion current out of the PreStripper RFQ is
measured with a current transformer just prior to the
stripper cell. The combined l + / 2 + current is measured
with a second current transformer just before the
PostStripper RFQ and beam losses are collected on another
washer plate located immediately in front of the RFQ
entrance. The ion current injected into the PostStripper
RFQ is the difference between the total current and the
"lost" current. Separation of the 1+ and 2+ ion species is
accomplished by the differential PMQ focusing of the 2+

beam relative to the 1+ beam.

PostStripper RFQ

The PostStripper RFQ operates at 425 MHz and
accelerates the 3 H e + + beam from 1 to 8 MeV. The
injected ion beam is already bunched so that no buncher-
shaper section is required. The PostStripper RFQ is
mechanically divided into two separate resonators by an
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aperture plate. This aperture plate facilitates RFQ tuning
by sectioning the relatively long RFQ (3.98A.) into two
shorter segments. The penalty paid for this division is 10-
15% additional beam loss at the interface. In the future,
we plan on replacing the aperture plate with a washer plate
that would resonantly couple the two RFQ sections" and
eliminate this beam-loss penalty. As in the PreStripper
RFQ, frequency control is provided by the temperature of
the cooling water and by a pair of rotary tuners in each
RFQ section.

HEBT/Target

The 8 MeV beam out of the PostStripper RFQ is
directed into the isotope production target by a
combination of quadrupole and multipole electromagnets.
The multipole fields are primarily quadrupole and octupole
in character and make the ion beam spatial distribution on
the target window more uniform, thus reducing the peak
power loading of the target window. The target is
separated from the vacuum by a thin HAVAR7 window.
The range of the 3He ions in the target material (primarily
water) is only 80 |im, so the cooling of the target window
and the thermal management of the heat within the water
target must be carefully considered. The interaction of the
ion beam with the target system was simulated with an
electron beam welder and the results were presented
elsewhere.8

The accelerator is protected from target foil
ruptures by a valve that closes within 10 ms of losing
vacuum pressure.9 In the event of a foil rupture, closure
of this valve, coupled with turning off the mechanical
vacuum pumps, confines any radioactive material within
the vacuum system and eliminates personnel exposure.
Decontamination of the accelerator system is not an issue
because of the relatively short half-lives of the isotopes
produced (<2 hours). Also, experience has shown that
pinholes developing in the target foil usually lead to
degradation of the vacuum well before catastrophic foil
rupture occurs.

Conclusions

The SAIC PET isotope production accelerator is
currently in the debugging and commissioning stage. At
present, the overall accelerator performance is limited by
poor performance of the buncher cavity and by operation at
less than the full 360 Hz duty factor. The ion source
typically produces 22 mA of 3 H e + ion beam at the
required duty factor and the transmission of the PreStripper
RFQ is 50-80% depending on quality of the match. The
stripping efficiency of the 1 MeV ions is 30-75%
depending upon the gas parameters. Typical accelerator
operation produces 10 mA of 2 + ions at 1 MeV. The
transmission of the PostStripper RFQs is limited by the

buncher cavity and is approximately 20%. Therefore we
routinely produce 2-3 mA of 8 MeV ions (in good
agreement with PARMTEQ).

The RFQs have operated at the full 360 Hz duty
factor, but are routinely run at 120-180 Hz. Operation at
the reduced duty factor is primarily administrative in order
to reduce rf tube stress because spare tubes have not been
readily available. Preliminary ^ C and 1 8 F isotope
production experiments have demonstrated yields somewhat
lower than electrical beam current measurements would
predict, but are in agreement with calorimetric beam
current measurements. We are working to resolve this
discrepancy between the electrical and calorimetric current
measurements and to improve the operation of the buncher
cavity.
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Abstract

The advantages of using a low loss, high group velocity
TW circuit in pulse stretcher ring applications to compensate
for synchrotron radiation and parasitic losses over a wide
range of beam loading conditions and to control beam spill
over a wide energy range are discussed, and details of a cw
2856 MHz TW microwave structure designed to satisfy the
operating requirements of the 900 MeV pulse stretcher ring
at NIKHEF-k, Amsterdam1 are presented. The design and
operating characteristics of the TW structure for this pulse
stretching application are shown tabulated and graphed for
a wide range of beam energy and beam loading conditions.
The higher order mode (HOM) extraction, absorption and
incoherency de-Q-ing techniques used in the design and fab-
rication of the overall assembly are described, and extracted
RF signal waveforms identifying the HOM resonances are
also presented.

Introduction

The concept and design philosophy of using a high group
velocity, non-synchronous cw traveling wave structure in a
pulse stretcher ring (PSR) to accurately compensate for syn-
chrotron radiation and parasitic losses and to control the beam
spill over a wide range of operating energies and currents to
maximize the effective duty cycle of the extracted beam, have
been described elsewhere, -x and the operational advantages
of these asynchronous TW structures are summarized below.

(a) The PSR can be operated over a wide range of beam
energies and pulse currents without requiring the structure
to have adjustable RF coupling and tuning controls. This is
made possible because the multi-cavity, broad band TW
structure presents a matched impedance (VSWR =1.05 to
1.10) to the RF source over the full range of beam loading,
and the non-synchronous interaction enables beam induced
reactive phase shifts to be fully compensated by combining
the (fixed tune) counter phase slip or the structure with a
small trim adjustment or a low level (digital) phase shifter in
the klystron drive circuit.
(b) Special temperature compensation controls are unneces-
sary because the structure resonant condition is automatically
maintained as the cw input RF power is varied over the full
operating range. This is made possible by using multiple
internal cooling channels and a very low dissipation circuit
(less than 60W per cavity).
(c) The use of a very large beam aperture design, to satisfy
the ring lattice admittance requirements, enables the structure
to be operated at the same resonant frequency as the injector
linac and simultaneously provides a fast RF filling time
(= 20 ns). This latter feature results in a highly phase stable
circuit that is insensitive to normal variations of temperature
and frequency (refer Table II), provides a fast response
capability so that abrupt phase shift or amplitude control
techniques can be employed to optimize the extracted beam
duty factor, and minimizes troublesome RF transients that
can be associated with fast beam injection into the ring.
(d) For a given operating condition, rapid and precise con-
trol of the beam energy can be achieved in a single orbit
period of the PSR without altering the input RF power level
by adjustment (digital control) of the input RF phase to the
TW structure. Since the beam energy gain is highly dependent

on this adjustment, accurate control of the cavity input phase
plays an important role in the beam extraction process.
(At the University of Saskatchewan PSR, initial operation
of the TW structure demonstrated an extracted beam duty
factor of 50 percent,5 and this was subsequently increased
to 80 percent by optimizing the RF phase shift control
sequence.

In contrast to the advantages summarized above, a
detracting feature associated with the use of a cw low gra-
dient, TW structure in PSR applications, is the need to adopt
aggressive design and fabrication techniques to minimize
the probability of encountering beam induced higher order
mode (HOM) instabilities caused by the beam recirculating
through the RF cavity several thousand times during the
period between injected pulses. These HOM suppression
techniques are described in a later Section of this paper.

RF System Parameters

For a given beam energy, the maximum required RF
voltage to be provided by the PSR cavity is dependent3'4 on
the RF bucket height, as established by the phase and energy
spread of the injected beam, and the ring harmonic number
(n) and momentum compaction parameter (a). The syn-
chrotron radiation loss per turn (proportional to the fourth
power of beam energy and the reciprocal of the bending
radius) is, in general, substantially less than the cavity peak
RF voltage, and therefore requires that the bunch centroid
be phased relatively close to the RF zero crossing position.

Computed values of the TW structure input power and
peak RF voltage are shown plotted versus beam energy and
ring orbit loss in Figure 1 for the Amsterdam PSR at a beam
loading of 200 mA. These data allow for small additional
(parasitic) losses and are based on h and a values1 of 2016
and 0.027, respectively, and on the use of an energy spec-
trum compression system at the end of the linac to give an
injected energy spread of 0.11 percent.

10 15 20

CAVITY INPUT RF POWER !k«;

Figure 1. Traveling Wave Structure Input Power and Peak RF
Voltage versus Beam Energy and Ring Orbit Loss.
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Non-Synchronous Operating Technique
The traveling wave structure was designed to maintain cor-

rect compensation for ring losses over a wide range of beam
energy and beam loading conditions by phasing the bunch
centroid close to the zero crossing while operating in the syn-
chrotron phase stable region. Under these conditions, and
especially when operating at reduced beam energies with min-
imal applied RF power, moderate beam loading can result in
large reactive phase shifts.6 To provide inherent compensa-
tion against this effect, the TW structure was designed to
have a relative phase velocity (/Jw) of less than unity, thereby
introducing a counter-phase slip \j/0 = 27r(z/X)(l-/3,j//?w,
where positive values define phase lag with respect to the
beam. With this non-synchronous mode of operation, the
structure is fixed tuned and resonant at the operating fre-
quency of the linac system; thus, for relativistic particles,
the phase slip (\j/0) is established by the physical dimensions
of the circuit only.

For the Amsterdam PSR, \p0 was chosen to cause the
phase lag of the wave with respect to the beam at high energy,
light beam loading conditions to be comparable to the phase
advance of the total field vector with respect to the bunch
centroid under medium energy, moderately heavy beam load-
ing conditions. With this technique, for any given operating
energy and over the full range of beam loading conditions,
an entry phase can be selectedwithin a narrow range of values
(within 20° of zero crossing) that will result in maintaining
the desired beam energy gain to compensate for the ring losses.
This is illustrated by the phase orbit and energy gain data
shown plotted in Figures 2 and 3 for 50, 100 and 200 mA at
beam energy values of 500 and 900 MeV, respectively. For
example, in Figure 2, under light beam loading of 50 mA, a
bunch centroid entry phase 2lA° ahead of the zero crossing
results in a structure transit phase advance of 7° to give an
energy gain of 3.0keV; and for heavy beam loading at 200 mA,
by advancing the entry phase 16°, a reverse phase slip of
25° occurs during transit of the structure, and the energy
gain remains unchanged. The RF structure phase and beam
parameter relationships are listed in Table I, and the data
shows that the fixed tune phase slip (^0) was chosen to pro-
vide near synchronous operation at a median beam energy
and beam loading condition. As a general design criteria,
for any given operating condition, the required oeam energy
gain will be maintained constant for different beam loading
conditions when the entry phase is selected to maintain a
given constant phase value at the midplane of the structure;
i.e., a beam loading phase fulcrum point is established at
z = L/2. This phase fulcrum point is in advance of the
zero crossing by 1, 2'/4, 5 and 11 degrees, respectively, for
the required beam energy gain conditions of V/i, 3, 8 and
20 keV shown in Table I.

Beam
Energy
(Mev)
900

700

500

250

TABLE I
Relationship of TVV Cavity Entry Phase

with Beam Energy and Current

Input
Power
(kW)

26

16

8

5

Energy <
Gain
(keV)
20.0

8.0

3.0
sync

1.5

Current

(mA)
50

100
200
50

100
200
50

*100
200
50

100
200

Entry
Phase
(deg)

8.6
11.4
17.4
3.7
7.3

14.8
2.5
7.6
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2.7
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Phase
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Fig. 2. RF Cavity Phase Shift and Energy Gain ys Distance Along
Structure for Po =8kW and V0=500MeV (0.11% AV/V).
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Fig. 3. RF Cavity PhaseOrbil and Energy Gain vs Distance Along
Structure for P0 = 26kW and V0 = 900MeV (0.11% AV/V).

Description of TVV Structure
The RF structure is designed to operate at 2856.0 MHz

using twelve 2x/3 mode cavities, including special input and
output coupler cavities having large bore re-entrant drift
tubes, side wall iris coupling and offset bodies. Two contigu-
ous offset body cavities in the center of the structure are mag-
netically coupled, in mutually orthogonal planes, to broad
band matched WR187 loaded rectangular waveguide circuits
for extraction and absorption of higher order modes. The
phase velocity of the structure varies from c at the input to
0.976c at the output, to give an unloaded fixed tune phase
slip of 17.3 deg. With a minimum diameter beam aperture
of 40 mm, the RF insertion loss is 0.12 dB; and at a cw input
RF power of 26 kW, the structure dissipation is 708 W at
zero beam loading. The total RF filling time of the struc-
ture is 21 ns, giving an output phase frequency sensitivity
of 7.6 deg/MHz and an output phase/average copper
temperature sensitivity of 0.36 deg/°C. The microwave
structure design parameters are shown listed in Table II.
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TABLE II

TW Structure Design Parameters

Resonant Frequency at 45°C 2856.0 MHz
Traveling Wave Longitudinal Mode 2ir/3
Overall Electrical Length 1440 deg
Beam Aperture Minimum Diameter 40 mm
Input Phase Velocity 1.000c
Output Phase Velocity 0.976c
Fixed Tune Phase Slip of the Unloaded

Structure, with respect to c 17.3 deg
VSWR at Resonant Frequency ±3 MHz,

less than 1.05:1
RF Insertion Loss 0.12 dB
Structure Copper Losses at an Input Power

of 26 kW and Zero Beam Loading 708 W
RF Filling Time 21 ns
Output Phase/Frequency Sensitivity 7.56 deg/MHz
Output Phase/Average Temp. Sensitivity 0.36 deg/°C
Drift Tube Cutoff at 2856 MHz 112 dB

Input and output WR284 rectangular waveguide directional
couplers and high power RF window and load assemblies were

supplied with the TW structure
to form an integrated high
vacuum RF system. A view of
the system layout including the
baseplate and supports and the
input and output beam drift
tubes is shown in Figure 4.
The (27 cm long) beam
drift tubes ensure uniform
impedance zones, free of
collimators, monitors, etc.,
and enable the HOM field
patterns immediately contig-
uous to the TW structure to be
accurately characterized (and
reproduced on site), thereby
assisting in optimizing the
HOM de-Q-ing adjustments.

• _ ^ _ ^ F i g u r e 4 .

• "> • ^ B % View of TW Structure
Showing Input and Output
Beam Drift Tubes and
HOM De-Q-ing Features.

De-Q-ing Higher Order Modes
In order to minimize the beam induced HOM field

intensities, a variety of previously developed4 extraction,
absorption and incoherence design features were incorpo-
rated into this large aperture TW structure. These features
included two offset body HOM extraction couplers located in
the rnidsection of the structure and connected to broad band,
coaxially terminated, external WR187 E-bend assemblies
(refer Figure 4); the use of side wall iris input and output
coupler cavities having (tunable) re-entrant nigh RF loss,
slotted drift tube assemblies with a TEn cutoff frequency
slightly less than the HEM,, lower branch zero mode reso-
nance; the use of externally loaded probes extending into the
slotted beam drift tubes and located in two orthogonal planes
oriented azimuthally at 45° to the coupler cavity WR284
connections (refer Figure 4); and the use of five different cav-
ity lengths and eight different (2b/2a) cavity diameter ratios.

The effectiveness of coupling the HOM fields, especially
the undesirable lower branch 7 HEM,, modes, from the beam
centerline into the matched C-band extraction circuits is
illustrated in the Figure 5 waveforms. The waveforms show
the frequencies detected at the termination of each WR187
extraction circuit (CL and Csll) for an RF sweep of 2 to 6 GHz
injected into the beam centerline. Similar RF sweep

detection measurements also confirmed the effectiveness of
coupling the HEM,, modes out of the structure through the
drift tube beam apertures, and via the wide iris S-band
coupler into the WR284 water load. The above techniques
resulted in a 15 to 20 dB reduction of the HOM Q values,
and HEM,, Rx upper values of less than 50 kfi.

5902 6191 MHz
1

Figure 5. HOM Extraction Circuit Output Signals for a
2 to 6 GHz Swept Excitation of the TW Structure.
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ABSTRACT

High gradient performance of a travelling wave X-band
accelerating structure of 20cm long was examined. Various
observables were measured such as RF pulse waveform at
various positions, dark current versus accelerating field
level, energy spectra of emitted electrons toward downstream
and so on. The field level of 80MV/m at input coupler cell
was obtained after 500 hours' conditioning at a typical
repetition rate of lOpps. This field level is equivalent to
70MV/m accelerating field in 20cm long structure. Peak
dark current decreased down to l(iA level at accelerating
field of 50MV/m at input coupler cell.

INTRODUCTION

In the Japan Linear Collider (JLC)[1], an acceleration
via a high frequency accelerating structure is needed to save
wall plug power while obtaining a very high energy.
Furthermore, the accelerating field should be reasonably
high to preserve the emittance through the linac and make
the length of the linac as small as possible. In the JLC, the
accelerating field of several tens MV/m and possibly up to
lOOMV/m is considered.

The breakdown limit of the accelerating structure in S
to X band frequency range was examined.[2] Though the
results show much higher field level than stated above, it is
not clear whether such a field can be stably obtained in a
long travelling wave structure, because the experiments
were performed only in standing wave condition for a few
cells. The high field experiment for travelling wave
structure was performed at S-band and showed the
possibility of nearly lOOMV/m at S-band but also observed
a large amount of dark current of the order of mA.[3]

Following these background, a high gradient experiment
on X-band accelerating structure was comissioned to
examine the possible field level for stable operation.
Various physical aspects such as the amount of the dark
current, the energy spectra of the dark current, breakdown
mechanism in a long structure, vacuum characteristics and
so on were also examined. In this paper, the results of the
experiment were briefly described.

EXPERIMENTAL SETUP

The tested structure is of a constant impedance type and
has 20 regular cells with 2 coupler cells. It is operated in
27T./3 mode at 11.4GHz. The structure parameters were
summarized in Table 1. All the numbers of the
accelerating gradient in this paper are refcred to the field at
input coupler cell. The average gradient of the whole
structure of 20cm long is 13% less than this value. The
cells in the structure were machined in a usual lathe and
brazed in a hydrogen furnace. The thin iris in the coupler

cells were deformed after brazing for matching and tuning
purpose.

The RF power generated by a klystron "XB50K" [4]
was fed to the structure through 4.9m long waveguide.

The experimental setup is shown in Fig. 1. Various
components in the figure are A,B: RF monitor, C: current
transformer, D: Faraday cup, E: analyser magnet and slit,
F: 20 1/s ion pump, G: cold cathode gauge, H: plastic
scintillator, J: profile monitor, K: TV camera and S:
accelerating structure.

Table 1
Parameters of the accelerating structure

Aperture
Group velocity
Shunt impedance
Surface field in TW
Total attenuation
filling time

a
vg/c
r
Ep/Eacc
X
Tf

3
0.01177
103.6
3.91 / 2
0.284
55

[mm]

[MQ/m]

[neper]
[ns]

Fig. 1 Experimental setup

RESULTS

Most of the conditioning were performed with 50ns
pulse length and at lOpps. The input power was shut off in
case of a large reflected power from the structure or when
the vacuum at the pumping port exceeds 10"^ Torr.

Typical RF waveforms, current transformer output and
scintillator output amplified by photomultiplier are shown
in Fig. 2. Large reflection of about 0.3 in voltage from the
structure comes from a small band width of the structure
due to the small beam aperture. Note that the scintillator
output signals were delayed by about 70ns due to the time
delay in photomultiplier tubes. Then, the dark currents to
both directions and the X-rays along the structure were
found to appear at the same time as just the filling up of
the structure.
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Fig. 2 Typical waveforms at EiN=75MV/m. (a) Klystron
RF output, (b) input RF to structure, (c) reflected RF from
structure, (d) transmitted RF from structure, (CT-UP/DN):
current transformer output at upstream and downstream
side, respectively, (SCi) i=l to 5: scintillator output
aligned from i=l at input to i=5 at output coupler cell
(envelope of a number of shots) and (REF): input RF to
structure to show the time reference. All the scopes were
triggered by the rise of this signal. Horizontal scale is
50ns/div.

Conditioning history

Obtained accelerating field versus conditioning time was
shown in Fig. 3. Further conditioning above 80MV/m
seems difficult due to frequent breakdown and/or sudden
jump of the vacuum level. A decrease around the time 350

hours is due to the conditioning with long pulse length of
100ns.

EaccON)
80 j —

70 [
j 60 L
> 50 ^
| 4 0 -

I 3° ̂
'•2 20 %

10 ^

o L

AgingData-92-06-12

0 100 200 300 400 500 600 700
ToialTime[hl

Fig. 3 Accelerating gradient versus conditioning time.

Fig. 4 shows a decrease of dark current during the
conditioning down to \\±A at 50MV/m, though the decrease
stopped after 500 hours, which coincides with the stop of
increase of maximum field level.

UP (3 & Dark at 50MV/m [p.A]

1000

100

10

\ .».. UP ft

x

Peak current

0 100 200 300 400 500 600 700
TolalTimefh]

100
DN (1 & Dark at 50MV/m [|lA]

Peak current

c

DNP

0 1
0 100 200 300 400 500 600 700

ToUlTime[h]

Fig. 4 Dark current towards upstream (top) and
downstream(down). UP p and DN P are
the field enhancement factors obtained from
fitting of modified Fowler-Northeim plot.

Dependence on pulse length

Fig. 5 (a) shows the dark current versus pulse width in
case of well below the already conditioned level. It was
found that the dark current towards downstream does not
increase as pulse length increases, indicating a dark current
generation only during the filling time of 55ns. It still
increases as pulse width if the field reaches near the
maximum conditioned level as shown in Fig. 5 (b).
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Fig. 5 Dark current versus pulse width, (a): well

below the conditioned maximum level,
(b) near maximum level.

Energy spectra

Fig. 6 shows typical energy spectra of dark current
toward downstream. Peak energy is smaller by a factor of 3
than the one accelerated sitting on RF crest.

Energy specu
100

0.1
0 5 10 15

Momentum [MeV/C]

Fig. 6 Energy spectra of dark current. Vertical
axis is measured current per unit relative
momentum acceptance of about 4%.

FN plot

In Fig. 7 are shown the modified Fowler-Northeim
plots for dark currents to both directions. The dark current
to upstream and Ein>65MV/m and that to downstream in
full energy range show a similar field enhancement factor
of around 35, while that to upstream and Ein<65MV/m is
95. It should be noted that the acceptance of downstream

side is one order of magnitude smaller than that of upstream
side. The spot of the dark current was measured between
the structure and the current transformer in downstream to
be 1.5cm wide and lcm high, indicating almost all dark
current to downstream was detected.

12June1992

KM./P 50ns
FC-UP 100ns
FC-DN 50ns

KV-DN 10tV;s

. .1.

8 9 10 11 12
l/Es[GV/m]

Fig. 7 Modified F-N plot.

DISCUSSION

It was found from this experiment that the operation at
the accelerating gradient less than 50MV/m level is very
promising for future linear collider, though a longer
structure should be examined before actual use. Considering
a difficulty to increase the gradient above 80MV/m, it
seems necessary to carefully understand what happens in
this field level in order to realize lOOMV/m class
acceleration. It is to be noted that a simulation study by
Yamaguchi [5] shows that the emitted electrons can be
captured to input RF field only in the field level higher
than 80MV/m in case of 11.4GHz structure.
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Abstract

Modern linac designs for treating radioactive waste
achieve high proton currents through funneling at low
energy, typically around 20 MeV. The resulting switch to a
high-frequency accelerating structure poses severe
performance and fabrication difficulties below 100 MeV.
Above 100 MeV, proven coupled-cavity linacs (CCLs) are
available. However, at 20 MeV one must choose between a
high-frequency drift-tube linac (DTL) or a coupled-cavity
linac with very short cells. Potential radiation damage from
the CW beam, excessive RF power losses, multipactoring,
and fabricability all enter into this decision. At Los Alamos,
we have developed designs for a bridge-coupled DTL
(BCDTL) that, like a CCL, uses lattice focusing elements
and bridge couplers, but that unlike a CCL, accelerates the
beam in simple, short, large-aperture DTL modules with no
internal quadrupole focusing. Thus, the BCDTL consumes
less power than the CCL linac without beam performance
and is simpler and cheaper to fabricate in the 20 to 100 MeV
range.

Introduction

Design studies conducted in the late 1980s
demonstrated that modest to moderate extensions of today's
high-current linac technology can be applied to high-current
CW-type machines required for accelerator transmutation of
waste (ATW). However, two significant areas of
accelerator technology must first be developed. One is a
two-legged micropulse funnel to operate at about 20 MeV;
the other is a reliable device for accelerating the resulting
double-frequency beam above 20 MeV. One might suppose
that a standard high-frequency Alvarez DTL would suffice
between 20 and 100 MeV. After all, high-frequency DTLs,
such as the 425 and 850-MHz DTL's developed for the GTA
program at Los Alamos, are relatively common. However,
while these machines are high-current (100 mA) designs,
they also are designed to operate at either low duty factor or
at CW for short periods at cryogenic temperatures. All of
these DTLs use Nd-Fe or Sm-Co permanent magnet
quadrupoles (PMQs) inside the drift tube envelopes.

We believe that an ATW linac delivering a 200-mA
CW beam requires radiation-hardened electromagnetic
quads (EMQs) for energies above 10 MeV. Such EMQs
will fit into drift tubes at about 350 MHz before the funnel,
but will not fit into 700-MHz drift tubes downstream. Why
not lower the operating frequency of the system to, say, 200-
400 MHz? This frequency would undoubtedly aid the
design of EMQ-equipped drift tubes and even possibly
increase the ratio of bore tube to beam diameter. In this
frequency range, however, the problems of designing and
fabricating a coupled-cavity linac would increase
dramatically, since standard brazed assemblies become

extremely costly below 700 MHz. Furthermore, innovative
welded sheet metal structures would also have to be
developed.

Consequently, we think a linac operating at 350-700
MHz, with a funnel operating at around 20 MeV, is an
excellent choice from both the beam dynamics and the
fabrication standpoints, even though it is problematic in the
energy range of 20 to 100 MeV. At 20 MeV, a CCL
accelerating cell operating in the 700-MHz n-mode is very
short (4.35 cm). The cell diameter, however, is large (33
cm). Therefore, a low-energy CCL cell consists mostly of
closely set parallel walls of copper, with resulting low shunt
impedance (Fig. 1). The lattice proposed for ATW consists
of 10-cell tanks with intertank spaces varying from 4.0 pX
at 20 MeV to 3.0 p*. at 100 MeV. We feel that operating a
K-mode CCL at such low energies creates brazing
complexities. For example, low shunt impedance leads to
high power consumption. In addition, the large number of
closely set parallel cell walls may lead to multipactoring
problems.

4.35cm at 20MeV

•Work suppored by Los Alamos National Laboratory Institutional
Supporting Research, under the auspices of the United States
Department of Energy.

0 20 cm

Fig. 1 A 5 pA. long CCL accelerator tank at 20 MeV and
700 MHz showing close end wall spacing and
fabrication complexities.

For these reasons, we have proposed a different
accelerating structure for the 20-100 MeV range. We
propose to simply replace the CCL tanks with large-bore
DTL tanks that provide the same gain in real-estate energy
per unit length but that contain drift tubes without
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quadrupoles. To build this DTL, we coupled the tanks with
resonant couplers and named it the bridge coupled DTL
(BCDTL).

Description of the BCDTL

Figure 2 shows a five-tank BCDTL for 20 MeV; Figure
3 shows an individual tank with bridge-coupler and
intertank hardware. Each accelerating tank is 5 PX. long
(43.5 cm at 20 MeV) and holds four single-stem drift tubes.
The tanks are coupled at their center planes with partitioned
bridge couplers to prevent field droop in the coupled system.
Because the tanks are so short, no post couplers are needed.
In addition, because the drift tubes do not carry quadrupoles,
alignment can be coarse (± 0.5 mm). Between the tanks we
placed a standardized beam tube equipped with a rad-hard
quadrupole singlet, a BPM, a steering magnet, a bellows,
and metal-sealed quick disconnect flanges. A vacuum valve
was also added between modules.

Unlike a standard Alvarez DTL, the BCDTL drift tubes
do not carry quadrupoles, so the bore can be opened up to
large diameters (4-5 cm) to provide a large aperture ration
for the CW beam. This increase in aperture ratio results in
low transit time factors (0.52 to 0.59). As a result, the
accelerating field levels must be increased to EOT =
1.8 MV/m to retain the desired gain in real-estate energy,
1 MV/m. However, because the drift tubes have no
quadrupoles, the DT walls can be thinned for improved rf
efficiency. All that is needed is enough copper for the
cooling channels.

MULTiCELL

BRIDGE COUPLER

Fig. 3 Internal structure of the 20.6-MeV 700-MHz
BCDTL accelerating tank (5 pX long).

-5 01 ACCELERATING TANK (5)

-BRIDGE COUPLER (4) EM QUAORUPOLE SINGLET (5)

METER

Fig. 2 5 tank 20-22.9 MeV, 700-MHz bridge-coupled DTL module.
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Transverse beam control is provided by the lattice EMQ
singlets between the tanks. In all respects, the BCDTL
performs like an equivalent CCL, but it consumes less
power and is considerably simpler and cheaper to fabricate
in the 20 to 100 MeV range.

Table 1 compares the BCDTL's operating
characteristics with those of an equivalent CCL. The
BCDTL's physics design as applied to ATW is provided in
another report by Garnett et al. [1],

TABLE 1
Comparison of CCL and BCDTL Operating Parameters
in the Energy Range of 20 to 100 MeV

No. of tanks
Tank length
No. of cells/tank
Cell length
Intertank spacing
Aperture radius (cm)
ZT2 (Mfl/m)
E()T, structure (MV/m)
cpa

Focusing lattice
Effective quad length
(cm)
Quad, gradients
(KG/cm)

CCL
88
5$X
10
1/2 0X
3.5-2.5 3^
2.5
3.5-22.8
1.7

ramped, -40° to
-30°
FODO
4.74

3.72-3.53

BCDTL
88
5 3X
5
IPX
4-3 3X
-2.25
22.8 - 23.3
1.8

ramped, -40° to
30°
FODO
4.74

3.47-3.28

Advantages of the BCDTL

The BCDTL provides the following advantages over
the CCL in the 20- to 100-MeV energy range:

(1) A structure that can be readily built at modest cost,
(2) Ease of tuning and alignment,
(3) Higher ZT2 at the lower energy end, and
(4) Higher operational reliability.

In addition, the BCDTL permits the introduction of the
7t-mode CCL at a conservative and proven energy range of
80 to 100 MeV. The Los Alamos Meson Physics Facility
(LAMPF) begins using its 805-MHz CCL at 100 MeV.
Using LAMPF as a precedent, we also chose to switch over
from BCDTL to CCL at 100 MeV. The BCDTL offers a
significant cost advantage because of its simpler and
therefore cheaper structure.

To properly couple the tanks in phase and to permit iris
coupling with the drive waveguide, the BCDTL requires
five-cell bridge couplers, which, at 100 MeV are expensive
to implement because of their length. The added expense,
however, is a relatively minor disadvantage considering the
benefits to be gained with a multicell bridge coupler at 100
MeV, including freedom from unwanted rf modes and a
relative insensitivity to the coupling slots.

Conclusions

In our design studies of ATW-class linacs, we plan to
use a 700-MHz bridge-coupled DTL in the 20- to 100-MeV
energy range as an alternate to a CCL. We feel that this
structure will provide fabrication and cost advantages in this
energy range because it has higher shunt impedance at
lower energies, even though it suffers from high-power
densities at point-specific areas and requires long bridge
couplers if the design is carried to 100 MeV. Overall, we
feel it is an advantageous structure for ATW.
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Abstract

The Infrared Free Electron Laser, being designed at LBL as
part of the Chemical Dynamics Research Laboratory, is based on a
500 MHz superconducting linac driver that consists of five 4-celI
structures of the CERN/DESY type. A 500 MHz, 2-cell version of
this structure is being used in a joint Stanford/LBL/BNL program
to study accelerator issues relevant to the FEL applications. As
part of this study, field profile and loading measurements of higher
order modes have been made on the prototype structure.

Introduction

As presently proposed, the LBL Chemical Dynamics
Research Laboratory (CDRL) will incorporate a high-brightness,
tunable, infrared free-electron laser (FEL) for the purpose of
studying combustion dynamics at the molecular level.' > In order
to achieve the necessary wavelength stability and CW operation,
the FEL makes use of superconducting RF cavity structures.
Reported arc the results of preliminary low level room temperature
RF measurements of a 500 MHz two-cell structure for use in the
FEL.

The prototype structure is a two-cell version of the
CERN/DESY structure that was originally built by Intcratom for
TRW. The cavity components, made from high purity nobium
sheet, were formed by spinning and then electron beam welding.
The cavity pair, shown in Fig. 1, incorporates four higher order
mode (HOM) couplers (two TE and two TM) mounted on the
expanded beam tube sections. On each beam tube there is one TE
and one TM coupler with an angle of 70° between them. The TE
(TM) couplers on opposite beam tubes are oriented with an angle

of 110° between them.
In addition to the measurements reported here, further

evaluation of the two-cell structure will include RF measurements
on the fundamental coupler and an improved HOM coupler, and
detailed microphonics studies, both warm and at cryogenic
temperature.

Cavity Measurements

Five basic measurements were performed on the two cell
structure: Mode spectrum and identification, HOM coupler external
Q's, on-axis field profiles, effects of tuning to flatten the field
profile of the accelerating mode, and isolation of the accelerating
mode from the HOM couplers. The results of the mode spectrum
and Q measurements are given in Table 1. As indicated, a total of
21 longitudinal and dipole modes below the 1.28 GHz TM0] beam
pipe cutoff were identified. The modes were identified by
correlating their measured frequencies with those predicted by
URMEL and by probing inside the cavity with directional electric
and magnetic field perturbers (needles and disks).

In Table 1, HP and VP refer to horizontal or vertical
electric field polarization where vertical is defined to be aligned

Mode

TMoiO-0
TMoiO-Jt (Accel)
TEin.0HP
TEiii.fj VP
TEjil-jtHP
TEjil-jtVP
TMno-jiHP
TMHO-JIVP

TMno-OHP
TMno-OVP
TMon-jt

T E m ExpAlE

TMoil-0
TE[i l ExpBlE

TEji l ExpBlH
T E n i Exp A1H

TM020-0
TMo2O-n
Trapped
TMoil-OExp
TMoil-jc Exp

fo
(MHz)

494.2
500.0

618.4
620.2
651.5

655.4

700.8

702.1

727.3
728.0
887.3

895.0

906.6
918.0

924.0

936.0

1040
1061
1174
1191
1195

Qext
(xlO3)
>2500
3x109

11.1
1071.0

1.2
44.6

.15

2.7

<. l
33.0
2.1

.28

2.2
.21

<.l

< 1

2.3
4.6

42.0
2.8
3.5

R/Q
(kn,kQ/cm)

.001
115

4.24
4.24
8.22

8.22

15.75

15.75

6.72
6.72
2.77

—
36.4
...

—

—
.05
.72

.22
—
—

R
(kQJcfi/cm)

>2.5

3.5X108

47
4500
9.9

370

2.4

43

<.67
220
5.8
.. .

80
...

—

—
.12
3.3

9.2
...
—

Table 1: Mode Spectrum and HOM Damping Data.

with the axis of the fundamental coupling port. Nearly all of the
dipole modes exhibit horizontal or vertical polarization.
Exceptions are the TE dipole (TEj j \ Exp) modes that are trapped
in the expanded beam tube sections. In these cases, the modes in
each expanded beam tube section are completely uncoupled. As a
result, the electric field directions for the two polarizations of each
mode are determined by the EandH HOM couplers. The vertical
and horizontal polarizations occur for all other dipole modes
because the strong coupling between cells and the two sets of HOM
couplers introduces symmetries with respect to these directions.

Also contained in Table 1 are the Q e x t values of the four
HOM couplers combined for each mode. These values were
calculated from Q measurements of the unloaded cavity and the
cavity loaded with 50Q terminations on the HOM couplers. The
loaded and unloaded Q values for all modes except the TMojO-jc
accelerating mode were determined by finding the 3dB width of
each resonance in a weakly coupled transmission measurement
through the cavity structure. The TMoiO-ji mode is well isolated
from the HOM couplers resulting in a high Qext an< ' a small
difference between Ojoa<je(j and Qunloaded which is difficult to

This work is supported in part by the Office of Energy Research, Contract No. DE-ACO3-76SFOOO98 and by the Office of Naval
Research, Contract No. N00014-91-J-4152.
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measure by the 3dB resonance method. In this case, QCX[ was
found by measuring (5 for each HOM coupler via power
transmission measurements through each HOM coupler. Using this
technique, Qe x t = 3x10^ for the accelerating mode was measured.
This value is of the same order as the superconducting cavity QQ.

In order to assess the accuracy of the Qext values in Table 1, a
brief qualitative explanation of the HOM couplers is necessary.i^J
Both the TE and TM couplers consist of coaxial transmission lines
with various shunt inductances and capacitances. In addition, the
HOM couplers incorporate a resonant shunt filter tuned to 500
MHz for the purpose of isolating the accelerating mode from the
external 50 fl load. The locations of the shunt reactances are
configured so as to obtain a spectrum of real damping impedances
that is aligned with the spectrum of HOM's in the cavity. The
HOM couplers are constructed of niobium and are essentially
lossless at liquid helium temperature. In this case, all of the
coupled power is delivered to the external load.

At room temperature, the niobium has finite loss and because
of the resonant characteristics of the HOM couplers, real
impedances are presented to the cavity at the HOM frequencies
resulting in mode damping even in the absence of the external
terminations . By adding the resistive termination and as a
consequence, removing the existing reactive termination at the
output port of the HOM coupler, both the resonant frequencies and
impedances of the HOM coupler spectrum are altered in a rather
complex way. Thus, in general, at room temperature, the addition
of the resistive termination can cause an increase, decrease or even
no change at all in the Q of a given HOM in the cavity. For this
reason, it becomes difficult to infer values for Qexl at liquid helium
temperature from measurements made at room temperature.

However, in light of the room temperature characteristics of
the HOM coupler structures, it is not unreasonable to believe that,
at least on average, the QCX| values obtained at room temperature
will be higher than the true Qext values when the cavity and
damping structures arc superconducting. In effect, the room
temperature impedances of the HOM couplers in the absence of the
external loads hides the true effectiveness of them. Of course, the
only definitive measurement of QeX[ is when the structure is
superconducting.This testing will take place at Stanford over the
next several months.

The only troublesome HOM as far as damping is concerned is
T E ] ] J . Q V P mode. This mode has a history of being difficult to
damp in this structure and has typically been addressed by adding
spheres to the coupling lips of the TE HOM couplers. The effect of
Ihe spheres is to increase the coupling to the transverse electric
field in the cavity through an increase in the surface area of the
probe. Following (his lead, the effect of adding 1.5" diameter disks
to the ends of the TE probes was investigated. The result was a
reduction in Q for the TEm.omode by a factor of three yielding a
Qex( of 5.2x10-'. Further investigations into HOM coupler
modifications will be made over the next several months.

Finally, Table 1 lists R/Q as calculated by URMEL for each of
the higher order modes. In addition, the shunt impedances,
assuming the measured Qex, values are listed. Although URMEL
computes R/Q for an ideal symmetric structure, the values are
believed to be accurate to within a factor of two or three based on
the measured asymmetries in the cavity field profiles. Except for

the TE]u_omode, all shunt impedances arc under 1000 kTi
(kfl/cm) which is acceptable for the expected beam current levels
in the FEL. The impedance of the TEiii.rjmode also becomes
acceptable with the simple HOM coupler tip modifications.

The cavity modes were further characterized through on axis
field profile measurements. The field profiles were measured using
the standard technique of pulling a small metal bead along the axis
of the cavity and measuring the resulting frequency shift of the
mode as a function of bead position. Due to space constraints, only
the accelerating mode and most unusual higher order mode profiles
are shown in Figures 2. In Figure 2a, the fundamental accelerating
mode profile is shown for the cavity as delivered from Interatom
(solid) and after differential tuning of the two cells (dashed) to
equalize (flatten) the field amplitudes. The cells were plastically
tuned by compressing one and expanding the other along the axis
of the cavity. The total deformation of the cells was estimated to
be on the order of 1-2 mm. Although not shown in Figures 2, the
in phase version of the fundamental mode, the TMQJO-O was also
flattened simultaneously.

The field profiles for the higher order modes basically
matched the profiles predicted by URMEL except for flatness from
cell to cell. The mode with the worst cell to cell field asymmetry
was the TMQJI mode shown in figure 2b. In this case, the field
asymmetry was 6dB and is attributed to the techniques used to
fabricate the structure. This can be compared to a 1300 MHz two-
ccll structure fabricated by die forming where the fields of the
HOMs were fiat to a few percent.I- ' The following characteristics
for all the profiles were measured: The field profiles did not change
with tuning of the fundamental mode nor in the presence of mode
damping, and the two polarizations of the dipole modes, except for
the TE expanded beampipe modes, all had identical profiles. An
important consequence of the first of these conditions is that tuning
of the fundamental mode has no effect on HOM damping. This
fact was confirmed by measuring the damped Q of each HOM
before and after tuning.

Several of the more unusual higher order modes are shown in
figures 2c, 2d and 2e. Figure 2c shows the field profile for the
"trapped" mode which is a TE dipole mode with strong electric
field concentrated near the iris between the two cells. However,
this mode does have some field content in the expanded beam tube
on the fundamental coupler side affording adequate damping by the
HOM couplers in this region. The field profile shown in figure 2d
is for a TEj j [ mode trapped in the expanded beam tube region. In
this case, the fields in the left and right beam lube regions are
uncoupled resulting in separate modes in each expanded region
rather than a zero and pi version the of the same mode. In contrast,
figure 2e gives the profile for a TMQ \ \ mode in the expanded
regions. In this case the mode is coupled though the cavity
structure resulting in zero and pi variations.

Room temperature RF tests were performed on a 500 MHz
two cell superconducting cavity structure for the LBL CDRL FEL.
The studies indicate (hat the HOM couplers perform well for all
HOMs except the T E m mode. Modifications to the TE HOM
couplers bring the damping of the TEj \ \ HOM into specification.
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Figure i: Cavity Geometry.

Figure 2d: TEwiExpBlH

Figure 2a: Fundamental Mode.

x -tee .

se
Pet i t ion tea)

•ae

Figure 2b: Mode.

Figure 2e:

Field flattening of the fundamental mode did not affect any of
the HOMs. It appears that the spinning technique used to fabricate
this two-cell structure lead to significant non-uniformity of the
HOM field profiles compared to a similar structure built by die-
forming. The effect of this is on beam dynamics is yet to be
determined.
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Abstract

The T M Q J 2 rf cavity mode, in a right circular cylinder, has
been studied as a candidate for the bridge-coupler application
in the coupled-cavity (CCL) portion of the SSC linac. The
studies were made with the aid of mode charts, computer
models (LOOP, DISPER, SUPERFISH, and MARA) and
cavity models. The potential of mode mixing with other
cavity modes is always a concern when considering untried
structures. As the length of this type of bridge coupler
increases, its diameter decreases, implying a larger range in
the L/R ratio. The frequencies of other cavity modes have a
strong dependence on the L/R ratio of the structure. In the
range of bridge coupler lengths, required for the SSC CCL
linac, mode mixing problems should be easy to avoid. The
cavity model, built and tested for these studies, was close to
the worst L/R ratio for the entire SSC application and no
mode mixing problems were observable. Progress was made
on understanding the effects introducing a third distinct
geometry in the midst of a bi-periodic cavity chain and the
effects of coupling two slightly different biperiodic chains.
This bridge coupler reduces the effective cell count in the
cavity chain and increases the mode spacing to the nearest
modes in long structures. The group velocity is high, the
vacuum properties are good, the structure is simple, and the
fabrication costs should be low.

The TM012 Bridge Coupler

The T M Q I 2 m°de, in a right circular cylinder, appears to
be an excellent choice for the bridge coupler application.
The group velocity is high, the structure is simple, and the
fabrication costs should be low.

The principal quality of a bridge coupler, effecting the
mode spectra of the coupled structure, is the transit time of
energy through the bridge coupler, which, in turn, is equal to
the bridge coupler length divided by the group velocity of the
cavity mode. As the bridge coupler length is determined by
other considerations, the principal figure of merit for a
particular bridge coupler candidate is its group velocity - the
higher the better.

The two lower frequency TM modes were not
considered because: 1) the TMQJQ mode has zero group
velocity, and 2) the T M Q U mode has a reversal of field
polarity from end to end and no magnetic field at its center,
where such structures are commonly driven (with magnetic
coupling). Thus, the T M Q I 2

 m ° d e ' s l n e lowest frequency
TM mode having the desired properties.

Operated by the Universities Research Association, Inc. for the
U. S. Department of Energy under Contract No. DE-AC35-89ER40486

Bridge Coupler Lengths

Bridge coupler lengths are normally constrained to be
odd multiples of the average cell length (PX/2). In non-
relativistic linacs (most proton and ion linacs), where the
particle velocities increase with energy, every bridge coupler
has a different length. Strict application of this constraint
would imply that every bridge coupler would also have a
different diameter. These differences would keep the cost of
bridge coupler fabrication from falling to the low that could
be achieved with more similarity between the individual
units.

However, it is not necessary for the bridge couplers to
have exactly the same length as the inter-tank spacings of the
accelerator which they bridge. If the bridge couplers were
10-15% longer than the minimum inter-tank spacing which
they are designed to serve, relatively few bridge coupler
designs could serve many different inter-tank spacings. Of
course, the mating flange locations and the coupling slot
dimensions would have to be tailored to the required inter-
tank spacing.

Bridge Coupler Tuning

An infinitely long circular cylinder will propagate power
at all frequencies above that of the cut-off mode, TMQJQ •
Termination of the cylinder between parallel planes
introduces discrete modes on the continuous dispersion
relation of the infinite cylinder, such as the T M Q H and
T M Q I 2 modes. These modes still enjoy the power
propagation properties and the finite group velocity of the
same modes in the infinite cylinder.

The introduction of coupling slots at each end of the
terminated cylinder makes if behave as one period of a
periodically loaded infinite cylinder, which, in general, will
have discontinuities (stop-bands) in its dispersion relation.
Near these slop-bands, the power propagation properties of
the mode can be seriously impaired and the group velocity
can go to zero.

The goal in tuning bi-periodic accelerating structures is
to tune out these stop-bands so as to restore the power
propagation properties of a finite group velocity. In this
context, it is usual to refer to the two different rf cavity
modes that exist in the bi-periodic structure as the
"accelerating" mode and the "coupling" mode. The
accelerating mode is supported by the structure terminations
while the coupling mode is defeated by the structure
terminations. Nevertheless, the coupling mode has a great
influence on the power propagation properties of the
structure. The tuning goal is achieved when the geometry of
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the structure is modified so that the frequencies of these two
modes coincide with the desired operating frequency.

It is useful to think about these two modes in the T M Q J 2
bridge coupler. The coupling mode is identical to the accel-
erating mode, but displaced from it by X/4. The accelerating
mode can be excited in the closed cylinder, while the
coupling mode cannot. Without perturbations such as the
coupling slots or special tuners, the frequencies of these two
modes are identical, thus obviating the need for any special
tuning to achieve a closed stop-band and good power flow.

It is easy to imagine that coupling slots will perturb the
frequencies of the two modes differently, thus opening up a
stop-band. It is also easy to conceive of tuner geometries
that will counteract that detuning and close the stop-band.
For example, a slug tuner on the end-wall of the bridge
coupler will effect the two modes differently. Correct
adjustment of the end wall location and the slug tuner
position should result in a closed stop-band and good power
propagation properties for this type of bridge coupler at the
desired operating frequency.

Important Properties of Long Cells

The mode spacing, in the vicinity of the operating mode,
is a significant Figure-of-merit for accelerating structures.
Comparison of two common relations for this mode spacing
gives some insight into the role of the different features of
the structure in this important structure property.

One relation involves a fill time, tf, defined as the time
required for power to flow from one end of the structure to
the other - not to be confused with the Q-related fill time.
This fill time is made up of two parts, namely, the time of
transit of power through the cells of the structure and the
time of transit through the cell coupling apertures. For short
cells and small coupling apertures, the latter dominates and
we tend to associate the structure performance solely with the
coupling geometry and forget the requirement for power
propagation through the cells. When considering the effect
of bridge couplers on the performance of a structure, it is
important to remember both terms.

Resonance in this structure requires that power flow
from end to end of this structure and back again in an integral
number of rf cycles. This leads to a relation for resonant
frequencies, namely, f=N/2tf. The spacing to the nearest
modes corresponds to the frequency difference, Af,
associated with the nearest integers, namely AN=1, or
Af=l/2tf.

The effective group velocity, vg, of the structure is seen
to be L/tf. Note this group velocity depends on both terms
effecting the fill time, namely the cell properties and the
coupling aperture properties.

The other common relation for the mode spacing of a
structure involves the number of cells, N, the phase shift per
cell, Q>, and the slope of the dispersion relation, dco/dO, in the
vicinity of the operating mode, where a>=2iz{. Resonance in
this structure requires that the accumulated phase shift from

end to end of the structure and back again be an integral
multiple, M, of 2n, or 2N<I>=M*27C. The nearest modes differ
from the operating mode by a AC> corresponding to the
nearest integer to M, namely AM=1, or AO=7i/N, which, in
turn yields a frequency difference based on the slope of the
dispersion relation, namely, Af=dco/d<l>/2N. Noting that the
slope of the dispersion relation is commonly interpreted as
the effective group velocity divided by the cell length, Lc, we
see that the two relations for the mode spacing yield the same
result, namely, Af=v,,/Lc/2N=l/2tf, where L=N*LC.

The purpose of this is to establish that the performance
of a structure, the mode spacing in the vicinity of the
operating mode, and the so-called coupling constant of the
structure is dependent on the properties of the cell as well as
the properties of the coupling aperture. This subtle point is
of little consequence when considering simple periodic or bi-
periodic structures. It does, however, take on a significant
when considering the effect of bridge couplers on the
performance of bridge-coupled structures.

In long bridge couplers with low group velocity, the cell
part of the effect predominates over the coupling part. The
original LAMPF TMQIQ bridge coupler was in this category.
After recognition of this problem, it was modified to a "post-
coupled" bridge coupler to enhance its group velocity and the
problem went away.

In long bridge couplers with high group velocity, the
coupling part predominates over the cell part of the relation.
The T M Q I 2 bridge coupler is in this category. In spite of its
length, it should perform pretty much as a single cell with
coupling effects commensurate with the size and shape of the
coupling apertures.

Interruption of the Bi-Periodic Chain

The coupled resonator model for single- and bi-periodic
chains of coupled resonators1, with nearest and next nearest
coupling, pays no attention to the distribution of electric and
magnetic fields within the cavities. It involves cell properties
and inter-cell properties. In the n/2 mode (the normal
accelerating mode), the relation between the excitations of
adjacent accelerating cells is:

kn,n+l*xn = " kn+l,n+2*xn+2 •

where the cell excitation, Xn , is defined to be the square root
of the stored energy in the cell and the coupling constant, k,
is the principal inter-cell quantity, as suggested by the double
subscript.

It should be noted that in this mode, there is stored
energy in only one type of cavity (the accelerating cells) and
there is only one inter-cell geometry. That is, k n n + i must
equal k n + j n + 2 and X n must equal Xn +2-

The standard coupled resonator model is a superb tool
for studying the properties of these regular cavity chains.
Most of what we know about resonantly coupled structures
comes from, or is supported by, this mathematical model.
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The coupled resonator model suggests that the coupling
aperture serves to couple the excitations of adjacent cells,
defined in terms of the square root of the stored energy in the
cells. Actually, the physics of the coupling aperture knows
only about the fields in the vicinity of the coupling apertures
and does not know about the magnitude of the stored energy
in the cells. This distinction is of little consequence in
single- and bi-periodic structures, as the relationship of the
square root of the stored energy in the cell to the fields in the
vicinity of the coupling aperture is constant for similar cells.

The introduction of bridge couplers, however, moves us
out of the strict bi-periodic domain. Here, there is stored
energy in two different type of cavities (the accelerating cells
and some of the bridge coupler cells) and there are two
different inter-cell geometries.

The equation above shows that, in the %I2 mode, the
coupling constant is inversely proportional to the square root
of the energy in the excited cell. Hence, we conclude that
the coupling constants associated with large bridge couplers
with large stored energies will be small. However, this
coupling constant should not be construed as a valid measure
of the "effective" performance of the coupling aperture.

Determination of the "effective" performance of the
coupling apertures between two adjacent excited cells of
different cell and inter-cell geometries prompts the need for
additional information on the distribution of the stored
energies and fields within the cells. Let us define a new cell
property, Sn, to describe the relationship of the stored energy
in the cell, Un, to the fields, En or Hn, in the vicinity or the
coupling aperture:

s _ T J / H 2 _ x 2 / H 2

This quantity is well defined for a given cell geometry
and coupling aperture location, is independent of excitation,
and can be evaluated from SUPERFISH or MAFIA output.

Let "a", "c", and "b" denote accelerating, coupling and
bridge cells. The "effective" coupling constants, reflecting
the power flow capabilities of the coupling aperture in the
7t/2 mode, satisfies the following equation:

kac,eff H a = ' kbc,eff H b

The "effective" coupling constants for bridge cells differ
from the standard coupling constants for bridge cells by the
square root of the ratio of the S values for the bridge and
accelerating cells:

kbc,eff = kbc * , a n d k a c e f f = k a c .

Note that this distinction is of little consequence when the
bridge cell geometry is similar to that of the accelerating cell,
i.e. when Sjj=Sa.

When the bridge cell geometry is distinctly larger that
the accelerating cell geometry, suggesting a larger U^ and a

smaller k ^ , the "effective" coupling constant, as defined
here, is independent of Ujj/Ua.

Avoidance of Other Cavity Modes

The resonant frequencies, f, of the rf cavity modes in a
right circular cylinder of length, L, and diameter, D, are :

(fD)2 = (cX lm/p)2 + (cn/2)2*(D/L)2,

where c is the velocity of light, Xim is the mth root of Jj (x) =
0 for TE modes and of Jj (x) = 0 for TM modes, and n is the
number of half-periods in the axial field variation. Solutions
of this equation yield straight lines in the (fD)2 versus (D/L)2

space. Graphs of this are called mode charts.
The bridge couplers lengths for the SSC Coupled Cavity

Linac (CCL), which will operate at 1282.851 MHz, range
from 0.30 to 0.48 m. The diameters of cylindrical cavities of
those lengths, having their T M Q I 2 mode at that frequency,
range from 0.285 to 0.205 m respectively. Inspection of the
mode chart shows that the only modes of a right circular
cylinder that could possibly cross the T M Q I 2 mode, in this
range of parameters, are the T M U Q , TE211, an(^ TEll3
modes. Table I gives the L and D combinations, yielding a
T M Q J 2 frequency at 1282.851 MHz, and the corresponding
frequencies for the other 3 modes of interest.

Table I TM012 Bridge Coupler Dimensions
and Other Mode Frequencies.

L
(mm)

300
320
340
360
380
400
420
440
460
480
500

D
(mm)

285
262
246
235
227
220
215
211
208
205
202

TMno
(MHz)

1283
1396
1487
1556
1611
1662
1701
1733
1758
1784
1810

TE211
(MHz)

1138
1207
1264
1308
1343
1377
1402
1423
1438
1456
1474

TE,13
(MHz)

1638
1557

1503
1456
1414

1379
1347

1318
1292

1270

1251

The cross-over for the T M J J Q mode occurs at a bridge
coupler length of 0.30 m. It would be possible to avoid a
conflict with this mode by restricting the minimum bridge
coupler length to 0.32 m. The cross-overs for the TE21 j and
TE]J3 modes occur at 0.35 and 0.47 m respectively. It
would be possible to avoid conflicts with these modes by
avoiding these lengths by a margin of about one centimeter.

'"The Coupled Resonator Model for Standing Wave Accelerator Tanks"
D.E. Nagle, E.A. Knapp. and B.C. Knapp, Rev. Sci. Instr. 38, 11 (1967).
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Abstract

Accelerating structures with damping ports for higher
mode have been investigated to apply to JLC X-band linac.
The external Q values were evaluated by Slater's tuning
method using the computer code MAFIA. It was found that
the structure with circumferential waveguides of llmm wide
was effective to damp the TMllO mode by examining the
dependence of the external Q value on the geometry of the
iris of the damping ports. The external Q values for some of
the other higher modes were evaluated and it was found that
TE111 mode is hard to damp in such a structure, though its
impedance is expected not to be so high. To estimate the
degradation of the accelerating mode due to the damping
ports, the dependence of the Q value and r/Q value on the
geometry of the damping port were also calculated. Those
were about 16% and 4.2%, respectively.

Introduction

The multi-bunch operation is adopted to achieve high
luminosity in the Japan Linear Collider (JLC). In this
operation, the wake field excited by the preceding bunches
acts on the following bunches and causes the energy spread
and the deflection of bunches. The relevant transverse wake
potentials in the typical X-band(l 1.424GHz) disk-loaded
structure with aA=0.14 are shown in Table l.[l] In all the
listed transverse modes, the TMllO-like mode should most
heavily be damped in a sense that the wake potential is the
largest and the resonant frequency is minimum. To suppress
the emittance growth originated from the injection error

within a factor of v 2 and to increase the misalignment
tolerance of the cavity up to 80pim, the Q value of TM110
mode should be less than 15.[2]

TABLE 1
Transverse Wake Potentials (a/X=0.14)[l]

Mode Frequency
[GHz]

Wake potential
xlOn[V/C/m2]

Qsxt

Target

TMllO
TE111
TM111
TE121
TM120
TM121
TM130

16.25
21.59
25.84
30.78
31.58
36.09
39.10

1.28
0.06
0.25

0.005
0.12
0.24
0.11

15
60
38

60
54
80

damped structure with slots was first proposed by Palmer for
the linear collider.[3] For the JLC main linac, a damped
structure with slots in each disk was investigated. This type
of structure has advantages in the accelerating mode compared
with that with circumferential slots in the outer wall of the
cell. However, it was found that the Qexl of TM110-n mode
was too sensitive to the change of the dimension and hard to
apply to the real design.[4] Therefore, we investigate in this
paper a damped structure with circumferential slots in the cell.

Damped Structure with Circumferential Slots

The shape of a damped structure is shown in Fig.l. An
accelerating cell has four damping waveguides. The width of
the waveguide was chosen to be l lmm where the cutoff
frequency of TE10 mode is 13.5GHz. This frequency is set
higher than the frequency of the accelerating TM010 mode,
11.424GHz, and lower than that of TMllO mode, about
16GHz. Two waveguides are located in a line to hold the up-
down or left-right symmetry of a cell and two lines in a cell
are perpendicular with each other to damp both modes with
different polarization. Each waveguide couples with the
accelerating cell through an iris which forms a circumferential
slot when seeing from the inside of the cell. In such a slot,
TM-like modes in a cell couple with TE10 modes of the
waveguide by the magnetic field.

In this paper, we discuss about the damped structure as a
candidate for escaping from these wake field effects. The

Fig. 1 Schematic view of damped structure

Evaluation of the External Q Value

The Qexl's of HOMs were evaluated by Slater's tuning
method[5] using 3D electromagnetic field code, MAFIA[6].
In this method, the Qeu can be obtained from the releation of
the resonant frequency to the length of the waveguide. These
data were plotted in the form suggested by Kroll.[7] The
Qexl's and the resonant frequencies were obtained by fitting
these plots.
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Dependence on the Iris Width

There is an iris in the entrance of the waveguide to
adjust the coupling between cavity and waveguide. The
Qext's of HOMs were calculated by changing the opening
width of the iris. The height of the waveguide was fixed at
2mm. Fig. 2 shows the result of Qcxl's where the beam hole
radius is 4.5mm (aA=0.17). It was found that all the Qext's
decrease exponentially except for TE111 mode. The Qext of
TMl 10-rc mode is the largest in these modes but in the case
of the iris opening width larger than 9 mm, it is less than 15
which satisfies the criterion for the JLC main linac. On the
other hand, it is more complicated in the case of TE111 mode
where the Qeil's do not decrease exponentially as the iris
width increases. But the TE111 mode excited by the beam
has its phase shift per cell near 4TC/5 and the corresponding
Qen will be near 100. As the r/Q value of this mode ia very
low compared to that of the TMl 10 mode, this Q value can
be acceptable, though the realistic Q value and the r/Q value
should be evaluated for an actual design. Moreover, the
TE111 mode is actually not pure but is mixed with the
TMl 10 mode. Therefore, those modes as TE111 and TMl 10
should be treated simultaneously for the actual evaluation of
the wake field from those modes.
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Fig. 2 Dependence of Qexl on iris width. (a=4.5mm,
boundary condition for TMl 10-rc mode)

The dependence of the accelerating mode on the iris
width was also calculated where the frequency of the
accelerating mode was adjusted to 11.42GHz ±0.5% by
changing the cell radius. A result of Q value is shown in
Fig. 3. When the iris opening width is 9mm which satisfies
the requirement for QMt's, the degradation of the Q, r/Q and r
value of the accelerating mode from the structure without
damping ports were about 16%, 4.2% and 20%, respectively.
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Fig. 3 Dependence of Q and r/Q value of accelerating
TMoio-2rt/3 mode on iris width. (a=4.5mm)

The dependence on the beam hole radius was also
calculated. Fig. 4 shows Qext of TMj \§-n mode for the beam
hole radius of 4.0,4.5 and 5.0mm. It seems that there are not
large differences among them. A little difference comes from
the difference of the iris thickness. The Qext's of other TM-
like modes should not be so different from those in the beam
hole radius of 4.5mm. Therefore, the same damping port can
be used for every cell in such a structure as the constant
gradient structure. It should be noted, however, that the
Qexl's of TE-like modes become higher as the beam hole

radius becomes smaller.
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Dependence on the Waveguide Height

The dependence of Qext of TMIIO-TI mode on the
waveguide height is shown in Fig. 5. The iris width was
fixed at 9mm. The Qe,t is almost constant in excess of the
height of 2mm. However, it should be noted that the
waveguide height should be lower than half of the gap length
for such modes as TM111 and TM011 where there is a node
at the center of the cell.
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The dependence of the Q and r/Q values of the
accelerating mode is shown in Fig.6. The Q value drops by

22% when even a very thin circumferential slot is opened.
However, the degradation of the Q value can be recovered to
the amount of 6% at maximum height of the full gap length.
On the other hand, the r/Q value decreases as the height
becomes large.

Measurement of a Low Power Model

A low power model of two half cells was measured by
the network analyzer. Fig.7 shows the spectrum of the
structure with matched load. In this configuration, TM110
mode is heavily damped in one of the half cells but little
damped in another cell. As a result, the Q values of 0 and n
mode at 17 and 15GHz become 40 and very low, respectively.
This agrees with the calculation by MAFIA.
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Fig. 7 Measured spectrum of a damped structure with a disk
between two half cells.

Conclusion

The dependence of the Qex, on the dimension of the
damping ports was calculated. This structure seems to satisfy
almost the requirement for the transverse HOMs. At the
optimized dimension, the Q and r/Q value of the accelerating
mode were about 84% and 96% of the conventional disk-
loaded structure.
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Abstract

Present accelerator projects making use of supercon-
ducting cavity technology are constructed with design ac-
celerating gradients E*cc ranging between 5 MV/m and 8
MV/m and Q-values of several 109. Future plans for up-
grades of existing accelerators or for linear colliders call for
gradients > 15 MV/m corresponding to peak surface elec-
tric fields > 30MV/m. These demands challenge state-of-
the-art production technology and require improvements
in processing and handling of these cavities to overcome
the major performance limitation of field emission loading.
This paper reports on efforts to improve the performance
of cavities made from niobium of different suppliers by us-
ing improved cleaning techniques after processing and ul-
trahigh vacuum annealing at temperatures of 1400°C. In
single cell L-band cavities peak surface electric fields as
high as 50 MV/m have been measured without significant
field emission loading.

Introduction

In recent years rf-superconductivity has become an
important technology in the design and construction of
particle accelerators in High Energy and Nuclear Physics.
Presently several projects are under construction or have
been completed employing more than 300 m of SRF cavi-
ties with design accelerating gradients of 5 to 8 MV/m and
Q-values of several 10*. This renewed and increasing inter-
est in superconducting radio frequency technology reflects
the significant progress which has been made in the last
few years in understanding limitations and implementing
techniques and cures to eliminate these limits. Notably,
the improvements in the thermal conductivity of the cav-
ity material stabilized the cavities against microscopic de-
fects, which had been identified through improved diagnos-
tic techniques as the cause of early quenches [l]; the im-
plementation of extensive QA-procedures during the fab-
rication process as well as contamination control measures
during processing and assembly of these cavities shifted the
dominant performance limitations of field emission loading
to higher surface electric fields. Along with substantial per-
formance improvements came increased reliability; e.g. at
CEBAF production cavities exhibit on the average twice
the design gradients [2].

For future application of SRF-technology in High En-
ergy Accelerators or FEL's, higher gradients than the
present design gradients are needed, and in several cases it

•Supported by D.O.E. contract #DE-AC05-84ER40150
+ Permanent address: National Laboratory for High-Energy
Physics, 7-1, 0110, Tsukuba-Shi, Japan

has been demonstrated that by applying processing tech-
niques like ultrahigh vacuum firing and high peak power
processing accelerating gradients of 15 to 20 MV/m can
be reached in laboratory tests [3]. To transfer this cavity
performance into a full scale production project with beam
is the challenge for the future and a collaborative proposal
for such a test facility has been developed at DESY [4].
Precursors to such ambitious proposals have to be devel-
opments on smaller assemblies.

In the following we report on an experimental program
with single cell L-band niobium cavities of the CEBAF ge-
ometry aimed at investigating niobium material of four
different suppliers as well as the effect on cavity perfor-
mance of "conventional" processing techniques like chemi-
cal polishing, electro-polishing, anodic oxidation and high
temperature heat treatment.

Cavity Fabrication and Processing Techniques

Cavity Fabrication

The cavities under investigation were fabricated from
high purity niobium of RRR > 220 of four different suppli-
ers: Teledyne Wah Chang, Fansteel Corp., W. C. Heraeus
and Tokyo Denkai. After initial material inspection for
imperfections, the half cells were formed from 236 mm di-
ameter sheets of 3.2 mm thickness with dies made from
Al 7075; the forming pressure was 100 tons and the irises
were coined with a pressure of 25 tons. In a next step,
the half cells were machined to the final dimension with a
1.6 mm interlocking weld step at the beam-pipe and the
equator. Any surface imperfections like scratches or dents
introduced by the forming and trimming steps were me-
chanically removed with an abrasive wheel (3M Company).
Prior to electron beam welding the beam-pipe/flanges to
the half cells with interpenetrating welds from inside and
outside, the parts were chemically cleaned in buffered
chemical solution for a few seconds. The final weld at
the equator was carried out in a vacuum < 10~4 torr af-
ter an additional careful inspection of the previous welds
and removal of visible weld or surface imperfections of the
previous step.
Surface Treatments

After fabrication and degreasing in a caustic solution
combined with ultrasonic agitation, several different sur-
face treatments were applied to the cavities:

a). Buffered Chemical Polishing (BCP) was carried
out with a solution of equal parts of hydrofluoric (49%), ni-
tric (69%) and phosphoric (85%) acids at room-
temperature with a removal of > 50 fira from the surface.

b). Electropolishing was done in a mixture of sulfuric
(95%) and hydrofluoric (49%) acids in a ratio of 10:1 at
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a temperature of 32°C. A voltage of 11.5 V was continu-
ously applied, resulting in a current density of 50 mA/cra2

and a removal rate of 0.5 /*m/min. A total of 120 jim
was removed. The next processing step consisted of an
annealing at 710°C for three hours at a pressure < 10"4

torr to remove the dissolved hydrogen from the niobium.
During this step the cavities were surrounded by a Ti-
box. Subsequently an additional 5 pm was removed by
electropolishing [5].

c). In several cases the niobium surfaces were anod-
ically oxidized immediately after a BCP-treatment in a
solution of (10%) ammonium-hydroxide at 100 V resulting
in a green niobium-pentoxide layer of 2000 A.

d). Heat treatments at 1400°C for a few hours were
applied to several cavities in a cryo-pumped horizontal
furnace. During these treatments the cavities were sur-
rounded by a Ti-box, which acted as a solid state getter
material and resulted in a homogenization of the material
and an improvement of the thermal conductivity [6].

After each surface treatment, the cavities were thor-
oughly rinsed with ultrapure water. Both flush rinsing
with 200 gallons of water through internal spray nozzles in
the cavity and "static" rinsing combined with ultrasonic
agitation at 20°C and 50°C for a total of 1 hour with sev-
eral exchanges of water were tried. A final threefold rinsing
with reagent grade methanol was carried out in CEBAF's
class 100 production clean room, where the assembly of
the rf-probes to the cavities took place. Subsequently the
cavities were attached to a cryogenic test station and evac-
uated; within 30 min a pressure of 10~8 torr was reached
at the ion-pump of the test station. After 12 hours the
vacuum had usually improved to the low 10"7 torr range
before fast cooldown to 4.2 K was started.

Experimental Results and Discussion

A total of nine different cavities have been built from
the materials mentioned above and have been tested with a
variety of surface treatments to explore the most successful
combination. The results can be summarized as following:

a). In a series of tests surface electric peak fields above
40 MV/m were measured. In Figure 1, the best results are
shown for cavities of different materials. Whereas the high-
est fields were measured after a heat treatment at 1400°C
and subsequent BCP with the cavities made from Fansteel
and Tokyo Denkai niobium, the cavities from Teledyne and
Heraeus material were not heat treated. Both heat treated
cavities did not quench at the highest obtained fields, but
were terminated by radiation safety interlocks at the test
location. The Teledyne cavity quenched at Ep = 50.6
MV/m and the Heraeus cavity was limited by available
rf-power because of the lower Q-value.

b). In all four cases shown in Figure 1 field emission
loading was absent at peak fields below 35 MV/m, even
though the final surface preparations had been done by
"wet" chemical methods. We believe that this reproducible
behaviour reflects the high quality of CEBAF's pure water
system for rinsing the cavities after the surface treatment

and the efficiency of the rinsing and assembly methods. On
the insert in Figure 1 the experimental data for peak sur-
face fields beyond the onset of field emission loading have
been plotted in the form of a modified Fowler-Nordheim
Plot and the "Field-enhancement-factor /?" has been ex-
tracted. In three of the four examples, /3 is extremely
low with values < A, indicating that surface contamina-
tion apparently can be controlled very well with standard
chemical methods.

c). Several cavities were electropolished at KEK and
sent back to CEBAF under vacuum. Prior to testing they
were rinsed with reagent grade methanol. Peak surface
fields of 32 MV/m to 38 MV/m were measured. Even
though the statistics are limited, the data seem to show
a tendency towards slightly higher gradients compared to
only chemically treated surfaces, possibly the result of less
chemical surface residue due to a smoother surface finish.

d). Anodizing seems to suppress to some extent field
emission on surfaces treated by BCP only, resulting in
sometimes higher field levels. But at the same time a
decrease in Q-value was observed frequently. Anodic lay-
ers are on the other hand quite effective in reducing Q-
degradations, which occur when high purity niobium cav-
ities are held at temperatures around 100 K and are be-
lieved to be caused by precipitation of niobium-hydride
phases [7]. The anodization process certainly seems to be
helpful and deserves some more investigation.

e). The most important cavity rinsing process after
the chemical surface treatment is believed to be ultrasonic
agitation at a temperature of 50°C with several exchanges
of the ultrapure water. This procedure resulted in the best
and most reproducible cavity performances. A high pres-
sure water rinsing system as successfully used at CERN [8]
will be available soon for our ongoing experiments and we
hope to be successful in pushing the field emission onset
to higher gradients.

Conclusion
The presently commercially available high purity nio-

bium is of high quality. In six of the nine cavities which
were investigated, peak surface electric fields greater than
37 MV/m up to 52 MV/m were measured after apply-
ing wet chemical surface treatment methods, and in sev-
eral cases field emission loading was not observed below
35 MV/m. For future accelerating cavities with a ratio
of Upeak/^acc = 2, such values correspond to accelerating
gradients of 18 MV/m to 26 MV/m, well within the future
needs. Whether such cavity performance can be achieved
in a production environment with the more complex multi-
cell cavities needs to be seen; nevertheless the combination
of annealing and wet surface treatments potentially pro-
vide the technology to achieve the future goals.
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Abstract

A cavity development program is in place at Los Alamos
National Laboratory to evaluate structures that could be used
to accelerate pions. The work is being guided by the
conceptual design of PILAC, a high-gradient
superconducting linac for raising the energy of rapidly
decaying intense pion beams generated by Los Alamos
Meson Physics Facility (LAMPF) to 1 GeV. The
specification requires a cavity gradient of 12.5 MV/m at 805
MHz. The design of a seven-cell prototype cavity to achieve
these high gradients has been completed by the Accelerator
Technology division. The cavity is presently under
procurement for high power testing at 2.0 K in 1993.

Introduction

The R & D effort in rf superconductivity at Los Alamos
has succeeded in making some significant contributions to
the world community in this field. Among these are high
accelerating gradients of Ep = 40 MV/m and 80 MV/m
achieved in single-cell 805-MHz and 3-GHz cavities. A
relatively small group at Los Alamos is now engaged in the
development of a multicell 805-MHz cavity with the intent
of performing rf tests to field levels of 12.5-15 MV/m.
While this work is intended to demonstrate surface treatment
and rf capabilities that will achieve such performance, the

design parameters for the cavity are appropriate for a system
which could accelerate energetic pions at 805 MHz. The
seven-cell cavity design discussed in this paper is patterned
after the modular system proposed for accelerating pions to 1
GeV in PILAC. This system depends on boosting the pions
to high energy before they decay and thus requires high
accelerating gradients, at least 12.5 MV/m average, with a
cavity Q o = 5 x 10^. The frequency of the cells is selected
for the highest survival fraction while being a multiple of
LAMPF's fundamental frequency, 201.25 MHz. The best
frequency is 805 MHz, which results in a relatively large
cell. To achieve such high gradients in a seven-cell
assemblage will be a major achievement. The seven-cell
cavity is presently under procurement with delivery and
testing scheduled for 1993.

Mechanical Design of the Seven-cell

The Seven-cell cavity is shown in Fig. 1. It consists of
three major subassemblies:

(a) The weldment of seven cells including coupling
ports and end flanges.
(b) The stiffening cagement, which consists of six
tubular titanium rods and attachment bulkheads.
(c) A pin-free adjuster assembly, which permits fine
tuning of the cavity by elastic deformation of the end
half-cells.

CAVITY CAGEMENT ADJUSTERS

4 5 . 7 6 TUNING YOKE

Fig. 1. Seven-cell 805-MHz cavity assembly.

•Work supported by Los Alamos National Laboratory Institutional Supporting Research, under the auspices of the United
States Department of Energy.
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(a) Seven-cell Weldment:

Individual half cells are formed of 3-mm-thick high-
relative resistivity ratio (RRR) (RRR > 250) niobium to
dimensions determined by SUPERFISH with ±0.13 mm
precision. The shape of the cells consists of a segment of a
spherical toroid joined by a short conical section to a
segment of another two-radius spherical toroid. There are
therefore no parallel faces. The aperture is 13 cm, and the
cell-to-cell coupling is about 2.6% with a peak to
accelerating field ratio of 2.03. The half cells are indexed to
each other by weld-prep shoulders developed using the E-
beam welding facility at Los Alamos. The weld preps
are thinned to 2 mm, and 0.13 mm weld shrinkage,
experimentally determined, has been allowed. The finished
dimensions provide for 80 |im of acid etching and it is
calculated that a thermal shrinkage factor of 0.144% applies,
i.e., the room-temperature resonant frequency will be 803.84
MHz average.

Various frequency-shift and stress conditions that apply
to the seven-cell prototype are given in Table 1. These are
discussed in detail in references [1] and [2].

b) Stiffening Cagement:

The cells are equipped with welded rings or optional tabs
for the attachment of spherical bearings to hold the stiffening
rods. These rods are provided to raise the microphonic
frequency of the cavity assembly from a first transverse-
mode frequency of only 44.6 Hz to more than 200 Hz. In
fact, by using six 38-mm OD x 33-mm ID titanium rods
clamped to the cavities with the spherical bearings, the first
and second transverse modes were raised to 241 Hz and 470
Hz, respectively, for an overall cavity weight of 86 kg. By
loosening the spherical bearing clamps, the center cells of
the system can be compressed or expanded to tune the
average frequency. The bearing clamps are then tightened to
lock the system. The rod ends are attached to bulkhead rings
which interface with the adjuster linkages. Because the exact
length of the seven-cell cavity is not determined until after
final tuning, the rods are equipped with shim stacks, which
allow the bulkhead rings to be set to the nominal relaxed
position of the adjusters. Under this condition, only the end
half cells are free to be adjusted by the tuners.

(c) Fine Frequency Adjusters:

Table 1 shows that if both iris ends of a full end cell are
deflected by 0.25 mm each, the resulting frequency shift of
that cell is 567.6 kHz. Alternatively, this can be
accomplished by tuning only the two end half cells by 0.25
mm each, leaving the remaining five full cells and two half
cells rigidly clamped to the titanium cagement. Thus, for the
complete seven-cell assembly, the tuning sensitivity for end
half-cell tuning is:

Table 1
Frequency Excursions and Material Stresses
Resulting from Various Loading Conditions

Loading Condition

Atmospheric
pressure
(free iris w/bellows)

Atmospheric
pressure
(free iris w/o
bellows)

Atmospheric
pressure
(constrained iris)

25 Torr exterior
pressure
(constrained iris)

Radiation pressure
(free iris w/
bellows)

Radiation pressure
(constrained iris)

Iris deflection
(0.01 in)

Iris force (100 lb)

A/ [kHz]

End Cell Mid Cell

-119.9

-189.4

13.80

0.4589

-1.067

-0.137

-567.6

-22.98

-129.5

-212.3

0.096

0.00318

-1.750

-0.111

-585.6

-27.39

Max Stress [psi]
clearance

End Cell Mid Cell

2677

3535

1557

51.78

15.07

7.39

8906

361

2654

3647

1550

51.5

22.58

6.70

8265

387

Af 567.6
= 8.11 kHz/mil.

In order to work well within the room-temperature yield
strength for Nb (6 ksi) and also not to exceed 5% field
nonuniformity caused by end-cell deformations, the
allowable range of the end half-cell deflection is ±0.13 mm.
The adjuster designed to provide this tuning is shown in
Fig. 2. There are four such units, symmetrically placed, two
at each end of the cavity. They actuate against the ring
bulkheads which are attached to the stiffener tubes and the
beam tube flanges at opposite ends of the cavity chain. Once
the cavity is tuned, the shim packs are installed to position
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the ring bulkheads against the adjusters so that the drive
yokes are perpendicular to the axis of the cavity, i.e., the
nominal zero-set position. The actuator, presently under
design, forces the adjusters to expand or compress the end
half cells over their ±0.13 mm range to give a tuning range
of ±41 kHz.

A D J U S T E R D R I V E R O D

Fig. 2. Adjuster mechanism for end half-cell tuning.

The adjusters are four-rod linkages that function like
pantographs to translate rotational motion of the yoke into
linear expansion or compression of the end half-cells. A
mechanical advantage of 7.5 on one end and 6.5 on the other
reduces the load and increases the stroke of the actuator
drive rod. The adjusters are stiffened with welded "bridges"
and are cut from solid 2.5-cm-thick plates of Ti:5Al:2.5Sn
alloy. Note that there are no pivot pins. All actuation is
achieved by metallic blade flexures for zero backlash. The
maximum stresses in the blades are well within the working
stress of the alloy chosen, especially at LHe temperatures.
Even though the nominal operational range of the adjusters
is only ±0.13 mm, they can actually provide up to ±1.5 mm
actuation without exceeding the yield strength of the
titanium alloy.

The design goal for the actuator, which will control the
fine tuning, is 1 Hz/motor step, or 31 Aon the deflection of
the end half cells. With the mechanical stroke of the yoke
taken into account, this translates into about 220A/Hz, a very
ambitious objective indeed.

For the present procurement, the seven-cell cavity has
been ordered with a static solid titanium adjuster rod with
fine thread nuts for coarse frequency control. The fine-adjust
actuator will be retrofitted later, after it has been developed.

Material Selection and Seal Tests

One of the objectives of the seven-cell design is to avoid
indium seals, which create reliability problems. There is

evidence that indium seals flake and deposit small particles
on the high-field if surfaces. Consequently, all flanges were
designed to use the Helicoflex delta seal with either copper
or silver liners. These liners require flanges with hardnesses
of VHN 125 and 100, respectively. Consequently a hard
flange material was chosen, WC-103, which is a Nb:10 Hf:l
Ti alloy. This material welds readily to RRR grade Nb and
also retains its strength and hardness after 1450° C heat
treatment. However, it should be shielded from the interior
of the cavity during heat treatment because tests have shown
that some Hf is transported out of the alloy with Ti and could
contaminate the rf surfaces.

Seal tests are presently being conducted in a special
fixture which clamps the Helicoflex delta seal between
stainless steel and a plate of WC-103 alloy. The fixture is
sensitive to quick immersion because of the differential
cooldown rates of the different materials. The WC-103 plate
is being tested before and after heat treatment. One test has
been successful in superfluid helium. Two other tests were
questionable because of quick immersion and lack of
adequate tolerance control on seal compression. The tests are
being repeated. We are confident the combination of the
WC-103 alloy and the Helicoflex delta seal will function
satisfactorily when conditions are controlled more precisely.

Conclusions

The seven-cell prototype cavity for testing high gradient
fields at 805 MHz has been designed and is presently under
procurement The design incorporates a combination of high
RRR niobium for the cells and a hard niobium alloy for the
sealing flanges. The seals will be Helicoflex delta seals. The
structure is stiffened using tubular titanium longerons so that
the first transverse bending mode frequency is above 240 Hz.
The cavity tuning is achieved by deforming the end half cells
using titanium metal web flexures in a unique four-rod
linkage. Testing of the cavity will take place at Los Alamos
in 1993. The design goal is to achieve an average gradient of
12.5 Mv/m in seven 805 MHz cells.
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Abstract

The engineering design of the drift-rube linac (DTL) tanks
for the Superconducting Super Collider (SSC) linac incorpo-
rates numerous innovative features, resulting in a reliable,
cost-effective accelerator structure suitable for commercial
production. The tank structure includes two integral strong-
backs that provide stable mounting surfaces for the drift tubes
and ion pumps and add mechanical stiffness. Drift tubes are
mounted using AccSys' patented semi-hard socket technique,
which includes separate metal seals for rf and vacuum. The
socket allows repeatable adjustment of drift-tube location, thus
allowing the tank to be fabricated to realistic tolerances.
Transverse alignment of the drift tubes will be accomplished
using a pulsed taut-wire technique to align the magnetic
centers of the permanent magnet quadrupoles. This technique
has been improved to allow drift-tube alignment throughout
a 6 m long tank. For maximum reliability, the individual
drift tubes include water-cooling channels that have no water-
to-vacuum joints. Each tank will be driven through a
waveguide iris coupler that can be adjusted to optimize the
coupling.

Introduction

The SSC DTL accelerates a 25 mA proton beam from
2.5 MeV to 70 MeV in four independent tanks. The DTL
features post-stabilizers and waveguide rf power feeds. Each
tank operates at 427.617 MHz, with a peak power of approxi-
mately 2 MW at 0.1% duty factor. The detailed physics
design is described in reference 1. The basic physical
parameters of the DTL are listed in Table 1. Tank 1,
mounted on its support frame, is depicted in Fig. 1. This
paper describes engineering innovations and features that are
incorporated in the accelerating structures of the SSC DTL.

TABLE 1
DTL Physical Parameters

Tank inside length
Tank inside diameter
Clear aperture
Post-couplers per tank
Drift tubes per tank
PMQ gradient
PMQ length
Magnet lattice

4.50, 5.96, 6.06, 6.26 m
0.425 m
0.016 m

27, 38, 28, 24
57,41, 31,27

132.7 T/m
0.035 m

FODO

tSuperconducting Super Collider Laboratory, Dallas, Texas.
*Los Alamos National Laboratory, Los Alamos, N.M.

Fig. 1 Tank 1 on its frame.

Tank and Drift-Tube Construction

Each DTL tank is constructed of three or four sections
bolted together at flanged joints to form the full length.
Fabricating the tank in short sections allows precision
machining and copper-plating vertically in standard tanks,
using conventional equipment. A copper-plated inconel
C-seal makes both the vacuum and rf seal at each section
joint. Rails that act as strongbacks run the full length of each
tank section, both on top and bottom. These provide a stable
mounting place for the drift tubes and for the ion pumps and
add mechanical stiffness to the tank. Low-carbon steel is
used for the tank because of its desirable thermal conductivity
and expansion properties. After fabrication and machining,
the tank sections are copper-plated for high rf conductivity
and low outgassing rate.

On each tank the top strongback has precision-machined
mounting areas for each drift tube. The drift tubes them-
selves are mounted with AccSys' patented semi-hard socket,
which allows fine adjustment of each drift-tube position by
selecting appropriate shims, yet provides repeatable location
of the drift tube. A copper-plated inconel C-seal makes good
rf contact between the stem and the tank over the full vertical-
adjustment range. A metal spring-energized seal provides a
long-lifetime vacuum seal to the drift-tube stem and could be
replaced, if necessary, without removing the drift tube.
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Drift-tube bodies and noses are of copper to minimize
thermal gradients, while the stems are of copper-plated
stainless steel to maximize vibrational stiffness. Temperature-
controlled water flows through a seamless, formed tubing
brazed into the drift-tube body. Maximum protection against
water leaks is assured by the absence of any water-to-vacuum
joints. Permanent magnet quadrupoles are mounted in the
drift-tube bodies using tolerance rings to provide stored
energy for long-term stability. Drift-tube noses are attached
by electron-beam welding using appropriate fixturing to shield
the electron beam from the quadrupole field. In the finished
drift tube, the magnet is located in a sealed cavity isolated
from the tank vacuum. The magnet cavity is connected to a
port at the top of the stem and could be connected, if neces-
sary, to an external soft-vacuum system. A cut-away view of
a typical drift tube is illustrated in Fig. 2.

from the iris, isolates the DTL vacuum from the gas-filled
waveguide. The DTL cross section, Fig. 3, shows the iris
and vacuum window.

Fig. 2 Drift tube and mounting.

Every tank is mounted on its own support frame by six
struts of adjustable length with spherical bearing ends. This
provides a stable, minimally constrained system that cannot
apply undesired forces or torques to the DTL tank, yet can
precisely adjust the tank position in three dimensions for
alignment to the beam line. The three vertical struts are
located to minimize static vertical deflection, while the
longitudinal strut is fixed to allow thermal expansion to occur
equally about the midpoint of the tank.

Iris Coupling

Radio-frequency power to each DTL tank is coupled from
WR-1800 waveguide through a coupling slot, or iris, cut
directly in the wall of the DTL. A waveguide vacuum
window, placed approximately one-half guide wavelength

Fig. 3 Simplified DTL cross section.

There are several features of iris coupling that make it
more desirable than loop coupling for high-power accelerator
systems with waveguide feed from the rf power source. Iris
coupling is simpler, in principle, because it eliminates the
need for a waveguide to coax transition. Waveguide has
higher peak and average power-handling capability than coax.
Multipactoring problems are reduced because of the larger
spacing between opposing surfaces and the higher pumping
speed between the vacuum window and the DTL. This
simplification and improved performance require overcoming
two engineering-design obstacles.

The vacuum window must be placed in the WR-1800
waveguide, making it much larger than a vacuum window for
coax line. Two commercial vendors have offered solutions
to the vacuum window problem with window designs that
feature broad tuning and low stored energy, ensuring good
performance with a high-Q resonant load.

It must be possible to adjust the iris size after plating
without exposing any steel to the rf fields. AccSys has solved
the iris-cutting problem by brazing a section of copper plate
into the tank wall prior to plating the tank. The plate is
curved to match the tank-wall radius. An adapter flange from
the tank to the WR-1800-sized vacuum window assembly is
welded to the tank wall beyond the extent of the copper plate.
Thus, the braze joint is entirely within the vacuum, and the
joint needs only to have good electrical conductivity and does
not need to be vacuum-tight. However, a solidly filled braze
joint is desirable to avoid trapping plating solution. The iris
size is determined approximately by scaling from measure-
ments taken on the AccSys scale model DTL. The initial iris
size is deliberately cut small to ensure that the desired
coupling factor (VSWR= 1.6:1, over-coupled) can be
achieved. The iris will be enlarged by machining until the
desired coupling factor is reached.
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Taut-Wire Alignment

The taut-wire quadrupole alignment scheme developed at
Los Alamos National Laboratory will be used to locate the
magnetic centers of the DTL permanent magnet quadrupoles.
The AccSys drift-tube socket makes it easy to correct the
drift-tube positions by changing the shims in accordance with
position deviation information obtained by this method.

The length of the SSC DTL tanks (~6 m) requires
improvements to the basic scheme described in reference 2.
The sag of the taut wire must be less than 2 to 3 mm in the
16 mm diameter beam hole to ensure accurate results in the
vertical direction over the length of a tank. Sag is minimized
by using lightweight, beryllium-copper wire at high tension.
The penalty for reduced sag is increased wave velocity and
decreased deflection of the wire. The high wave velocity is
accommodated by using a high-speed (200 kilosamples/sec)
data acquisition board and a short high-current impulse. The
short pulse and high wire tension result in reduced deflection
of the wire for a given magnet offset. The decreased
deflection is compensated for by improving the signal-to-noise
ratio of the wire-position measuring scheme.

A high signal-to-noise ratio is obtained by directly
exciting the wire with a 200 mW high-frequency signal in the
200 to 400 MHz range to increase the signal size and by
enclosing the wire in a shield that reduces electrical noise
pickup and protects the wire from air currents. The detector
is a superheterodyne receiver with a linear detector similar to
the LAMPF beam position monitor detector.[3] The noise
level observed in a test setup was less than 12 //m without
averaging multiple runs.

Drift-Tube Tolerances

The geometry of the drift tubes affects the DTL perfor-
mance by changing the internal cell field distribution, the cell-
to-cell field distribution, the gap center location, and the
overall tank frequency. The field distribution is significant
only insofar as the on-axis integrated fields deviate from the
design distribution. However, the post-stabilizers provide a
means by which the field distribution can be stabilized against
the effects of cell frequency errors. The post-stabilizer tabs
provide an asymmetry adjustment that can be used to correct
for deviations of the stabilized field distribution. Experience
has shown that field distribution errors can be made adequate-
ly small for drift-tube dimensional errors that are much larger
than are otherwise acceptable.

Errors in the length of the drift tubes can combine to
produce shifts in the distance between gap centers. This
effectively produces a phase error between the beam bunch
and the rf fields. The drift-tube length errors that produce a
worst-case gap-to-gap phase error of 0.5° vary from 0.07 mm
MeV end of the DTL to 0.35 mm at the 70 MeV end.

On the other hand, errors in the dimensions of the drift
tubes also contribute to the tank frequency error. A tank

frequency error of approximately 1.1 MHz has been allocated
to drift-tube dimensional errors. The basic dimensions
include the drift-tube face angle, the drift-tube radius, the
drift-tube corner radius, the beam-hole radius, the drift-tube
nose radius, and the drift-tube stem radius, as well as the
drift-tube length. Of these, the face angle, the corner radius,
and the length are the most critical. For a practical allocation
of dimensional errors, the length tolerance varies from
0.03 mm to 0.13 mm for beam energies of 2.5 MeV to
70 MeV. Since this is a tighter tolerance than required for
maintaining the allowable gap-to-gap phase error, allowable
frequency error dominates the tolerancing of the drift-tube
dimensions. The dimensional tolerances are tightest at the
low-energy end of the DTL, where the drift-tube spacing is
closest.

Temperature Control

The frequency of each DTL tank is set by four tuning
bars running the length of the tank for coarse tuning and three
or four tuning slugs (one for each tank section) for fine
tuning. These tuning elements compensate for frequency
deviations due to fabrication tolerances to bring the tank to
the design frequency at the nominal operating temperature.
The resonant frequency of each tank is maintained over a
± 15 kHz tuning range by controlling the temperature of the
water flowing through passages in the tank walls and in the
drift tubes. Water is circulated in a closed-loop system that
is thermally coupled to the house water system by means of
a heat exchanger. Since the nominal operating temperature is
43.5°C, no mechanical refrigeration is included; enough
cooling is provided by the heat exchanger to the house water.
An electric heater is included so that operating temperature
can be maintained under varying conditions and so that the
tank can be warmed up from a cold start. Active control of
the electric heater provides frequency control for the tank.
The control signal is based on the temperature of water
exiting from the drift tubes, since their temperature substan-
tially determines the tank frequency. Controlling on the drift-
tube water temperature also increases the tuning rate that can
be achieved.
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Abstract

Field errors in wigglers are usually measured and
corrected on-axis only, thus ignoring field error gradients.
We find that gradient scale lengths are of the same order as
electron beam size and therefore can be important. We report
measurements of wiggler field errors in three-dimensions and
expansion of these errors out to first order (including two
dipole and two quadrupole components). Conventional
techniques for correcting on-axis errors (order zero) create new
off-axis (first order) errors. We present a new approach to
correcting wiggler fields out to first order. By correcting
quadrupole errors in addition to the usual dipole correction,
we minimize growth in electron beam size. Correction to
first order yields better overlap between the electron and
optical beams and should improve laser gain.

Introduction

This paper discusses the correction technique used on a
recently assembled 1-meter long, 2.05-cm period, 4-mm-gap
permanent magnet wiggler. The taut-wire technique was
used to measure and correct the magnetic field to first order in
three dimensions 1. The wire was moved transversely in the
x-y plane to examine two dimensions, with distance along
the wire (or time during the signal) providing the z
dimension.

The peak K value for this wiggler is 1.23, corresponding
to a peak wiggle amplitude of 50 pm for a 40-MeV beam.
The electron beam radius in the wiggler is 200-400 (Am,
whereas the optical beam radius is 600-700 \im for 3-p.m
light. To obtain good overlap between the electron beam and
optical beam, we aim to have the average trajectory of an
electron deviate from its initial position a distance less than
a peak wiggle displacement. This criterion is perhaps overly
conservative at 3-(im operation, but at shorter wavelengths
typical of higher harmonic operation better magnetic field
quality is needed.

Earlier Work

Hall probes are used for the majority of wiggler field
measurements performed at institutions other than LANL.
Because of the poor spatial resolution (>lmm) of Hall
probes, and the tedious nature of the measurement, only the
average field on axis is ususally measured. Measurements
are often made for only one component of the field, for
which the wiggler field is the major term. Data is

•Work supported by Los Alamos National
Laboratory Institutional Supporting Research,
under the auspices fo the United States Department
of Energy.

numerically integrated twice to yield the particle trajectory in
the x-z plane (for Bwjggie in the y-direction). Results are
of limited use because it is assumed that there are no
transverse gradients to the magnetic field. In fact, electron
beam size can be of the same order as gradient scale lengths;
thus a measurement and subsequent correction of gradients is
important. Field gradients are due to unwanted quadrupole
fields that defocus the beam in one plane. This reduces
overlap and thus gain.

Preston and Warren2 published results using the taut-
wire, in which they measured both transverse components,
B x and By , of the field along the x-axis. They discuss field
errors in terms of unwanted vertically and horizontally
polarized magnetic moments. Errors are indicated by changes
to the slope of the signal envelope where the signal is
proportional to the second integral of the field. Errors are
canceled using small pieces of permanent magnet oriented
vertically or horizontally at the approximate z-location of the
error. An important point is that these correctors are, for
convenience, applied to only one half of the wiggler.

Present Work

The measurements reported here are taken one step
further. The wire is moved off axis on a ±l-mm by ±l-mm
grid in 1-mm steps, yielding data for both B x and B y at nine
transverse positions. The error fields are interpreted as the
sum of a dipole error, obtained from the on-axis data, and a
quadrupole error, obtained from the gradient of the error field.
It became apparent during the correction process that
positioning correctors on only one-half of the wiggler can
cancel one type of error but, in the process, create a new
error. For example, a vertically polarized corrector used to
correct a dipole field error introduces a quadrupole error.

It is useful to introduce a Taylor series expansion of the
wiggler field out to first order in order to categorize the types
of errors and later to show how the wrong type of correctors
couples these.

By = B w i g g cos(kz) + Boy(z) + Qn(z) * x + Qs(z) * y

B x = Box(z) + <V z ) * y - Qs(
z) * x

All terms except B w j g g cos(kz) are error terms and
correspond to non-periodic dipole, normal quadrupole, and
skewed quadrupole type errors. Errors occur at discrete z-
locations corresponding to "bad" permanent magnets. Figure
la shows how a skewed quadrupole error is introduced by
using a single corrector to correct a vertical dipole error.
Conversely, correcting a skewed quadrupole will introduce a
vertical dipole error. The long rectangles represent the
permanent magnets of the wiggler where the error is located;
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the small rectangle is the corrector with its field lines shown
schematically. Figures lb and lc show how, by using
correctors on both sides of the wiggler, the original error can
be eliminated without introducing a new error (to first order).

a)

1 {

i y, / i

b) c)

Fig. 1 (a) A single magnet used to correct vertical dipole
(skewed quadrupole) causes a skewed quadrupole (vertical
dipole) error; (b) a better way to correct a vertical dipole
error; (c) a better way to correct a skewed quadrupole error.

Experimental data of this specific example is give in the next
section. A second example is given in Fig. 2. A B x

dipole error is corrected in Fig. 2a using one horizontally
polarized corrector; however, a normal quadrupole error is
introduced. By using two-correctors, as shown in Fig. 2b,
the dipole error is corrected without introducing the linear
quadrupole error albeit a less important second order
(sextupole) error is created. By reversing the direction of
either the top or bottom magnet (Fig. 2b) a normal
quadrupole is produced.

33=1

^A*-\-'

•) b)

Fig. 2 (a) Correcting a Bx dipole error with a single
horizontally polarized corrector, introducing a normal
quadrupole error, (b) a better way to correct the dipole error.

In conclusion, we find that, for correcting errors out to
first order, symmetry must be maintained to avoid creating
new errors in the process of correcting existing ones.
Experience shows that ability to correct errors is limited by
the number and variety (polarization, shape, and volume) of
corrector magnets available.

Results

Signals for x motion of the wire (wiggle plane) and for
y motion are referred to as the major and minor signals,
respectively. All signals are the second integral of the field,

proportional to the particle trajectory. The peak-to-peak
amplitude of the sinusoid corresponds to 100 urn of electron
beam displacement. Figure 3a shows data (major signal
only) for the wire approximately centered on the wiggler
geometric axis without any correctors. The signal is
dominated by a large error, located almost halfway into the
wiggler, which causes a "kick" and thus a linear deviation of
the trajectory from the axis. After a few periods the centroid
has moved a distance greater than one wiggle thus violating
our criteria for field quality. Figure 3b shows the effect of
using a relatively large vertically polarized corrector, on only
one side of the wiggler, to correct the major signal; however,
the minor signal is too large. Finally, an additional
horizontally polarized corrector corrects the minor signal
without affecting the major signal (Fig. 3c), as expected for
the wire on axis. At this point the wiggler is corrected to
order zero (i.e., en axis) except for the some adjustment
needed at the very end of the wiggler.

Fig. 3 Data with wire centered (a) major signal with no
correctors; (b) major signal corrected with vertical corrector,
minor signal too large; (c) minor and major signal corrected
on-axis except for far end of wiggler.
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Figure 4 shows major and minor signals along the x-
axis at -1 , 0, and +1 mm after the correction. The major
signal is independent of x (the three major signals overlie
each other) whereas the minor signal has an odd symmetry
(indicative of a skewed quadrupole) where the large vertical
corrector was placed to correct the major signal. This
important effect is explained by the discussion in the
previous section and Fig. 1. With correctors added to both
sides of the wiggler to maintain symmetry, systematic
correction was possible while minimizing new errors.

x = + 1 mm

Fig. 4 Minor signal (Bx) has odd symmetry with respect to
x at y = 0, indicating a skewed quadrupole error. Major
signal is independent of x, as expected.

The final result is shown in Fig. 5, where major and
minor signals are shown for all points on the ±l-mm by ±
1-mm grid. Except for the minor signal at x = -lmm, y =-
1 mm, the objective of maintaining the signal average
within the wiggles has been achieved. A total of 11
correctors are used to obtain these results. Note that the
major signal has an even symmetry with y along the lines
x= 0 mm and x = -1 mm. This indicates a sextupole
(second order) type error. However, it is not observed at
x = +1 mm and thus creates some concern that our model is
still not complete.

Conclusions

For the first time, the taut-wire has been used to make a
three-dimensional map of magnetic field. Errors are
expressed in terms of a two-dimensional Taylor series out to
first order. We found that using correctors on only one side
of the wiggler introduces new errors, but by using both sides
symmetry is maintained and first-order correction becomes
possible.

Increase in electron-beam size is minimized by
correcting the field for off-axis as well as on-axis particles.
In principle, this should yield higher gain and improved
performance.

+ 1mm

0. mm x » 0. mm

maiH

0. mm

1 mm

1 mm

minor

+ 1mm

0. mm x «-1 mm

• 1 mm

moist

+ 1 mm

0. mm

• 1 mm

mln«

• 1 mm

0. mm x«+1mm

• 1mm

Fig. 5 Final data using eleven correcting elements.
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Abstract

The Medium Resolution Spectrometer (MRS) magnet
assembly was built at the Los Alamos Meson Physics Facility
(LAMPF) in 1989 and is being duplicated for the Short Orbit
Spectrometer (SOS) at the Continuous Electron Beam
Accelerator Facility (CEBAF). Utilizing existing designs,
fabrication technology, and tooling from the MRS will save
substantial costs and time for the SOS. The MRS/SOS
assemblies consist of a quadrupole-dipole-reverse dipole QD
(-D) configuration with dipole gaps of 16 cm and 1.7 T field.
Net bend angle of the particles is minimized by the reverse
polarity dipole. The magnet assemblies have spacer blocks
between solid return yokes to establish precision pole gaps, are
less than 5 meters long, and weigh 91m ton. The poles have
faces which are chamfered and shaped to a fifth order
polynomial contour and a Purcell filter at the base for enhanced
field homogeneity. The poles are utilized as part of the
vacuum system by sandwiching aluminum sand cast vacuum
chambers between the pole faces. The vacuum chambers and
electrical coils are fitted to concave and convex pole contours.

Introduction

The LAMPF MRS and the CEBAF SOS magnet
assemblies are essentially exact copies [1]. The MRS is
shown schematically in Fig. 1 with design parameters given in
Table 1. The MRS was commissioned in 1990 and the SOS
is scheduled for completion in 1993. The size, weight, shape
complexity, gap width restrictions, etc. presented a variety of
design and fabrication challenges which were solved
successfully.

Mechanical Design and Fabrication

Quadrupole Assembly

The horizontal focusing quadrupole is positioned as close
as possible to the upstream entrance to MRS (BM-01) and is
designed to accommodate small scattering angles. The poles
and yokes are uniquely designed in pairs such that top and
bottom sections are magnetically de-coupled. The side yokes
are removable and quad coils are positioned so that beam
interception by magnet structures is minimized. Stainless
steel shim blocks are bolted in place between the poles to
provide support and rigidity. The quad is mounted directly on
the front dipole spacer as shown in Fig. 1. Braces and field
clamps were added between the quad and dipole to reduce
undesirable magnetic field interactions and deflections.

Dipole Assembly

The dipole assembly has two dipoles of opposite
polarity which share common yoke plates of 305 mm
thickness. The yoke plates weigh 23,000 kg each and are
machined on all surfaces to maintain the 160 mm pole gap to
+0.250/-0.000 mm and +/-0.127 mm parallelism. Position
and rotational tolerance of poles and yokes with respect to each
other was held to +/-0.254 mm by using blind dowels in all
mating parts. The entire magnet assembly was generated on a
CAD system with all parts being located to a common
coordinate system.

The poles for BM-01 and BM-02 have complicated
contoured shapes that are generated by fifth and sixth order

MRS MAGNET ASSEMBLY- MRS COIL ASSEMBLY

r— SCATTERING CHAMBER

\ QUADRUPOLE MAGNET
MRS VACUUM CHAMBER

FIG 1 LAMPF MEDIUM RESOLUTJON SPECTROMETER (MRS) ASSEMBLY

172



TABLE I
MRS DESIGN PARAMETERS

MAGNETIC PARAMETERS
GAP (in)
B(kG)
PHYSICAL
TURNS/LAYER
LAYERS/COIL SECTION
TOTAL TURNS
COIL
COND. SECTION(in'in)
MEAN TURN L (in)
COIL L (ft)
ID (in)
COPPER AREA (in2)
WEIGHT (#/fi)
TOTAL WEIGHT (#)
COIL WIDTH (in)
COIL HEIGHT (in)
ELECTRICAL
Nl (AMurns)
CURRENT (A)
CURRENT DENS (A/in2)
RESISTANCE (ohms)
VOLTAGE (V)
POWER (kW)
COOLING
NO. WATER CIRCUITS
TEMP RISE (F)
!FLOW(GPM)/CIRCUIT
LENGTH/ CIRCUIT (ft)
iPRESS. DROP (#/in2)

MS-QM

5
13

15
8

2 4 0

0.34
70

1,400.00
0.18
0.09
0.33

466.85
6.05
3.32

192000
800

9,298.71
0.1537612

123.01
98.41

4 8
20

0.70
29.17
35.20

MS-BM-01

6.3
19.5

12
14

336

0.65
274

7,672.00
0.363
0.31
1.19

9,154.24
8.60
10.00

275823
821

2,666.62
0.2354858

193.31
158.69

28
20

1.94
274.00
77.88

MS-BM-02

6.3
19.5

14
14

392

0.65
199

6,500.67
0.363
0.31
1.19

7,756.60
10.00
10.00

275823
704

2,285.68
0.1995327

140.40
98.79

28
20

1.21
232.17
28.25

polynomial equations as shown in Fig. 2. Faces of the poles
are chamfered for precision field forming and have a 51 mm
step for vacuum envelope sealing. The base of the poles have
6.35 mm spaces that function as Purcell filters for enhanced
field homogeneity. Pole thickness is 355.6 mm.

The vacuum envelope for the spectrometer bore presented
a problem since it was not practical to increase the gap to
allow enough space for a vacuum chamber. The very large
vacuum areas would have required thick stiffeners. Solutions
included welding the vacuum chamber to pole pieces (not very
desirable) or to have a vacuum can which sealed on the pole

faces. The latter option was pursued with choices of a welded
or cast vacuum envelope. A weldment to fit the pole shapes
would be very complicated and require extensive heat treatment
and machining to obtain a stable part. Past experience with
the LAMPF LEP CLAMSHELL SPECTROMETER has
shown that an aluminum sand cast vacuum can was possible
and performed as required (vacuum in the 5x10-6 Torr range).
Successful castings for the MRS were made and are in service.
Castings for the SOS which used the MRS patterns and molds
have been cast and are presently being helium leak checked.
The vacuum can inside profile is machined to match the pole
piece contours to within 0.381 mm (see Fig. 3) and the can is
held between two poles with a 0.076 mm interference
compression fit. BM-01 and BM-02 vacuum cans are
connected together during assembly using a special field
installed single convolution bellows connector.

The MRS coils were bifilar wound in two layer pancakes
to match the pole contours. Each coil has a 19 mm uniform
space between it and the pole outside surface. Coil design
criteria are given in Table 1. Each pole has a seven pancake
(14 layer) coil section surrounding it. The coil winding and
casting mold used to produce the MRS coils will also be used
for the SOS magnet coils. The coil sections are banded
together, supported on cushioned custom fitted pads, and

Fig. 2 MRS Pole Pieces

Fig. 3 MRS Sand Cast Aluminum Vacuum Cans

separated by brass compression jacks as shown in Fig. 4. The
coil mounting has proven to be very rigid and no movement
has been detected during magnet use.

A list of suppliers for material and services is shown in
the appendix.

Final Assembly and Installation

The complete magnet steel assembly was shop test
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Fig. 4 MRS Magnet Assembly (One Yoke Removed)

assembled and critical tolerances such as pole gap and distance
between pole sealing surfaces were measured. The vacuum
cans were machined to fit the as built space. Assembly of the
yokes and poles was measured by a jig transit to be
reproducible to within 0.076 mm. The magnet was
disassembled for shipment to Los Alamos.

All magnet components were re-assembled at LAMPF as
shown in Fig. 4. The horizontal position assembly sequence
was done in the following order: (1) yoke (2) poles (3) coils
(4) yoke spacers (5) vacuum cans (6) poles (7) vacuum
connector (8) coils (9) yoke. A helium leak check was
performed on the complete vacuum envelope prior to installing
the top yoke.

The magnet was successfully powered and field mapping
measurements [2] made in the horizontal position. A rigging
contractor was hired to move the assembled magnet to the
LAMPF Experimental Area "B", rotate it 90 degrees, lift and
transport the magnet to the support structure.

Conclusion

The MRS assembly complete with air pad support
structure and scattering chamber is shown in Fig. 5. The
success of the MRS has made the SOS reproduction a much
easier and less costly task. Significant savings (~$125k) of
engineering time and tooling costs for the SOS fabrication
have been made possible by utilizing MRS designs and
tooling.

Fig. 5 MRS in LAMPF Area "B"
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Appendix

List of companies supplying material and services for
the MRS Magnet Fabrication:

1. Magnet Steel - Creusot-Marrel, Rive-de-Gier, France
2. Coil Conductor - Outokumpu Oy, Pori, Finland
3. Sand Castings - Sunset Foundry, Kent, Washington
4. Magnet Machining - R.O. Schulz, Elmwood Park,

IL
5. Coil Winding - Elma Engineering, Palo Alto, CA
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Abstract

This paper describes the necessary modifications in the
present acceleration system for the coupling of a
superconducting linac to the tandem of Sao Paulo. Final
laboratory projectile energies of 15 MV/A to elements from
C to Fe should be achieved after installing the two first
cryostats (phase I). The superconducting Iinac will consist of
split-ring niobium resonant cavities (Fo = 97 MHz and beta
= 0.060, 0.105) that are being built in the Argonne National
Laboratory.

Introduction

Historically, our accelerator experience began in the 50s

with the construction of a 3.5 MV Van der Graff and was
extended in the 70s with the purchase of a NEC pelletron
type electrostatic accelerator, a first design, which gave Sao
Paulo the lead in the new technology of pelletrons. In 1982
it became evident that it was time for a major upgrade of
our facilities to offer the new generation a more modern and
stimulating environment for nuclear physics research.

Thus began a series of studies to ascertain what type of
accelerator would best serve our research interests yet not
overtax our resources of manpower and economic support.
This analysis was summarized in a report in 1982 [1] where
it was concluded that the best path to take would be the
construction of a superconducting linac based on the designs
of the ATLAS [2] project developed at Argonne National
Laboratory.

Furthermore, in dominating the technology of
superconducting resonant cavities, we would enter an area of
accelerator physics and technology which, by all indications,
is the one destined to be used exclusively in the design and
construction of future particle accelerators.

The Linac

The Linac of Sao Paulo will be used as a booster for the
existing Pelletron Accelerator (8 MV nominal) and will be
consisted of niobium split-ring superconducting resonators
(Fo = 97 MHz) based on the Argonne design.

In the phase I, the superconducting linac will be
consisted of 14 niobium split-ring resonators (4 low beta
(0.060) and 10 high beta (0.105)) in four cryostats. Two
small crystals for one resonator to the superbuncher (low
beta) and rebuncher (high beta) and two cryostats for the
other 12 resonators. The configuration of 3 low beta and 10
high beta resonators was the best compromise in the mass
region compatible with our experimental program. Figure 1
shows the scheme intended for the Pelletron-Linac system,
as well as the distribution of the resonators in the cryostats.
The cryostats will be based on the Argonne design.
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Fig. 1 Schematic view of the projected Pelletron-Linac
System

Coupling Linac-Tandem

The beam entering the linac should be bunched into
short time pulses of about 100 ps. This is accomplished by
a two stage bunching system. The first (or prebuncher)
consists of a single gap harmonic buncher (three harmonics,
fundamental frequency about 12 MHz) which operates at
room temperature and is positioned a few meters upstream
from the first accelerating electrode of the tandem. The
second stage is a superconducting buncher consisting of one
RF resonator situated about 25 meters or so downstream
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from the tandem exit at the entrance to the linac. The
continuous beam out of the ion source is bunched into 1 ns
pulses with a 70% efficiency in preserving the beam intensity
by the prebunchcr and then into 100 ps pulses with almost
no loss of intensity by the superconducting buncher. The
mechanical part of the pre-buncher is already installed and
the RF control system is being built.

Because of the variations which exists in the ion transit
time through the tandem, a phase detector is used for
dynamic control of the RF phase of the prebuncher pulses,
so that the beam pulses arrived at the superconducting
bunchcr with the correct time. Our phase detetor will be a
48.5 MHz, spiral loaded resonant cavity based on the design
described by Takeuchi and Shepard [3].

The elimination of parasitic beams will be provide by
positioning an RF chopper before the analyzing magnet. The
chopper will have a 20 mm gap and will be positioned at
about 2 m from the chopper slits. In this case 5 KV should
be enough to separate the parasitic beams. The RF chopper
will operate at about 6 MHz.

The structure of the accelerator tube of our tandem was
modified in order to increase the voltage from 8 to 9 MV in
the terminal. Basicly, "dead" regions were switched by
acceleration tubes with 6 electrodes each. In this way we
maximize the energy of the beam entering into the linac.
The tandem has been operating satisfactorily after the
modifications.

Cryogenic System

in

The closed-cycle helium system, which may be operated
a wide variety of conditions, consists of two Sullair

compressors and a CCI refrigerator that nominally yields 300
watts of cooling or alternatively, liquefies 75 liters per hour
of helium, if no liquid nitrogen pre-cooling is used. The
proposed schematic helium distribution system is shown in
figure 2.

MCPORTOW.
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The system was designed to provide a continuous flow
of cold helium through the superconducting resonators and
solenoids. The static heat leak of each cryostat was assumed
to be 15 watts, for the cryostats with more than one element,
and 5 watts, for the superbuncher and rebuncher cryostats
(including the cooling due to RF power dissipation for one
resonator). A typical value of 4 watts [4] is expected for the
RF power dissipation for each resonator.

Only one of the compressors will be used in phase I
because, as it is shown in figure 2, the 150 watts of
refrigeration capacity available in this configuration should
be enough to maintain the temperature through the
accelerator.

Resonators

Niobium split-ring resonators were chosen to be the
acceleration structure in the Sao Paulo project. The fact of
niobium is a better superconductor than lead and Brazil is
the largest producer of niobium guided our choice of the
material.

The Argonnc split-ring resonator has the advantages of
more boost per resonator, greater durability of the
superconducting surface. Additionally, sections of the
Argonne booster, similar to our requirements, were already
in operation. Based on these reasons, the choice for this type
of resonator was natural.
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Fig. 2 Schematic view of the helium distribution system
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Fig. 3 Q curve against average electric field for L-24

Our first low beta resonator was assembled in the
beginning of this month at Argonne and the Q curve
obtained for this resonator (L-24) is shown in figure 3. Two
high beta resonators are assembled and waiting for being
tested. Final eletropolishing is missing in three other high
beta resonators. The other 8 resonators will be ready for the
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final eletropolishing in the beginning of 1993.

Final Comments

The phase I is completely defined and will use the
Argonne niobium split-ring design for the resonators. With
the objective of learning this technology, 14 resonators are
being constructed at Argonne with the active participation of
physicists and engineers sent from Sao Paulo.

The phase II, the high energy extension of the
Linac, will be carried out in Sao Paulo and the type of
structure for the resonator is still to be chosen.

We expect that the Linac-tandem accelerator should
be operational in 1995, depending on the economical
situation of the country.
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Abstract

Early operation of the SO MeV high brightness
electron linac of the Accelerator Test Facility is described
along with experimental data. This facility is designed to
study new linear acceleration techniques and new radiation
sources based on linacs in combination with free electron
lasers. The accelerator utilizes a photo-excited, metal
cathode, radio frequency electron gun followed by two
travelling wave accelerating sections and an Experimental
Hall for the study program.

Introduction

The Accelerator Test Facility at Brookhaven National
Laboratory is a laser/linac complex designed to produce
high brightness beams for accelerator physics users to
study new linear acceleration techniques. It also serves as
a tool to study advanced radiation sources based on free
electron laser technology. The equipment comprises a
1-1/2 cell radiofrequency electron gun with a metal,
photo-excited, cathode, which produces electrons with
energies up to 4.5 MeV. This is followed by two, 2x/3
mode travelling wave acceleration sections and, after a
beam transport line for suitable emittance selection and
beam monitoring, an experimental area with three
separate beam lines for accelerator studies.

RF Electron Gun System

The rf gun [1] is shown schematically in Fig. 1. It is
a 1-1/2 cell, disc loaded, copper structure operating in
resonant r-mode with the metal photoexcited cathode
situated on the end wall of the first half cell. The
waveguide feed is designed to couple only the x-mode.
The gun is followed by a Low Energy Beam Transport
System [2], Fig. 2, which allows for momentum
recombination and pulse compression of the electron
beam. There is also a momentum slit for energy selection
and a Low Energy Experimental Region allowing for tests
with up to 4.5 MeV beams. The system is also designed
to "match" the beam from the electron gun to the
accelerating sections with due regard given to space
charge and rf field induced forces.

Linac Systems

The equipment layout for a typical advanced
acceleration experiment is shown schematically in Fig. 3.
A pulsed high power modulator with a pulse length of

*ThiS work was performed under the auspices of the
U.S. Department of Energy.
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Fig. 3. Schematic of Equipment Layout for an
Acceleration Experiment.
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S ftsec and a pulse repetition frequency of 6 Hz is used to
power a 25 MW peak output power klystron which feeds
the electron gun and the two accelerating sections. A
phase locked oscillator operating at 81.6 MHz provides
the radiofrequency drive for both the Nd:YAG laser and,
after suitable multiplication, the 2.856 GHz drive to the
klystron. A voltage controlled phase shifter and
attenuator in the drive chain to the klystron allow changes
in amplitude and phase to the entire accelerating system.
These parameters may be controlled by a feed forward
system to maintain the desired output beam parameters
[3].

A high energy beam transport system between the
linac and the experimental area provides emittance and
momentum selection for the individual experiments.
Temperature controlled water-cooling systems for the gun
and acceleration sections maintain their temperatures to
within ±0.05°C of design values. The laser transport
line from the Nd:YAG laser to the electron gun is
evacuated in order to maintain the desired stability
between the laser and the electron beam. All timing
signals are derived from the primary 81.6 MHz source
and a commercial laser timing stabilizer is used to
maintain laser stability to within ± 1 psec.

Beam Diagnostic Systems

For the low energy beams the momentum slit between
the two 90° dipole bending magnets may be used for
momentum analysis and selection. The entry surfaces of
the two slit jaws are coated with a fluorescent material
which can be viewed by a CCD camera system to give
beam provide information. The slits are isolated from
ground so that collected charge may be measured. A
2.856 GHz radiofrequency cavity operating in the TEIQ2
mode, situated just ahead of the first dipole magnet may
be used to deflect the beam vertically at the slit allowing
for bunch time width measurement. Beam profile
monitors [4] utilizing CCD cameras are used to record
beam profiles in two locations and hence determine the
rms emittance. Stripline beam position monitors are used
to measure beam position and total charge in both the low
and high energy beam transport lines. These can be
calibrated against faraday cups placed at the end of the
transport lines. The high energy beam transport line also
contains flags for viewing beam size and position,
colimators to define small emittance beams, and profile
monitors for emittance measurement. A momentum
defining slit situated after the first 25° bending dipole
magnet allows for momentum measurements at high
energy.

Control Systems

Adaptive Control

In general the macropulse to macropulse energy
stability of the output beam is very good, however,
various effects contribute to the energy spread of the
beam within a macropulse, which may contain up to 200
microbuncb.es. For the desired beam charge an energy
change of 8 % would be induced during the macropulse.
Voltage ripple on the modulator delay line contributes
±0.6% to energy spread and also contributes phase
errors. Our approach to this is to utilize a voltage
controlled attenuator and phase shifter in the low level
drive system to vary the amplitude and phase of the

klystron's unsaturated output. These control elements are
fed by arbitrary function generators controlled by a
personal computer. The computer reads the cavity field
and phase values, which are then sampled by a digitizer
and suitable corrections made to minimi7/t amplitude and
phase variations. Amplitude stability of ±0.2% and
phase stability of ±0.6% have been achieved during a 3
psec rf macropulse after a few iterations.

Computer Control

The computer control system is based on a VAX 4000
series system. A Microvax n/GPX is used off-line for
software development and testing. Control and
monitoring of the facility devices (magnet power supplies,
beam position and size monitors, timing system, etc.) is
through a Kinetic System Corporation CAMAC byte-
serial highway driver connected to four CAMAC crates.
From the CAMAC, communication to local devices is via
industry-standard hardware interfaces and protocols such
as EIA-RS-232 and IEEE 488. The facility is also
equipped with an Ethernet interface and is connected to
networks such as DECnet, HEPNET and Internet. The
computer operates under version 5.4 of DEC's VMS
operating system. Support for software development in
both C and Fortran programming languages is provided.
In addition, a commercial control system software
package, marketed by Vista Control Systems, Inc., is
used to build window-based operator interfaces.
Operators interact with the control system through "point
and click" pull down menu's which graphically display
controls and overviews of the facilities status and alarm
conditions. By employing X-windows technology, these
detailed graphic presentations are available throughout the
ATF complex. The Vista package also includes a
database generator, various report writers and a library of
program development routines.

Laser Systems

A Nd:YAG laser system is used for exciting the gun
photo-cathode and also for Q-switching a CO2 laser. The
system includes a Spectra-Physics CW oscillator
(wavelength 1064 nm), mode locked to the 81.6 MHz rf
drive system source. A Lightwave Electronics series
1000 timing stabilizer is used to phase-lock the oscillator
to the reference, reducing pulse to pulse jitter to better
than 1 ps. The oscillator pulse (about 80 ps long) is then
chirped in a 200 m optical fiber and amplified.
Bandwidth limitations in the amplifier chop the chirped
pulse to about 10 ps. A pulse chain of up to 200
microbunches separated by 12.25 nS may be switched by
a Pocket's cell. The output pulse is then frequency
doubled and transported about 30 m to the gun hutch
where a second doubling takes place. At this point there
is an energy of 100 /xJ in a 6 ps pulse at the operating
wavelength of 266 nm. This is sufficient to produce 1 nC
of electron charge from the copper photocathode. Part of
the output from the Nd:YAG at 1064 nm wavelength is
used to switch a short, synchronized, CO2 laser pulse of
10 ps pulse duration out of a 60 nS pulse from a CO,
oscillator by using germanium plates which change from
transmitters to reflectors when hit by 1064 nm light. A
broadband, 4 atmosphere, isotopic mix CO, amplifier then
boosts the pulse up from 10 pj to 500 mJ. A room
temperature catalytic converter is used. Since the timing
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of the CO, pulse and the electron beam is determined by
the Nd:YAG pulse they may be exactly synchronous at
the experiment.

Operational Status

All of the accelerator equipment for operation at SO
MeV into a beam stop in the beam line upstream of the
Experimental area has been installed and tested and beam
studies are in progress. Low energy beam testing has
been carried out with a photo-excited copper cathode and
the results are mpir/fanrni in Table 1 below. A typical
emittance plot is show in Fig. 4.

Table 1
BNL RF Gun Results to Date

Design
Energy, MeV 4.6
Repetition Rate, Hz 6
Electron pulse charge, nC 1.0
Electron pulse length, rms, ps 2.5
Peak Current, A 160
Energy spread, rms. % 0.3
Emittance (yaxax,), xm-rad 7x10""
Beam Brightness, A/m2 3xl012

UV Energy, jJ 50
IR Pulse Length (FWHM), ps 12

Achieved
4.6
6
2.0
4.9
133
0.4
4xlO-<

7xlO12

300
20

Emittanca Scan of June 17, 1991
p-3.45 M«V/c
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Fig. 4. The vertical projections of the electron beam
on a profile monitor as a function of quadrupole
current.

third beam line is dedicated to FEL experiments not
requiring the CO, laser.

The low energy beam is being used to characterize
gratings for potential use as accelerating structures by
measurement of Smith-Purcell radiation produced when
the electron beam is brought close to the grating. Also
the 3 to 4.5 MeV beam is being used to measure far
infrared radiation (10 fun to 1 cm) by sending it through
various structures. The mechanisms responsible for
generating this radiation include Smith-Purcell and
Cerenkov radiation.

The first high energy (>40 MeV) experiment to be
carried out will be the Inverse Cerenkov using a radially
polarized CO] laser beam and axicon focussing [5].
Preliminary scaling and modeling has shown the viability
of this method for electron acceleration to high energies.
For a 10 GW peak COj laser power and 50 MeV electron
beam in a medium of low pressure hydrogen gas an
acceleration of 25 MeV in a 20 cm interaction length has
been calculated. The CO2 laser beam has been
characterized and brought to the hydrogen cell at the peak
power level of — 1 GW at the pulse length of ~ 100 ps.
It is expected that a reduction of CO2 laser pulse length
by slicing to —15 ps before final amplification should
give sufficient peak power to carry out the experiment.
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Experimental Program

One experimental beam line at the gun energy is
available for experiments and three high energy beam
lines are set up in the Experimental Hall for high energy
tests. The CO2 laser radiation may intercept two of these
lines in order to perform experiments on laser
acceleration, photo-electron scattering or as a seed laser
for an FEL based harmonic generation experiment. The
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Abstract

Microphonic-induced fluctuations in the RF eigen-
frequency of superconducting (SC) slow-wave structures
must be compensated by a fast-tuning system in order to
control the RF phase. The tuning system must handle a
reactive power proportional to the product of the frequency
range and the RF energy content of the Rf cavity. The fast
tuner for the SC resonators in the ATLAS heavy-ion linac
is a voltage-controlled reactance based on an array of PIN
diodes operating immersed in liquid nitrogen. This paper
discusses recent upgrades to the ATLAS fast tuner which
can now provide as much as 30 KVA of reactive tuning
capability with a real RF power loss of less than 300 watts.
The design was guided by numerical modeling of all
elements of the device. Also discussed is the RF coupler
which can couple 30 KW from 77 K tuner to a 4.2 K
resonant cavity with less than 2 W of RF loss into 4.2 K.

Introduction

In general, ambient acoustic noise will excite
mechanical vibrational modes of resonant cavities which
then cause fluctuations in the RF eigenfrequency. In normal
conducting accelerating structures, such fluctuations are
typically much smaller than the intrinsic resonator
bandwidth and do not appreciably effect the RF phase.

The case is different for superconducting resonant
cavities for the acceleration of heavy ions. Such structures
exhibit Q's of a few times 109, corresponding to an intrinsic
bandwidth of a few hundredths of a hertz. In the
environment of an operating accelerator, it is difficult to
reduce microphonic induced variations in resonator RF
eigenfrequency below a few tens of hertz peak-to-peak.

For the ATLAS linac, beam currents are typically a few
particle-nanoamperes and do nor appreciably load even
superconducting resonant cavities. Thus, even when coupled
to the driving RF amplifiers, the effective resonator
bandwidth is smaller than the microphonic-induced
eigenfrequency jitter. Under the circumstances, a fast-tuning

Departamento de Fisica Nuclear, Instituto de Fisica,
Universidade de Sao Paulo, Sao Paulo, Brasil

system is required to cancel the effects of mechanical
vibration and enable to control of the RF phase.

Basic Elements of the Fast Tuner

The fast tuning system for ATLAS is based on PIN
diodes used to switch the superconducting resonator
between two frequency states chosen to bracket the
reference clock frequency [1,2,3,4]. In the high-frequency
state, the resonator RF phase precesses forward relative to
the clock, and in the low frequency state, backward.

Phase control is achieved with a diode driver which
switches the diodes between the two states at a rate of 25
KHz. Within the switching period, the diodes can be turned
on for a controlled time which cam be varied from 5% to
95% of the switching cycle. Modulation of the duty factor
provides an effectively continuous control of the direction of
phase precession, hence also the mean RF phase.

The principle microphonic-excited vibrational modes
are below 150 Hz in frequency, so that the discrete phase
correction steps, occurring at the much faster rate of 25
KHz, are in effect continuous. The finite-step effects
introduce a phase noise of typically one degree peak-to-
peak, well within acceptable limits.

The PIN diode must switch a reactive power P reac t

given by
P r e a c t = 8 r r 6 f U 0 E a

2

where 5f is the tuning range, Ea the accelerating field level
and Uo the RF energy content at Ea = 1 MV/m. This result
is a consequence of the Boltzmann-Ehrenfest theorem, and
is independent of the particular tuning scheme used.

The reactive power load is typically 10 KVA or more,
and to operate the tuner at room temperature would require
bringing a high power RF line out of the linac cryostat for
each of the many resonant cavities. For ATLAS a fast tuner
was developed which operates at 77 K, and is directly
attached through a half-inch long, thin wall stainless steel
tube to the 4 K superconducting resonators.
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Fig. 1. Equivalent circuit model for the fast-tuner.
Components modeling one of ten PIN diodes are shown.

The first version [5] of this device was coupled
capacitively to the superconducting resonator through a 77
K copper probe inserted through a port on the SC cavity.
RF currents in the copper probe caused 10-20 watts of joule
heating, which was cooled by conduction through a
beryllium-oxide ceramic, joined by brazing to the copper
probe tip. The properties of this ceramic to metal braze
joints degraded after re-cycling to room temperature several
times.

A more recent version [6] of this system was developed
to improve thermal stability. In this version, an inductive
loop was used to couple the fast tuner to the SC resonator.
Both ends of the loop were cooled by direct metallic heat
conduction to liquid nitrogen. This cooling was provided by
filling the internal portion of the fast tuner with flowing
liquid nitrogen. This version of the fast tuner was installed
in the two first cryostats of ATLAS and has been operating
for the last two years.

Although performance was significantly improved after
this upgrade, overall resonator performance did not increase
as much as had been hoped for. Also, the very low velocity
resonant cavities for the PII linac for the uranium upgrade
of ATLAS are less stable mechanically than the ATLAS
resonators and require an increased tuning capacity; the
performance of PII would still be limited by fast-tuner. For
these reasons, further development of the fast-tuner system
was undertaken.

Fast-tuner Development

The first step was to numerically model as an ac
network all elements of the fast tuner system (using

SUPERNOVA code). The model was checked by extensive
measurements of the rf currents and voltages at virtually all
accessible portions of the tuner. The equivalent circuit that
eventually evolved is shown in Fig. 1; this model predicts
with typically 5% accuracy the voltages and currents at the
various elements of the tuner over the octave bandwidth
(48.5 - 97 MHz) required by the various ATLAS resonant
cavities.

As a result of this analysis, the high-power circuit
board and virtually all circuit elements were substantially
modified. For example, the fast-tuner employs 10 high-
power PIN diode switches operated in parallel to provide
both increased capacity and increased reliability through
redundancy. It was found that the rf current through the
various diodes differed by as much as a factor of two, the
imbalance being corrected by shifts of various conducting
paths by typically a few mm.

As the fast-tuner was modified, a number of tests with
highly-instrumented superconducting resonators were
performed.

In the course of these tests it became clear that
excessive rf losses were occurring in the thermal transition
between the 77 K tuner and the 4.2 K superconducting
cavity (see Fig. 2). Measurements of the rf magnetic field
at the thermal transition showed that the field caused by the
coupling loop was substantially higher than had been
thought. The coupling loop design was changed by
compacting the loop and moving it further into the
superconducting cavity and away from the high-loss
stainless-steel thermal isolation section. In the present
design, shown in Fig. 2, rf losses into the thermal isolator
have been reduced more than a factor of ten.

STAINLESS STEEL
COVER

COPPER
LOOP

20KVRF
FEEDTHROUGH ASSEMBLY

TUN WALL
STAINLESS STEEL

THERMAL
ISOLATION SECTION

20 KW RF
FEEDTHROUGH

ASSEMBLY

Fig. 2. The fast-tuner unit, which operates at 77 K. The
copper loop projects into the superconducting cavity, and
can couple as much as 30 KVA of reactive power into the
tuner. The overall diameter is approximately six inches.
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Results and Conclusions

An off-line test of the new fast-tuner design was
performed using an 1-4 class interdigital resonator, which
operates at 72.75 MHz. In this test, the fast-tuner was
coupled to provide a 900 Hz tuning window, substantially
larger than is used on-line, in order to provide a stringent
test of the new design. The tuner was able to control the rf
phase of the resonator at accelerating field levels of more
than 3 MV/m. At this field level, the fast-tuning system was
switching more than 30 KVA of reactive rf power, with a
total rf loss of less than 300 watts. The loss into the thermal
isolation section and into the 4.7 K resonator was monitored
thermometrically, and was found to be less than 2 watts.

The new design provides at least 50% more tuning
capacity than the previous version. Also, the relatively more
accurate numerical model for the tuner has enabled more
reproducible and reliable set-up of the component values for
the seven different types of resonant cavities employed in
ATLAS.

At this writing, some 30 of the 63 resonant cavities in
ATLAS have been fitted with the new design. The results
have been both improved operational stability due to
increased fast-tuning windows and also higher (typically
10%) operating gradients because of reduced rf loss into the
resonant cavities.
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Introduction

SLAC is committed to developing an X-band source
capable of producing 100 Megawatt, 1 microsecond pulses to
power the next linear collider [3]. The first experience
encountered at SLAC in the X-Band regime above a few
Megawatts was in the relativistic klystron program in
cooperation with LLNL and LBL [2]. About 280 MW had
been transmitted through a variety of waveguide components
but at very short pulse widths (~40 nanoseconds) and very
low pulse repetition rates. The likelihood of high peak power
rf breakdown in most X-band components and especially rf
windows increases as the rf pulse length becomes longer.
Testing components at peak power levels above that at which
they are expected to reliably perform is essential in a
development program.

Traveling Wave Resonator

A Traveling Wave Resonator (TWR) is well suited to
high power test the critical components where a very high
power source has not yet been developed but a moderately
high power source is available. The SLAC X-Band TWR [1]
was first run at high power in June 1991. The parameters are
shown in Table 1. The rf power source was one of the early
XC series klystrons that were part of the 100 MW klystron
development program.

There were problems in pushing the peak power
handling capability of the TWR to the 300 MW level that are
described below. This TWR was designed with no specific
upper peak power handling capability in mind but it had to be
well above 100 MW. Its upper limit was expected to be
determined by rf breakdown in one of the components in the
resonant loop rather than by the rf source. The 300 MW level
was achieved with a dummy section of waveguide in the
component test piece position (see Fig. 2). Each component
in the resonant loop was designed for ultra high vacuum, with
an emphasis on minimizing the likelihood of RF electric field
breakdown and on bandwidth. Bandwidth is important so that
operation would not be confined to too narrow a frequency
range.

Initially, intermittent rf electric field breakdown was
experienced, but not exactly where it was expected to occur.
It had been incorrectly assumed that the peak power handling
capability of the TWR would be limited by breakdown in one
of the tunable components—probably the variable phase
shifter. As it turned out, the first breakdown was observed in
the high-vacuum crush-seal rf waveguide flanges that had
previously worked well in the relativistic klystron program at
nearly 300 MW but for rf pulses that were only about
40 nanoseconds in length. In the original flange version, the
vacuum seal is made early in the bolt tightening process. The
"rf seal" was not good, resulting in a gap along the perimeter
of the inner waveguide surface. The gap interrupted
longitudinal rf current and exposed the gasket and flange
corners to high rf electric fields, resulting in breakdown
above about 60 MW, sometimes lower.

Figure 1. X-band Traveling Wave Resonator

Table 1. TWR Parameters

Highest TWR Power to Date
Available Source Power
Resonant Loop Length
Number of Wavelengths
Input Coupler Ratio
Separation Between Resonances
High Power Gain
One-way Loss in Loop
Variable Phase Shifter Range
6 Element Tuner Range
Loaded Q
RF Voltage Time Constant
Coupling Coefficient, P

Klystron
" Output

ii • '

TWR r
D u m m y | \

' Load IV_
1 1

300 MW, 800 ns, 60 pps
30 MW
340 cm
106 at 11.424 GHz
10.1 dB
71.5 MHz
10.6 dB
0.354 dB
±30° (±6 MHz)
TsO.10 @any $
5500
153 nanoseconds
1.23

' ' ' '

\28MW

\300 MW _

ft —

^j \ -
]

•Work supported by Department of Energy,
contract DE-AC03-76SF00515.

s 200 ns/div ,2,7Ai

Figure 2. TWR Waveforms
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The solution to this rf flange breakdown problem was to
change the copper gasket cross section to one with a 0.25 to
0.40 mm ridge along the perimeter of the rf sealing edge. The
ridge is only needed on the side of the copper gasket facing
the female flange. The rf seal, with this fix, is made earlier in
the bolt tightening process than is the vacuum seal. Slots are
machined at the midpoint of the ridge along each narrow wall
to serve as a pumpout for the trapped space on the vacuum
side of the copper/stainless steel seal. A redesign of the
stainless steel flange sealing surface might have been
preferable if not for the hundreds of flanges on components
already in use and the subsequent mating problem.

Tuning Capability. Most traveling wave resonators
use as a tuning device, a variable phase shifter consisting of a
pair of moveable multistage choke shorts with a 3 dB hybrid
coupler. This type of phase shifter at X-band could be
vulnerable to RF breakdown at peak power levels above a
few MW. It was decided that a full 360 tuning range was not
absolutely necessary; a precision variable "squeeze-type"
phase shifter with limited tuning range would have a better
chance of withstanding rf breakdown. This variable phase
shifter is used as a trimmer to keep the loop tuned to
resonance and has a tuning range of ±30°. The components
tested thus far have had sufficient bandwidth so that the
operating frequency that is selected for high power testing
coincides with one of the natural resonant frequencies of the
TWR (with the variable phase shifter set near mid-range).
These natural resonant frequencies are about 71.5 MHz
apart. The TWR can be kept on resonance by varying the
drive frequency to the klystron but this scheme does not work
well when there is a significant line length effect between any
mismatches and the correction tuners described below.

A well-known property of high Q TWR's is the extreme
sensitivity to relatively small reflections in the resonant loop
portion of the circuit. For example, a discrete voltage
reflection coefficient F=0.05 results in a reduction of power
gain of 40% and a VSWR mismatch to the klystron driving
the TWR of 3:1. The resonance curve becomes double peaked
when the effective mismatch exceeds a critical value
depending on the loss and the coupling [4], A small
mismatch also results in the growth of an undesirable
backward wave, much larger than T, that also double peaks
above a different critical value of V and at a different pair of
frequencies. The critical values of |P| for this TWR are 0.043
and 0.088 for the forward and backward waves, respectively.
It is desirable to precisely tune out any residual mismatches
whether they be attributable to a permanent part of the TWR
loop or to the device under test.

The tuner used is a 6-element section that can easily
match out any combination of reflections where the aggregate
reflection is 0.10 or less at any phase angle. Three
corrugated, copper-plated stainless steel diaphragms,
separated 3/8 Xg from each other, are located on each
broadwall. The opposite two rows of diaphragms on the
broadwalls are displaced 1/8 Xg from one another. The tuning
range may actually be greater but it would place some
additional risk to the 0.05 mm thick diaphragms to stretch
them further. It was experimentally verified that any
admittance in the complex plane could be produced by the 6-
element tuner in front of a dummy load where the VSWR s
1.22. This tuner replaced an earlier design using 5 smaller
diameter tuners in the narrow walls that did not have adequate
tuning range to cover all mismatch possibilities.

RF Windows

The thin 27 mm diameter pillbox window reported in
Ref. [1] is no longer used for high power. A low power

Figure 3. 47 mm diameter overmoded window.

version is still used on the secondary arms of directional
couplers. The thick 27 mm diameter window continues to be
used as the output window on klystrons. The 47 mm diameter
thick (3.7 mm) window [1] had problems with mode
conversion and was redesigned with a more gradual taper. Its
excessive length has reduced its attractiveness for use on the
klystron output. Inconsistent results have been obtained thus
far on high power tests on the TWR. Mode conversion may
still be a problem and further optimization of the taper may be
required. The overmoded window is shown in Fig. 3.

The quality of the braze fillet at the edge of the window is
especially critical at higher frequencies since braze
imperfections do not tend to scale with window size. Circular
windows operating in the TEOJ mode are attractive candidates
for this reason. A half-wave TEoi circular window
sandwiched between two compact TEoi /TEio mode
converters is going to be tested on the TWR. The success of
this window depends largely on the mode conversion
efficiency and peak power handling capability of the mode
converters which must be TWR tested first. Also being tested
are TEi \ windows that have RF corona rings to hide the
braze fillets.

Ghost mode resonance's are an ever present threat when
thick windows are used. Table 2 shows the calculated
trapped resonances for the 27 mm diameter by 3.7 mm thick
pillbox window that is presently used. For narrow band
operation dimensions are chosen so that the closest ghost
mode resonance is at least 2% away from the operating
frequency.

Table 2.

Mode
TEo2
TMn
TE6]
TE32
T E ] 3

TE71
TM21

Name
even
even
even
even
even
even
even

Calculated
Frequency
10.56 GHz
10.85
11.11
11.68
12.27
12.31
12.36

Measured
Frequency
10.66 GHz
10.77
not observed
not observed
not observed
not observed
not observed

Window Coating. Alumina ceramic high power rf
windows must be coated with a thin film of anti-multipactor
coating to supress excessive secondary electron emission.
Titanium coatings have been used since 1965 to decrease
multipactor on alumina ceramic and various metal surfaces.
Since 1980, titanium nitride has been used by SLAC as the
preferred coating. Titanium nitride window coatings for X-
band applications are reactively sputtered in an ultra-high
vacuum DC sputtering system. Coating thickness is estimated
by Rutherford backscattering measurements of the titanium

185



surface coverage. A window coated too lightly exhibits
excessive multipactor heating and arcing, while a window
coated too heavily has excessive losses in the thin film. Both
cases lead to window failure.

Window Testing. A series of 11.4 GHz klystron
windows have been tested in the X-band TWR to optimize
TiN coating thickness. Window testing is accomplished by
installing them in the 32 cm test section of the TWR and
slowly increasing rf power while maintaining 10'" Torr scale
vacuum. Windows under test have been viewed through
sapphire viewports on both input and output window faces. A
television camera has also been used to record light produced
by multipactor and by arcing. Coating thicknesses of -18-20
A (13.5 min. sputtering time) have been found to produce the
best results so far. Patience in processing up is essential.
Tests are continuing as operating time allows. Result are
shown in Table 3.

Table 3.

Type Coating Time P @ Failure Notes
27 mm
27
27
27
27
47
27
27
27

9.0 min.
10.5
12.0
13.5
15.0
13.5
15.0
13.5

17.0

35 MW
25
40
89
40
100
44
57
67

arcing @ 80MW

failed lower @ 20MW

stopped prior to failure
stopped prior to failure

Two windowtrons have also been tested (Fig. 4). The
windowtron is rf two windows in series where the waveguide
volume between windows can be baked to 550 °C and
subsequently sealed off at 10"^ Torr vacuum levels. In this
manner, each window is similar to a sealed off klystron
window, where one side is not re-exposed to air prior to
operation. An uncooled version ran to 55 MW with no
damage and a cooled version ran to 85 MW where the input-
side window failed. Initial results of TWR window and
windowtron tests are encouraging, where continued operation
above 50 MW was possible in many cases.

Other Components

The so-called "grapefruit" rf load in Fig. 5 is now used
in most of high power applications. It is compact, has good
bandwidth, and has been high power tested to about 32 MW
peak power and 3.8 KW average power. The design reported
earlier [1] has been upgraded to allow baking with a klystron
to 550°C. Its ultimate power handling capability is not known
but it is expected to be able to handle at least 50 MW peak
with a pulse width of 1 microsecond at 120 pps.

The basic design of the directional couplers has not been
changed from that reported previously [1] except for a change
made on the secondary arms of the 56 dB sidewall directional
couplers. A short squeezable matching section has been added
to each secondary arm low power window. This allows the
windows to be fine-tuned for a perfect match at the center
frequency before the final braze on to the directional coupler.
The match of the secondary arm windows has been the
limiting factor in the overall coupler directivity in the past.

Magic tees continue to be used as power splitters and
combiners. When the four-port tees are used as splitters the
fourth port (E arm) is usually shorted rather than terminated
because of space limitations and the limited number of
available high power loads.

Figure 4. Water cooled windowtron

Figure 5. 50 MW Grapefruit Load bakcable to 550°C
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Abstract Motivation

The 805 MHi Side-coupled cavity modules for the
Fermilab 400 MeV linac upgrade have been conditioned
to accept full power. The sparking rate in the cavities and
in the side-cells has been reduced to acceptable levels. It
required approximately 40 x 10° pulses for each module to
achieve an adequately low sparking rate. This contribu-
tion outlines the commissioning procedure, presents the
sparking rate improvements and the radiation level im-
provements through the commissioning process and dis-
cusses the near-on-line commissioning plans for this ac-
celerator.

Introduction

The Fermilab Linac Upgrade involves the replace-
ment of four of the present linac's drift-tube cavities with
seven side-coupled structures. These seven structures,
called modules, are each made of four sections of 16 ac-
celerating cells each. They operate in the x/2 mode so
each accelerating cell is coupled to the next by a cou-
pling cell. At the end of each section within a module,
the end coupling cell couples to a bridge coupler of length
3/3A/2. This bridge coupler passes the RF power from
one section to the next. The power is fed to the module
through the center bridge coupler. It then passes through
the two center sections, through the two outboard bridge
couplers, and into the outer two sections. The operating
frequency is 805 MHz which is pulsed at 15 Hz for 60 -
120 microseconds.

In a previous paper [1] we reported on observations
we made on the conditioning of prototype cavities. These
structures were composed of combinations of two, three,
and six cells with two different nose-cone profiles. The six-
cell cavities were powered singly and coupled to either the
two- or three-cell cavities. Also, two sixteen-cell sections
with the production nose-cone profile were individually
powered. These tests were done with a Litton L-5120
klystron producing 1.5 to 3 MW.

This paper reports on observations made on the con-
ditioning of full modules and compares these observations
to the results from operating the prototypes. The modules
were powered with a Litton L-5859 Klystron producing up
to 12 MW.

'Operated by the Universities Research Association,
Inc. under contract No. DE-AC02-76H03000 with the
U.S. Department of Energy.

Since the side-coupled cavities for the linac upgrade
have to fit in the space vacated by the drift-tube cavi-
ties and yet must double the output energy of the present
linac, the accelerating gradient is much higher than one
would choose for a completely new machine. This high
gradient leads to concerns that sparking will reduce the
reliability of the linac to an unacceptable level. The pur-
pose of the linac upgrade is to increase the luminosity
of the collider; too much sparking would negate this. An-
other consideration is that high sparking levels would lead
to high beam losses and high activation. The goal that
was chosen was that sparks should occur in less than .1%
of the RF pulses. Finally, there was concern about the
level of x rays produced by the cavities and their effect on
organic materials in the area.

Based on the results of conditioning the prototype
cavities, we felt that the sparking rate was a continuously
decreasing value as a function of the total number of RF
pulses. The decrease was exponential but would attain
our goal within 10 to 20 million pulses. X-ray production
was acceptable and could be reduced by applying high
power to the cavities. This presumably burned off field
emission sites.

The results of the conditioning of the full produc-
tion modules were not as straight forward. While the be-
haviour of the x-ray production was very similar to that
of the prototypes, the behaviour of the sparking has been
quite different.

Results from Production Modules

The results presented here are based on the condi-
tioning of six modules which have accumulated between
10 and 50 million RF pulses each. The behavior of the
x-ray production was the same as was observed with the
prototype cavities. The behaviour of the sparking has
been quite different. Some cavities have been reopened for
visual inspection of the structure. Based on this and other
clues, new types of sparking are suspected that seem to
have altered the conditioning rate. These new categories
seem to interfere with one of the trends used in analysing
the prototypes. Therefore, this trend could not be verified
with the production cavities.

Figure 1 is a plot of the spark rate as a function of
the number of RF pulses accumulated by that cavity. The
data from the first 20 million pulses for each cavity, proto-
type and production (12 cavities in all), are plotted. The
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Fig. 1. Plot of the spark rate during the first 20 million
pulses for all cavities tested. Points are actual
rates; no scaling power level has been used.

Fig. 2. Spark locations: a) accelerating-cell nose cones,
b) coupling-cell nose cones, c) coupling slots.

points representing the individual conditioning histories
for each cavity are not connected as the figure would be
too confusing. Rather, the data are presented as a sort
of scatter plot that illustrates the range of values for the
sparking rate. The dashed line shows the target rate that
corresponds to .1% for the full linac. In our previous pa-
per we used a scaling to normalize all the various power
levels to the nominal level that produced the desired ac-
celerating gradient. This produced nice smooth curves
that showed steady progress towards the target rate. We
now feel that this scaling is only valid for sparking that
occurs between the nose cones in the accelerating cells
(Fig. 2a, other types of sparking will be described later).
Therefore, we were not able to use this scaling for the data
from the production cavities. The data in Figure 1 is for
all power levels. Although no definitive distinction can be
made, the data from the prototype cavities tend to popu-
late the darker band in the lower left of the distribution.
The production cavities tend to populate the more diffuse
upper right.

When the conditioning of the production cavities did
not progress as hoped, a number of things were investi-
gated and tried. Module 1 was opened and the interior
was examined. Evidence was found for sparking in places
other than the nose cones of the accelerating cavities. Fig-
ure 2 shows these locations.

During the steady state, the coupling cells do not dis-
sipate much power. However, while the cavities are filling
and emptying this may not be the case. In structures such
as these, with high fields, this power dissipation can pro-
duce high currents and voltages that may lead to sparking
in areas other than the accelerating-cell nose cones. There
are three places where we felt this occurred. One was

the gaskets between the cavity structures and the bridge
couplers. When the first module was opened, we found
evidence of sparking in this area. The original design of
the gaskets had the mating faces close together but not
quite touching. The gaskets were redesigned to open up
this area and the sparking there disappeared. The second
area is the coupling-cell nose cones (Fig. 2b). The third
area is in the coupling slot between the side cell and the
accelerating cell (Fig. 2c). This slot is in the shape of an
American football due to the intersection of the toroidal
accelerating cell and the disk shaped cavity of the side
cell. Again it is felt that high voltages and currents form
on the edges of this opening, especially at the point.

The sparking rate of the last two new areas does not
seem to follow the scaling law discovered with the pro-
totypes. A number of things were tried but were unsuc-
cessful. We were able to monitor the field in each section
and to count the number of sparks that originated in each
section. No consistent correlations were found that would
assist in either predicting the sparking rate nor suggest
solutions. Still it is hoped that the problem is that the
fields in this area during the transients are high enough
to induce sparking but do not last long enough to quickly
clean the area. If this is true, with time they too will
condition.

The only successful method of coping with the present
sparking rate has been to adjust the length of the RF
pulse. We originally planned to use a 120 fisec pulse
to match that of the present linac. However as figure
3 shows, the sparking rate is strongly dependent on the
pulse length (the curve is a fourth order fit). This was not
noticed with the prototypes. A 65 /xsec pulse is sufficient
for the linac's needs. Using this pulse length has brought
us to within a factor of 2 of our sparking rate goal.
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Fig. 3. Sparking rate as a function of the RF pulse length.
The curve is a fourth order fit.

A final attempt to manage the present spark rate has
been to adjust the power output of the klystrons to induce
sparks. Figure 4 is a histogram of the interval between
successive sparks. It shows that the probability of a spark
occurring is approximately inversely proportional to the
time since the previous spark. The spikes that start at
about 1000 are the result of an attempt to manipulate
the timing of the sparks. At Fermilab, the linac does not
produce beam continuously. By raising the power level
above nominal at the proper time it is hoped to be able
induce the sparks to occur when we don't care about them
and that the induced sparks will clean things up for when
we want beam. While this would raise the overall sparking
rate, it would result in a decrease in the spark rate during
beam time. If the probability of sparking is purely an
inverse relationship, this will not work. However, initial
trials of this procedure (resulting in the spikes in figure 4)
have given encouraging results. If this procedure works
then the sparking probability leading to figure 4 also has
other components buried in it.

X rays

In comparing the behavior of the full modules to the
prototype cavities, no significant changes have been ob-
served in the behavior of the x-ray production. The de-
pendence of the x-ray dose on the electric field in the cavi-
ties is still rises as the 10th power of the field. Projections
of the dose that will be absorbed by organic materials near
or on the modules gives a life of at least 20 years.

Fig. 4. Histogram of the interval between successive
sparks.

Future Plans

All cavities have now been placed in the linac tunnel
along side the present linac. They are currently being con-
nected to the klystrons and will be powered in this loca-
tion for a few months. During that time, the conditioning
of all the cavities can be completed and the features dis-
cussed above will be investigated more thoroughly. Reme-
dial actions will continue to be tried to ensure the reliable
production of beam.

Conclusion

Initial conditioning of full modules for the Fermilab
Linac Upgrade has been completed. While the x-ray pro-
duction is understood, the progress in the conditioning
of the sparking has not progressed as predicted from the
behaviour of prototype cavities. New sparking sites have
been discovered. Various observations are being made and
remedial actions evaluated.
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Abstract

We have designed and are testing a large orbit
gyroklystron amplifier for 1.3 GHz operation in 65 ns pulses.
The ultimate power output goal is 500 MW with a gain in excess
of 20 dB. This initial investigation is intended to lay the
groundwork for operation at 11.4 GHz for particle accelerator
applications, and also at frequencies of up to 35 GHz for other
uses. Computational design has been performed with the
resonant cavity code MAFIA and the particle in cell codes
MERLIN and ISIS. Experimental measurements of the resonator
modes were correlated with computational and analytical
predictions. Electron beam optics through a magnetic cusp was
also studied with ISIS and MERLIN, and verified
experimentally, to develop a suitable electron beam trajectory
from the diode into the resonator region. Performance tests of a
single stage device have begun. The device is intended in its
final form to use two resonators separated by an electron beam
drift pipe.

Introduction

A large orbit gyrotron (gyroklystron) (LOG) amplifier
operating at 1.3 GHz is being developed to operate at powers of
up to 500 MW for 65 ns pulses. While this initial investigation is
being performed at 1.3 GHz, this device can be scaled to higher
frequencies in a straight forward fashion. LOG oscillators have
operated at 15 GHz and higher frequencies with comparable
performance to that at lower frequencies. Amplifier operation
has been examined theoretically and experimentally, but less
extensively [1-4].

These devices produce microwaves by the interaction of a
helically rotating electron beam with the oscillating fields of a
resonant cavity structure. The beam is formed by injecting a
hollow, non-rotating beam, born in an axial magnetic field,
through a magnetic cusp positioned at the anode plane. An
annular slot is cut into the mild steel cusp plate to allow the beam
to pass into the downstream resonator. In the cusp, a portion of
the axial beam energy is converted to rotational energy. Typical
ratios of rotational velocity to axial velocity (defined as alpha)
are in the range of 1.5 to 2.5. The electron beam entering the
resonator has an energy of 500-700 keV, a current of 1-3 kA, and
a radius of 5-8 cm. The device, shown in Figure 1, employs a
cylindrical resonator with three vanes in the wall spaced equally
in azimuth.

The amplifier is designed as two resonator device, with
cylindrical resonators of the type describe above. The vane
structure is used to evoke coupling of the rotating electron beam
with the TE(0,l,n) resonant cavity mode of the cylindrical
structure by modifying the normally circular electric field pattern
of the mode into a scalloped pattern, similar to the TE(3,l,n)
mode, but near the lower TE(0,l,n) resonant frequency for a non-
vaned cylindrical wall with an intermediate radius.

Single Covity Version
Ends Here

HdmhoUt Cola

RF Input
Loop

Dielectric
Window

Current Monitors

Figure 1. Large orbit gyrotron and gyroklystron geometry.
Two resonator stages are shown, although single stage operation
also will be investigated.

Rf is fed into the cavity using two loops, one in each of
two of the vanes at the axial midplane. The standing wave
pattern of the cavity will couple to the rotating beam, provided
the beam angular velocity is in synchronism, in such a way that
an azimuthal density perturbation will grow on the beam with
three density maxima around the azimuth. The magnitude of the
density variation will grow as the beam propagates down the
length of the resonator, influenced both by the applied oscillating
fields, and the space charge self fields of the beam that drive the
negative mass instability. The instability will grow as the
electron beam propagates through the system. Feedback from
the beam instability drives the cavity fields to greater amplitude.

The downstream end of the first cavity has a central
opening which forms the entrance to a cylindrical, non-vaned
electron beam drift pipe. The pipe is intended to serve the role of
an rf isolating sever between the first and second cavities, and
also as a region in which the beam bunching can grow by the
negative mass instability, independent of applied microwave
fields. An optimum drift pipe length will be determined
experimentally to maximize azimuthal beam bunching. A
second, output resonator designed to be strongly coupled to the
beam will be place downstream of the drift pipe at the point of
optimum beam bunching to extract rf energy. Mode converters
suitable for transforming the TE01 circular waveguide mode of
the output resonator into TE10 rectangular waveguide mode have
been thoroughly studied since the 1950's. [5,6].

Computational Electron Beam Diode Studies

Particle-in-cell computer modelling was performed using
the 2 dimensional versions of ISIS and MERLIN to design the
electron gun and to optimize the electron beam trajectory.

190



Preliminary studies were performed with a computational
technique known as synthesis. This technique steps the particles
backward in position and time from the final state of the system
(beam current, position, and velocity components), to determine
the initial conditions (emission electrode position, shape, and
potential) which lead to them, and a satisfactory trajectory
through the device.

An acceptable synthetically generated diode configuration,
shown in Figure 2, consists of a cathode emission annulus with a
diameter of 14-14.2 cm, situated on a conical equi-potential
surface at an angle of 67.5 degrees with respect to the symmetry
axis. The distance between the emission annulus and the anode
was 2.2 cm, yielding an cathode electric field of 300 kV/cm at a
voltage of 650 kV. The annular opening at the anode through
which the beam passes into the resonator drift section has a mean
diameter of 12.5 cm and is 1 cm wide.
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attaching a metal rectangle upright on the upstream side of the
quartz at the radius of the beam, a shadow is cast on the quartz
by the metal obstruction. The ratio of the length of the shadow
to the height of the obstruction is a determination of alpha.

Alpha was measured to be in the range of 1.5 to 2.0 for a
magnetic field of 400 gauss, and in the range of 2.0 to 2.5 with a
magnetic field strength of 500 gauss. This set of conditions most
closely matched those found by the computer modelling to
provide good beam transport.

Using a knife edge emitter with a diameter of 12.4 cm, a
magnetic field of 300 to 400 gauss, and a diode voltage of 700
kV, 3 kA was transported past the cusp with an alpha of 1.5.
Waveforms for this case are shown in Figure 3. These lower
magnetic field conditions are those anticipated for the 1.3 GHz
amplifier experiments. The computer study did not include these
parameters in its investigation, but rather had used values of
magnetic field of 500 gauss at the cathode, based upon the needs
of an amplifier designed for higher frequency.

0 200 400
Time (ns)

0

Gyrotron Exit Current

200 400
Time (ns)

20. Figure 3. Waveforms for the diode voltage, diode current,
«.i.i <i.t..» «•> current immediately downstream of the cusp, and 30 cm

Figure 2. Particle-in-cell computer model of the baseline design downstream. The magnetic field at the cathode was 330
of a suitable electron beam diode and transport gauss,
geometry.

The synthetic computation was the starting point for
conventional calculations of beam dynamics moving forward in
time. A conventional run using the diode and drift pipe
parameters found from the synthetic calculations agreed with the
synthetic calculation prediction. All of the current emitted from
the cathode, up to a maximum of 2.7 kA, passed through the cusp
and drifted with little radial oscillation in the resonator region.

Experimental Diode Results

Diode hardware was built with the guidance of the
computer modelling. The experimental diode geometry is shown
in Figure 1. Emission was evoked from an annular region of the
angled surface either by mounting a knife edged ring or a belt of
velvet on the surface as an explosive emission emitter. The
diameter of the emitting ring was varied from 11.4 to 14 cm.
The drift pipe had no vane structure for these diode experiments,
to simulate the conditions of the computer model.

Alpha, the ratio of rotational velocity to axial velocity of
the electron beam, was measured using a quartz witness plate
interposed in the beam path. A pattern of the electron deposition
at the plate location can be seen in luminosity of the quartz. By

Studies of the Resonant Cavity Modes

An extensive study of the cavity modes of the resonant
structure for this device has been performed using the
electromagnetic field solving code MAFIA, analytic modelling,
and cold test measurements of structures performed with a vector
network analyzer. Figure 4 shows the frequencies measured with
a network analyzer connected to magnetic loop probes in the
cavity, oriented to couple to the TE(0,l,n) modes. The peak of
interest, the TE(0,1,0.5) mode, oscillates at 1,280 Hz. Figure 5
shows the MAFIA calculated electric field pattern for this mode
at 1277 MHz, showing good agreement with the cold test
measurement. Testing the input cavity with the downstream end
fully open, the cavity has a Q of 45. As a two stage device, the
first stage Q will be much higher, of the order of several
hundred, but has not been established The output cavity Q of
the two stage device will be similar to that of the single stage
resonator, in the range of 25 to 100.

Experimental Studies

The experimental configuration consists of the diode, cusp
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Figure 4. Linear plot of relative signal amplitude vs frequency in
the resonant cavity of the single stage device. One
cylinder end is open. Strong resonance is seen at the
desired frequency of 1280 MHz.
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Figure 5. MAFIA electric field map for the single open ended
resonator resonating at 1277 MHz.

and magnetic field coils, downstream resonator section,
and a dielectric vacuum window for radiating the microwaves
into an anechoic volume downstream of the vacuum chamber. A
4 kW 1.3 GHz source provides rf input drive to the resonator in
these initial studies. Up to 20 MW is available as input drive but
will require device modifications for aperture coupling to
accommodate the power. Presently, magnetic loops are situated
at the base of two of the vanes for cavity input drive. A loop in
the third vane is used to monitor the standing wave field in the
cavity. A stub waveguide receiver is positioned in the anechoic
volume downstream of the open resonator end to monitor the
radiated power in the far field.

We evaluate amplifier performance by comparing the
radiated microwave power in three different circumstances.
First, the radiated power due to the 4 kW input drive alone is
measured. Second, the radiated power with no input drive, but
with the electron beam injected, is measured. Finally, the
radiated power when both input rf drive and injected electron
beam are present in the resonator is measured. Relative power
measurements among shots are performed by comparing

detected signals received with a waveguide stub placed at a fixed
location in the far field downstream of the open ended resonator.

With no input drive, the radiated rf power pulse was
narrow in time, 42 ns long, with a wide statistical standard
deviation of 24 ns, or 56 percent. This duration is significantly
less than the FWHM duration of the electron beam current in the
resonator, approximately 65 ns. In addition the mean value of
the peak power, while larger than with input drive, had a 28
percent standard deviation. With input drive the output power
pulse continued for 60 ns, nearly the length of the electron beam,
with a standard deviation of 16 ns, or 27 percent. The peak
power of the output pulse using input drive was 26 percent lower
than without input drive, but was longer by 50 percent with a
smaller standard deviation of 16 ns, or 27 percent. The FWHM
of the fast Fourier transform of the rf signal was 36 MHz (25
MHz standard deviation) without input drive, and 27 Mhz (17
MHz standard deviation) with input drive, Hence, there was
clear improvement in the output power pulse associated with
the application of input rf drive, in total energy of the output
pulse, the frequency purity, and in reducing the statistical scatter
between pulses.

Summary

The study and construction of a large orbit gyrotron and
two stage gyroklystron amplifier are underway. Modelling and
experiments nave been performed to design these devices.
Experiments are ongoing to measure and optimize the
performance of the single stage device, in preparation for
subsequent two stage operation. Improvements in the quality of
the rf output pulse produce by the first (rf input) cavity of the
device have been found as the result of injecting input rf power
into the cavity. This work has been supported by the Los
Alamos National Laboratory Independent Research and
Development Program, sponsored by the U. S. Department of
Energy.
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Introduction

It is well known that longitudinal stability can he obtained
in a non-relativistic drift tube accelerator by traversing
each gap as the rf accelerating field rises. However, the
rising accelerating field leads to a transverse defociissing
force which is usually overcome by the use of magnetic
focussing (solenoidal or quadrupole) inside the drift tubes.
The development of the radio frequency quadrupole, which
is now widely used, is one way to provide for simultaneous
longitudinal and transverse focussing without the use of
magnets.

With the advent of strong focussing, it was recognized
that one could avoid the use of magnets by traversing al-
ternate gaps between drift tubes as the field is rising and
falling, thus providing an alternation of focussing and de-
focussing forces in both the longitudinal and transverse
directions. Exploration of this idea[l, 2. 3] shows that the
stable longitudinal pha.se space area is quite small. How-
ever, it is not clear that the parameter space has been
explored fully, and recent efforts suggest that alternat-
ing phase focussing (APF) may permit low velocity ac-
celeration of currents in the 100-300 m.a. range[4]. The
present paper is an effort to study the parameter space
and to test crude analytic predictions by adapting the code
PARM1LA, which includes space charge, to APF.

We assume a synchronous phase configuration of period
N i3\ where the synchronous phase pattern is

(1)

i = N/2+

Here 0Q and <pt are positive, with Oo representing a small
asymmetric offset to accompany the large alternating Oj.
Our initial exploration is with Co = 0, but. it is quickly
apparent that the longitudinal phase stable area can be
increased for o0 > 0. The desired synchronous phase con-
figuration can be obtained by choosing drift tube lengths
which alternate as well, and the analysis becomes complex
quickly for values of A' greater than 2. In an earlier work
we approximated the equations for zero space charge and
related the current carrying capacity of the linac to the

size of the phase stable area[5]. In that work we also found
that it was necessary to increase ;V (abruptly, of course) as
j3 increased, in order to keep gradient requirements within
practical bounds.

In the present work we explore the matching require-
ment when N changes abruptly and conclude that such
changes produce serious mismatch of either or both the
transverse and longitudinal motion. We therefore explore
what may be possible for a single value of .X and save for
later the possibility of devising some method to change A'
adiabatically. or of constructing some alternate method of
phase space matching.

Analysis

If we neglect acceleration and space charge and expand
the equation for longitudinal motion to terms quadratic in
t/' = <j — <?,, we obtain

,9 ,

— -

aiv-

I / 0

cos(<?0 = 0. (2)

where w = s/3\ is a continuous variable similar to
cell number, and where the average accelerating field
E is represented by the dimensionless parameter k =
'lixeEX/mc13. For <PQ <IC 1 we can separate v: into a
slowly varying and a rapidly oscillating part, and obtain
the smoothed version of Eq. (2)

d~*l' . r , k.\'2 . •< , , At'1" „
-—- + Ar̂ 'loo cos pi H — sin" 6\\ — cosO] = 0. (3)
dw- 4b 2

which suggests a phase stable area extending from
—1",,/2 < l' < v\,. where

u = 2
k.\- sin" O

48 cos O\
(4)

Any abrupt change in parameters will lead to mismatch of
the longitudinal phase space unless

\dvldw\maT
[ko0 cos Oi +k-N'sm2<pl/48}1/2 (5)

"Work supported partly by DOE

is continuous across the transition, as estimated from the
small oscillation frequency. A similar analysis leads to the
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equation for the transverse motion

drx \ (p0cos(t>\ kN''sn\2

192
(6)

where k has been replaced by — k/2 in the linear term
in Eq. (2) because there are two transverse coordinates.
Once again an abrupt change in parameters will lead to a
mismatch of the transverse phase space unless

\dx/dw\
(7

is continuous across the transition.
It is clear that continuity of the oscillation frequencies in

Eq. (5) and (7) requires that both k<f>o cos <t>\ and kN sin 4>\
be continuous across any transition. If we also seek to
maximize the phase stable region related to Eq. (4), we
must separately keep <p0,kcos4>i and kN s\\\4>\ continuous
across an abrupt transition. We earlier[5] made a crude
estimate of the current carrying capacity of the linac and
found, from an analysis of the longitudinal motion only,
that / m a x ~ /32fci/'u- Thus, any discontinuity in k will lead
to a discontinuity in V'u and/or /,,,,,j- which we are trying to
avoid. For this reason the present numerical investigation
is carried out with constant k, that is, with the gradient
E increasing proportional to 3, as well as constant CM,0O.

and ;V.

Numerical Results

The analytic results for the current limit of an APF rep-
resent only an approximate guideline for the actual results
for several reasons: 1) The space charge forces are as-
sumed to arise from a uniformly charge ellipsoid. Such a
distribution is known not to be self consistent. 2) The fo-
cussing power of the alternating synchronous phase config-
uration is evaluated in the smoothed approximation only.
3) The size of the longitudinal phase stable area is esti-
mated from the smoothed approximation for the focussing.
4) Acceleration is ignored in determining the stable phase
space configuration. For these reasons, we use the program
PARMILA[6], adapted for an APF configuration, to follow
a collection of charged particles through a drift tube accel-
erator with idealized gaps, that is, where the r.f. forces are
assumed to occur only at the center of a gap. The space
charge force is included as an increment to the transverse
and longitudinal momenta of the particles, applied once
each cell at the gap center.

The numerical investigation is complicated by the fact
that, because the cell lengths vary according to the APF
synchronous phase configuration, there is no point in a
focussing period where the focussing is symmetric with
the interchange of ; —- —c. Thus, the orientation of the
equivalent space charge ellipsoid requires the identification
of two parameters in both the longitudinal and transverse
coordinates (for example, the Courant-Synder 3(,oc,3t,at

strong focussing parameters). Proper matching of the in-
put phase space distribution to the APF linac therefore
requires a search for the optimum values of the four pa-
rameters. Moreover, the matched parameters will change
as the APF parameters and/or the level of space charge
change. We have devised an iterative method to determine
the matched values of 3c- a^, 3t, at which involves follow-
ing the border particles in the transverse and longitudinal
phase spaces for one focusing period. We then determine
the least square fit to the appropriate linearized matrix
elements and from these determine 3t,oit, 3t,at .

We use a frequency 800 MHz and inject the protons at 2
Mev. Most of the numerical results have been obtained for
N — A with the synchronous phase pattern corresponding
to 4>\n) = +80o ,-80°,-80°,+80V--, with 0O = 0. For
each value of k, we choose input emittances correspond-
ing to a space charge detuning of both the longitudinal
and transverse particle motions which runs from 5% to
25%. And for each selection of emittances, we search in
f3i,ac, j3t,(*t to optimize the match of the input beam to
the APF linac.

Preliminary results indicate that, for 0O = 0, the cur-
rent which can be carried by the APF linac increases
with increasing k, until non-linear effects cause the cur-
rent to saturate and eventually decrease. Furthermore,
the maximum current seems to occur when the tunes with
space charge are approximately 0.85 of those without space
charge. Our criterion for satisfactory beam containment is
that the transverse and longitudinal beam size do not grow
by more than 60% in the first 100 cells. We show three typi-
cal PARMILA runs for the cases with 5000 macroparticles
in a 6-D uniform distribution, and with the emittances
tx = ey = O.OITT — cm — rad, t. = 0.0011 TT — cm — rad,

for the input beam. The values of k and the corresponding
maximum currents obtained are

Case I k - 0.564 , / = 215 mA

Case II k = 0.602 , / = 320 in A

Case III k = 0.638 , / = 290 mA

The figures show the phase spaces of injection beam, beam
profiles and phase spaces of last cell of the transverse (x)
and longitudinal ( t ) motion. Note the strong focussing
oscillations with a period of four cells, the period of the
focussing force corresponding to ;V = 4. The non-linear
distortion of the longitudinal ellipse at the last cell can
also be observed.

Work is now under way to explore the effect of increasing
k with 3 on the beam size and emittance growth. Work
is also now under way to demonstrate the effect of intro-
ducing a small value of 4>Q, which is expected to increase
the APF linac current. Results will also be explored for
different values of <?i and A". Finally, we intend to explore
methods of changing N continuously in order to maintain
matched parameters as 3 increases, without exceeding the
maximum obtainable accelerating gradients.
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Figure 2: Transverse and Longitudinal beam profiles and
phase space distributions for k=0.602. 1=320 mA
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Figure 1: Transverse and Longitudinal beam profiles and
phase space distributions for k=0564, 1=215 mA

Figure 3: Transverse and Longitudinal beam profiles and
phase space distributions for k=0.638. 1=290 mA
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Abstract

A procedure to accurately set RF power phase and ampli-
tude in each tank is required for commissioning and operating
the multi-tank SSC DTL (drift-tube linac). In this paper we
describe and compare the At and the least-squares methods of
determining correct phase and amplitude. Simulation results
and probable advantages and problems with each method are
presented and discussed. The At tuneup procedure is used for
other linacs (at LAMPF, for example), but the least-squares
procedure has not yet been tried except in simulation; it could
provide a complementary or alternate technique to At.

Introduction

The SSC linac has severe limits on emittance growth.
Longitudinal emittance growth must be kept low by proper
longitudinal matching into each tank. This is accomplished by
setting RF phase and amplitude to the correct set points when
the linac is commissioned, tuned up, or restarted after a
shutdown. The At method [1, 2, 3, 4] has been used quite
successfully. The phase-scan method [5] is a good way to
begin the tuneup. The least-squares method [6] may also be
useful although it has never been tested in practice. We
present a brief description of these methods and discuss their
application to the SSC DTL.

Methods

Definitions and Concepts

In setting phase and amplitude, or "tuning up" the RF of a
linac tank, for simplicity we define the tank RF phase (at the
RF reference plane in the beginning of the tank) as the
reference phase and we assume that beam phases are measured
relative to that tank phase, although in practice a different
phase reference will probably be used.

We use A to indicate a phase reference near the beginning
of the tank being set. Conceptually, input beam phase, <I>A,
and energy, W A , is measured at A; actually, there may or may
not be a sensor there. Usually there are two phase sensors
measuring the phase of the output beam. B is a phase sensor
near the end of the tank and C is a sensor downstream of B,
after a drift space, a matching or transport section, or
downstream tank(s) with RF off.

We use the term offset in the least-squares method for the
constant, systematic difference between actual and measured
values of a quantity. We want to find the offsets in <I>A, W A .
and V, the RF amplitude. Knowing the offsets in 4>A and V
allows us to set these quantities to desired values. If W A is

Operated by the University Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC35-
89ER40486.

not correct, we can retune previous tanks or we can try to
compensate by adjusting RF in the current tank. If <&A, W A ,
and V, and our computer model, are correct, then the beam
output phase O B and energy We should be correct.

When discussing the At method, we use A to indicate the
difference between measured and design values of a quantity.
However, in discussing the least-squares method, A4>B and
A4>c are changes in phase at B and C resulting from a change
in phase A<1>A at A.

Jitter is random error or noise in the measurements.

Procedures, Measurements and Analyses

A simple version of the phase-scan method is often used
for setting phase and amplitude in single cavities or short tanks
where beam-energy change is small. * A , measured at A, is
shifted in steps over a range of 2TT with W B measurements
every step. To get an absolute value of Wg by time-of-flight,
phase-scan requires that phase differences between B and C be
known accurately; if it is sufficient to measure A W B , this may
not be necessary. A plot of Wg vs 0 \ is obtained. The
highest value of W B is W A +TV where T(W) is the transit-
time factor; the lowest is W A - TV; thus V and W A can be
found and the desired <&A can be set. If only A W B is known,
W A cannot be found by phase-scan. No simulation is required
to analyze phase-scan data for simple cases.

Another form of phase-scan [5] uses an absorber-collector
that detects accelerated beam. Current from the absorber-
collector is plotted against O A as <1>A is scanned across the
longitudinal acceptance. The acceptance can be mapped vs.
<E>A and V. This is a useful method for initial tuning. Like the
At and least-squares methods, this form of phase-scan depends
upon a correct model that gives the proper transformations
through the tank.

A B (BPM) C (BPM)

DTL Tank

Phase Bridges

Drift

L
RF Reference

Fig. 1. In the At method, the phase of the beam through
Beam Position Monitors B and C is measured relative to
the reference line. The DTL tank is turned on and off
and the difference in phase is measured at each BPM.
The change in phase can also be measured as a function
of tank phase to determine the amplitude set point.

The At method was proposed in 1970 by Crandall and
Swenson [1] and described in detail in a subsequent report [2].
It is a way of measuring the difference of the energy and phase
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centroids from that of the design phase and energy. Fig. 1
shows a representation of the measurement system.

Changes in phase at B and C are measured as RF power in
the tank is turned on and off (in practice, the RF is shifted in
and out of synchrony with the beam pulse). These changes are
converted to time-of-flij»ht differences ts and tc at B and C.
Corresponding time-of-flight differences for the design
particle or bunch are calculated by a beam-dynamics code
such as PARMILA or TRACE. The differences between
measured tg and tc. and design tg and tc. are AtB and Ate-
Similarly, the differences between measured and design beam
energy and phase are AW and AO. In the linear region, the
equations relating At measurements to the beam differences
AW and AO are:

A t . - (1)

(2)

where DAB and D B C are distances between positions,
Er is the particle rest mass,
p and 7 are standard relativistic notations,
c is light-speed,
(0 is the RF angular frequency.
These equations are taken from reference [2] and fully

described there. At does not depend upon absolute phase
measurements or phase differences between sensors, but only
upon phase shifts at each sensor, a more accurate
measurement

The least-squares method was the concept of T.P. Wangler.
He proposed Uiat the transformation through the tank with
different values of input variables <1>A, W A , and V, and output
variables O B and O c , forms a system of equations with
unknown constants (the offsets in the input variables) that can
be found by least-squares techniques. Phase measurements
<1>B and Oc are taken as V and O A are varied over a range
around the expected operating point. We can avoid
determining offsets in <I>B and <t>c if w e use phase differences
( A O B , A<l>c) resulting from changes in input phase ( A O A ) ,

rather than the phases O B and Oc themselves. Any offsets in
O B and O c then cancel out as in the At method.
Measurements of A O B and AOc are taken over the input
phase and RF amplitude steps. A O B and AOc are calculated
for the same phases and amplitudes using a beam-dynamics
code, adding offsets to the calculational input variables V, W A

and OA- An error value, X^ (Equation 3), can be found from
the difference between measured and calculated phase values:

,calc - AOk.meas ) 2 (3)

where i and j indicate, respectively, RF phases and amplitudes;
N is the number of AO measurements at each amplitude;
M is the number of RF amplitude measurements (V's);
AOk,calc is calculated by tracking particles through the

tank with PARMILA using a particular set of offsets;
A<Dk,meas is the corresponding measured value.

A new X^ can be found by changing the offsets in V,
and O A and recalculating. If the new X^ is less than the old,
presumably the new offsets are closer to the correct values
than the old. Minimizing x 2 gives the best guess at the
correct offsets.

The least-squares method requires considerable calculation
because a matrix of simulations (covering many input phases
and amplitudes) is calculated for each particular set of offsets.
This could be several dozen cases per set of offsets. The
minimization algorithm must search over three dimensions;
many different sets of offsets must be tried and therefore
efficiency is important. The present code uses the "simplex"
algorithm [7] and with single-particle simulations converges
within one or two minutes on a Sun Sparc2 computer.

In all three methods (phase-scan, At and least-squares)
phases are measured modulo 2K. This could be a source of
error in long drifts and the analysis must take this into account
This problem may be more likely to be encountered when
using the At method because it requires drifting through two
tanks, and because there are two quite different drift velocities
to measure; power-off and power-on.

Application to the SSC DTL

Phase-scan Method

The phase-scan technique will probably be used to set RF
phases in the RFQ-DTL match ing-section buncher cavities.
Phase-scan results and x-ray gap-voltage measurements will
provide amplitude set points. Current plans call for the SSCL
Beam Position Monitor to be used to measure the relative
phase between the beam and the RF reference line for all the
tune-up methods.

Phase-scan is not adequate for DTL tank 1 although
stepping through input phases will probably provide the first
beam through the tank. Tank 1 is very sensitive to offsets in
W A and V. These offsets couple strongly in their effect on the
output beam; for instance, an offset in W A is multiplied by
factors of -2 to 3 (nonlinearly) as V changes from 94% to
106% of its correct value (after tank 1 the problem is not as
severe). W A can be adjusted over a range of about ±50 KeV
without significant penalty by properly phasing the matching-
section bunchers. The value of 8 W B / 5 O A around the design
O A can provide information about V, but interpretation is
unambiguous only if W A and O A are accurately known.

At Method

At cannot be used for tank 1 because the beam will not
propagate through the tank if the RF power is off. However, it
can be used for following tanks. To simulate the At method
for the SSC DTL, a model is needed to relate A W A and A O A
to AWB and A O B . A linear approximation based on reference
[8] is used to calculate the elements of a matrix equation:

(4)( |

This equation is used to adjust O A and, through the
dependence of the matrix elements on amplitude, V. The
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measurement-adjustment process is continued until WJJ and
4>B are as close as possible to desired values.

As an example, Equations (1) and (2) were programmed in
MATHEMATICA for analysis of tank 2. The resulting
Ate Pl°l (Pig- 2) shows the sensitivity to an offset in

-10 - 5 0 5 10
A t g (degrees of 428 MHz phase)

Fig. 2. Parametric plot of Ate and Ate f° r variations of
the input phase, A O A , from -5° to 5° for various input
energies, WA- Plot shown is for the second DTL tank.

Least-Squares Method

The untested (in practice) least-squares method works well
in simulation for DTL tanks 1 and 4, for which calculations
have been done. As W A , * A and V are moved away from
design values in muhiparticle simulation, beam is lost
longitudinally from the bucket and not accelerated, though
particle transmission remains high. The output beam becomes
a continuous beam of low-energy particles with a high-energy
bunch component superimposed. The phase of the high-
energy bunch can be detected if the accelerated, bunched beam
is more than about 2.5 mA. Because (unlike At) the least-
squares method does not assume linearity, offsets can be
calculated if phase can be measured over only a few RF phase
and amplitude settings. It is preferable that the design point be
near or inside the region covered by the steps in <1>A and V.
However, even if this condition is not met, the procedure will
give an estimate of the offsets that will allow the next iteration
to converge to the desired operating point

A problem with least-squares on tank 1 is that single-
particle simulations do not give the same phase results as
multiparticle simulations except very close to the design point.
We believe that least-squares will still converge to the correct
offsets using single-particle simulation but this has not yet
been tested. If not, multiparticle simulation must be used, the
method will require more computer time, and some thought
should be given to speeding up the calculation. Perhaps a
higher-order transformation could be empirically fit to the
multi-particle simulations. This problem does not exist for
tank 4 of the DTL; there, single- and multi-particle
calculations give essentially the same results. Tanks 2 and 3

have yet to be simulated for least-squares but are not expected
to be as difficult as tank 1. Both least-squares and At can
probably be used on these tanks because the beam retains a
significant bunch structure without RF power.

Tank 1 may provide the most sensitive measurement of the
energy out of the matching section; least-squares, combined
with absorber-collector phase-scan, might be a way of
measuring W A with good accuracy after tank 1 is installed.

Measurement jitter, or random measurement error, in both
phase and voltage affects the accuracy of results in all three
methods. Simulations show that in least-squares for tanks 1
and 4, phase jitter of <0.5°rms and amplitude jitter of 0.5%
rms give good results (within 1° and 1% on offsets). An
interesting characteristic of least-squares is that if there is no
amplitude jitter, phase jitter can be estimated from the
normalized minimum X^ value.

Conclusions

The SSC must develop an accurate procedure for setting
RF phase and amplitude in the DTL tanks, both for initial turn-
on and for normal operation. Several techniques are available
for our use. The phase-scan and At methods have been proven
effective on other linacs and will certainly be used on the
DTL. The least-squares method works well in simulation, and
will be tried for the first time on an actual machine; perhaps it
will prove to be a useful tool. Our next steps will be extensive
simulations using each method, preliminary adaptions of the
selected methods to the control system programs, and
extension of this effort to plans for setting RF in the Coupled-
Cavity Linac.

References

[1] K.R. Crandall and D.A. Swenson, "Side-Coupled Linac
Turn-On Problem," Los Alamos Scientific Laboratory
Internal Report, February 9,1970.

[2] K.R. Crandall, R.A. Jameson, D. Morris, and D.A.
Swenson, "The At Turn-On Procedure," Proc. 1972 Proton
Linear Accelerator Conf., Los Alamos, NM, Oct 10-13,
1972; Los Alamos Scientific Report LA-5115, Nov. 1972,
pp 122-125.

[3] K.R. Crandall, "The At Tuneup Procedure for the LAMPF
805-MHz Linac," Los Alamos Scientific Laboratory
Report LA-6374-MS, June 1976.

[4] G.R. Swain, "Use of the Delta-t Method for Setting RF
Phase and Amplitude for the AHF Linac," Los Alamos
National Laboratory Report LA-UR-89-1599, Feb. 1989.

[5] D.A. Swenson, "Phase Scan Experiment on the Drift Tube
Linac," internal MP-9 Memo, Los Alamos National
Laboratory, June 22, 1973.

[6] F.W. Guy and T.P. Wangler, "Least-Squares Fitting
Procedure for Setting RF Phase and Amplitude in Drift-
Tube-Linac Tanks," Proc. 1991 Particle Accelerator
Conf., San Francisco, CA, May 1991, pp 3056-3058.

[7] W.H. Press et al., Numerical Recipes (Cambridge Univ.
Press, 1986), p i 89.

[8] J. W. Hurd and J. McGill, "Modification of Acceleration
Element in TRANSPORT", Proc 1987 Particle
Accelerator Conf., Washington, DC, March 1987, pp
1198-1200.

198



SSC DRIFT-TUBE LINAC DESIGN
CA9700109

D. Raparia, G. Leifeste, F. Guy, and W. Funk
Superconducting Super Collider Laboratory*
2550 Beckleymeade Ave., Dallas, Texas 75237

Abstract

This paper describes the beam-dynamics design of the
Drift-Tube Linac (DTL) at SSC. The DTL is designed to
accelerate i H ' beam of 25 mA from 2.5 MeV to 70 MeV,
with transverse emittance of 0.2 v mm-mrad (n,rms) at
427.617 MHz. The DTL consists of four tanks stabilized
by post couplers. Transverse focusing is provided by per-
manent magnet quadrupoles (PMQs) in a FODO array.
Inter-tank spacing is 3 0X to provide space for the beam
diagnostic equipment. Inter-tank longitudinal focusing is
provided by shifting the gaps in the two end cells of both
neighboring tanks. The rf field is ramped in the first tank
but held constant through the reminder of the DTL.

I. INTRODUCTION

The SSC Linac provides a 600 MeV H" beam of pulse
length 2 to 35 fisec at a nominal current of 25 mA for
injection into the low energy booster. The Linac consists
of an ion source (0-35 KeV) ,a 35 KeV electrostatic low-
energy beam transport (LEBT), a 2.5 MeV (428 MHz)
radio-frequency quadrupole (RFQ), a 70 MeV (428 MHz)
drift tube linac (DTL), and a 600 MeV (1283) MHz coupled
cavity linac (CCL). The length of the linac is about 142 m
in which DTL length is about 24 m.

The DTL will accept the 2.5 MeV output of the RFQ
and accelerate the H~ ions to the relativistic velocities
needed by the CCL. The DTL will consist of four tanks,
each powered by a single klystron. The DTL design uses
conservative parameters for electric and magnetic fields
and yet accommodates a wide range of currents and emit-
tance. Isolation valves, variable gradient permanent mag-
net quadrupoles, and beam diagnostic boxes are placed be-
tween the tanks. The DTL tank are being built by AccSys
Technology Inc.

II. PHYSICS CONSIDERATIONS

The most fundamental parameters for the DTL are the
zero-current longitudinal and transverse focusing strengths
per unit length. These quantities at the entrance of the
DTL are chosen to be similar to those at the RFQ exit.
This helps in making the RFQ-DTL matching section [1]
nearly current independent. Accordingly the transverse
and the longitudinal zero-current phase advances are kept
approximately at <TQ, = 22.5° per 0\ and <r0; = 14° per /?A

'Operated by the Universities Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC02-
89ER40486
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Figure 1: Zero-current transverse and longitudinal phase advances in
the DTL as function of the cell numbers.

respectively. Figure 1 shows the transverse and longitudi-
nal phase advance per focusing period along the DTL.

To avoid emittance growth it is desirable to keep the
physical beam size approximately constant. To keep lon-
gitudinal beam size constant EoT and <j>, have to obey
following equation:

E0T sin <f>,
= constant

where Eo is the average accelerating field over a cell, T
is the transit time factor, /? and 7 are the relativistic pa-
rameters of the beam. This would results in ramp in E0T
throughout the DTL, but power and peak surface field re-
quirements limit this approach. In Tank 1 Eo is linearly
ramped from 2.4 MV/m to 4.6 MV/m, approximatly the
Eo ramp require by the equation above. The upper limit
of Eo is set by the limit on peak surface field, is chosen to
be a conservative value of 28 MV/m (1.4 Kilpatrick). The
synchronous phase, <j>, — —30°, is chosen to be the same
as at the exit of the RFQ. In Tanks 2, 3, and 4, Eo is held
constant at 4.6 MV/m and (j>, = -30°. This results in a
slow longitudinal expansion of the beam size in physical
space.

A space of 3 /?A is provided between the tanks to accom-
modate an isolation valve, two variable gradient perma-
nent magnet quadrupoles which also provide steering, and
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Table 1: DTL Design Parameters

Figure 2: TRACE 3D beam envelope for the space between Tank 1
and 2.

a beam diagnostic station. To compensate for the absence
of longitudinal focusing in this space, the gaps in the two
end cells of both neighboring tanks are shifted upstream
to produce a phase shift of as much as 45°. These dis-
placements of the gaps from the approximate geometrical
centers of the cells causes frequency errors and significant
perturbations in the fields in the vicinity of these cells.
Crandall and Raparia [2] have described the technique to
reduce these field perturbations.

Transverse focusing is provided by PMQs. At 2.5 MeV
the ion beam has sufficient velocity that PMQs have am-
ple strength to control the beam. The focusing lattice
is FODO. The PMQs in the drift-tubes have a gradient
of 137.2 T/m with a pole tip field of 1.3 T and bore ra-
dius of 8.25 mm. These PMQs are 35 mm long and will
be manufactured with field tolerance of 0-5%, sorted and
placed in the DTL in descending order. Since PMQs at
low energy end in Tank 1 are very near to each other,
the fringe fields from neighbouring quadrupoles overlap,
resulting in reduced phase advance. The dotted curve in
Figure 1 shows the reduced phase advance per FODO cell
as calculated by TRACE 3D

Between the tanks, there are two variable and movable
permanent magnet quadrupoles located at 0X apart. Fig-
ure 2 shows the beam envelope predicted by TRACE 3D
for the space between Tank 1 and 2.

III. DTL DESIGN PARAMETERS

The parameters of the DTL are listed in Table 1.
Individual cells were designed using SUPERFISH with sev-
eral interrelated constraints; (i) peak surface-field (Ep) not
to exceed 1.4 Kilpatrick field (Et), (ii) desirability of a
large bore size, (iii) PMQs of limited strength, (iv) tank
power not to exceed 3 MW. The 'rg gap length1 to 'cell
length' was varied from cell to cell to attain the resonating
frequency of 427.617 ± 0.050 MHz. A typical drift tube is
shown in Figure 3. Table 2 shows DTL tank parameters.

IV. SIMULATION RESULTS

Simulation studies were carried out for the DTL geometry
and field configuration discussed above using PARMILA. A
typical PARMILA run was made with 1000 macro-particles

Parameter
Frequency
Injection Energy
Output Energy
Output Current
Output tran. emitt. (n,rms)
DTL Length
Number of cells/tanks
Magnetic lattice
Synchronous phase
Accelerating field EQ
MPSEF
Total peak rf power

427.617 MHz
2.5 MeV
70.0 MeV
25 mA
0.21 irmm — mrad
24.33 meter
152/4
FODO
-30°
2.4 to 4.6 MV/m
28 MV/m lAEk

12 MW

l> C X / 2 "I

Figure 3: Cross-section of a drift-tube. CL:cell length, TD: tank dia,
d: drift-tube dia, ri,: bore radius, GL: gap length rn: nose corner
radius, rc: corner radius a: face angle

Table 2: DTL Tank Design Parameters

Parameters

Cell no.
E (MeV)
TL (m)
£o (MV/m)
Tran. Time
CL (cm)
GL (cm)
D (cm)
d (cm)
BR (cm)
rn (cm)
rc (cm)
a (deg)
Power (MW)

Tank 1

56
13.4080
4.49908
2.4 - 4.6
0.72-0.87
5.1-11.6
0.98-2.43
42.0
8.0
0.8
0.325
0.75-2.0
1.0
1.187

Tank 2
40
32.8411
5.95595
4.6
0.87-0.85
11.8-18.0
2.76-4.61
42.0
8.0
0.8
0.325
2.0-2.75
1.0-10.
2.333

Tank 3
30
51.5858
6.06304
4.6
0.85-0.80
18.2-22.2
5.02-6.85
42.0
8.0
0.8
0.325
2.75
10.- 15.
2.360

Tank 4
26
70.0010
6.25809
4.6
0.80-0.75
22.4-25.6
7.28-9.13
42.0
8.0
0.8
0.325
2.75
15.0
2.387
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Table 3: Normalized rms «nCy ( if nun-mrad) and tz (MeV deg).
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Figure 4: Beam size, phase and energy profiles as beam traverses the
DTL

1.0 1.1 \2

Figure 5: Probability distribution of fmal ( rmal-rbore radius) for
a combination of random errors described in Table 4. Graph shows
the probability that (max will be at or below the plotted value.

uniformly filling a six-dimensional hyperellipsoid in input
phase-space. Figure 4 shows the beam size, phase and
energy profiles as the beam traverses the DTL. Other
PARMILA runs were made using input phase-space dis-
tribution from the RFQ-DTL matching section [3]. Emit-
tance results are shown in Table 3. There is very little
growth in emittance. PARTRACE [4] calculations were
done for the errors listed in Table 4. These are not rms
errors but the tolerance limits which are uniformly dis-
tributed btween the limits. Figure 5 shows that the beam
only fills half the bore radius of the drift tube. The dotted
curve shows the bore radius used by the beam when errors
were twice as large as given in Table 4; in this case there
ia a 6% probability that fmar will exceed 1.

V. SUMMARY

The DTL Design specified above is a well-optimized con-
servative design for acceleration from 2.5 MeV to 70 MeV
with an output beam of the required quality. There is es-

Input
Dist.
6-D
uni-

From
RFQ

I
mA
10.
25.
50.
10.
25.
50.

INPUT
ex

.190

.190

.219

.201

.204

.227

.190

.190

.219

.189

.163

.231

.134

.128

.122

.135

.129

.122

OUTPUT

.179

.183

.217

.191

.190

.237

.199

.195

.226

.196

.185

.228

.139

.145

.186

.150

.156

.153

Table 4: Tolerance Budget for the SSC DTL.

Error
Tank disp
Quad disp
Quad Pitch and Yaw
Quad Roll
Quad Strength
Tank Field
Tank Field Tilt
Cell-to-Cell Field

±0.1 mm
±0.1 mm
±1.0 deg
±0.5 deg
0.- 5% (Graded)
±3 %
±3%
±3%

sentially no emittance growth in the absence of fabrication
errors and the beam occupies only one-third of an bore
for a uniform input beam. The design for the magnets and
drift-tubes is within the scope of available technology. The
design power requirement for each tank is less than 75%
of the available power of the klystron (4 MW). The DTL
tanks will be delivered to the SSC between November 1993
and June 1994.
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DESIGN IMPROVEMENTS FOR THE SSC CCL

D. Raparia, C. R. Chang, D. Swenson, B. Turner, C. G. Yao and W. Funk
Superconducting Super Collider Laboratory*
2550 Beckleymeade Ave., Dallas, Texas 75237

Abstract

This paper describes the beam-dynamics changes in the
SSC Coupled Cavity Linac (CCL). In the previous de-
sign [1] transverse emittance growth was 50%. This growth
was due to the r-z coupling caused by rf defocusing. In
the new design the r-z coupling is reduced by decreasing
the beam size in the transverse and longitudinal direction.
Beam size is reduced by (1) providing more transverse fo-
cusing, (2) removing the super-periodicity in the longitu-
dinal plane and (3) reducing the number of cells per tank.
The new design has only about 10% transverse emittance
growth and uses one less klystron.

I. INTRODUCTION

The SSC coupled cavity linac (CCL) will be a side cou-
pled structure operating at 1282.851 MHz to accelerate a
nominal 25 mA H~ beam from 70 to 600 MeV. In designing
the CCL the main consideration was the transverse emit-
tance growth. Since CCL is least expensive per meter to
fabricate, and it provides the highest accelerating gradient,
the transition energy between drift tube linac (DTL) and
CCL is chosen to be 70 MeV to minimize the cost. Other
design considerations were reliability and ease of diagno-
sis. For achieving the reliability, large safety margins were
kept, e.g. allowed peak surface field is 32 MV/m (1.0 En
), beam to bore radius ratio is 0.5 without errors and with
errors is 0.8. For diagnosis, there will be a diagnostic box
after each tank.

II. PREVIOUS DESIGN AND PROBLEMS

In the previous design, the CCL consisted of ten mod-
ules, each module had six tanks which were resonantly cou-
pled together by five bridge couplers. Each module pow-
ered by a 20 MW klystron connected to the central bridge
couplers. There was one electromagnetic quadrupole af-
ter each tank to form a FODO array. There were two op-
tions to provide more space for the- diagnostics between the
modules: either make the magnetic lattice non-periodic, or
keep the magnetic lattice periodic but make the first and
last tank shorter in each module. We chose the magnetic
lattice periodic, consequently the end tanks in both neigh-
bouring modules had 20 cells and other tanks in the mod-
ule had 22 cells. For ease of manufacturing, cell lengths
within one tank were the same and equal to /?ovA/2. As

30 40
Tonk No.

50 60 70

Figure 1: Zero-current transverse and longitudinal phase advances in
the CCL as function of tank numbers.

far as periodicity tank to tank was concern, it was non-
periodic in transverse as well as longitudinal plane. How-
ever, the lattice was still periodic from module to module,
therefore it was possible to find a matched beam solution.

The field gradient E0T in the first two tanks of Module
1 was ramped 1 MV/m to 6.67 MV/m and then E0T was
kept constant throughout the CCL. Purpose of this ramp
was to make the CCL performance current independent.
The inter-tank spacing for the first five modules was 5/2/3A
and for the last five module was 3/2/?A. Inter-module spac-
ing for first five modules was 9/2/?A and for the last five
module was 7/2/JA. The zero current transverse and lon-
gitudinal phase advances per focusing period are shown in
Figure 1. Because of the beam size, bore radius for the first
six modules was 1.25 cm and for the last four modules was
1.0 cm.

End-to-end beam simulation showed about 65% emit-
tance growth in the CCL. Simulations have shown that
the emittance growth was entirely due to the r-z coupling.
Figure 2 shows rms normalized transverse and longitudinal
emittance as a function of tank number. The source of this
r-z coupling is the rf defocusing force which is given by

1 y f

'Operated by the Universities Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC02-
89ER40486

1 y f
e(Er-0cB8) = -EQh{—)s\n<f>

where h{x) = | + fg + ... is the bessel function of the
first order, e is the electric charge, ET is radial electric field,
0,7 are relativistic parameters, c is velocity of the light,
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Figure 2: Normalized rms transverse (<.x,cy) and longitudinal ( t z )
emittances as function of tank numbers .

E$ is the accelerating field, w is the angular frequency, r
and <j> are radial position and phase of the particles. There
were three main contributor to this rf defocusing force. (1)
Phase slip; the cell lengths within the tank are the same
and equal to /?auA/2. Therefore as the particle traverses
the tank, it slips in the phase. It is common practice to
design a tank such that particle phase at the entrance and
at the exit of the tank is the same. This causes bunch mo-
tion in the bucket. Phase slip will be higher with higher
number of cells in a tank. (2) Superperiodicity; superperi-
odicity in the previous design was another cause of higher
r-z coupling. Simulations show that as a well matched
beam propagates through the CCL, it oscillates longitudi-
nally. (3) Transverse beam size; tanks with 22 or 20 cells
were too long for the traverse beam size which was also
adding to the rf defocusing. Because of the ramping, EoT
was very low in first two tanks of the Module 1. Power
needed for this module was only 11 MW. Also most of the
other module needed only 13 MW power. For klystrons
that are capable of producing 20 MW power, this was very
inefficient.

III. IMPROVED NEW DESIGN

In the new design the r-z coupling is reduced by de-
creasing the beam size in the transverse and the longitudi-
nal direction. Beam size is reduced by (1) providing more
transverse focusing by making shorter tanks, (2) making
lattice periodic in both traverse and longitudinal directions
which reduces the longitudinal and transverse oscillations
hence the beam size, and (3) reducing the number of cells
per tank to 16 which reduces the phase slip. Shorter tanks
have allowed stronger transverse focusing per unit length
reducing transverse beam size. Smaller beam size has al-
lowed us to reduce the bore radius to 1.0 cm throughout
the CCL, which improves shunt impedance. Because of

Parameter
Frequency (MHz)
Injection Energy (MeV)
Output Energy (MeV)
Number of tanks/module
Number of cell/tank
CCL Length (m)
Bore Radius (mm)
Inter-tanks space (/?A)
Inter-module space (/?A)
£ 0 T (MV/m)
*.(deg)
Ramp Gradient
Magnetic lattice
<7o< (deg)
Tot (deg)
Current (mA)
Input £t (n,rms) (mm-mrad)
Output tt (n,rms) (mm-mrad)
Input a (rms) ( lO" ' eV-s)
Output f; (rms) (10" ' eV-s)
Max. Beam Radius (mm)

Previous
1282.85
70.0
600.0
60/10
22/20
115.33
12.5
5/2-3/2
9/2-7/2
1.0-6.67
-30.0
yes
FODO
70.
70-25
25.0
0.2
0.295
8.25
7.75
10.0

New
1282.85
70
600.0
72/9
16
112.41
10.0
5/3-3/2
5/2-3/2
7.2-6.6
-25.0
no
FODO
80.-60.
55-20
25.0
0.2
0.215
8.25
8.00
6.3

Table 1: CCL Design Comparison.

lowered longitudinal emittance resulting from removal of
superperiodicity, and because of lower phase slip resulting
from fewer cells per tank, it was possible to increase syn-
chronous phase from -30 to -25 degrees resulting in still
smaller phase slip and higher acceleration efficiency. With
higher acceleration efficiency and better shunt impedance,
it was possible to save one klystron. In the new design,
only 9 klystrons instead of 10 are needed. Table 1 shows
design comparison between the previous and the new de-
sign.

In the new design, each module comprises eight tanks
with 16 accelerating cells per tank. End-to-end simula-
tions show that ramping the field has almost no effect on
the current independency with our new design parameters,
therefore ramping of E0T is abandoned. The E0T is 7.2
MV/m in the first module and thereafter it is slowly re-
duced to 6.55 MV/m. This makes the power dissipation
in each module approximately the same (16 MW), which
yields the maximum power efficiency.

In the new design, the inter-tank spacing is the same
as inter-module spacing. This makes the focusing system
completely periodic. For the first two modules, inter-tank
spacing is 5/2 /?A and for the last 7 modules, 3/2 /?A. The
minimum inter-tank space available for the diagnostic de-
vices is > 30cm. All quadrupole magnets are shifted to-
wards the low energy side so the extra space can used for
beam diagnostic devices. In contrast to the previous design
where diagnostic devices only exist after each module, in
the new design there is one diagnostic box after each tank.

203



Table 2: Normalized rms tx,iy( ir mm-mrad) and iz (MeV deg)
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Figure 3: Beam size, phase and energy profiles as the beam traverses
the CCL.
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Figure 4: Probability distribution of the bore radius used by the
beam for a combination of random errors given in Table 3. Graph
shows the probability that the beam radius will be at or below the
plotted value.

All quadrupoles are dc and have fixed gradient of 31 T/m
except the last four quadrupoles in Module 2 where the
transition in inter-tank space occurs.

IV. SIMULATION RESULTS

Simulation studies were carried out for the new CCL
design discussed above using CCLDYN. Typical CCLDYN
runs were made with 1000 macro-particles uniformly filling
a six-dimensional hyperellipsoid in the input phase-space.
Figure 3 shows the beam size, phase and energy profiles
as the beam traverses the CCL. Other runs were made
using the input phase space distribution from the DTL-
CCL Matching section [2]. Emittance results are shown in
Table 2. CCLTRACE [3] calculations were done for the
errors listed in Table 3. These are not rms errors but are
uniformly distributed over the tolerance limits. Figure 5
shows that the beam only fills two-third of the bore radius
of the CCL. The dotted curve shows the bore radius used
by the beam when errors were twice as large as given in
Table 3; in this case there is a 8% probability that the
beam size will exceed the bore radius.

Input
Dist.
6-D
uni-

From
DTL

I
mA
10.
25.
50.
10.
25.
50.

INPUT
£ *

.194

.194

.234

.192

.198

.246

e y

.188

.188

.228

.197

.192

.228

.378

.371

.418

.447

.438

.438

OUTPUT

.201

.199

.240

.206

.220

.248

eV
.199
.216
.260
.222
.240
.275

.376

.350

.434

.411

.432

.456

Table 3: Tolerance Budget for the SSC CCL.

Error

Tank disp
Quad disp
Quad Pitch and Yaw
Quad Roll
Quad Strength
Tank Field
Tank phase
Cell-to-Cell Field
Klystron Field
Klystrom Phase

±0.1 mm
±0.1 mm
±1.0 deg
±0.5 deg
±0.15%
±0.5%
±0.5 deg
±1.0%
±0.5%
±0.5 deg

V. SUMMARY

The new design of the SSC CCL is a well-optimized con-
servative design for acceleration from 70 to 600 MeV with
an output beam of the required quality. It also saves one
klystron rf station which yields over one million dollars in
savings. There is essentially low (< 10%) emittance growth
in the absence of fabrication error and the beam occupies
only half of the bore size for a uniform input beam.
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Abstract

Doubling the beam power on the RFQ1-1250 linear
accelerator at Chalk River and designing a 40 kW beam
diagnostic system for Tokamak de Varennes required a
detailed investigation into the power handling capabilities of
beam stops. Different techniques for augmentation of the
critical heat flux on the cooling channel surface of beam stops
are reviewed. In the case of a beam stop with twisted tape
inserts, the swirl flow condition yields a higher critical heat
flux than that of a straight axial flow. Although a critical heat
flux in the order of 10 kW/cm2 could be obtained at high flow
velocities such as 45 m/s [1], such flows are not always
practical in the design of beam stop cooling systems. At a
water velocity of 4 m/s, the highest beam power density is
estimated to be 1.4 kW/cm2 for a beam stop design that uses
double rows of cooling tubes. A similar design, where
cooling channels are machined on a common copper block,
would handle a power density up to 2.6 kW/cm2. Some
preliminary hydraulic test results, related to a third design
where high flow turbulence is created by two rows of
intersected-channels, are also reported.

Introduction

The higher beam power of the Chalk River RFQ1-1250
accelerator and the requirements of a beam diagnostics system
for Tokamak de Varennes have led to a detailed investigation
into different design concepts for beam stops and their power
handling limits. The study was based on the flow conditions
recommended in normal design practice for cooling systems,
which include feeder pipes, pumps and heat exchangers, where
the highest water velocity is usually limited to 4.6 m/s [2],

Different concepts for the enhancement of the power
handling capabilities of beam stops are reviewed, analytical
methods are given for the case of straight and swirl flow, and
hydraulic test data are presented for the intersected-channels
design concept.

The Critical Heat Flux and Techniques
for its Augmentation

In boiling heat transfer, the critical heat flux (CHF) on
the wall of the cooling channel is reached when the formation
of the vapour phase is so rapid that the liquid phase is kept
away from the wall. For a constant heat flux system with no
means of controlling the wall temperature, the heat transfer

* This work was partially supported by Los Alamos National
Laboratory under contract No.9-X5D-7842D-1.

through the vapour phase is so poor that it will cause an
instantaneous increase in the wall temperature. This can result
in temperatures that exceed the melting point of many
materials, including copper, and can create a local melt of the
channel.

The concepts for augmenting the CHF include:
i) higher operating pressure,
ii) higher flow turbulence,
iii) flow directed onto the heat transfer surfaces,
iv) swirl or spiralling flow, and
v) built-in conduction heat path to a cooler area.

An increase in the system pressure increases the coolant
saturation temperature, delays the formation of the vapour
phase and increases the CHF value.

Higher flow turbulence is effective in breaking and
"washing" the vapour phase from the surface of the cooling
channel. This is normally achieved by increasing the flow
velocity, by using a rough cooling channel surface or by
intersecting two flow directions.

By directing the flow onto the heat transfer surface, the
coolant kinetic energy is used to effectively break-up the
vapour film and remove it from the cooling surface.

In the case of a swirl flow, the higher spiralling flow
velocity combined with centrifugal force is quite effective in
"washing away" the vapour blanket and wetting the wall of the
cooling channel. This flow condition can be generated by
internal grooves, by a twisted tape insert inside the cooling
channel, or, for a short heated length, can be adequately
produced by a tangential inlet feeder to a circular cross-section
cooling channel.

A built-in conduction heat path to a cooler area provides
some control of the wall temperature in the high heat flux area
of the cooling channel which prevents local dry-out conditions
and allows operation with wall temperatures spanning the CHF
region. This is equivalent to an increase of the effective area
of the heat transfer surface and is normally obtained by using
an internal fin in each cooling channel or by locating multiple
rows of cooling channels in a solid block of material.

Some of the above concepts are under investigation at
Chalk River to improve the design of beam stops.

Beam stop for Tokamak de Varennes

A simple copper block with a double row of cooling
channels was chosen for the design of a 40 kW graphite-faced
beam stop for neutral beam diagnostics on the Tokamak de
Varennes.

Figure 1 shows a typical cross-section of the proposed
design. The back row is in a cooler region, located further
away from the surface which receives the beam power. It
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controls the channel wall temperature in the front row and
prevents thermal run-away conditions when boiling exceeds
the critical condition.

Graphite surface receiving

the beam power v Solid copper

block

Twisted tape insert

9.53 mm

typ. spacing
6.35 mm dia.

coo/ing channels

Fig. 1 Typical cross-section of the Tokamak de Varennes beam
stop.

The thermodynamic quality of the coolant at the channel
outlet end is X ^ = -0.18 for a 4 m/s flow velocity, a 200
kPa system pressure and a 30°C water inlet temperature. This
indicates that boiling is in the sub-cooled region (i.e., below
bulk saturation of the coolant where X=0). The CHF in the
cooling channel is estimated by:

CHF = Ku Kn = 0.87 kW/cm2

where CHFg^ is the standard compiled value for the case of
a vertical upward flow in an 8 mm diameter tube, at the same
pressure, flow velocity, and fluid quality condition [3]. K^,,
Kw and Kn correct for the actual cooling channel diameter, the
heated length and the type of horizontal flow condition,
respectively.

Since an azimuthal heat flux distribution will be present
on the wall of the cooling channel, only half of the total
cooling surface is considered effective in transferring the heat.
The power handling capability of the present beam stop is
estimated at 1.82 kW/cm2 which fully satisfies the require-
ments for Tokamak de Varennes.

A similar design, where swirl flow is generated in the
cooling channel, would be able to handle a heat flux in the
order of 2.6 kW/cm2 (see the CHF analysis for swirl flow in
the next section).

RFQ1-1250 Beam Stop

Doubling the beam power on RFQ1-1250 to 90 kW with
the new vanes required a closer look at the power handling
capability of the existing beam stop. The original design used
the swirl flow concept with cooling tubes arranged as shown
in Fig. 2. Inside each tube, a full-length twisted tape insert
was trapped by swaging down the rube diameter. A tape twist
ratio, y, (inside diameters per 180° of twist) of 2.4 was used.

30.5 mm
pitch

Beam power

direction

6.35 mm cooling tube

Fig. 2 Typical cross-section of RFQl-1250's beam stop.

Although heat fluxes of the order of 10 kW/cm2 have
proven to be possible [1], these fluxes are usually attained at
high flow velocity (45 m/s) on relatively shorter test sections
(3.81 to 9.65 cm). Such conditions are not practical in the
design of the beam stop and its cooling package. For an axial
flow with a velocity of 4 m/s the estimated pressure drop,
AP,, is 11.7 kPa. The corresponding swirl flow frictional
pressure drop, APJ( is calculated by:

= kD k f > AP. = 39.3 kPa

where: kD = D/Dh, the ratio between the tube inside diameter
and the hydraulic diameter of the swirl flow configuration;
kfkK) = 2.75 y'0406, the isothermal friction multiplier [4]; k^,,
= (MbVw)"03*1*'0' corrects for the flow in the diabatic
condition where a significant difference exists between the
viscosity of the fluid near the wall, /iw, and that of the bulk
of the coolant, pb. The frictional pumping power per unit of
the heated surface, Ah, is given by :

Pp = Q x AP. / Ah

where Q is volumetric flow rate. Unless operated at high flow
rate, the pumping power is normally low (Pp < 10.7 hp/m2).
In this case, the ratio between the CHF in swirl flow over the
CHF in axial flow, based on the same pumping power, is
equal to unity [5]. Although no net gain is shown, the CHF
in the swirl flow at the same pumping power is equal to that
of an axial flow with a higher flow rate. Using the same
technique as discussed in the previous section to evaluate the
CHF of the equivalent axial flow, the latter is estimated at
1.3 kW/cm2. This limits the power handling capability of the
design to about 1.4 kW/cm2.

Since the present flow conditions fall within the range of
the test data presented by Gambill [1] the direct correlation
that he proposed can be used. The CHF estimated in this way
is 1.2 kW/cm2, which is in general agreement with the above
analysis.
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The Intersected-Channels Design Concept

Experiments are underway at Chalk River to investigate
the intersected-channels cooling concept. In this scheme, the
flow turbulence required in the main channel to produce a
high critical heat flux, is generated by two intersecting flows.
Trie test jig (Fig. 3) consists of 5 main channels, 305 mm long
by 2.4 mm wide by 4.0 mm deep and spaced 2.4 mm apart,
and 18 cross-channels, located at a 45 degree angle relative to
the latter. The cross-sectional area of the cross channels was
varied as a test parameter in this preliminary investigation
where hydraulic data was collected in search of the optimum
flow turbulence.

2.A mm wide by 4 mm

deep main channel — v

305 mm long

test section

Cross channel headers

Water Inlet port

Pressure gauge port
\ — 123 mm typ. spacing

for cross channels

Fig. 3 Test jig for the intersected-channels concept.

Tests results shown in Fig. 4 indicate that increasing the
flow area of the cross channel produces a higher cross flow
and increases the flow turbulence in the main stream thereby
resulting in a higher pressure drop.

Legend:
***** Main channels only
OQDQD With 2 mm deep x 2 4 mm wide cross channels
AAAAA with 4 mm deep x 3 2 mm wide cross channels
T m n with 4 mm deep x 4 mm wide cross channels
OOCifiC/ with 4 mm deep x 4.8 mm wide cross channels
M i l l - With headers to 2 mm deep x 2.4 mm wide cross ch.

400.00 -i

D_

0.00
0.00

Fig. 4

10.00 20.00 30.00 40 00 50 00

Flow Rate, l/min
Measured pressure drop as a function of the total flow rate
for the intersected-channels design.

In the case of small cross channels (cross section <
2.4 mm wide by 2.0 mm deep), the cross flow was
insignificant in the test range. The recorded pressure drop for
a given flow rate was almost identical to that of the case
where only the main channels were machined on the test jig.

The optimum size of the cross channel for this particular
test configuration is 4.8 mm wide by 4 mm deep. The
corresponding pressure drop is about 47 percent higher than
that of the undisturbed straight flow.

When headers are machined on the test jig to feed water
into the cross channels, the arrangement introduces additional
parallel flow circuits through the cross channel, which yield
a higher total flow rate for a given pressure drop.

Tests are planned for a different flow configuration where
a steeper angle will be introduced between the two flow
directions. A prototype beam dump will be designed to
evaluate the actual power handling capability of this design
concept.

Conclusion

Several concepts for the design of beam stops have been
analyzed using the flow conditions recommended in normal
design practice (flow velocity = 4 m/s). The highest power
handling capability is estimated at 2.6 kW/cm2, obtained with
a swirl flow inside a double row of cooling channels machined
on a common copper block.

The concept of intersected-channels design is under
investigation. Once the optimum flow configuration has been
determined, a prototype beam stop will be built to evaluate its
power handling limit.
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Abstract

Each module of the Superconducting Super Collider
(SSC) Coupled-Cavity Linac (CCL) consists of eight tanks
(16 accelerating cells each) coupled with bridge couplers.
The radio frequency (rf) power drive is in the center of the
module at the bridge coupler between the fourth and fifth
tanks. In this simulation of the beam dynamics, the rf power
is turned on 10 \ts before the beam is turned on. This time
lapse allows the fields to build up and stabilize before they
are required by the beam. When the beam is turned on, the
beam loading causes the fields to change. This transient
state of the fields together with their effect on the beam is
presented. A model has been developed to calculate the
field distribution throughout the module as a function of
time. Beam dynamics simulations were run with the results
of this model at several times during the beam pulse. An
estimate of the effect of the transients is given by the results
of these simulations.

Introduction

The steady state of a coupled-cavity linac has been
well documented by the coupled resonator model (1,2, 3).
The transient response of a chain of coupled resonators was
also analyzed many years ago (4, 5, 6). The model used in
this analysis is basically the same as that used in Ref. 5.

Theory

The CCL is modeled as a chain of N +1 loss less
coupled resonators that have modes q = 0..JV and field
distributions described by eigenfunctions X{q,n), where n
is the cavity number n = 0...N. In this model the
accelerating field E(n,t) in cavity n at time t is
represented as a sum over all the eigenfunctions. E(n, t) is a
complex number representing the amplitude and phase of
the accelerating field.

E(n,t) = lqa(q,t)X{q,n)cxp(jax) (1)

where a(q,t) is a complex number representing amplitude
and phase of the <7th eigenmode. X(q,n) is a real number,
and (o is the angular frequency of the radio frequency
power source. In a singly periodic chain of coupled
resonators, the eigenfuctions are

X(q,n) = (const) cos(7tqn/N), (2)

and the frequencies are

cos{nqlN)). (3)

where ®o is m e resonance frequency of a cell and k is the
nearest neighbor coupling.

If the fields in the accelerator are zero when t = 0 then
a(q,0) = 0. The value of a(q,t) can be determined by
numerical integration by setting

(4)

where d t is a small increment in time and other parameters
are described below.

The factors that affect a{q,t) are (1) the losses in the
cavity that cause an exponential decay in the fields

exp (-—(»{<i) IQ{<l)\dt > where <o(q) is the angular

frequency of the qth mode and Q(q) is the unloaded quality
factor of the qih mode; (2) the angular frequency of the ^th
mode that causes the phase of the 9th mode to change with

respect to the rf drive phase (expf)((o(q) - co)dt]y, (3) the

external rf drive; and (4) the beam loading. Let pf be the
complex amplitude of the rf drive and pt be the complex
amplitude of the rf power transmitted out of the accelerator
through the wave guide coupling. Then

(5)

where X (q.nd)ti(q) is the coupling of the qlh mode to
the wave guide at cell number (nd). For the calculations in
this paper, fi(q) = 1. Then

'.«)) (6)kickp{q) = {2pf-pt)X (q.n,

Note that_the forward power -\pf\ , and the reflected
power = \pf - pt\ . Let beam(n) be the complex amplitude
of the beam current integrated over the volume of cell (n).

beam(n) = C\ I(x)E(x)dx I j E(x) dx

where I(x) is the beam current at x,E(x) is
accelerating field in cell (n), and C is a constant. Then

(7)

*Work supported and funded by the US Department of Energy,
Office of the Superconducting Super Collider (SSC).

the

( n ) (8)

For simple periodic structures the eigenfuctions
X(q,n) are known (1). For complicated structures such as
the CCL for the SSC, the eigenfuctions and frequencies can
be calculated with the program LOOP (3).

The SSC CCL

The code TRAN6 uses the equations in the preceding
section to calculate the amplitude and phase of the rf in the
first module of the SSC CCL. The best guess of the
parameters for this module was used as input to the program
LOOP, with the exception of Q. Because this code requires
the eigenfunctions for the lossless case, a very large value
was used for the Q in the input to LOOP. A control
program was used to run LOOP for all the modes, and the
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values of X(<?,n) and co(q) were written to files. TRAN6
used the data in these files for X (q,n) and (o(q).

The code TRAN6 calculates the field amplitude and
phase of all the cells versus time. The code displays a
moving picture (two frames of which are shown in Figs. 1
and 2) of the amplitude of all the cells plus a history of the
forward power, the average amplitude of all the accelerating
cells, and the reflected power. The amplitude of each
accelerating cell and coupling cell is shown oy the small *'s.
The scale for the amplitude is shown on the left side of the
plots, and the scale for the forward and reflected power is on
the right side. The time scale is on the top of the plots. The
scale on the bottom shows the cell number for the plot of
amplitude versus cell number at the current time, displayed
at the top. The amplitude of the accelerating field in all the
cells is about 100%. The amplitude in the bridge coupler
power cells is about 50% (not shown on this scale) andthe
amplitude in the coupling cells ranges from 15% in the cells
nearest the rf drive to 0% near the ends of the module. Cell
no. 0 is the drive cell in the center of the module, and cell
No. 148 is the accelerating cell at the ends of the module.
Because the module is driven at the center and is symmetric
about the drive in this model, only half the module has been
plotted. The amplitude and phase of each tank are listed in
the upper right corner of the plot. The label "tank 4-5"
represents the fourth and fifth tank in the module (nearest
the rf drive, cell numbers 4 to 34). The tank label "tank 1 -8"
represents the first and last tank in the module (farthest from
the rf drive) and the label "pwflwdrop" represents the
difference in the amplitude and phase of cell No. 4 and cell
No. 148. The label 'refpow phase" represents the phase of
the reflected power.

In Fig. 1 the time has advanced to 9.95 us. The scale
for the amplitude of the accelerating cells is 1% per divisjon
with a depressed zero. The amplitude scale for the coupling
cells and for the histogram of the average amplitude is 20%
per division. Note the tilt in the amplitude from cell to cell
in each tank. The average amplitude in each tank has been
adjusted to be nearly 100% by adjustment of the value of the
nearest neighbor coupling constant between one of the
coupling cavities between one of the tanks and the bridge
coupler. This has been done in three places (six places for
the whole module).

power simulates a nearly ideal PID feedback control system;
however, no feedforward that may be used on the SSC CCL
rf control system is included.

Fig. 1 TRAN6 Display at time = 9.95ns.

In Fig. 2 the time has advanced to 10.75 us. The beam
was turned on at 10 us. The amplitude in the tanks has
dropped 1% to 2%. The rf power has increased because the
feedback system is requiring more power to compensate for
the beam loading. The rf power scale on the right side of
the plot means percent of maximum klystron power. The
simulation has proportional, integral, and differential (PID)
feedback built into the code. This PID feedback on the rf

ti»- u

Fig. 2 TRAN6 Display at time = 10.75 us.

Beam Dynamics

For beam dynamics simulation, we renormalize the
design values E^ of the accelerating electric field in any

f iven tank by the ratio of the transient field amplitude levels
, in the tanks, and the steady state values £rjust before t =

10 us. Table 1 shows these field amplitudes Eo in the tanks
within a module. The beam loading is assumed to be 12%,
an average for the nine modules for a beam current of 25
mA. In the simulation, we ignored the very small field
amplitude tilt from cell to cell within a tank and took the
average value as the field amplitude for the entire tank.
Particle simulation runs were made for 1000 macroparticles
transported through the entire CCL at several t values,
before and after t = 10 us. Results are summarized in Table
2. Figures 3 and 4 show the energy and phase profiles at / =
9.95, 10.5, 10.75,11.00, and 12.00 us respectively.

TABLEI
Field Amplitude £„ in Tanks 1 Through 8 vs Time.
Time
(us)
9.95

10.25
10.50
10.75
11.00
11.50
12.00

En

Tanks 4&5
99.92
99.18
99.04
99.15
99.09
99.51

100.00

Tanks 3&6
99.95
99.09
98.70
98.77
98.94
99.70

100.07

Tanks 2&7
100.04
99.15
98.46
98.37
98.83
99.89

100.12

Tanks 1&8
100.09
99.19
98.38
98.11
98.77

100.02
100.15

TABLE 2
Effect of Transient Field on the Beam

Time
(us)
9.95

10.25
10.50
10.75
11.00
11.50
12.00

Transverse
Emittance
growth(%)

12.9
6.2

14.4
15.7
7.7
8.9

14.2

Longitudinal
Emittance
growth (%)

-7.7
2.9

-6.2
-5.2
1.5

-2.0
-9.1

AW*
(keV)
+27
-111
-394
-559
-270
+72
+38

A<
(Vtesfreel
+0.10
+0.96
+0.85
+0.51
+ 1.15
-0.34

+0.06
*Deviation of the mean from the synchronous value.
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As expected, the transverse root-mean-square beam
(not shown) size during the transient stage does not change
when compared with the same in the steady state. However,
the transient fluctuation in Eo sets in phase-energy
oscillations in the longitudinal phase-space, as evidenced in
Figs. 3 and 4. The mean energy Wc of the output
distribution deviates significantly from the steady state
value within the first microsecond after I = 10.0 \is. At t =
10.75 |is, the mean energy deviation is = 559 keV. At t =
11.50 ps, the phase energy oscillation starts to damp out and
at t = 12.00 (is the conditions are virtually the same as in
the steady state. No particles are lost at any time due to the
transient effect. There is also no statistically meaningful
emittance growth during the transient stage. The deviation
in the Phase A<I>C is not significant.

• • i i L i j i i I__I i L_J
* I I t l l t t N t r M M * M « « « f M M M M 1 t 1 »

Tank Nimte

Fig. 3 Energy profile vs. tank number at (a) t = 9.95 us, (b)
t = 10.5 us, (c) t = 10.75 us, (d) t = 11.0 us and (e) t =
12.0 us.

9 - •*

(b)

I I I I I I 1 I I I I I I I I I I I I
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( e )

d J J 4
Tank Numb*

Fig. 4 Phase profile vs. tank number at (a) t = 9.95 [is, (b) t
= 10.5 us, (c) t = 10.75 (is, (d) t = 11.0 us and (e) t =
12.0us.

References

[1] P. M. Lapostolle and A. L. Septier, eds., Linear
Accelerators, Elsevier North-Holland Pub. Co. , The
Netherlands, 1970, pp. 601-616 (E. A. Knapp), 665-
709 (G. Dome), and 809-826 Q". Nishikawa).

[2] G. R. Swain,' Circuit Analog Techniques for Analysis
of Resonantly-Coupled Linear Accelerator Structures",
Proc. of the 1966 Lin. Ace. Conf., Los Alamos, NM,
Oct. 3-7, 1966, LANL report LA-3609, pp. 125-131.

[3] S. O. Schriber, "Exact Equilibrium Current Solutions
for a Set of LC Coupled Loop Circuits with Second
Neighbor Coupling", Proc. of the 1972 Proton Linear
Ace. Conf., Los Alamos, NM, Oct. 10-13, 1972,
LANL report LA-5115, pp. 407-410.

[4] E. A. Knapp, "Resonantly Coupled Standing Wave
Accelerator Structures for Electron and Proton Linac
Applications", IEEE Transactions on Nuclear Science
NS-16, 329-337 (June 1969).

[5] T. Nishikawa, "Beam Loading Effects in Standing
Wave Linacs", Proc. of the 1966 Linear Ace. Conf.,
Los Alamos, NM, Oct. 3-7, 1966, LANL report LA-
3609, pp. 294-302.

[6] G. R. Swain and L. D. Scott, "Calculation of the
Transient Response of Long Chains of Slightly Lossy
Coupled Resonators", IEEE Transactions on Nuclear
Science NS-17, 10-13 (Aug. 1970).

210



CA9700113
SPECIAL MAFIA POSTPROCESSORS FOR THE ANALYSIS

OF RF STRUCTURES'

M. Jean Browman
Los Alamos National Laboratory, MS H825

Los Alamos, NM 87545

Abstract

This paper describes three stand-alone programs that
use the electromagnetic fields generated by the MAFIA
2.04 codes to analyze radio-frequency (RF) cavities. Illus-
trations are provided that show how these codes are used
to (1) analyze the effect of the coupling slots on the elec-
tric and magnetic fields of the linacs for the APLE Proto-
type Experiment (APEX) and the Advanced Free-Electron
Laser (AFEL), (2) verify the Panofsky-Wenzel theorem for
a high-energy deflecting cavity proposed for the Accelera-
tor Transmutation of Waste (ATW) project, and (3) study
the effectiveness of that deflecting cavity.

Introduction

Major breakthroughs in the three-dimensional mod-
eling of RF structures have been made during the last
decade. In particular, the electromagnetic field solvers
called MAFIA have proved to be important tools for mod-
eling such structures [1]. This paper describes the following
three stand-alone programs that extend the usefulness of
the MAFIA 2.04 codes in the analysis of radio-frequency
cavities: DIFF, FIELDS, and POWER [2].

Program DIFF

Program DIFF allows the user to see the effect of per-
turbations, such as coupling slots or tuning slugs, on the
electric and magnetic fields of a MAFIA-generated cavity.
More specifically, DIFF subtracts a specified factor times
the electric and magnetic fields of a mode of a MAFIA
model without a perturbation from the fields of that mode
of the cavity with the perturbation. The mesh for the two
models must be identical; only the mesh fillings may differ.

The use of this code was the first step toward under-
standing the effect of the coupling slots on the beam in the
APEX and AFEL photoinjector linacs [3]. The beam dy-
namics code PARMELA predicted that the beam produced
by the APEX linac would be symmetrical, but when the
structure was built, the beam was elliptical. A quadrupo-
lar component to the field produced the asymmetry. This
quadrupole effect was possibly caused by the arrangement
of the coupling slots in the photoinjector.

The APEX photoinjector accelerator is a 1300-MHz,
on-axis-coupled linac with two slots 180° apart on each
end wall of the coupling and accelerating cells. The slots
are rotated 90° across each coupling and accelerating cell.
Figure 1 shows a cross section of one section of such a
linac. The two half coupling cells are at the left- and right-
hand sides of the structure; the accelerating cell is in the

'Work supported by the US Department of Energy, Office of High
Energy and Nuclear Physics.

middle. A dashed line shows the outline of the structure
being modeled, and the hatched area represents the metal
of the MAFIA model. The two horizontal slots can be seen
at the entrance, that is, at the left side of the accelerating
cell. The two vertical slots at the exit (at the right side of
the accelerating cell) do not appear in this cross section.

0.1153 m

0.1720 m

Fig. 1. Cross section of an on-axis coupled linac section.

This section was modeled with and without slots, and
the respective fields were normalized so that f Ezdz=\ MV
along the length of the model. A MAFIA arrow plot, the
difference between the electric fields for the two cases, is
shown in Fig. 2. This plot was taken at the center of the
accelerating cell.
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M i I J /
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Fig. 2. Difference between the electric fields at the center
of the cavity.
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The arrangement of the slots clearly produces a quadrupo-
lar component to the electrical field.

Program FIELDS

This quadrupole effect and the resulting beam asymme-
try was of great concern in the design of the high-brightness
AFEL linac. A slot arrangement that minimized emittance
growth needed to be found for that machine. In other
words, the effect of the slots needed to be included in the
beam dynamics calculations. PARMELA, which previously
used the azimuthally symmetric electromagnetic fields cal-
culated by SUPERFISH, was now modified to include the
effect of the non-azimuthally symmetric components [4].
These three-dimensional effects were added as a perturba-
tion to the SUPERFISH fields, because a much finer mesh
can be used for a two-dimensional code than for a three-
dimensional code. The new version of PARMELA needs
these three-dimensional perturbation fields as a function of
position, but MAFIA does not calculate the components
of the electric and magnetic fields at the same point. Thus
the difference fields generated by DIFF can not be used
directly.

MAFIA calculates the components of the electric fields
at the center of the edges of each mesh cell and the compo-
nents of the magnetic fields at the center of the faces of each
mesh cell. Program FIELDS was written to interpolate the
MAFIA-generated electric or magnetic fields to a common
point [5]. In other words, these values are generated as a
function of position.

When the effect of different slot arrangements on beam
emittance was studied, we found that two slots on each end
wall, with the slots parallel across the accelerating cell and
rotated 90° across the coupling cell, were sufficient once
the beam was relativistic. Four slots placed symmetrically
around each end wall, with the slots parallel from end wall
to end wall, were necessary in the first few cells to produce
a high-quality beam.

Using FIELDS to Verify the Panofsky-Wenzel
Theorem

Program FIELDS was written to be general purpose,
so it has been used to analyze other structures. The main
body of the code is a set of subroutines that enable users
to call the electric and/or magnetic field components as a
function of position. Users write their own calling program
depending upon what they wish to calculate.

For instance, FIELDS was used to verify the Panofsky-
Wenzel theorem for the deflecting cavity shown in Fig. 3 [6].
(The material around the cavity has been left transparent
for clarity.) This 350-MHz, /3A/2 structure is of the type
proposed by Leeman and Yao [7], modified for a 1-GeV,
high-current proton beam. The cavity is 33.8 cm long and
26 cm in diameter. The rods are 15.57 cm long and 5 cm
in diameter; the vertical distance between the rods is 5 cm,
and the gap between the ends of the rods is 2.67 cm. The
beam pipe is 5 cm in diameter. The beam is moving from

left to right (in the +z direction) through the center of the
cavity.

The deflecting mode is a TEM-like mode, with the mag-
netic fields curving around the rods, adding in the beam
region. Figure 4 shows plots of the MAFIA-generated elec-
tric and magnetic fields for the deflecting mode.

Fig. 3. MAFIA model of deflecting cavity.
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Fig. 4. Plots of the MAFIA-generated electric and
magnetic fields.
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The deflection will be in the downward (—y) direction
for both the electric and magnetic fields if the particle is
phased so that the magnetic field is at its peak in time when
the particle is midway between the gaps. This phasing was
assumed in the calculations below.

Panofsky and Wenzel show that the transverse mo-
mentum imparted to a charged particle moving in the z
direction is proportional to the integral of the transverse
gradient of Ez along the path of the particle [8]. In other
words,

(1)Apx = - e -

where ui is the angular frequency, and / is the length of the
cavity.

We can see from Fig. 4 that the electric field does have
a transverse gradient of Ez in the region of the gaps. The
deflection will be at a maximum if the particle is halfway
between the gaps when the magnetic field is at its maxi-
mum or minimum in time.

The deflection impulse calculated using the line inte-
grals from the MAFIA postprocessor P3 is

.= (*/»)/1 (vxB)Jd j=-0 .1227eV/cy ; (2)

the deflection impulse calculated using program FIELDS
and the MAFIA fields is

A P x = - e f j j f VxE,(z,t)dz = -0.1248eV/c y ,(3)

where y is the unit vector in the +y direction. The two
methods agree to better than 2%.

Program POWER

Program POWER computes the following data [9]:

• the stored energy in a resonant structure;

• the total power loss due to the finite conductivity of
metal for all conductors in the structure (POWER uses
the relative conductivities specified by the user in the
input file to the MAFIA program R3);

• the individual power loss for each metal; and

• (if desired) the power-loss densities for the metals spec-
ified by the user.

The standard (release 2.04) MAFIA postprocessor P3
allows the user to compute the stored energy of the struc-
ture as well as the power loss for material 1. It assumes
that material 1 is copper, with a conductivity of 5.8xlO7

mhos/m.
Program POWER is useful for calculating the power

loss for metals other than copper, for finding the power loss
in specific regions of interest, and for calculating power-loss
densities. For instance, for the cavity of Fig. 3 we needed
to know how much a particle could be deflected if the maxi-
mum power-loss density was 25 w/cm2. MAFIA normalizes

the electric field so that the maximum component, of the
electric field is 1 V/m; POWER was used to find the ap-
propriate scaling factor for the electric and magnetic fields.
Given the power-loss-density limit, a 1-GeV proton would
be deflected 0.5 milliradians [10].
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Conclusions

The MAFIA release 2.04 codes are extremely useful in
analyzing RF structures. For some problems they can be
made even more useful by writing special postprocessors.
The codes discussed above are available to friendly users.
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Abstract

The RFQTRAK program has been used to study the
effects of space and image charges on the beam transmission
and output emittance of the Chalk River RFQ1-125 radio-
frequency quadrupole accelerator. Comparisons have been
made with calculations for the PARMTEQ code and with
available experimental measurements. For low input emittance,
of around 0.01 ir cm mrad (rms normalized), the beam
transmission appears be above 80% at the design input of 90
mA. This agrees with predictions produced by PARMTEQ.
However, with input emittance of 0.05 x cm mrad,
RFQTRAK indicates a transmission of 75 %, compared with
a forecast of 86% using PARMTEQ.

Introduction

Accurate calculation of space and image charge effects in
radio-frequency quadrupole (RFQ) accelerators has proven to
be difficult. Over recent years there have been various
computer codes written, using either differential or integral
methods. For designs where space charge has had only a small
contribution to the beam dynamics, these calculations show
reasonable agreement. However, when high current devices or
off-axis beams have been required to be simulated, there has
been wide variation between results.

The RFQTRAK [1] code uses the finite element method to
model the cell geometry in an RFQ accelerator. Space and
image charge electric field components are calculated using a
3D finite element solution. The radio-frequency (rf) fields are
computed from a harmonic expansion using a set of
predetermined coefficients, as in the time-stepping version of
the PARMTEQ [2,3] code. Particle dynamics calculations are
performed after adding the rf and space charge fields.

The Chalk River RFQl-1250

RFQl-1250 [4,5] is an RFQ proton accelerator with an
input energy of 50 keV, an output energy of 1.25 MeV, and
a beam current of 75mA. There are 120 cells.

The original design studies were made using the
PARMTEQ package. Plots of beam loss and output emittance
were made over a range of input currents and emittances. This
paper gives a comparison of RFQTRAK predictions compared
with some of the results from those studies.

Recent Software Development

A number of improvements have been made to RFQTRAK
since the first version was produced in 1984.

The user now has the option to mesh either one quadrant
of the beam cross section or the whole beam aperture (with
the mesh in the third dimension extending to the length of
either one or two cells). This gives the opportunity to simulate
non symmetric beams or geometries. In addition, space charge
effects, but not image charges, are now computed in the input
matching section.

Field smoothing has been applied so that the space charge
fields are no longer discontinuous across the finite element
boundaries. Recently, the method of calculation of the matrix
right hand side terms from the particle distribution has been
updated to give improved accuracy.

An interactive pre- and post- processor package
RFQGRAF has been written to assist in the preparation of data
and the display of results.

Coefficients for the rf potential representation are obtained
with the RFQCOEF [6] package which uses a finite element
model with a least squares fit. This program has recently been
extended to include dipole and sextupole terms which may be
used to represent rfq vane misalignment. Thus a 12 term
expansion may be used. The first 8 terms comprise the usual
mutipole expansion; terms 9 and 10 are the dipole term and its
angle with the x axis; terms 11 and 12 are the corresponding
sextupole terms.

In the results which follow, only the 8 term expression is
used, as correct alignment has been assumed.

Results

The Chalk River RFQl-1250 accelerator was simulated
using 2000 macroparticles.

The finite element model of the rfq cell pair used in these
calculations had 1152 quadratic 'brick' elements and 5488
nodes, with meshing over the full beam aperture. The running
time on the Cyber 990 is about 1 minute cpu per (X/2) cell.

Two input emittances have been used, 0.05 x cm mrad
and 0.01 x cm mrad. These represent the two different input
beam configurations which have been used in the test rig.

Table 1 shows a comparison between output emittances
computed for beams with these two configurations using
RFQTRAK and PARMTEQ.
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TABLE 1
Output Emittances (normalized, rms, * cm mrad)

Input

0.05

0.01

Output With 82 mA Input

RFQTRAK

ex = 0.066
ey = 0.047
ez = 0.0041

ex = 0.028
ey = 0.030

€z = 0.0041

PARMTEQ

ex = 0.049
ey = 0.049
e, = 0.0040

ex = 0.026
ey = 0.025

€, = 0.0031

The beam with the larger emittance, which was used in the
first simulation runs, was assumed to be matched and had
PARMTEQ ellipse parameters (a, 0, e) of 2.32, 6.77 and
0.02906 at the input to the vanes. (em = 0.05 x cm mrad.)

The lower emittance beam, used for the later tests, was a
near representation of the actual measured input beam which
was not a perfect match. Here the PARMTEQ beam input
parameters were 13.97, 40.0 and 0.005812, respectively. This
is displayed in Fig. 1 and takes the form of a 'stretched'
ellipse. («m = 0.01 x cm mrad.)

RFQ1-1250, 92 rnA input, eps=O 05
Percent transmitted
1D0.0

40 60 80 100 120
CELL *

Fig. 2 Beam transmission.
Input cm» = 0.05 x cm mrad

transmission of 86 %.
With the lower emittance input, RFQTRAK indicates a

lower beam loss throughout the accelerator, with a final figure
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Fig. 1 The 'stretched' emittance input beam.
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Fig. 3 Beam transmission.
top"' €™ = 0.01 x cm mrad
with 'stretched' emittance.

Figs. 2 and 3 show computed beam transmissions for the
two input configurations. With the higher input emittance
RFQTRAK and PARMTEQ show good agreement for the first
80 cells, and then RFQTRAK indicates increasing beam loss,
to 77% transmission, whilst PARMTEQ suggests a final

of 86% transmission, compared toPARMTEQ, which predicts
82%.

In both cases, beam loss starts between cells 30 and 40.
A comparison of energy-phase plots at cell 40 for the lower
input emittance predicted by the two computer programs is
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shown in Figs. 4 and 5.
Although the beam profiles and energy spectrum

predictions are somewhat similar for the two programs, the
phase spectra and energy-phase plots are quite different.

Fig. 4 RFQ1-1250, RFQTRAK cell 40 prediction.
Input «„„ = 0.01 x cm mrad.

ru
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Fig. 5 RFQ1-1250, PARMTEQ cell 40 prediction.
w, ~ 001 T cm mrad.

However, both sets of results show that by this stage there
are a train of slow particles in the accelerator which are
outside the acceptance separatrix and will eventually be lost.

The criteria for regarding a slow particle as 'lost' differs
between the two packages. In PARMTEQ a value of the
energy limit can be set such that, if the deficit in relation to
the synchronous particle energy exceeds this value, the particle

is discarded. For these runs the energy limit was set to 120
keV. In RFQTRAK a particle is discarded if it has less than
half the energy of the synchronous particle. In practice a
particle in the beam makes the same contribution to the space
charge, whatever its energy.

No measurements are yet available for output beams of
more than 50 mA from the RFQ1-1250 accelerator, but a
study of the 32 mA beam output will be made and compared
with RFQTRAK and PARMTEQ simulations.

Conclusion

At beam currents of less than 100 mA there appears to be
reasonable agreement between PARMTEQ, which is a 2D
code, and RFQTRAK, which is 3D. There are, however,
differences which vary depending on the input beam
emittance.

In order to verify these calculations, further comparisons
are required with other computer codes and/or with
experimental data.
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Abstract
We extend the Kroll-Yu (KY) method [1] of deter-

mining the resonance parameters of single-port cavities to
multiport cavities by substituting the determinant of the 5
matrix for the reflection coefficient used in the KY method.
In addition, we present a method for computing the ele-
ments of the 5 matrix in the two-port case, based upon
the properties of cavity modes formed when the wave-
guides associated with the ports are shorted. Extension
to the n-port case is discussed.

INTRODUCTION
This paper is concerned with the use of computer pro-

grams to determine the parameters of multiport microwave
circuits. It is particularly addressed to the problem of de-
termining Qext and the resonant frequency of waveguide
loaded cavities, and to the problem of determining the el-
ements of the 5 matrix. The MAFIA [2] and ARGUS [3]
programs have a built in capability of computing the el-
ements of the S matrix for any user selected frequency.
This capability is based upon solving Maxwell's equation in
the time domain, with appropriate incoming and outgoing
wave boundary conditions imposed at terminating planes.
These terminating planes are located in the waveguides
connected to the ports of the structure at sufficient dis-
tance to damp out evanescent modes. The incoming wave
is turned on smoothly at the selected frequency, and a suf-
ficient number of time steps must elapse to allow the fields
within the boundaries provided by the terminating planes
to reach steady state. These programs, operating in a time
independent mode, also have the capability of computing
the frequencies and field configurations of the modes of the
cavity formed by imposing electric or magnetic boundary
conditions at terminating planes in the waveguides.

The KY method provides a procedure for determining
the resonant frequency and Qtxt of the modes of a cavity
with a single matched load waveguide output, or reduce-
able to a single output case by symmetry considerations.
It is based upon the analytic properties of the reflection
coefficient in the complex frequency plane. It requires val-
ues of the reflection coefficient at four real frequencies in
the vicinity of the resonant frequency. In the context of
this paper, it is convenient to think of the reflection coeffi-
cient as the (unique) component of the one-by-one S ma-
trix suitable to the description of a one-port microwave cir-
cuit. Its values can be obtained from the above referenced

• Work supported in part by the Department of Energy
contract* DE-AC03-76SF00515 (•), DE-AS03-89ER40527
('), and SBIR grant DE-FG-90ER-81080 (*).

programs operating in either the time-independent or the
time-domain mode, but all practical applications of the
method have made use of the time-independent mode.
This paper is concerned with the extension of the KY
procedure to multiport microwave circuits. In the first
section, we show that the method applies unchanged if
the reflection coefficient is replaced by the determinant of
the 5 matrix. This recipe obviously applies to the one-
port case as well, since the reflection coefficient is then the
same as the determinant of the 5 matrix. In the second
section, we address the problem of extending the time-
independent method of determining the S matrix to the
multiport case and present the progress we have achieved
for the two-port case. It provides an alternative to the
time-domain method and may be advantageous in certain
circumstances. In addition, either can serve as a reliability
check of the other.

ANALYTIC REPRESENTATION OF THE
S MATRIX DETERMINANT

We begin by recalling the definition of the S ma-
trix [4], assuming for simplicity of exposition that each
waveguide propagates a single mode at frequencies of in-
terest. Let ajexp[?Jfc,(w)z,] represent the amplitude coef-
ficient for the incoming wave electric field in the tth wave-
guide normalized so that ^ata* is equal to the power, and
6,-exp [—jki(w)z(] the corresponding quantity for the out-
going waves (« = 1,..., n). Here *,- represents distance along
the tth waveguide measured from its specified reference
plane, chosen to increase in the outgoing direction. The
reference planes are to be specified in a way which pre-
serves any symmetry present in the circuit. The matrix
elements S,;- of the 5 matrix are defined by the relation

K = Sijdj , (1)

where all of the a's are taken to be zero except Oj. The S
matrix defined in this way is symmetric, and for a lossless
circuit (which we assume throughout), unitary for real
values of u. Thus Sy = Sji, and

SikStj = 6ij (summation convention assumed) . (2)

Following KY, we consider a solution of Maxwell's
equations for complex eigenfrequency that satisfies an
outgoing wave boundary condition for each propagating
mode, and an evanescent wave boundary condition for all
other modes. Writing this eigenvalue as u + j'v, we identify
u with the resonant frequency of the waveguide loaded
cavity and u/2v with the cavity Qext. We now consider
the behavior of the matrix elements S,j as their argument
approaches the value u + jv. Because the eigenfrequency
corresponds to a situation in which there are outgoing
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waves but no incoming waves, each S,j must have a pole
there. Thus in the vicinity of the eigenfrequency, we may
write

where we take the residue matrix P and the remainder
matrix R to be constant near the pole. Since symmetry is
an analytic property, it will be preserved in the analytic
continuation to the complex plane so that both P and R
are symmetric matrices. Equation (3) strongly suggests
that the determinant of the S matrix det(S) is also singular
at u = u+jv, perhaps even with a pole of order n. We shall
show, however, that if the eigenmode is nondegenerate,
then the pole in det(S) is of first order. Thus if the
mode is nondegenerate, there is a unique field distribution
associated with it apart from normalization. This means
that the ratio of the outgoing wave mode amplitudes is
independent of the way in which the mode is excited. In
particular, if we imagine exciting the cavity by an incoming
wave at the jth port at a frequency arbitrarily close to
the eigenfrequency, the pole-dominated response must be
such that the outgoing wave ratios are independent of the
port from which the cavity is excited. Thus selecting a
nonzero Pkj and defining Vi as the ratio of the outgoing
wave amplitude from the tth port to that from the ibth, we
have

Ptj = ViPkj = ViPjh = ViVjPH . (4)

The factorized form tells us that P is a matrix of rank
one, and reference to the properties of matrices and
determinants yields the result

det(5) = Trace (P/R)det(R)/(u> - u-jv) , (5)

which exhibits the pole as first order. Because the S
matrix is unitary for real values of the frequency, det(S)
has absolute value one there and following KY we may
represent det(S) by

(6)
where x(u) is & real function analytic at u = u + jv. If
one needs to deal with several poorly separated resonances
one may replace the above by the form which exhibits
the resonances of interest explicitly [1,5]. In applications
of the KY method to one-port problems il>(u>) has been
obtained by computing the resonances of the cavity formed
by shorting the waveguide at various lengths. It is given by
k(u>)L where L is the distance between the short and the
reference plane, and one obtains a (ip,u) pair from each
mode for each length chosen. These pairs are then used to
determine the resonance parameters. Such pairs could be
used in exactly the same way for determing the parameters
in the multiport case, but a method for obtaining them is
required. As mentioned in the introduction, the entire S
matrix can be determined for any specified frequency by
means of the time domain solutions of Maxwell's equations,
which would provide the needed quantities. In the next
section, we discuss the use of time independent methods
for this purpose.

DETERMINATION OF S MATRIX
PARAMETERS

The two-port case

It is convenient to write the 5 matrix in the following
manifestly unitary and symmetric form:

Sn = - cos (0) exp \j (<*> +

5 2 2 = - cos ($) exp \j {4> - d<t>)] ,

(7)

(8)

Sia = Sn = - j sin (0) exp ( j » . (9)

We define unique values for the angles without limit-
ing generality by requiring —ir/2 < 6 < r/2, —w < <j> <it,
and — 7r/2 < d<t> < it/2.

We form a cavity by shorting the waveguides at
distances £,• from the reference planes and compute a
set of resonant modes. The incoming and outgoing
wave amplitudes in the two waveguides, evaluated at the
reference planes, satisfy the following relations:

&,-/<!,• = -exp (j2V>,-) , (10)

02/01 = r exp [j (ipi — ^2)] • (11)

Here rpi is hi Li and r is the ratio of the incoming
amplitude for the second port to that of the first port
evaluated at the shorts. It is a real quantity with a
sign which depends upon the relative sign conventions
chosen for the fields in the two guides. It is readily
computed from the transverse magnetic fields at the shorts,
quantities which are available as computer printout. To
relate r to these values it is necessary to respect the
normalization conditions used in defining the amplitudes.
If the two guides are identical and the fields are evaluated
at corresponding points, then, up to a sign, r is equal to
the field ratio. (Specification of the sign for one mode
determines it for all.) We combine Eqs. (1) and (7) through
(11), using algebra and trigonometry, to obtain

- 1/0 . (12)

(13)

(14)

(15)

(16)

cos 4> = [r cos(dV) - 1/r] jD . (17)

Equations (12) through (17) determine 9 and <f> in
terms of computer provided parameters and the still to
be determined d<j>. In the case of a symmetric circuit—
which is a case of great practical importance—d<f> is zero,
so that the S matrix is completely determined by the
above, provided that one has chosen L\ not equal to
i j - This means that from a single time-independent

where dxj), D, and 0 are defined by

D = yrUA \/r* + l/r2-
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run, one can evaluate the 5 matrix at the frequency of
each mode. For cases in which $ and <j> vary slowly
with frequency, one can— using interpolation—obtain the
frequency dependence over an extended interval. We have
found the method to be reliable and easy to use—but, for
lack of space, applications will be reported elsewhere.

Since all the necessary equations related to a single
choice of shorting lengths are satisfied with arbitrary values
of d<f>, this quantity cannot be determined from a single
run. In order to determine the 5 matrix of an unsymmetric
two-port at a particular frequency, one requires two runs
with different choice of shorting lengths, each of which
yields a mode at that frequency, but with different absolute
values of r. Once one has that much information, there are
many ways to extract the S matrix parameters. Since it
is difficult to choose two different length pairs that give
a mode at exactly the same frequency, it is useful to find
a procedure that allows use of interpolation to determine
the needed properties of one of the modes. We have been
using the following. We use the second pair of lengths only
to determine d<j>, based on the readily derived relation

_ (r' - l/r>) - (r - 1/r)

C08
%.18)

Here, Dtp = tpi — tp3 and the primed quantities refer
to the second pair of lengths. If the waveguides have equal
cutoffs, Eq. (18) can be simplified by taking L\ = L'3,
yielding

(r' - 1/r') Bin(DtP)

It is expected that Dtp' and r' can be found to
sufficient accuracy by interpolation. We have applied this
method to a step in height of a rectangular waveguide,
and find good agreement with the analytic formulas in
Marcuvitz [6].

The n-port case

While we have little experience with the n > 2 case,
there is one method which appears to be practical for the
case in which all of the waveguide cutoffs are equal. It is
based upon recognition of the fact that each mode found
with all tp'a equal corresponds to an eigenstate of the S
matrix. Thus, with all tp'B equal, we have from Eqs. (1)
and (10),

Bi<k = SijAj,k = -exp(j2V>,*) Aitk , (20)

which is just the eigenvalue equation for the S matrix,
with eigenvector Aitk and eigenvalue —exp(j2tpit). Here
we have added the index k because there are n distinct
eigenvalues and eigenvectors for each frequency, and we
have used capital letters for the mode amplitudes to
indicate that we choose to normalize the eigenvectors
to unity (they form an orthonormal set). With this
understanding, we have the following explicit expression
for Su:

(21)
J b = l

The determinant of S is simply the product of the
eigenvalues, and the sum of the V,* replaces tp in the

KY formalism. For a given Jfc, the ratios of the Atj
are determined from the transverse magnetic fields at the
shorts in a manner analogous to the determination of r
for the 2-port case. This approach is probably impractical
if the cutoff frequencies are unequal because one does not
know how to choose the L'e to get equal tp'a. On the
other hand, if all of the cutoff wavelengths are equal,
one only has to choose all the L's equal. Then one
obtains an 5 matrix eigenvalue and eigenvector at each
frequency that appears in the cavity mode spectrum. To
determine the S matrix at any particular frequency, one of
course needs all n eigenvalues and eigenvectors. Starting
with a particular choice of L and a particular mode,
there are n — 1 additional L values that will give linearly
independent modes of the same frequency. The practicality
of the method depends upon being able to determine
them from computations at, say, 2n intelligently chosen
lengths, combined with the application of interpolation to
get adequate approximations to both the L values and the
eigenvectors. If this program is successful, one series of
computer runs would provide the 5 matrix over a broad
frequency interval.

CONCLUDING REMARKS

The main results of this paper are the demonstration
that the determinant of the S matrix plays the same role
in the determination of resonance properties of multiport
circuits as the reflection coefficient plays for one-port
circuits, and the development of practical methods for
determining the S matrix for two-port circuits using time-
independent computational methods. Our experience in
applying these methods is quite limited, but a number of
practical applications are in progress.

One of us (NK) has profited from numerous dis-
cussions of the numerical aspects of this problem with
Kwok Ko.
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Abstract

A three tank Interdigital H structure has been
chosen for the 0.25 to 4.2 MeV/u part of the CERN heavy-
ion injector linac. The complete design has been developed
by GSI, in particular the longitudinal dimensions have been
determined and multi-particle studies have been made using
the program LORAS. Some RF tolerance studies have also
been made at CERN using this program.

For a more general approach to the dynamics, the
program DYNAC is being used at CERN especially where
statistical analyses are essential i.e for determining
emittance growth, tolerances on accelerator parameters and
alignment. The approaches and results of these two
programs are compared for this novel type of accelerator.

Introduction

The project for a heavy ion facility at CERN [1] is
now in its construction phase. In particular, the linac injector
is being made in collaboration with several institutions,
mostly from CERN member states. For the acceleration from
0.25 to 4.2 MeV/u two contrasting and novel linacs were
proposed: the Interdigital H structure [2] and the Quasi-
Alvarez structure [3].

The choice of the IH structure for the CERN heavy
ion linac followed the design, construction and first
commissioning of a 1.4 MeV/u IH structure at GSI,
Darmstadt [4]. This accelerator comprises most of the
difficult and novel features proposed for the higher energy
CERN version. Important differences concern the increase in
the acceleration rate and two additional accelerator tanks at
202.56 MHz to increase the output energy.

With the IH structure we rely on computed
dynamics as comprehensive analytical tools are not readily
available. The program LORAS, which was developed for
the design of IH linacs, has been used to design the CERN
linac and to make estimates of RF tolerances. The program
DYNAC [5] had been developed to treat all types of linacs,
so it could be applied, using its facilities for beam analysis
to the IH Linac. We use the design and beam specifications
of LORAS as a standard against which to compare the
detailed results from DYNAC.

Qualitative Description of IH Principles and Design

A complete description of the operation and beam
dynamics of the IH structure exists in several papers (e.g.
[6]) and a brief recall is given here. The beam dynamics
with "Combined Zero Degree Synchronous Particle
Sections" is illustrated in Fig. 1 where the effective phase of
the bunch centre varies from positive to negative along a
section (1 to 2). The subsequent drift space (including triplet
focusing) and a few longitudinally focusing drift tubes,
restore the working point and the beam orientation (2 to 4)
to that required at the input of the next accelerating section
(4 to 5). Note that due to operation around (ps=0 the average

RF defocusing is much reduced; in addition the mean energy
of the beam is somewhat above that for synchronous motion.

1 . . .2 3 . . 4

Bunch centre
lunch

centreentr

Synchronous

particle
New

lynchronoui
particle

Fig. 1 Principles of IH Dynamics

The design follows from these principles. The
cavity H mode, loaded by drift tubes, has a mainly
accelerating field component on the axis . As RF defocusing
is weak, there is no need for focusing within the thin-walled
accelerating drift tubes, which leads to low capacitive
loading i.e. high shunt impedance and modest RF power
requirements. These drift tubes can stand exceptionally high
fields, reducing the length of structure required.
Longitudinal and transverse acceptances are closely matched
to the beam from the RFQ but operation at 1% to 2% above
threshold RF level (i.e. above the RF level for minimum
beam transmission) allows good beam transmission.

Brief Description of LORAS

For the design of (low current) IH structures, the
program LORAS has been developed. LORAS calculates (i)
the structure, consisting of accelerating sections, transverse
and longitudinal focusing sections and (ii) the beam
dynamics.

i) The generation of the structure leads to a table of
period lengths for the synchronous particle as function of the
voltage distribution and phase. This is very fast and
independent of outside field data. An estimate of the
longitudinal acceptance is obtained from the output energy
as a function of input particle energy and phase.

ii) The dynamics is computed in longitudinal and
transverse phase-space. Electric fields are calculated,
separately, by a 2D Poisson solver. For tracking, the gaps are
divided into sections for which the fields are approximated
by linear functions and the transit-time factors obtained by
interpolation.

For the bunch centre, injection energy and phase
w.r.t. the synchronous particle have to be given. Input data
include the number of particles, the transverse and
longitudinal emittances and their tilts. LORAS provides
particle trajectory plots in the X-Z, Y-Z, dW/W-Z and d(p-Z
planes and emittance plots.
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Brief Description of DYNAC

DYNAC is a 6-D multi-particle program using a
new concept "the equivalent accelerating field" [5] able to
treat dynamics of electrons, protons and ions in complex
accelerating structures. It contains many possibilities for
tolerance studies and for simulations of systematic or
random error effects. The input beam conditions are similar
to those of LORAS. Structures and beam lines are
represented by a series of elements, with the possibility to
obtain emittance plots as well as detailed information about
the beam at any element. Plots of the beam envelopes are
also available. The electrical fields of the accelerating
elements, which can be obtained using codes such as
SUPERFISH or URMEL, are converted into a Fourier series.

IH Linac Parameters

The parameters in table 1 are necessary for a
discussion of the dynamics. Cell lengths (gap centre to gap
centre) are approximately PjA/2, with the reference ion
(Pb25+) energy being significantly bigger than that expected
from the structure periodicity.

Table 1
Principal Parameters of the CERN IH Linac

Parameters, Units
Input Energy, MeV/u
Output Energy, MeV/u
Frequency, MHz
Length*, m
# of accelerating gaps
Cell length range, mm
Gap voltage range, kV
Triplet lengths , mm
Quad, gradients, T/m

Tankl
0.251
1.859
101.28
3.567
13+14+14
35-93
230 - 420
402,402
6.25, 6.65

Tank 2
1.859
3.040
202.56
1.549
28
47-59
280 - 400
412
6.85

Tank 3
3.040
4.202
202.56
2.019
30
60-72
240 - 370
438
6.9

* Between flanges; total length of the
**Two triplets are in tank 1, the others

structure: 8.129m
precede tanks 2 and 3

Particle Distributions and Statistical Methods

Both LORAS and DYNAC use several hundred
"macro-particles" to represent the beam but the particle
distributions are different.

In DYNAC, the distribution applied is uniform in
the longitudinal phase plane and simultaneously uniform
within a 4-D hyperellipsoid representing the transverse
phase-space. Projections in any transverse coordinate phase
plane are not uniform. The "macro-particles" are initially
chosen randomly within boundaries which correspond to the
correct r.m.s. parameters of the phase-space ellipses. The
first and second moments of the distributions still have
statistical errors which are removed by readjusting the
distributions slightly using the subroutine CORRECT.
During acceleration in the IH linac there is considerable
distortion of the longitudinal distribution and particles near
or outside the separatrix tend to form "tails". As the r.m.s.
emittance analysis including all the particles at the output
can be strongly influenced by a few particles in the "tails",
the emittance is computed both for the complete beam and
for a beam in which the outermost 5% of the particles have
been eliminated using the subroutine CHASE.

In LORAS the particles are uniformly distributed in
an ellipse in the longitudinal plane and simultaneously
uniformly in a transverse plane. The other transverse plane is

treated with the longitudinal plane in an independent manner
so the beam projection is uniform in each of the two
transverse phase planes. The LORAS version used here
includes the subroutines CORRECT and CHASE.

Analysis of Results

All results (except Fig. 2) are from DYNAC and
emittances quoted are 4£ (normalized for the transverse
planes). Figures in Table 2 are for 95% of particles retained
(CHASE).

Table 2
Beam Parameters for Nominal Settings

XX1

YY1

dWdt

"in

1.69
0.47
-1.29

Pin

0.94
0.55
0.63

£in

0.735
0.744
0.302

Gout

-2.29
-2.64
0.259

Pout

4.26
4.55
0.019

c
cout
0.806
0.798
0.385

Units for transverse planes: 8 (mm/mrad), £ (mm.mrad)
Units for long, plane: B (ns/MeV), £ (MeV.ns), relativistic
p\ at the input and output are 0.0231 and 0.0943
respectively

Some additional parameters are important when
studying tolerances, especially for misalignment studies.
These are the beam centroids in the transverse phase planes
i.e. mean position and angle. All through the linac particles
are eliminated from the subsequent part of the calculation if
they are outside limits of aperture, energy and phase. A
transmission efficiency, r\, is defined by the ratio of the
number of particles at the output to the number of particles
at the input. The emittance growth is defined as the ratio of
the output to the input emittance (including CHASE).

Tolerances on RF voltage AU of ±0.3 % and on
phase A9 of ± 0.3 deg are based on GSI experience. The
tolerence on triplet position AXt of ± 0.1 mm is based on
practical alignment techniques. Errors in quadrupole strength
related to power supply stability should have a negligible
effect on output beam parameters. These values are used as
the basis of the tolerence investigations presented below
where in addition the input beam misalignments AXb, AYb
are treated. Each of the results quoted represents the worst
possible combination of errors e.g. the 11 = 70 % (line 3,
Table 3) arises from -0.6%, +0.6%, +0.6% error in the RF
field levels of Tanks 1, 2 and 3 respectively. Each entry in
one line could correspond to a different distribution of
errors.

Table 3
Emittance Growth and Transfer Rate as Function of
Tolerances

nominal
AU, ±0.3%

AU, ±0.6%

A<p, ±1.5 deg
A<p, ±3.0 deg

AXt, ±0.25 mm
AXt, ±0.5 mm

AXb, 3. mm
AYb, 3. mm

XX1

1.10
1.14

1.18

1.11
1.12

1.14
1.18

1.07
1.09

YY'

.07

.06

.14

.11

.20

.08

.09

.11

0.86

dWdt

1.27
1.49
1.84

1.38
1.52

1.42
1.60

1.70
1.48

Tl(%)
94
87

70

80
67

93
83

75
67
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Where output beam centroid displacements in
position and angle are significant, they can be normalised to
the relevant errors AXt = 0.1 mm and AXb, AYb = 1 mm as,
in case of neglible beam loss, the displacements are
proportional to the errors. Thus for AXt = 0.1 mm the output
beam dislacements in position and angle are 1 mm, 0.8
mrad, and for AXb, AYb = 1 mm the displacements are -0.4
mm , -0.6 mrad and -1.0 mm, 0.5 mrad respectively. If these
errors are random and short term they cannot be corrected by
steering magnets and thus contribute to the effective
transverse emittance.

A major concern has been to investigate the effects
of errors in RF levels on two main output parameters,
longitudinal emittance growth and transmission efficiency t\
. Fig. 2 compares results from LORAS and DYNAC for
these two parameters with each plotted point and its error
bar derived from 10 runs with different random number
seeds.

Longitudinal emittance
growth (Eout/Ein)

Fig. 2 Comparison DYNAC-LORAS

The problems of these analyses in the longitudinal
plane are illustrated by the particle "scatter plots" (Fig. 3) in
the longitudinal plane for the nominal (left) and the worst
"2-tolerance" (right) cases. Computed ellipses are shown for
three different percentages (100, 95 and 80 %) of particles
retained (CHASE). An important parameter of the output
beam, which determines the energy spread after the
debuncher in the PS Booster (PSB) injection line, is the A<|>m
coordinate at the mean energy. The two cases shown on
Fig. 3 have A<|>m = 4.7 deg and 12.9 deg respectively (for
95% of particles), the latter giving 2.7 times the nominal
energy spread after debunching, which could cause problems
for a future PSB RF system.

dU(KeV)

dPHI(deg)

dU(MeV)

dPHI(deg).

-30 -20 -10 20 30

In summary, the results confirm that the tolerences
given for RF levels are necessary to ensure good beam
transmission and acceptable longitudinal emittance increase;
even for the nominal settings there is a significant effect on
these two parameters. Our results indicate that the tolerance
on A({> could be relaxed somewhat, e.g to ± 1 deg. For the
triplet position the 0.1 mm tolerance should be retained for
the initial alignment and any long term misalignments
partially corrected by the steering dipoles within the triplets.

Conclusion

In the comparisons of DYNAC with LORAS there
was good agreement for beam transmission (t|) at any
tolerance. For the longitudinal emittance growth, larger
values are found with DYNAC than with LORAS, both for
the nominal and the 1 tolerance cases (Fig. 2). With the
assumption that the RF voltage can be kept within ± 0.3 %
(and without misalignment errors), we expect a particle loss
of < 13 %, a beam phase spread &$ < 8 deg, an increase in
longitudinal emittance < 50 % and increases in transverse
emittances < 14 % .
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Abstract

The beam in PILAC, a superconducting linac for pions
proposed at LAMPF, will have a larger momentum spread
(7% dp/p) and occupy a larger transverse space (13 cm dia.
bore) than is usual in high-beta linacs. To find the effects of
this large phase space, a cavity element is being added to the
MOTER code. With this addition, pions and other particles
may be tracked through the injection line and the PILAC
linac. In one option, the particles may be tracked cell by cell
through a multicell cavity using formulas. The formulas are
derived by integrating the energy gain and transverse impulse
from the fields in a cell along the path of the particle. What
is new in this analysis is that the transverse momentum is
considered to be a significant part of the total momentum.
The effect of a difference in velocity from the design velocity
of the structure is considered. In another option still under
development, field information is specified, and the particles
may be tracked by stepwise integration.

Introduction

We will outline our derivation of an algorithm for
tracking charged particles through linac structures when both
the longitudinal and transverse emittances are large. First we
will give a simplified analytical representation for the fields
near the linac axis. Then we will give portions of the
analysis of the longitudinal and transverse dynamics. Finally,
we will compare three different methods for tracking particles
using the MOTER [1] code, and outline areas needing further
research.

Cavity Field Representation

In order to represent the fields near the axis of a multi-
cell superconducting cavity, we find it convenient to represent
the longitudinal electric field E z as a sum of terms of the

rucz
form cos-

2h
where n is a positive odd integer and h is half the cell length
L. Thus E vanishes at the start and end of each cell. (This
does not represent what happens at the entrance and exit of the
cavity very well. We will come back to this point later.) In
order to satisfy Maxwell's equations, a transverse magnetic

•Work supported by Laboratory Directed Research &
Development funds of the Los Alamos National Laboratory,
under the auspices of the U.S. DepL of Energy.

field with cos cot time variation and cos(nnz/L) longitudinal
variation has the form

Ez = V 2 EoTn Io(kwnr) cos cot c o s - ^ , (1)
ii ^n

Er = y 2 EoTn Ywn II (kwnr) cos cot sin ̂  , (2)
n 2h

B<, = — T 2 EoTn

err
n Ii(kwnr) sin cot c o s - ^ , (3)

2h
where Io and I] are modified Bessel functions,

Pwn = — .
nc

Ywn = \* " Pwn/ >

CO
and kwn =

(4)

(5)

PwnYwnC

for cells designed to accelerate particles traveling at a velocity
vd, and where c is the velocity of light. (Note vd = 2coh/7c, in
order that the particle travels two cell lengths in one rf
period.) Eo is the average field along the axis of the cell at its
peak in time:

1 f L

I z . (7)

(8)

The factors Tn are given by
"h

Mi
T -

, nrez
peak, F=0 COS(—) dz

. r=0 dz

Note that Ti is just the normal transit-time factor for a
particle at the design velocity vz = vd.

For the cavities to be used for PILAC, the peak field
along the axis is near to sinusoidal in z, and we find the
values for Tn shown in Table 1.

TABLE 1
Transit-Time Factors for PILAC Cavity

n Tn

1 0.7753
3 -0.0279
5 0.0013

Thus the series representing the fields in these cavities
converges rapidly. At most, we need three terms.

Analysis of Beam Dynamics

We begin the derivation of the beam dynamics with the
basic equations for momentum and energy change:
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and

— (pc) = qc(E
dt

dW
= q E

dt

v x B ) , (9) where

(10)

These equations relate the momentum pc (MeV) and kinetic
energy W (MeV) change per unit time t to the fields E and
cB (MV/m) for a particle with velocity v (m/s) and relative
charge q. (For a proton or a n+, q = +1.) The relativistic
quantities B and y relate the particle velocity and mass to the
speed of light and the rest mass: v = Be and m = Ymo .
Thus W + W O = Y W O , (11)
and pc = P Y W O . (12)

where W o is the rest energy (MeV) and pc = v.

Since dt = — dz ,
v,

(13)

we can write the integral form of the energy change equation
(10) as

AW = q f \ - E x + ^ E y + Ez)dz. (14)
J h vz vz

If the components of particle velocity vx, vy, and v z change
little in traversing one cell, then

AW - q— f h E* dz + q ^ f h EY dz +
VziJh V^Jh

E z d z . (15)

We use subscripts i and f (initial and final) to indicate
quantities at the start and end of a cell, and c, at the center of
the cell. It is only the final term in Eq. (15) that is usually
used in tracking protons and the like. We will retain all three
terms.

We need to evaluate the components of E at the position
of the particle and at the time that the particle is there. We
assume vz is nearly constant over the cell, and thus for time
given by t = z/vz + <t>/(0, we have

coz
cot = — + <t>c •

V , ;
(16)

In order to find the correct rf phase to use for a given particle,
we consider the given particle and another particle, a reference
particle, which is moving along the axis at the design
velocity for the cell. The time difference for arrival at the
center of the cell is

t - = d̂ ( 1) . (17)

where td = h/vj. We may express this in terms of the rf phase
and Bw] = vj/c :

, , n p\vi<t>c = to + - ( — -
2 Pa

(18)

7TZ
We put our expressions in cot in terms of — for ease of

integration:

tot =
7tZ

*2h
(19)

Pz
i- 1 . (20)

We also assume that r remains near its value at the center of
the cell, rc. The energy gain per unit charge in traversing a
cell is then

AW/q = E0Tn Cn(d)

( — - + — - ) Ywn II O W c ) Sn(d) ] ,
Va r Vn r

where

Cn(d) = ^ f h cos [(1 + d ) ^ + <y c o s - ^ dz ,
h J-n 2h 2h

Sn(d) =
h

cos[(l + d ) - ^ + <W s i n ^ dz .
2h 2h

(21)

(22)

(23)

The integrals in Eqs. (22) and (23) may be evaluated in closed
form. If cosine and sine terms in d are approximated by the
first two terms of their series representation, the results for
n=l are

( 2 4 )

24 + 12d
For particles moving at the design velocity, d=0, these reduce
to Cj(O) = cos (|>c , Sj(O) = - sin <|>c, as they should.

The new kinetic energy is then
Wf = Wi + AW , (26)

so that Yf = (Wf + Wo)/Wo , (27)

and Pf=— V(7 f -D(Yf+ l ) - (28)

We now wish to calculate the changes in transverse
momentum pjC and PyC using Eq. (9). The force applied to
the particle is proportional to E + v x B. The transverse
part of this force is purely radial, since EQ = 0, and v x B is
perpendicular to B, which is only in the G direction.
Regardless of the direction of v,

(E + v X B\ = Er - vz Be . (29)

Now Er - vz Be = J , 2 E0Tn

• (cos cot sin + BzBwn sin cot cos ) . (30)
2h 2h

We assume that the change in transverse momentum is small,
and we can then approximate the momentum change through
the cell by applying an impulse at the center of the cell. From
Eqs. (9), (30) and (19), we find

Ap,c « £ 2hq E0Tn Ywn Ii(kwnrc)' Dn(u,]Tz), (31)

with

rtz nrcz
(cos [(1 + d)—- + <()] sin —— +

Zh 2n
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^+ pzpw n sin [(1 + d ) ^ + «] c o s - ^ } dz .
2h 2h

(32)
than method (a).

In these expressions, p z is the average value of p z over the
cell. The integral in Eq. (32) can also be found in closed
form, provided that P z is assumed to be a constant. Again

approximating sine and cosine terms in d by the first two
terms in their series representation, we find for n=l that

sin <1>C , 24 -n 2 d 2 ^ ,

(33)
48d+24d2-2jr2d3-n2d4

/ i -

* 96.9M.2tf < '*"-"•
Finally, since x'; = v^ / v^ and pxjC = P ^ Wo>

and

= x'

x'f =

(34)

(35)

Corresponding expressions give the final momentum and
divergence in y.

Tests in the MOTER Code

A cavity element is being added to the MOTER tracking
and optimization code. The preliminary version of the cavity
element has options for using any one of the following:

(a) Algorithm, assumes p z = P, velocity close to design.
(b) New algorithm, p z * p, velocity may differ from design.
(c) Field integration, simplified fields.

After some tests with the new algorithm, we found that the
calculated trajectories differed significantly from the more
exact trajectories found by field integration. We very recently
extended the analysis to find the approximate offset in
position at the end of the cell. We did this by integrating the
transverse force up to an arbitrary point in the cell to estimate
the change in transverse velocity at that point, and then
integrating the velocity to find the transverse position offset.
When offsets are introduced, care must be taken to ensure that
the transformation from x; , x'j to Xf , x'f is such that the
determinant of the transformation matrix is (PziYi)/(PzfYf)- A
similar constraint must be imposed on the y coordinates. For
the beams we have tested so far, Pz is close to p, and it is
straightforward to do this.

We generated examples of results from these methods by
tracking a set of particles (initially 360 MeV) through five
cavities with seven cells each. The cavities were designed for
500 MeV particles. Some of the results for tracking an
individual particle and for tracking particles in a K-V
distribution are listed in Table 2. In method (b), using the
new algorithm, only the n=l terms in the field expansion
were used. Method (b) did include the new analysis for
finding transverse position offsets. For method (c), using
field integration, n=l, 3, and 5 terms were used, but the
results are very nearly the same if only n=l terms are used.
Using method (c) as our standard of comparison, we see that
method (b) gives beuer values for all the parameters shown

TABLE 2
Tracking Comparisons

Method (a)
Individual particle parameters
Energy, MeV
Position, x, mm
Angle, x'
Position, y
Angle, y'

Beam parameters
Emittance, x
a, x-plane
P, x-plane
Maximum x
Emittance, y
a, y-plane
P, y-plane
Maximum y

Computer time, s

416.742
59.705

0.004836
-0.584

-0.000277

200.5306
-1.7080
18.568
61.020

200.5782
-0.5495

9.312
43.218

4.54

Method (b)

416.508
60.599

0.005461
-0.617

-0.000282

200.624
-1.9363
19.162
62.003

200.725
-0.6670

9.544
43.769

9.80

Method (c)

416.508
60.425

0.005420
-0.621

-0.000283

200.639
-1.9205
19.060
61.840

200.753
-0.6598

9.477
43.618
873.02

Discussion and Conclusions

The new algorithm developed for large-emittance beams
is a definite improvement for both the longitudinal and
transverse dynamics for particles whose velocities differ from
the design velocity of the structure. In order to realize the
improvement in transverse dynamics, we found it necessary to
go beyond what would be expected from following the path
for a simple impulse applied at the center of the cell, and to
find a more accurate position offset in traversing a cell.

The simplified field expressions presented above may be
used either to represent the mid-cell fields in superconducting
cavities, or to serve as a test bed for evaluating different
algorithms. We note that the fundamental component of
these fields may be decomposed into a backward and a forward
traveling wave. The forward wave is the main contributor to
acceleration, and is in agreement with that presented by
Hereward.[2] We plan to add the option for reading in more
arbitrary fields, such as fields from the URMEL code, for use
in MOTER. This would permit a more careful examination
of the effects of end-cell fields, which decay exponentially into
the adjoining beam tubes.
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Abstract

Superconducting linac cavities show promise of achieving
accelerating gradients of 10 MV/m or more, when heat
treatment above 1400 C or high peak rf power processing is
used to reduce field emission effects. PILAC, a proposed
superconducting linear accelerator for pions at LAMPF, planned
to use a cavity shape that keeps the peak electric field at the
surface at about 2 times the effective accelerating field, and to
handle only small beam currents. For other applications being
considered, proton beam currents may be of the order of 15 mA,
and higher-order mode effects may be significant. For any high-
gradient superconducting application, the peak magnetic field at
the surface is also important. The effects of mid-cell and end-
cell cavity geometry on peak surface fields and on the external
Q's of higher-order modes are discussed.

Introduction
The PILAC project envisioned using superconducting

cavities to accelerate a low-current beam of pions from 360
MeV to various energies up to 1070 MeV. The PILAC cavity
was designed for this application, and has a design beta of
0.9759, which corresponds to 500 MeV pions. At this beta,
the cell length is 181.718 mm. The purpose of the work
reported here was to see if small changes to the 805-MHz
PILAC cavity geometry would give a cavity which would be
suitable for other higher-current applications for which higher-
order modes (HOM's) might be important.

In this study, we have examined the effect of various
shape changes on the peak surface electric and magnetic fields,
and on the external Q of the cavity. External Q is a rating of
how well particular modes of a cavity can be damped. In order
to damp HOM's, we might connect dampers by waveguides to
the beam tubes at the end of the cavity. It is not practical to
simulate a cavity plus HOM dampers with the computer codes
we have available. We have taken the approach that we can
approximate the effect of the dampers by placing a dissipative
band around the inside of the beam tube on the computer model
at the place where the damper would be connected.[l]
Measurements have confirmed this is a reasonable
approach. [2,3]

We define the external Q as follows: We let the Q of the
cavity without the dissipative band, the unloaded Q, be Qij-
Similarly, we let the Q of the cavity with loading from the
dissipative band be QL. The external Q is then such that

_L_ = _L J_
Qext" QL " Qu '

This means that the external Q is equal to the resonant angular
frequency w times the peak stored energy divided by the
additional power dissipation due to the band. We have assumed
that only longitudinal wall currents in the band produce

•Work supported by Laboratory Directed Research &
Development funds of the Los Alamos National Laboratory,
under the auspices of the U.S. Dept. of Energy.

dissipation, as it is these currents that normally couple power
into the waveguide to a HOM damper. We assumed the surface
resistance of the dissipative band was 2500 times the surface
resistance of copper, as in Ref. [4].

Procedure for Calculating Accelerating and
HOM Fields and External Q's

We used the computer code SUPERFISH to do the
designs for the cavity mid cells and find the peak surface electric
and magnetic fields. Then we used the computer code URMEL
to calculate the HOM fields and stored energy for the whole
cavity for each geometry considered. We then used a code
named URQ to calculate how much each mode would be
damped by a resistive band in the tube at the end of the cavity.
The code URQ reads the output file from URMEL and extracts
the azimuthal H field values at the radius of the end tubes for
each mode, and calculates the power that would be dissipated in
a resistive band there, and uses the stored energy value to
calculate the external Q.
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Fig. 1. Characterization of the higher-order modes of the
PILAC cavity. The resistive band was 78.7 mm
wide, beginning 12.1 mm away from the end cell.

Classification of the Groups of HOM's

We used the field plots generated by URMEL to classify
the modes by their resemblance to the modes in a simple
pillbox cavity. The resulting classification of the groups of
HOM's is shown in Fig. 1. For a few of the modes, most of
the energy in the field is in the end cells and the adjacent end
tubes. These are not straightforwardly related to the modes of a
pillbox cavity, and hence we have designated them 'tube modes'.
For the PILAC cavity and others with 130 mm diameter end
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tubes, the TE and TM dipole cutoff frequencies are 1352 and
2813 Mhz. The TM monopole cutoff frequency is 1765 MHz.

Effects of End-Cell and End-Tube Changes

The simplest change in the PILAC end cells that affects
the external Q's is to go from the unsymmetrical PILAC end
cell geometry to a symmetrical one. (Compare Figs. 1 and 2.)
For the symmetrical end cells, the external Q's for the TMOl 1 -
TM020 band are a factor of ten lower. The Q's of the TE111
band are about the same, but the Q's of the TM110 band are
about a factor of two higher (worse).

We tried a number of changes to the end tube that might
affect the external Q's of the PILAC cavity. In order to make
the end condition more like the connection between mid cells,
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Fig. 2. A cavity like PILAC but with symmetrical end cells
on both ends.

Fig. 3. End tube and first two cells for the case
with a nose on the end tube.

10

ID 10 '

10 '

•

•
•
u, a
• no

qp
a

Data from "p1g7.d"

D

D
_P
D

•

•
D

D

i

Monopole modes
Dipole modes

-

• i

•
" • • •

1 1
600 900 1200 1500

Frequency, MHz
1800

we tried an end cell with a nose on the tube end: the nose radius
of the end cell continues on into the end tube, opening out to a
larger tube, as in Fig. 3. The External Q's for this
configuration are shown in Fig. 4. The external Q's for the
TE111 band are about the same as for the PILAC cavity, but
those of the TM 110 band are much worse.

If simply an enlarged beam pipe (151.7 mm dia. vs 130
mm) is used at the ends of the cavity, the external Q's of the
TE111 band are slightly lower; those of the TM110 band,
slightly higher, and those of the TMOl 1-TM020 band are about
a factor of three lower.

The effect of decreasing the width of the end cells is
shown in Fig. 5. Decreasing the width brought the TM110
band down to about the same level as the TE111 band, but
raised the external Q's of the TMOl 1-TM020 band.

Effects of Changes to Mid Cells

If we modify the iris size, nose radius, and slope of the
PILAC cavity to be more like the TESLA LTP shape, leaving
the cell length at 181.718, we find the pattern of external Q's
(Fig. 6) is similar to that of the LTP cavity. We designate this
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Fig. 5. Effect of width of end cells: End cells narrower than
mid cells by 6.057 mm.
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case 'p2' (the PILAC cell shape being 'pi'). For the p2 cavity,
the Q's of the TE111 band are higher and those of the TM110
band are lower than for the TESLA shape. The principal
dimensions and the calculated peak surface electric and magnetic
fields, transit-time factors, shunt impedances over Q, and cell-
to-cell couplings for the various cases are listed in Table 1.
The values for the LTP cavity assume the cavity is scaled for
805 MHz.

TABLE 1
Dimensions and Calculated Parameters

Cell L, mm
Nose tip Rl, mm
Nose R2, mm
Iris R, mm
Waist R, mm
Slope, deg

Es/EOT
Hs/EOT (A/MV)
T
R/Q (ohms/m)
Coup, k (%)

LTP
= 183.63
= 35.497
= 35.497
= 66.261
= 176.68
= 20.000

= 1.997
= 4319.
= 0.785
= 246.7
= 1.842

Pi
181.72
19.735
87.432
65.000
170.40
10.000

2.05
3775.
0.775
256.2
2.619

P2
181.72
35.000
45.000
66.261
177.38
20.000

1.989
4436.
0.780
238.0
1.869

P5
181.72
35.000
45.000
65.000
170.67
10.000

2.048
4102.
0.779
254.0
1.820

P7
181.72
32.000
50.000
65.000
170.41
10.000

1.999
4011.
0.778
255.7
1.962

For the LTP cavity and the p2 cavity, the minimum slope
for draining when the cavity is on end during fabrication is 20
degrees. We found that going to a lower slope does not greatly
affect the external Q's, and allows us to obtain a lower peak
surface magnetic field. In cases p5 and p7 we see the effect of
changing the nose radius on a shape that is otherwise similar to
the PILAC shape. Case p5 uses a 3.5 cm radius nose; and p7,
a 3.2 cm radius. (The PILAC nose radius is about 2 cm.) We
used symmetrical end cells in order to lower the Q's of the
TM011 - TM020 band. For p5, the Q's of the TM110 band are
lower than those of the TE111 band, but for p7 they are higher.
(See Figs. 7 and 8.) Thus we may adjust the relative positions
of these bands by adjusting the nose radius. For p7, we used a
half-cavity model consisting of one end tube, three full cells,
and one half cell. This allowed us to go to 60 mesh points per
cell, instead of 30. There was no obvious change in the results
due to the finer mesh.
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Fig. 7. Cavity similar to PELAC, but with a cell nose of 35
mm radius.

Fig. 8. Cavity similar to PILAC cavity, but with a
nose tip radius of 32 mm.

Conclusions

For the PILAC cavity, the external Q's of the TM110
passband are higher (and hence worse) than for cavity shapes
closer to the TESLA cavity shape. Changes in the end tube
were not effective in lowering the Q's of this passband,
although the Q's of other passbands were often improved.
Shortening the length of the end cells of the cavity improved
the external Q's of the TM110 passband, but made the Q's of
some of the higher monopole passbands worse. In order to
improve the Q's of the TM110 passband, the best approach that
we found was to increase the nose-tip radius for the nose at the
iris of the cells.

Further details are available in technical notes on the
original PILAC cavity design[5] and on the study of external
Q's for higher-order modes[6].
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Abstract
We make analytic estimates of emittance growth in

recirculating heavy ion fusion beams by developing a set
of moment equations which include the first order effects
of energy dispersion of particles traversing a circular or
racetrack-shaped accelerator, and by assuming transverse
energy conservation. We compare our results to those of
detailed 3-D simulations of small scale recirculators using
the WARP code (ref. [1]). We further apply our results to
the recirculator driver designs of ref. [2].

Introduction

In order to focus a heavy ion beam onto a sufficiently
small spot at a target in an inertial confinement fusion
reactor, the normalized emittance of the beam cannot be
too large. The growth of the normalized emittance of an
accelerated beam is also of interest for many other applica-
tions in which high brightness is required. The concept of
transverse energy conservation has been used before in the
study of emittance growth in particle beams. Emittance
growth associated with non-uniform space-charge distribu-
tions has been studied in, for example, refs. [4]- [6]. Emit-
tance growth due to initial beam displacements and mis-
matches with and without space-charge has been studied
in, refs. [7]-[9], and references therein. These studies were
generally concerned with the emittance growth in straight
focusing channels. In the induction recirculator proposed
in ref. [2], the beams propagate in a FODO focusing chan-
nel, with phase advances that are highly depressed due to
space charge. In addition, bends are present, which pro-
vide a displacement in the center of oscillation for ions
which are off of the design energy.

In this paper, we estimate the growth from a single
transition from bend to straight including the effects of
both FODO focusing and space charge, as well as energy
dispersion in the bends. (See also ref. [8] for an estimate
of emittance growth due to the transitions in the absence
of space charge.) On a transition from a bend to a straight
section, or from a straight section to a bend, if the transi-
tion is sufficiently sharp, the beam becomes mismatched.
We assume that a small non-linear force acts to phase mix
particles, and we find the asymptotic emittance of such
a beam. Further, if we assume that the process of phase
mixing is completed before the beam goes through another
straight/bend transition, we may calculate the emittance
growth through a "racetrack" configuration consisting of
two 180° bends and two straight sections, even without a
detailed knowledge of the rate at which the phase mixing
occurs.

* Work performed under the auspices of the U. S.
Department of Energy by LLNL under contract W-7405-
ENG-48. f Also of Lawrence Berkeley Laboratory.

Model Equations of Motion
We assume that the equations of motion of for each

ion are given by,

i - xmi) i - zc) -
dhnl(xityi)

dx

k2y{yi - yc) -
dy

(1)

(2)

Here, x,- and y,- are the coordinates of the ith par-
ticle in a particular slice in z, which is traveling in the
+z direction, and where ' indicates derivative with respect
to z; kpo — <ro/(2L) represents FODO focusing in the
smooth approximation, where <xo is the undepressed phase
advance, and L is the lattice half-period; xmj = i}{bpi/p) —
(l/k^op)(8pi/p), where rj is the "^-function" representing
the displacement from the design orbit of a particle with
unit fractional momentum error, Spi/pis the fractional dif-
ference between the momentum of the ith particle and the
design momentum, and p is the average radius of curva-
ture due to bending magnets; K = 2qI/((33AI0) is the
perveance, where q is the charge state of the ions, A is the
atomic mass of the ions, (3 is the velocity of the ions in
units of c, Io ~ mpc

3/e is the proton Alfven current (231
MA). hnt is an unspecified non-linear potential that is a
function of x,- and y,.

Note that throughout this paper A is reserved for the
two argument operator satisfying: Aab —< ab > — <
a X b > (e.g. Ax2 =< x2 > — < x >2), where <>
indicates average over all particles in a slice; xc =< x >,
and yc =< y >. Also,

K

(Ax2Ay2)1/2)1

""jy —

K
(3)

Eqs. (1) and (2) represent in an approximate way, the ef-
fects of: focusing, space charge, dispersion in a bend, and
external non-linearities in the focusing field. The physi-
cal approximations that have been made include the fol-
lowing: (1) Focusing is smooth and not a function of z
(kp0 = <70/(2L) is constant). (2) Eqs. (1) and (2) have
been linearized in the small quantities kpqXi, kp^y^, and
6pi/p. (The non-linear term hni has also been included in
some of the derivations). (3) The non-linearity is small:
(\hni\ « \k^0x

2\, |&^0y
2|)- (Terms which are non-linear in

&Pilv, such as kpoXitpi/p, have been ignored completely.)
(4) Space charge forces depend only on lowest order mo-
ments. (We have used the KV formula for the electro-
static potential, which is equivalent to assuming uniform
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density elliptical beam. Centroid position and semi-major
axes are, however, allowed to vary with z). (5) Coasting
beam: (p, /?, and 6pi are constants). (6) The beam is
non-relativistic: (/? << 1).

Let f(x,x',y,y',^-,z) = dN/dxdx'dydy'd^ where
dN is the number of particles within incremental phase
volume dxdx'dydy' d^-.

Combining the model equations of motion with the
Liouville equation yields the Vlasov equation for this prob-
lem:

dz

w - yc) - ^ ) J £ = 0. (4)
The average of a variable a over the continuous distribution
is given by:
< a > (z) = JJfJJaf(x,x',y,y', if,*)dxdx'dydy'd^.

Following ref. [3], we may multiply eq. (4) by linear or
second order quantities and integrate over the distribution
function, resulting in a set of equations for the first and
second order moments:
£-Ax2 = 2Axx'

£Ax ' 2 = (-2fc2
0 + 2*2

x)Axx' + 2*2
0Ax'xm -

£Axx' = Ax'2 - *2
0Ax2 0

*2
xAx2 + k}0Axxm -

£Ay2 = 2Ayy'
d A ..'2 / O L 2

gjAy - {-lkp0

£Ayy' = Ay'2 - *2
0Ay2 + *2

yAy2 -

= Ax'xm

— x — x'

_ d _ ' — t 2
 T -I- t 2 ^ -r >> <-- 8 h ~ ' -~,di c ~ Kpoxe T K^Q ̂  * m -^ 9x

— U = t/'

Note that if hni = 0, eqs. (5) form 3 closed sets of
(8,2,2) equations. If hn\ ̂  0, eqs. (5) form the beginning
of an infinite set of equations.

Transverse Energy Conservation
We may define a transverse energy H:

2H = k}0(Ax2 + Ay2) + Ax'2 + Ay'2 - 2*2
0Axxm

-K lnftAx2)1'2 + (Ay2)1/2) + 2 < fcnf >
i 1 . 2 , _ 2 I L 2 , , 2 I v i 7 I . 1 2
'"'00 c ' {30"c ' *c ^^ "c

Use of eqs. (5) shows that:
£H = £< hnl > (6)

Thus if hni is not a function of z, H is an invariant.

Emittance Growth
We define separate x and y emittances:

f2 = 16(Ax2Ax'2 - Axx'2)
e2 = 16(Ay2Ay'2 - Ayy'2)

Again using eqs. (5) yields:
i-A = 32fc2

0(Ax2Ax'xm _ Axx'Axxm)

Thus the emittance would be constant if non-lineari-
ties were not present (/»„; = 0) and the energy spread were
absent (xm — 0 for all particles.)

Equilibrium Beam
By setting eqs. (5) to zero, we may arrive at a set of

conditions for which the moments remain constant:

Ax'2 = (k2
0 - k2

x)Ax2 - k}0Axxm + A ( x ^ )

Xc = < Xm > - j V

yc ~ ~ifcI7 < dx

dx

Axx' = Ayy' = Ax'xm = A ( x ' ^ )

x'c = V'c = 0
Assuming that hni = x? = yc

transverse energy can be written:
2

f) = 0
(8)

0 the equilibrium

Note that for a given Htq, the ratio of Ax2 to Ay2

is still unspecified. A further assumption is required to
specify the final state of the beam. Hence, we assume that
transverse energy equipartition results in a beam in which
the two transverse temperatures are equal, i.e. Ax'2 =
Ay'2. (Note, that we have implicitly assumed that the
timescale for complete equipartition [Ax'2 = Ay'2 =
A(6p/p)2] is much larger than timescales of interest.) In
the limit, that Ax2

m « Ax2, the condition Ax'2 = Ay'2

yields the relation,
Ay2 £- Ax2 - k\aAx2Jk\ (10)

where it2 = Jb2
0 - A7(4Ax2).

Perpetual Bends

For a beam which is in equilibrium in a straight sec-
tion, and then enters a bend, the beam becomes mis-
matched for the bend. Physically, particles that are not on
the design momentum for the bend initially become spa-
tially separated, creating non-linear space-charge forces,
allowing phase mixing of the coherent mismatch oscilla-
tions, until a new equilibrium is reached. Initially, Ay2,
= Ax2, and AXQ2 = Ayg2 = JtoAiQ, where subscript 0
indicates initial value, and all other moments are equal
to zero. The initial transverse energy satisfies 2//o =
2(k2

0 + 2k2)Ax2 - A'ln^Ax2)1/2]. Assuming that the
final transverse energy equals the initial yields the follow-
ing change in emittance squared in an abrupt transition
from straight to bend:

~ do = (11)
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(12)

Racetracks
In a recirculator, that is composed of two 180° bends

connected by two straight sections in the shape of a race-
track, if phase mixing is rapid enough we may assume
that the beam reaches equilibrium before each transition.
Transverse energy is conserved as a beam enters a bend
from a straight, but since the beam acquires a finite Axxm

as it finds equilibrium in the bend, the transverse energy
will be discontinuous entering a straight from a bend. Az2,
Ax'2, Ay2, Ay'7 are, of course, continuous at all transi-
tions. In Fig. (2), we have applied this formulation to a
small scale recirculator, which is not undergoing accelera-
tion. The prescription above for calculation of the emit-
tance was carried out numerically, and compared with the
3-D particle- in-cell code WARP. As can be seen, the emit-
tance growth is tracked closely although the higher fre-
quency behavior is not seen. (For small values of A(Sp/p)2,
or large values of CT/CTQ the prescription overestimates the
emittance growth, since the assumption of complete phase-
mixing between transitions is not achieved.)

x emittance

10

time (/zs)

Fig. 1. Emittance growth in a racetrack. The parameters
are ao,= 72°, a - 8°,p = 3.6m, Amp/3'2c'2/2 =
lOMeV.

Discussion

There are several sources of emittance growth in re-
circulators. In ref. [2], emittance growth from misaligned
quadrupoles was estimated and constraints were set on
tolerances for quadrupole alignment. Emittance growth
from sharp transitions, as discussed above, provides an-
other source of emittance growth. Using the parameters
of the beam at the exit of the High Energy Ring of ref. [2]
leads to an emittance growth by a factor of about 2. Since
the entrance beam parameters lead to a much smaller emit-
tance growth, the normalized emittance will grow by less
than a factor of 2. This is within the emittance "budget"
in the design of ref. [2]. It is also possible, that the tran-
sitions between bends and straights can be made gradual

enough so that equilibria are reached adiabatically, with
little associated growth in the normalized emittance.

Conclusions
We have used equations of motion, in which focusing,

space charge, and dispersion in a bend, are included in
an approximate manner. By assuming the transverse en-
ergy of the beam is conserved, and that the beam reaches
an equilibrium state, we estimated the emittance growth
from beams which make transitions from bends to straight
sections and vice versa. In a recirculator, in which four
such transitions are made per lap, we have calculated the
emittance growth under the assumption that the equilib-
rium state is reached between each transition. In ILSE-
scale rings the analytic result agreed generally with the
3-D WARP simulation, when <Xo/a was small and the ve-
locity spread was sufficiently large (so that the assumption
of phase mixing between transitions was realized). In the
High Energy Ring of ref. [2], this prescription yielded an
emittance growth by a factor of 2.
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Abstract
The CEBAF injector includes 22 RF control modules

which require an intermediate frequency (IF) of 70 MHz
and a local oscillator (LO) frequency of 1427 MHz. A
STAR network distributes the signals over coaxial cables
that are of equal length so that all systems see the same
phase drifts due to ambient temperature changes [1]. To
obtain the signal levels required by the individual RF con-
trol modules, amplifiers are used in both the LO and IF
distribution. Temperature-dependent phase drifts associ-
ated with the amplifiers are minimized by a phase-lock
loop around each amplifier. In addition to the frequency
distribution, an automated beam bunch-length measure-
ment is incorporated in the chopper cavities' intermediate
frequency. This allows the phase of the chopper cavities
to be modulated and bunch-length measurements to be
performed on the electron beam downstream.

Introduction
The stability of the RF system in the CEBAF injec-

tor has a large effect on the energy spread of the elec-
tron beam. Small phase shifts between the injector cav-
ities could make the beam unusable for the end station
experiments. A system built around a STAR network can
greatly reduce temperature related phase drifts. Each RF
control module is the same electrical distance away from
the distribution node and thus sees similar temperature re-
lated phase drifts. In addition, phase-lock loops are built
into each of the injector distribution amplifiers, minimizing
phase drifts with the rest of the accelerator RF distribution
system. Eventually the STAR distribution system will be
compared with an ultra-stable fibre optic reference which
is derived from the master oscillator, reducing all drifts in
the distribution system to less the 0.5° [2].

A unique feature of the injector RF distribution sys-
tem is the ability to modulate the phase of the chopping
cavities. Modulating the phase of the chopper cavities' ref-
erence intermediate frequency (IF) allows the beam bunch
length to be determined downstream through the fourth
harmonic of the beam-induced RF cavity field [3]. Bunch-
length measuring cavities are located after the capture sec-
tion, after the first two superconducting cavities, and after
the first cryomodule. The information obtained from the
measurement is important to the beam operator when set-
ting up the individual cavity phases of the injector RF
system.

STAR Distribution System
The STAR system diagram is shown in Figure 1. Four

generic zones receive an IF of 70 MHz and a LO frequency

of 1427 MHz. Upon reaching a given zone the signals are
further divided eight ways, to support the eight cavities in
a cryomodule. With the exception of the IF signal used for
the chopping cavities, the IF and LO distribution systems
have only passive elements after the amplifiers. Amplitude
drifts are not a serious concern because each RF control
module uses a precision voltage reference to keep cavity
gradients stable. Phase drifts, while they do not affect the
beam in the injector, will hinder the two CEBAF linacs'
ability to accelerate the beam. Therefore, it is important
to know approximately the phase drift the injector may
have with the rest of the accelerator.

CEBAF Injector STAR Distribution System

ZONE 1
AMPLIFIER DISTRIBUTION CHASSIS

95 V 2

MEL I AX

FROM MA5TER

OSCILLATOO

LOCAL

DlV IDER

SYSTEM

2- WAY
Oi V I OER

Figure 1
Cable Drifts

The cable phase drifts are directly related to ambient
temperature in the injector service building. The service
building temperatures can range from a winter low of 18°C
to a summer high of 35°C. Using the data supplied by
Andrews the cable drifts can be calculated for the seasonal
changes [4].

Cable
95' 1/2" Heliax
6' 1/4" Heliax
12" .141 Conformal
Total for AT = 17° C

Max drift ®
1427MHz

7.7°
0.6°
0.3°
8.6°

Max drift ®
70MHz

0.4°
0.03°
0.015°
0.445°

'Supported by D.O.E. contract #DE-AC05-84ER40150

During the recent CEBAF Front End Test these
changes were never noticed because each cavity saw ap-
proximately the same drift. For the upcoming linac tests
these drifts will have to be accounted for; otherwise the
injector may drift out of phase with the linac.

Two methods have been proposed for minimizing the
drifts in the injector STAR. The first measures the av-
erage temperature of the Heliax cables and removes the
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drifts through feed-forward compensation in each RF con-
trol module. The temperature sensor consists of a copper
cable placed in parallel with the 95' Heliax cables, i.e. in
thermal contact. The copper cable is then terminated to
a resistance bridge which senses the voltage change due
to temperature. Depending on the cable temperature a
look-up table then moves each cavity's phase setpoint the
appropriate amount to remove the drift.

The second method involves use of an ultra-stable fi-
bre optic [2]. The IF and LO signals would be mixed to-
gether at the first chopper cavity and then compared to
the reference on the fibre optic. The information then is
used to align the injector phase with the rest of the accel-
erator. Both schemes will be used to minimize the injector
phase drifts.

Amplifiers

The CEBAF main drive line supplies the IF and LO
signals and connects to an IF and LO amplifier/distribution
chassis. Both signals need to be amplified to meet the
power requirements at the RF control modules. The LO
amplifier uses class C common base Motorola MRA 1417
series transistors. Amplitude is adjusted by attenuating
the output stage to approximately 12 W with a 3 dB at-
tenuator; small adjustments are made by tuning the bias
voltage on the two transistor stages. The transistors are
housed in a water-cooled aluminum chassis to dissipate
heat and increase the amplifier lifetime.

The IF amplifier final stage uses a generic class A
2N4427 transistor to generate the 1 W needed to distribute
to the RF modules. Amplitude is set by attenuating the
input signal level.

To minimize temperature-dependent and warm-up in-
duced phase drifts, each amplifier has a phase-lock loop
(PLL) around it. Figure 2 shows a block diagram of an
amplifier/distribution chassis with such a PLL. A 20 dB
directional coupler on one of the distribution legs samples
the amplifier output and compares it to the input reference
from the drive line. A standard diode ring mixer is used
as a phase detector. A simple OP-amp integrator, using a

AMPL I F I ER/DI STR I BUT I ON CHASS I 5

DR IVE

L INE

OFFSET PHASE
SHIFTEfl

PHASE DETECTOR /MIXER

SO dB DIRECT I OWL COUPLER

low-noise OP-27, sets the loop response characteristics.
Electronic phase shifters are then used to keep the phase
locked. The phase shifters are approximately linear with
voltage, up to 10 V, and provide a usable phase range of
120°. With the PLL, phase shifts across the amplifiers have
been reduced by an order of magnitude, from 10°-20° to
approximately 1°.

Both the LO and IF chassis are monitored through
CAMAC for power output and loss of lock. Fault lights
on the master oscillator display screen in the accelerator
control room will inform beam operators of the status of
the amplifier/distribution chassis at all times.

Bunch-Length Measurement

Theory

The bunch-length measurement method used at CE-
BAF was first successfully tested by C. G. Yao [3]. The
method Yao developed measures the charge distribution
along the phase within the bunch by detecting a phase shift
of fields induced by the series of sub-bunches in a cavity
while sweeping the phase of the chopper system with re-
spect to the rest of the injector. Sub-bunches are obtained
by having the normal 60° aperture replaced by a 10° aper-
ture. A block diagram of the measurement is shown in
Figure 3.

BUNCH LENGTH MEASUREMENT
CBOPPINGCHOPPI NG

CAV

I F

BUNCH

LENGTH

CHASSIS

5TAR

INPUT

FUNCTION GENERATOR

Figure 2

Figure 3
Normally the CW electron beam is reduced to 60°

bunches in the following manner. Two identical perpen-
dicular dipole modes in the first chopper cavity deflect the
CW electron beam so that it projects a circle. A radial
aperture is placed downstream that allows only 60° of the
360° of the deflected beam to pass through. A second cav-
ity then deflects the 60° bunch back on axis when properly
phased with the first.

For the bunch-length measurement an 11° aperture is
moved into place and the phase of the two chopping cav-
ities is modulated with respect to the rest of the injector.
A sawtooth wave form is applied to an electronic phase
shifter in the IF reference to the two chopping cavities.
The phase can be swept for any of the six sub-bunches
that make up the normal 60° bunch. The bunch phase
is then measured downstream at different locations along
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the injector. A cavity operating at 6 GHz is used to de-
tect the fourth harmonic of the beam-induced fields. The
fourth harmonic was chosen because of the higher sensi-
tivity. Originally a stainless steel cavity was developed
for the measurement, but it was discovered that CEBAF's
1497 MHz beam position monitors can also be used to
detect the fourth harmonic. The beam-induced signal is
then compared to a reference signal using a double bal-
anced mixer/phase detector. The output of the mixer is
the phase centroid of the sub-bunch with respect to the
initial phase. This can easily be seen on an oscilloscope
as shown in Figure 4. The bunch length is then deter-
mined from the vertical deflection the bunch makes on the
oscilloscope.

Figure 4
IF Bunch-Length Chassis

In order to keep the concept of the STAR system in-
tact and still independently modulate the two chopping
cavities, a PLL similar to that in the amplifier/
distribution chassis is built around the electronic phase
shifter used to sweep the chopping cavities' phase. The IF
signals used to feed other cavities in that zone are divided
out before the phase modulator. The phase modulator is
referenced to the STAR system to keep it phased locked.
To phase modulate a chopper cavity its whole IF reference
is phased modulated; this way the individual cavity phase
controller does not see the measurement.

Phase modulation is achieved by summing the
sawtooth wave form with the error signal at the OP amp/
integrator of the PLL. This allows the operator to do the
bunch-length measurement after she/he has crested the
beam energy without fear of losing phase synchronization
of the chopping cavities with the other injector cavities.
When not in use, the sawtooth wave generator is disabled
and the summing resistor is tied to a virtual ground, thus
eliminating any possibility of phase offsets or noise getting
on the beam.

An on-board function generator using the EXAR 2206
was chosen for its versatility to develop the sawtooth wave
form. It can be frequency and amplitude set externally,
which makes it an ideal choice for the system. The function
generator has the ability to sweep the phase from 0" to

±45° and set the modulation frequency from 20 Hz to 400
Hz. The function generator output is AC coupled and
combined to a voltage reference for precision phase offset
adjustments. In addition to the remote capabilities the
system can be switched to local control and an external
function generator used.

Bunch-Length Chassis

The phase length of the electron bunch is detected
in the bunch-length chassis. It uses an RF reference of
1497 MHz, multiplies it by four and then compares it to
the fourth harmonic of the beam-induced field from one of
the three bunch-length measuring cavities [3]. The phase
detector sensitivity is maximized by keeping the input sig-
nal phases at a difference of 90°, which is accomplished
through an electronic phase shifter. The operator can
choose any three of the bunch-length cavities by activat-
ing an RF switch inside the chassis. The phase detector
output is then filtered and sent to the CAMAC digitizer.

CAMAC/TACL Interface

The CEBAF logic-driven software TACL is used for all
control and STAR system interfaces [5]. Analog control for
the bunch-length measurement is provided through a Bira
5408 CAMAC 12 bit digital to analog converter. Analog
signals of the bunch-length phase and the sawtooth wave
are digitally converted through an Aurora 12 digitizer. The
controls and the digitizer output are displayed together on
one computer screen in the accelerator control room.

Conclusion

The injector STAR has been operating for over a year
with only minor problems. The real test for the system
will come during the upcoming north linac test when the
injector must be phase synchronized with the linac. Yet
to come is the master oscillator fibre optic reference that
should eliminate almost all phase discrepancies with the
linacs. The bunch-length measurement has been taken
from a tabletop experiment to an actual diagnostic tool
used during beam setup. All of the major components
have been installed and tested, except the CAMAC digi-
tizer.
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Abstract

SSCL has completed the preliminary design of the
RFQ to DTL matching section for the SSC. The matching
section matches a 2.5 MeV H~ beam to the acceptance of the
DTL. The design is comprised of two double-gapped bunching
RF cavities, four variable field permanent magnet quadrupoles
(VFPMQ), two primary diagnostic chambers, and a vacuum
beam line which integrates other diagnostic instruments such
as beam position monitors and beam current toroids. The
entire design is integrated in a limited longitudinal space of 54
cm. The double-gapped cavities operate at 428 MHz at a power
of 25 kW. Their compact size permits integration into a
standard-si zed chamber. Four VFPMQ's, developed by Los
Alamos National Lab, are used as the beam focusing and
steering elements. The magnets achieve a maximum GXL
product of 4.0 Tesla. Gradient variability is achieved through a
rotating outer magnet ring. Linear actuation of each magnet in
its focus degree of freedom permits beam steering. The two
diagnostic chambers can accommodate up to eight actuated
instruments. One chamber is located after the second
quadrupole magnet; the second is located after the fourth
quadrupole magnet. The vacuum beam line is achieved using
bellows, beam tubes, and various seals. Ion pumps located on
the RF cavity chambers achieve the required 3.3E-7 Ton-
vacuum.

RFQ/DTL Matching Section Requirements

Sethi et. al.l establish the primary goals for the
matching section design as:

• Match the 2.5 MeV beam to the acceptance of the
DTL

• Experience a minimal growth in beam emmittance
• Accommodate changes in the beam and its parameters
• Provide the necessary beam diagnostic devices

The physics design of the matching section resulted in a
section which spans 580 mm from the last radio frequency
quadrupole(RFQ) vane to the leading edge of the first fixed-
field permanent magnet quadrupole(PMQ) housed in the drift
tube LINAC(DTL) endwall. The endwall of the RFQ is an
octagonal chamber which houses a vacuum gate valve and four
ports for beam diagnostics. This chamber extends

"Operated by the Universities Research Association, Inc., for the
U.S. Department of Energy, under contract No. DE-AC35-
89ER40486.

longitudinally 46 mm. The remaining 534 mm is the
longitudinal space available for the matching section. Within
this distance, the section must integrate several components:

• 428 MHz Buncher RF Cavities(2)
• Variable Field Permanent Magnet
Quadrupoles(VFPMQ) (4)

• Diagnostic Chambers(2)
• Vacuum Gate Valve(l)
• Beam Position Monitors(BPM)(3)
• Beam Current Toroids(2)

Only six of these devices, the two bunchers and four
quadrupoles, affect the dynamics of the 2.5 MeV H" beam
emanating from the RFQ. From an engineering standpoint,
these components become the limiting design factors since
their position size and parameters are driven primarily by beam
physics.

The two buncher cavity gap centers are located 165 mm
and 415 mm respectively from the end of the last RFQ vane.
The required buncher operating frequency is 427.617 MHz, and
the maximum required cavity voltage is 230 kV.

The longitudinal centers of the quadrupole magnets are
located 100 mm, 230 mm, 350 mm, and 480 mm respectively
from the RFQ vane. To limit emmittance growth, each
quadrupole has an effective magnetic length of 40 mm and a
GXL product variability of 0.8 - 4 Tesla. Each quadrupole
magnets translates ± 2 mm in one degree of freedom to
achieve beam steering. Thus, the four magnets form two
focus/defocus pairs. Other important requirements for the
matching section are summarized in Table 1.

Matching
Buncher Frequency
EQTL

Cavity Operating Temp.

VFPMQ GXL Product
VFPMQ Translation

Effective Magnetic Length
Beam Line Vacuum

Component Transverse
Alignment Error

Table 1
Section Requirements

427.617 MHz
140 Kv

40.5 ± 0.5 °C
0.8-4 Tesla

± 2 mm
40 mm

3.3 E-07 Torr

± 0.1 mm

Meeting these requirements achieves the primary goals of the
matching section. However, the restrictions on beam
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emmittance growth severely limits the available longitudinal
space for the necessary components. This has proved to be the
primary engineering design challenge of the matching section.

Alternate Designs

Two preliminary designs were considered for the
matching section. The first design uses single-gapped, pillbox-
type buncher cavities with a Q of 20,000 and maximum
pulsed power of 30 kW. The VFPMQ's have an effective
length of 40 mm and a mechanical length of 38 mm. The bore
is kept to a minimum value of 18 mm to accommodate a 16
mm beam aperture and a beam tube with 1 mm wall
thickness. The beam tube must translate with the VFPMQ's
which are supported by the buncher cavities using cross slides.
The beam tubes are connected by bellows.

One difficulty with this design is the pressure
deflections of the 454 mm diameter bunchers. The axial load
on each face of the buncher is nearly 16.76 kN resulting in
large static pressure deflections which would unacceptably
shift the cavity resonant frequency. So, the cavities were
reinforced using steel ribs. With these ribs, a finite element
analysis of the structure predicts a cavity frequency change of
240 kHz. Moreover, the ribs and supporting ring reduce the
available longitudinal space for VFPMQ integration and
actuation.

The design was further modified by placing the
buncher cavities in a vacuum vessel. This eliminates the
pressure loads on the buncher as well as the need for vacuum
beam tubes; however, several problems are encountered with
this design. First of all, 26 vacuum feedthroughs are required
for VFPMQ actuation, water lines, electrical lines, and RF
drive lines. Secondly, due to the limited longitudinal space,
the vacuum vessel exit endwall serves as a diagnostics
chamber. The design becomes quite complicated with the
addition of the vacuum vessel. Installation and removal of the
section would be difficult. Also, several components are
inaccessible after installation, necessitating removal of the
entire section for access. In addition to cost and schedule
concerns, the overall maintainability and reliability of the
section was in question

Therefore, a second design option was pursued wherein
a significant change was made to one of the design-limiting
components. The second preliminary design employs a
rectangular slabline quarter wave resonator as a double-gapped
bunching cavity. The volume for this cavity is one tenth of
that required for the pillbox cavity originally considered.
Accordingly, pressure loads on this cavity or any chamber
housing this cavity are greatly reduced. The buncher can be
more easily integrated in the limited longitudinal space of the
matching section. This eliminates the need for the large,
encompassing vacuum vessel.

Additionally, it was found that the bore diameter of the
VFPMQ's need not be maintained at a minimum of 18 mm.
Los Alamos National Lab(LANL) has developed a magnet
design which achieves the desired VFPMQ performance using
a 24 mm bore. In this way, the VFPMQ's may be translated
independently of the beam tube. We have judged this matching
section design to be superior to the other preliminary designs
in performance, maintainability, reliability, and cost This
design is currently being developed for installation in the
SSCL LINAC.

Double Gapped Buncher Cavities

The double-gapped buncher consists of a 12 mm
diameter center-conducting shaft supporting a cylindrical ring.
The outer conductor is a rectangular box with the minor axis
along the beam line. "MAFIA" simulations of the cavity
indicate that the required value of EoTL can be achieved with a
peak power of 20 kW.

With the significant reduction in cavity volume, the
cavity can be integrated to the beam line as a stand-alone
device. Preferably, the bunchers may be housed in a small
vacuum chamber eliminating pressure deflections completely.
Serendipitously, the resulting dimensions of the cavity are
such that it fits in an octagonal diagnostic chamber designed
for several sections of the LENAC. The chamber serves as a
vacuum vessel and permits a thin wall thickness for the
buncher outer conductor. The bunchers may then be installed
and removed from the beam line as a module. If desired, the
bunchers could be removed and replaced with additional
diagnostic instruments. A level of commonalty in beam
instrumentation is thus achieved between the various LINAC
sections.

The buncher assembly features a manually actuated
slug tuner with a vacuum feedthrough for in-situ capacitive
tuning. The cover plate supports the center conductor as well
as a loop coupler and a phase monitor probe both with
vacuum windows. Water channels will be brazed to the cap and
extend the length of the center conductor for temperature
stabilizaton of the cavity. Preliminary material choices for the
buncher fabrication include: Oxygen-free Cu for the buncher
cap and outer conducting box for improved heat transfer and a
Cu- plated steel center conductor for strength and reduced
vibration. The bunchers will be installed at 45° with respect to
the vertical.

Temperature and Frequency Stabilization

The aforementioned cooling channels will stabilize the
operating temperature of the bunchers. However, this
operating temperature will not be regulated by use of a
separate temperature control unit(TCU). Instead, water flow
will be extracted from the TCU of the RFQ. The temperature
of the bunchers will then float with the setpoint of the inlet
water supplied to the RFQ. Since the Q of the buncher
cavities is relatively low and the impedance bandwidth high,
small fluctuations in the buncher operating temperature will
not effect the performance of the buncher. The expected worst
case change in the supply water temperature based on the
fluctuations in the ambient environmental conditions
surrounding the RFQ is 0.4° C. This causes a change in
buncher frequency of 2.85 kHz. In this way, there is no need
for a separate TCU for the matching section.

VFPMQ's

Los Alamos National Labs(LANL) is developing the
VFPMQ's as well as the integrated slide and motor package for
the matching section. Kraus and Campbell^ describe the
design and fabrication of VFPMQ's at LANL. For this design,
SSCL requested a 24 mm pole tip bore in order to achieve
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magnet steering without moving the beam tube. The magnetic
design developed by LANL employs Neodymium Iron Boron
magnets and soft magnetic pole pieces(C-1006). The magnetic
outer diameter is 124 mm, the effective magnetic length is 40
mm. This design has a multipole content of less than 1% of
the field.

The preliminary mechanical design calls for a stepper
motor-driven worm gear to rotate the outer ring. Translation
will be achieved through a linearly actuated slide mechanism
integrated with the VFPMQ housing. LVDTs and RVDTs
may be used for supervisory control feedback. The motor and
slide package will be integrated external to the space between
the octagonal chambers.

Buncher and Diagnostic Chambers

There are essentially five chambers comprising the
matching section. The first are two tiered cover plates which
interfaces to the RFQ endwall. The evacuated volume defined
by these plates provides enough room for a BPM and a beam
current toroid. The next three chambers are nearly identical
octagonal chambers all sharing a common support. Each
chamber has four flanges oriented at 45° with respect to
vertical. The flange openings are rectangular and measure 50
mm X 93 mm. Two pin holes are available for precision
location. The first and third of these chambers house the
buncher cavities and provide connection flanges for vacuum
components. The center chamber dedicates all four ports for
diagnostic instruments. The cover plates on each box permit
access to components and ease of assembly. Metal vacuum
seals are compressed by each cover plate. The cover plates on
the chambers housing the buncher cavities may be used to
support the VFPMQ's . The three chambers share a common
support plate.

The last chamber at the exit end of the matching
section is cantilever-supported by the first DTL tank. This
design is necessitated by the limited longitudinal space
available between the fourth VFPMQ and the leading edge of
the DTL endwall. A cover plate provides access to this
chamber. Again, four flanges located at 45° with respect to
vertical are available for diagnostic instruments. This chamber
has a narrower flange opening of only 20 mm X 93 mm. An
internal plate downstream from the diagnostics chamber
provides a seat for a pneumatically actuated gate valve. The
chamber bolts to the DTL endwall compressing a metal
vacuum seal. With this design, the RF conducting surface of
the DTL endwall experiences reduced deflection from pressure
and seal loading.

Vacuum System

The preliminary design of the vacuum system calls for
two ion pumps, one manifolded to each of the chambers
housing the buncher cavities. Vacuum gauges will be located
on available flanges on these chambers as well. The
aforementioned gate valve isolates the matching section and
DTL vacuum. This vacuum seal is achieved using an
elastomer seal compressed by a wedge. The shaft is offset due
to longitudinal space constraints and is coupled to the
pneumatic actuator prior to installation.

The beam line is composed of four sections of beam
tube. Each section has bellows on one end and a demountable,

three-point metal seal on the other. The bellows provides for
misalignment and thermal expansion. The demountable seal
permits assembly of the beam tube through the 24 mm bore
diameter of the VFPMQ. The seal is achieved by threading a
nut to the cover plates and displacing a keyed bushing to
compress the metal seal. A lock nut on the end of the beam
tube prevents slippage.

Support and Alignment

The two tiered cover plate, inlet BPM and toroid are
all supported by the RFQ. The exit diagnostics chamber is
cantilevered from the DTL endwall. The only matching section
components requiring independent support are the middle three
octagonal chambers housing the cavities and the center
diagnostics. The chambers will share a common support plate.
The base plate will be keyed longitudinally, so chambers may
be longitudinally positioned with transverse position fixed.
The alignment of the chambers on a common beam axis will
depend upon the machining tolerances of the octagonal faces
and flanges of the chambers as well as the flatness of the base
support By wire EDM machining the octagonal chambers and
grinding the base support, we expect to hold tolerances well
below the required 0.004" absolute allowable error. This is
necessary since random fiducialization and geodetic alignment
errors will add in quadrature to establish the total positional
error.

The base support will be adjusted using a six strut
support system similar to that used throughout the LINAC.
The rod ends are oppositely threaded with one rod end coarsely
thread and the other fine. The resolution is determined by the
difference in pitches. By using spherical rod ends, the system
is uniquely constrained and cannot stress the structure.
Likewise, no thermal stress can be developed in the matching
section as a result of constraint. The six struts attach the
support plate to a base plate which will connect to the LINAC
facility floor by a support stand.

Status and Schedule

The preliminary design has been completed for the matching
section. We are now working to develop fabrication drawings
for a critical design review in mid October of "92. Fabricated
hardware is to begin arriving at SSCL by mid March "93.
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Abstract

The Ion Source, Low Energy Beam Transport (LEBT),
and Radio Frequency Quadrupole (RFQ) of the Superconduct-
ing Super Collider (SSC) Linac act as a unit (referred to as the
Linac Injector), the Ion Source and LEBT being cantilevered
off of the RFQ. Immediately adjacent to both ends of the RFQ
cavity proper are endwall chambers containing beam instru-
mentation and independently-operated vacuum isolation
valves. The Linac Injector delivers 30 mA of H" beam at 2.5
MeV. This paper will describe the design constraints imposed
on the endwalls, aspects of the integration of the Ion Source
and LEBT, including attachment to the RFQ, maintainability
and interchangeability of LEBTs, vacuum systems for each
component, and the design of necessary support structure.

Introduction

The overall SSC Linac design incorporates a modular
approach, which maximizes the use of well established, low
risk RF cavity technologies. A unique feature of this Linac is
the serviceability of individual components, while the other
components remain under vacuum. This is especially impor-
tant for the RFQ because periodic maintenance and upgrading
of the Ion Sources and LEBTs is likely during the operational
life of the SSC.

Ion Source and LEBT

A Magnetron Ion Source and an Einzel lens LEBT sys-
tem is one of the candidates for the Linac Injector. This combi-
nation was chosen initially because of its reliability and
simplicity of mechanical integration into a compact package
capable of attachment to the RFQ. The vacuum system provid-
ing the 2000 1/s pumping requirement can be mounted within
the space constraints of the mobile equipment cart. Another
candidate is a RF Volume Source and Helical Electrostatic
Quadrupole (HESQ) LEBT. The parameters of the Ion Source
and LEBT are defined in Table 1.

Vacuum Enclosure

The Ion Source and LEBT are installed in a single vac-
uum vessel, divided into two chambers, which allows differen-
tial pumping. A conductance restriction barrier between the
chambers is created by the extraction cone aperture, its mount-

ing plate and a flexible skirt that extends to the inside diameter.
By eliminating the extra flange connection necessary for sepa-
rate Ion Source and LEBT vacuum enclosers, a Faraday cup
could be installed between the Ion Source and LEBT. This
approach also maximizes the cross section of the vacuum man-
ifolds for improved conductance at the chambers.

Table 1
Ion Source and LEBT Parameters

Ion Type

Output Energy

Output Beam Current
Pulse Length
Repetition Rate
Output Transverse Normalized
Emittance
Transmission (LEBT)
Output Transverse Emittance

H"
35keV

30 mA
100 us (nominal)

Single shot to 10 Hz

< 0.18 n mm-mrad (rms)

>99%
< 0.20 n mm-mrad (rras)

•Operated by the University Research Association,
Inc. for the U.S. Department of Energy, under contract
No. DE-AC35-89ER40486.

Alignment

Transverse alignment of the Ion Source/ LEBT is pro-
vided by a ± 1 mm adjustment range of the chamber across the
RFQ's endwall flange. To guarantee alignment repeatability,
brass bushings are matched drilled and pinned. The LEBT
transverse and axial adjustment is made through six small
access ports from outside the vacuum chamber. Tilt of the ion
beam entering the LEBT can be varied discretely at 0, ± l'and
± 2* to obtain the optimal beam into the LEBT, along with ± 2
mm range of transverse alignment adjustment between the Ion
Source and LEBT. This is accomplished by using a uniquely
machined Lexan isolation flange for each tilt angle, corrected
for the proper amount of offset required to locate the extraction
cone aperture on the LEBT's centerline.

Beam Instrumentation

Beam instrumentation consists of two current toroids; a
large diameter toroid is located at the exit of the LEBT, and a
small diameter toroid is incorporated into the extraction cone.
A Faraday cup deployed in the beam by a rotary actuator is
located between the extraction cone and the first element of the
LEBT.

Support Frame and Equipment Cart

The Source, LEBT and RFQ are bolted together forming
a single rigid unit that is supported by the RFQ stand. A sepa-
rate frame is provided to support the weight of the vacuum sys-
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tern for the Source and LEBT. Vacuum loads at the enclosure
are cancelled by using two pairs of opposing bellows. The sup-
port frame is configured to provide clearance and access to
components. In addition adjustable mounting locations for tur-
bopumps are provided in case a different Ion Source/LEBT
combination is installed. The frame is bolted to a welded alu-
minum equipment cart that integrates all major subsystems for
off-line mobility.

Vacuum System

The vacuum system for the Source and LEBT consists of
four 900 1/s (H2) turbopumps, isolated with automatic gate
valves and roughed with two backing pumps. One turbopump
is for redundancy - it guarantees availability of the source
should a pump fail. There are also four vacuum controllers
with individual sets of roughing and high vacuum gauges. The
gas loads consist of the hydrogen flow, surface outgassing and
elastomer seal permeation. All active vacuum system compo-
nents are hard-wired to the Ion Source Supervisory Control
unit.

Radio Frequency Quadrupole

The RFQ of the Linac bunches and accelerates the H'
beam received from the LEBT from 35 keV to 2.5 MeV. The
RFQ accelerator is the accelerator of choice between the Ion
Source and drift-tube Linac instead of the Cockcroft-Walton
high-voltage column used in earlier facilities. A considerable
amount of RFQ design and operational experience now exists
at many laboratories around the world. The basic design
parameters are defined in Table 2.

Table 2
Basic Cavity Parameters

Type

Frequency

RF Peak Power

Cavity Operating Temp

Design Vacuum Level

4-Vane

427.617 MHz

278 KW

40.5 °C

6.0 X 10 s Pa

Cavity

The RFQ cavity (along with slug tuners, monitors, and
drive loops) was designed and fabricated by Los Alamos
National Laboratory, in a collaborative effort with the Super-
conductive Super Collider (SSC) Laboratory, and is manufac-
tured of TeCu. It is a two-section design; each section is made
of four identical quadrants, electroformed together to create a
single structure. This approach was chosen because it required
no development effort, had great reliability and little risk, and
allows very stable RF tuning. There are two drive loops,
located at the half-power point of the cavity. There are eight
monitor loops, located at 90' intervals near each end of the

cavity.

Support Stand

The support stand for the cavity is a six-strut design,
selected for the simplicity of design, and ability to nearly inde-
pendently adjust one strut without changing the alignment of
the other struts. Each strut utilizes a differential thread, to
allow fine adjustments in the position of the cavity. There are
three vertical struts, two lateral struts and one longitudinal
strut. The stand is designed to support not only the 333 Kg of
cavity weight, but a cantilevered load induced by the Ion
Source and LEBT. The six-strut design allows thermal expan-
sion of the cavity created during the rise of the cavity from
ambient temperature to the operating temperature of 40.5' C.

The stand also supports the vacuum system of the RFQ
assembly, and the water inlet and outlet manifolds, used in
conjunction with the Temperature Control Unit.

Vacuum System

The vacuum system for the RFQ System consists of two
parallel 4501/s (N2) turbopumps with backing pumps, and gate
valves to isolate each turbopump from the cavity. There are
also two parallel vacuum controllers, with associated sets of
roughing and high vacuum gauges. There is a manifold on each
end of the cavity, mounted to the support stand, and connected
to the cavity with bellows. A gate valve and turbopump are
mounted under the manifold. Thus, all of the vacuum system
weight is supported by the stand. The system will reach the
operating vacuum level within a few hours. The gas loads con-
sists of cavity/manifold surface outgassing, elastomer seal per-
meation, and the gas load from the LEBT. AH active vacuum
system elements (turbopumps/controllers, gate valves, backing
pumps, beamline isolation valves, vacuum controllers, etc.) are
connected to the RFQ Supervisory Control, and hard-wired as
necessary for system safety.

Temperature Control Unit

The Temperature Control Unit (TCU) for the RFQ Sys-
tem maintains the cavity at a nominal operating temperature of
40.5* C. An elevated temperature was chosen to insure that
adding heat was the only control mechanism needed. This sim-
plifies the design, and increases reliability by eliminating a
chiller system. During initial setup, and as a maintenance/mon-
itor diagnostic, eight thermal sensors are affixed to the cavity
(one to each of the eight quadrants) to verify proper tempera-
ture of each quadrant and adjust the water flow rate, if
required, with a manual valve.

In normal operation, the TCU sends heated low conduc-
tivity water (LCW) to a manifold and the to the cavity. The
supply water temperature, measured exiting the centrifugal
pump, is compared to a selected setpoint, and corrected as nec-
essary either by activating the TCU heater, or adding relatively
cool water from the primary LCW supply. The eight sensors on
the cavity are used only to advise of out-of-range temperature
values.
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RFQ Cavity Endwall Chambers

Longitudinal space limitations dictated by the low emit-
tance requirement of the SSCL Linac have compelled the
designers of the Injector system to combine instrumentation
and gate valves within the RFQ cavity endwalls. These cham-
bers have been machined from solid 304L VAR (vacuum-arc
remelt) stainless steel using the ram Electric Discharge
Machining (EDM) process. This has resulted in an endwall
design which consumes less than 30mm of beamline space at
the entrance end, and less than 33mm at the exit end.

The primary function of the endwall is to complete the
RFQ resonant cavity enclosure. To this end the surfaces facing
the interior of the cavity have been plated with copper, vapor-
deposited, and equipped with stabilizer rods machined from
the same tellurium-copper alloy that comprises the cavity
structure. On the opposite side of these surfaces begins the
instrument chambers.

Beam Instrumentation

The features in the instrument spaces at each end of the
cavity include four instrument ports oriented in a right cross
configuration, providing radial access to a shared beamline
space. Available instrument space is approximately 16mm
measured on beam axis (Z), by 48mm transverse. Linear actua-
tors for positioning wire scanners, apertures and a Faraday cup,
will slew 130mm radially from their integrated mounting
flanges on the periphery of the chambers. Ports are oriented at
45° angles with respect to the vertical, and are equipped with
round and diamond alignment pins for accurate positioning.
Metal seals will be used between instrumented linear actuators
and the chambers.

Isolation Gate Valves

Electrically controlled, pneumatically operated gate
valves have been designed (in cooperation with VAT Valves),
to operate independently of diagnostics in dedicated space at
the RFQ cavity ends. The isolation valves will close radially
from a mounting position on the perimeter of the endwall
chamber assembly between adjacent instrument ports. They
can be operated while instruments are deployed without inter-
ference.

Tuning

A 14-mm hole in each quadrant of the endwalls permits
measuring the field distribution along the RFQ using the bead
pull technique with the endwalls installed. The RFQ endwalls
mounting scheme permits the adjacent accelerator compo-
nents, the Low Energy Beam Transport or the Drift Tube Linac
Matching Section, to be demounted while they or the RFQ
remain under vacuum.

Manufacturing

The endwall chamber assemblies were machined, plated
and inspected at Allied Signal Aerospace Company's Kansas

City Division manufacturing facility, to prints provided by
SSCL. Among the many manufacturing difficulties which were
overcome as work progressed include rejection of the original
material due to inclusions and voids (discovered during ultra-
sonic testing of the raw blanks), meeting the high tolerances
demanded of the diagnostic port and RF surface machining, the
drilling and tapping of sixty-six holes and twelve alignment
pin holes (in each endwall structure), and the generally difficult
character of the stainless steel material used. Large volumes of
the parent material were removed, mostly by the ram EDM
process.

Status and Schedule

The present SSC schedule calls for first beam through the
RFQ on the test stand in Central Facility by November 1992.
In support of this we are planning on installing the RFQ in
September and performing beadpulls and RF conditioning in
October. The Ion Source and LEBT development tests are
ongoing, the integration of a Magnetron/Einzel lens LEBT
combination to the RFQ is scheduled for late October.
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Abstract

A collaboration between the Superconducting Super
Collider Laboratory (SSCL) and the Los Alamos National
Laboratory (LANL) for the engineering and mechanical design
of the SSCL Coupled-Cavity Linac (CCL) has yielded an
innovative example of the well known side coupled-cavity type
of linear accelerator. The SSCL CCL accelerates an H- beam
from 70 MeV to 600 MeV with an rf cavity structure
consisting of eight tanks in each of nine modules for a total
length of about 112 meters. Magnetically-coupled bridge
couplers transfer rf power from tank to tank within a module.
A single rf power input is located at the center bridge coupler
of each module. The bridge couplers permit placement along
the beam line of combined function focusing/steering
electromagnets and diagnostic pods for beam instrumentation.
Each tank and bridge coupler is rf frequency-stabilized
nominally to 1,283 MHz by water pumped through integral
water passages. Air isolation grooves surround the water
passages at each braze joint so that water-to-vacuum interfaces
are avoided. Each tank is supported by adjustable spherical-
bearing rod-end struts to permit alignment and accommodate
thermal expansion and contraction of the rf structure. Tank
struts, electromagnet/diagnostic pod support frames, vacuum
manifolds and utilities are all mounted to a girder-and-leg
support stand running the full length of the CCL.

Coupled-Cavity Linac

The Coupled-Cavity Linac (CCL) is the fourth and final
accelerator of the SSCL Linac. An H- beam from the Drift
Tube Linac (DTL) enters the CCL at an energy of 70 MeV.
The CCL efficiently accelerates the beam to an energy of 600
MeV. From the CCL, the beam travels through the CCL
Transport Line to the Linac - Low Energy Booster (LEB)
Transfer Line to the LEB.

The SSCL CCL consists of 72 side coupled-cavity tanks.
Each of nine modules contains eight tanks, and each tank
increases in length as the beam energy increases. The 63
magnetically-coupled bridge couplers, seven per module, also
increase in length, except for a length adjustment after CCL
Module 2. Each module is independently powered, with no
bridge coupler spanning the tanks between modules. Basic
design parameters are defined in Table 1.

TABLE 1
Basic Rf Structure Parameters

Structure Type

Frequency
Rf Peak Power
Rf Pulse Length
Repetition Rate
Tank Rf Power Dissipation
Module Water Flow

Structure Operating Temp.
Design Vacuum Level

Tanks, side-coupled.
Bridge couplers,
magnetically-coupled
1283 MHz (nominal)
15 MW
60 microseconds
Single shot to 10 Hz
lkW

23 x 10"4 m3/sec (36 gpm)
40.5 "CJnominal)

8 x 10"6 Pa (6 x 10"8 torr)

•Operated by the Universities Research Association, Inc., for
the U.S. Department of Energy, under contract No. DE-AC35-
89ER40486

Rf Structure

SSCL and LANL personnel have performed rf structure and
support systems engineering analyses and developed
mechanical design interfaces between the CCL rf structure and
the CCL support systems such as the support stand, vacuum
manifold and Linac utilities.

Rf Structure Design

Since the tank and bridge coupler lengths increase along
the CCL, the detail design drawings of the rf structures are
being prepared by LANL using a design tool called Graphics
Interactive Programming (GRIP). The first tank and bridge
coupler are drawn using traditional CAD techniques. The GRIP
program then automatically generates new drawing sheets for
each subsequent tank and bridge coupler by reading an input
file containing those dimensions which change according to
beam physics and energy level.

The most basic unit of the CCL tank rf structure is the
monolithic half-cavity. The monolithic style was selected on
the basis of several advantages. The small size of the 1283
MHz rf structure simplifies lathe and mill machining of the
tank half-cavities. The monolithic style also requires fewer,
less complex braze joints than other construction methods.
The bridge couplers are even simpler, consisting of cylinders
and disks brazed together with monolithic end cells. The parent
material of the CCL tanks and bridge couplers is OFE copper
per ASTM F68, Class 2 or better, selected for its high
electrical conductivity and compatibility with hydrogen brazing
processes. The material can be procured in either cross-grain
forged or plate stock raw forms.

The tank and bridge coupler rf cavity outer profiles are
dimensioned and toleranced to allow the copper supplier to pre-
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machine the outer perimeter of the cavities and supply them
ready for rough machining of the physics dimensions. Tank
half-cavity body height is identical throughout the CCL for
uniformity of support stand and vacuum manifold design. Tank
end cell and bridge coupler height must be identical throughout
the CCL due to the fixed height of the beam line components
under the bridge couplers of each module.

The shape of the tank and bridge coupler rf cavities permits
use of integral water passages for frequency stabilization of the
rf structure. Of the water passage designs considered for this
CCL, integral water passages are the simplest, the cheapest to
manufacture and have the best thermal characteristics. With
integral water passages, however, all types of corrosion must
be inhibited over the 25-year minimum operating service life
of the CCL. Materials selection (gold/silver/copper braze
alloys and copper parent material) is an important factor
inhibiting galvanic corrosion in low conductivity water. Also,
the water velocity is selected to minimize both pitting
corrosion and erosion in the water passage walls. A stated
requirement to avoid any water-to-vacuum braze joints led to
the use of air isolation grooves machined concentric to the
integral water passages of the tank half-cavities and diagonally
across the comers of the bridge coupler cavities. When stacked
for brazing, each of the four water-to-vacuum interfaces in the
braze joint is isolated with a band of air. These "weep holes"
ease the task of isolating water leaks in the integral water
passages or vacuum leaks in the tank accelerating cell and
bridge coupler cells.

Slots milled in the tank and bridge coupler cavity sidewalls
permit tuning the cavities by dimpling the copper wall in the
bottom of the slots. Precision holes are machined in the
corners of the cavities for stainless steel alignment dowel pins.
Two of these holes are used for cavity alignment during
tuning, and two are used to maintain cavity alignment during
brazing. The pin holes are oriented symmetrically and hold the
pins with a relatively loose fit to prevent binding during
brazing.

An important factor in the rf structure design is the
selection of braze alloy form and composition. All of the tank
and bridge coupler braze joints use a foil braze alloy to ensure
full joint wetting for high strength and vacuum integrity. Step
brazing processes influence the selection of alloy composition,
which in turn determines braze joint design. For any particular
tank, the first braze joins two half-cavities at a braze joint
designed for a braze alloy thickness after brazing of 0.05 mm.
While the alloy composition for this step has not yet been
selected, both 50% gold - 50% copper and 80% gold - 20%
copper foil alloys retain their thickness after brazing, and either
could be used in this joint. The stack braze which joins pairs
of half-cavities with end cells for a full tank requires a 72%
silver - 28% copper foil alloy which does not retain its
thickness after brazing. This braze joint design does not
account for any braze alloy thickness after brazing. In general,
the brazing process must be closely monitored to ensure good
dimensional control and reliable, vacuum and water leak-tight
braze joints.

Rf Structure Interfaces

A vacuum nipple brazed into each tank coupling cavity
allows access to the internal coupling cavity posts for tank
tuning. In normal operation, the upper vacuum ports are
capped and the lower ports interface through bellows to a
vacuum manifold. These vacuum ports are the same height
throughout the CCL to simplify support stand and vacuum
manifold design. The inlet and outlet beam line vacuum
flanges are a quick-disconnect style with clamp chain
couplings and metal o-ring seals. These flanges are brazed into
the tank as well as four rf monitor-probe interface flanges, one
each on the tank end accelerating cells for monitoring magnetic
fields in the tank and one each on the tank end cell coupling
cavities for tuning a module with the bridge couplers in place.

An additional rectangular flange brazed to each end of most
tanks and all bridge couplers mates the two rf structures. These
flanges and associated seals provide both a vacuum and an rf
joint. The same flange and rectangular metal o-ring vacuum
seal are used for all of the CCL modules, with only the flange
mounting interface differing between modules. The if seal is a
canted-wire type which can easily be custom fit to the different
module tank and bridge coupler end cell rf surfaces. This tank-
to-bridge coupler interface is a hard-bolted joint with no
compliance other than the ability of the annealed copper tank
end cell coupling cavity walls to deform. These walls have
been deliberately thinned so that any tank and bridge coupler
flange misalignments are accommodated by deformations in
the walls. The coupling cavity can then be retuned by pushing
or pulling on thread inserts located in the tank end cell
coupling cavity end walls. Four alignment target holders,
brazed on the access aisle side of each tank, hold steel-ball
alignment targets which permit precision alignment of the
tank to the linac beam line within the required ± 0.1 mm.
Lines of sight are clear to all four alignment targets from the
floor monument-mounted alignment instrumentation.

Support Systems Mechanical Design Features

The CCL rf structure is supported along the linac beam
line by a series of six-strut support systems mounted on
girder-and-leg support stands spliced along the full length of
the CCL. Each individual stand supports two tanks, a bridge
coupler, a vacuum manifold and water supply and return
manifolds (see Fig. 1).
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[vacuum manifold
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:i

legs-

p water manifolds |

Fig. 1 Individual CCL Support Stand

Also mounted on the individual support stand are two
intertank support frames holding an electromagnet, a
diagnostic pod and other beam line components. All of this
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equipment is self-contained on the individual support stand. A
set of temporary legs and casters are mounted to the support
frame to facilitate handling in the laboratory and linac tunnel.
After laboratory tank tuning, the support stand with its tanks,
support frames and manifolds is lowered to the linac tunnel,
wheeled into place and installed. The temporary legs and
casters are removed, the ends of the stand are spliced onto and
supported by the legs of the previous support stand and the
legs are bolted to the concrete tunnel floor. Shim packs under
the leg pads provide rough alignment of the girders, and the six
adjustable struts provide the fine tank-to-beam line alignment
necessary to install the module bridge couplers.

Individual tanks are supported on ledges machined into
three tank support brackets, each of which is bolted into thread
inserts in the sides of the tanks. After snugging the bracket
onto the tank, two roll-lock pins are match-drilled and inserted
through the bracket and into the tank to secure the bracket in
place. Lifting eyes attached to the top of these brackets provide
for stable lifting. The bridge couplers also have a lifting eye
threaded into each end. The tank support brackets provide the
interfaces for the individual struts of the six-strut support
system. The three vertical struts each bolt to the mid-plane of
a bracket. The two horizontal struts and the one longitudinal
strut each bolt to the bottom of a bracket. The two rod-ends of
each strut have right-hand threads with a different pitch
permitting fine adjustments to the position of the tank. During
module installation, each tank is supported and adjusted in the
longitudinal direction by its own longitudinal mini-strut. This
longitudinal adjustment is necessary because a dowel pin must
align with dowel pin holes drilled in each tank and bridge
coupler rf/vacuum flange before the bridge coupler drops onto
the tank at the proper location. With the bridge couplers
installed, however, the bridge couplers become the longitudinal
struts and the entire module is supported longitudinally by one
longitudinal strut on tank 4 or 5 of the module. Thermal
expansion and contraction in the module occurs cumulatively
to either side of this one longitudinal strut. The spherical
bearings in the strut rod-ends permit the tanks to expand and
contract as necessary without binding or stressing the if
structure. This six-strut system provides a simple tank support
scheme that easily accommodates thermal expansion and
contraction of the CCL modules.

The CCL tanks and bridge couplers are frequency-stabilized
by pumping low conductivity water through water passages
integral to the tank and bridge coupler rf structure. This
frequency stabilization system maintains near-identical
temperature profiles and resultant structural displacements
throughout each tank and bridge coupler so that they resonate
at the same frequency. A Temperature Control Unit (TCU)
pumps the water through supply and return manifolds and
supply and return tubing to each tank and bridge coupler. A
fractional-to-metric tube connector mates the inch sized tubing
to the metric female threaded ports brazed into each tank and
bridge coupler. During module installation, the water supply
and return manifolds on each support stand are spliced together
to create common supply and return manifolds. One TCU
controls the bulk water temperature within the tanks and bridge
couplers of a module to within ± 0.1 °C. A temperature
monitor on each end of each tank senses the rf structure
temperature and sends a signal to the CCL supervisory control

system, which in turn controls the TCU. The water supply and
return manifolds are designed as a reverse return system.
Supply water entering the first tank must enter at the end of
the return manifold and flow through the entire length of the
return manifold, where back pressure is sufficient to balance
the water flow in the module rf structure.

During module installation, the vacuum manifolds on
individual support stands are bolted together to create a
common module vacuum manifold. The module vacuum
manifold is supported by eight floor-mounted, 5001/sec ion
pumps. This quantity and capacity of ion pumps has been
nominally specified to maintain the required vacuum level in
the module. The manifold is attached to each tank by eight
bellows and vacuum flange assemblies. When the manifold is
evacuated, the weight of the ion pumps counters the
atmospheric pressure loads tending to push the manifold
toward the tanks. When the ion pumps are removed, the
manifold drops to a stand web designed to cradle the manifold.

Between every pair of tanks in the CCL, a frame supports
both a combined function steering/focusing electromagnet and
a diagnostic pod. Extending from this package are the beam
tube, two edge-welded bellows and two or more vacuum flange
couplings. The bellows permit independent alignment of the
intertank support frame and accommodate thermal expansion
and contraction of the rf structure. Bolted to a bar spanning the
longitudinal girders of the support stand, the intertank support
frame provides a three-point adjustment support for fine
alignment of the magnet/diagnostic pod package to the beam
line. Also mounted on the beam line between modules is a
vacuum isolation valve permitting replacement of beam
instrumentation within a module without loss of vacuum in
other modules. If a vacuum leak is detected in a module, the
electro-pneumatic valve closes within one second to protect
other CCL modules from contamination.

All of the support stands have the same height and width,
but the length of an individual support stand is determined by
the length of the tanks and bridge couplers it supports. For
this reason, the CCL design team will use a GRIP program
similar to that used for the rf structure to prepare the support
stand and manifold fabrication drawings. The general
configuration of the support stands will be replicated
throughout the CCL, but the stands will be lengthened as the
tanks and bridge couplers lengthen.

Status and Schedule

The preliminary design review (PDR) of die rf structure
was successfully passed on 28 April, 1992. The preliminary
design requirements review for the support stand and related
support systems will be held in September, 1992, and the
PDR will probably be held in October, 1992.

The SSCL CCL is being fabricated by SSCL, LANL and
the Institute of High Energy Physics (IHEP) in Beijing,
China. The three laboratories will share CCL Module 1
construction with delivery scheduled for early 1993. IHEP will
fabricate CCL Modules 2 through 9 with a phased delivery
scheduled to conclude in June, 1994.
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Abstract
A prototype of the rf separator for CEBAF has been

made and successfully beam tested. This structure is a
new design which has a high transverse shunt impedance
together with a small transverse dimension compared to
more conventional structures. Five rf separators will be
used at CEBAF to allow beam from any one of the five
recirculation passes to be delivered to any of the three
experimental halls. This paper presents the basic design
of the structure, and theoretical, rf, and beam-test results.

Introduction

The electron beam at CEBAF recirculates five times
through two superconducting linacs before reaching its fi-
nal energy. In this scheme, it is desirable to break away
some of the beam from the first, second, third, or fourth
pass to have access to the beam at some fraction of the final
energy. Four of the rf separators are used for this purpose.
One separator is located after each pass to separate one
out of every three bunches away from the main path into
one of the experimental halls. The fifth rf separator has
a somewhat different function. It is dedicated to the fifth
and final recirculation pass to split the final-energy beam
into three directions to be delivered to the three experi-
mental halls. The CEBAF accelerating cavities operate at
1497 MHz, while all the rf separators operate at 499 MHz.
Since the separators' frequency is one-third of the main
frequency, they can kick the beam bunches in two or three
different directions depending on the phase of the rf, as
illustrated in Figure 1. Figure la corresponds to the first
four separators, and lb corresponds to the last separator's
operating phase.

The rf separator structure is a new design [1] which
combines high transverse shunt impedance with smaller
transverse dimensions. With this design, 1.5 kW of rf
power is enough to produce the required 0.1 mrad deflec-
tion in the case of Figure lb at 4 GeV. To test our new
design, a prototype was built and rf and beam tested. The
beam test was done using the 45 MeV beam from the CE-
BAF injector. With a 45 MeV beam, one only needs on
the order of 10 W of rf power to produce large enough sep-
aration to make the necessary measurements. The test was
carried out with successful results. The following sections
present the basics of the structure and the results of the
tests.

Design Principles

The basic structure is shown in Figure 2. It is a cylin-
drical cavity with two rods placed along the z axis and

connected to one end of the cavity. There are gaps between
the rods and the cavity wall on the other end. The cavity
is a 1/4 wavelength resonator. For deflecting the electrons,
we are interested in the mode in which the rf current runs
in opposite directions on the rods and the rods have oppo-
site voltages. This creates an electromagnetic field which
is locally very close to a TEM dipole mode (except the gap
region). Here, the rods play an important role. They con-
centrate the field in the central region of the cavity, which
leads to higher transverse shunt impedance (R±_ = -£*),
200 to 500 Mfl/m. By concentrating the field in the cen-
ter, the rods also make the outside cavity diameter less
important-which means the cavity diameters can be made
smaller, even as small as 15 cm for 500 MHz.

3.) two beam creation

b ) three beam creation

Fig. 1 Separation of the beam bunches through the RF
separator field.

gap
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"Supported by D.O.E. contract #DE-AC05-84ER40150

Fig. 2 The basic 1/4 wavelength structure.

The dipole mode described is not the lowest mode
of the cavity. The lowest mode is the one in which both
rods are at the same potential and the rf current runs in
the same direction on both. The main potential is only
across the gap, between the rods and the cavity wall. The
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magnetic field in this mode circles around both rods very
much like the 5-field pattern in a coaxial transmission line.
There is no dipole field in this mode.

Now, one can couple together two of these basic struc-
tures by adding the structure to its mirror image (x mode)
forming a 1/2 wavelength structure as shown in Figure 3.
(In other words, put two 1/4 wavelength structures fac-
ing each other and remove the wall in between.) The 1/2
wavelength structure will have the same performances as
the original basic cells. We used a 1/2 wavelength structure
for our test. Figure 4 shows the electric and magnetic field
patterns for the desired dipole mode. The B-field on the z
axis is in the same direction through the length of the cav-
ity while the I£-field changes direction. Both electric and
magnetic fields contribute to the total deflection (about
40% and 60% respectively). For maximum deflection, a
beam bunch should enter the cavity when the J?-field is
maximum and B-field is minimum.

MAFIA is used to calculate the properties of this cav-
ity. The frequency of the dipole mode increases with gap
size and distance between the two rods, but it depends
weakly on the outside diameter of the cavity. Table 1 lists
the parameters of the test cavity. For the final rf separa-
tors, we intend to again couple two of these 1/2 wavelength
cavities and make a 60 cm long structure. According to
the MAFIA results, Rx/Q of our structure is 47 kft/m,

v2

where R± = -£• and V± is the integrated deflection volt-
age. Therefore, assuming Q = 5000, R± - 240 Mfi/m.
The required rf power for a separation angle of 0.1 mrad
at 4 GeV is:

p=V^_ _ (4GeV x 0.1mrad/sin60°)2 _
RLl (236Mn/m) (0.60m)

This is the rf power needed for the actual rf separators.
For our test, however, we used the electron beam from the
CEBAF injector at only 45 MeV. Consequently, 9.5 W of
rf power can produce a separation angle of 0.5 mrad or
0.5 cm separation at 10 m away. This is a large enough
separation to see on a view screen.

Table 1
RF Separator Test Cavity Parameters

Target frequency
Cavity length
Cavity diameter (dout)
Gap between facing rods
Rod separation (center to center)
Rod diameter (d)

499 MHz
30 cm
33 cm
2 cm
4 cm
2 cm

Test Cavity Construction and RF Test

A test cavity with the dimensions listed in Table 1 was
constructed. The cavity is made up of one cylinder, two
end caps, four rods, and two tuners. The four rods mount
on the end caps, two on each end. Then, the end caps are

= J./2
Fig. 3 The basic 1/2 wavelength structure.

Fig. 4 E'-field (left) and B-field in y-z plane.

bolted to the flanges on each end of the cylinder. These
are O-ring flanges which have a raised step on an inner
circle to provide the rf contact between the end caps and
the cylinder. The rods are made of copper, but the cylin-
der and the two end caps are stainless steel plated with
copper. Since one can not incorporate all the geometrical
details into MAFIA to arrive at the exact resonant fre-
quency, the rods were intentionally made slightly longer
than needed. This resulted in a lower resonant frequency,
about 489 MHz. Then, through several iterations the rods
were cut shorter and the resonant frequency was raised to
about 1 MHz above the 499 MHz target. The final tuning
was done with capacitive tuners which come in at the cen-
ter of the cavity and are capable of driving the frequency
only down as much as 20 MHz with almost no degradation
of the Q factor.

Figure 5 shows the frequency spectrum of the cavity
(before tuning) from 320 to 580 MHz. The lowest mode
in this figure at 337 MHz is the coaxial mode described
before, where the currents on the rods run in the same di-
rection and the potentials of the left rods are the same, but
opposite to potentials of the right rods (+ l ) . Therefore,
there are no electric or magnetic dipole fields on the z axis
in this mode. The second mode at 501 MHz is our desired
mode. In this mode each rod is at opposite potential with
respect to the rod paralleling or facing it (1 + ). The two
other modes seen above the desired mode are new modes
not present in the 1/4 wavelength cavity. One mode has
all rods at the same potential (+ +) and opposite to the
inner surface of the cylinder. The other, labeled mode 4, is
another dipole mode ( 1 1 ) . But the magnetic and electric
dipole kicks act in opposite directions and the total effect
is only the difference of the two kicks, which makes the
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Rj_ considerably lower. There are many other higher-order
modes, but the important point here is that mode mixing
is not a problem for this particular geometry. The desired
mode is separated from its nearest neighboring mode by
about 40 MHz.

The measured unloaded Q factor for the dipole mode
(mode 2) is 5400. No sign of multipactoring was seen up
to three times the rf power levels needed for this test.

Beam Test Results

As we mentioned before, the 45 MeV electron beam
from the CEBAF injector was used for this test. The ex-
perimental setup was simple: a network analyzer produced
the 499 MHz rf signal, which was synchronized to the 10
MHz main CEBAF rf reference signal. Next was a phase
shifter and then a 50 dB amplifier. The output of the am-
plifier went to the separator cavity. A small pickup loop
in the cavity takes a sample of the rf in the cavity and
returns it to the network analyzer. At approximately 9 m
downstream from the separator cavity, the beam can be
seen on a view screen and by a harp (a wire scanner).

As soon as the rf was turned on to the cavity, the one
beam spot on the screen was split into three spots (Fig. 6).
Changing the rf phase changed the relative positions of the
three spots. Since the beam is split in the y direction, the
beam is focused in y and defocussed in x to give a sharper
signal when scanned in the y direction. Figure 7 shows the
harp traces of the beam for the two rf phases in Figure 1.
The first signal on the harp trace is the x scan and the
others to the right of it are the y scan. Using the amount
of the beam separation vs. rf power, the measured R±/Q
was determined to be 43.8 ± 2.4 kfi/m.

We tried to measure the field uniformity by moving
the beam within the cavity aperture and observing the
change in the amount of the deflection; however, we did
not see a significant change. In our next experiment we
plan to perform a more accurate measurement of the field
uniformity and its effect on the beam emittance. The uni-
formity of the field can be improved, if needed, by changing
the rods' profiles.

No special cooling of the cavity was done for this test
and the resonant frequency shifted less than 50 kHz only
between rf on and rf off.

Conclusion

This has been a proof of principles experiment with
successful results. We have established that this new de-
sign is viable for the CEBAF rf separator.
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Fig. 5 Cavity modes from 320 MHz to 580 MHz.

Fig. 6 The separated beam on the view screen.
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Fig. 7 Harp scan of the beam for a) two and b) three

beam creation.
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Abstract

This paper describes a video diagnostic system used to
measure the beam profile and position of the Ground Test
Accelerator 2.5-MeV H" ion beam as it exits the inter-
mediate matching section. Inelastic collisions between H'
ions and residual nitrogen in the vacuum chamber cause the
nitrogen to fluoresce. The resulting light is captured
through transport optics by an intensified CCD camera and
is digitized. Real-time beam-profile images are displayed
and stored for detailed analysis. Analyzed data showing
resolutions for both position and profile measurements will
also be presented.

Introduction

A diagnostic that measures the horizontal and vertical
beam width and position of a high-current H" particle beam
is needed to monitor the output of the IMS. H~ ions collide
with residual nitrogen in the vacuum chamber, causing the
nitrogen to fluoresce, primarily at wavelengths of 394 and
427 \im [1] and [2]. The video approach was selected
because of its nonintrusive nature and relatively small
longitudinal dimension (2.0 cm). The system consists of a
set of optics used to relay the beam image to an intensified
CCD camera array, electronics to remotely control the
camera and a piezoelectric valve (used to inject gas into the
vacuum for increased light output) and a control system.
The control system is used for data acquisition and analysis
as well as to control the camera, intensifier and gas valve
remotely.

Configuration

The video profile monitor (VPM) can be subdivided
into three subsystems: optics, electronics, and controls.

Optics

Each optical system (x and y axis) consists of two
lenses inside the vacuum vessel that relay the image to a
third motorized lens which is attached to an intensified CCD
camera. The camera is located outside the vacuum vessel in
a light-tight box (Fig.l). The first lens is located 10.5 cm
from the beam axis and captures the maximum amount of
light, given our physical constraints. The second lens
captures all the light transmitted through the first lens and
forms an image of the beam between the second lens and the
camera lens.

*Work supported and funded by the US Department of
Defense, Army Strategic Defense Command, under the
auspices of the US Department of Energy.

All light is then captured by the camera lens and re-imaged
on the CCD array. An extension tube is placed between the
lens and the camera to properly focus the image on the array.
All the lenses have broad band AR (anti-reflection) coatings
for maximum transmission. The total transmission of the
optical system is estimated to be approximately 85-90%.
The scale factor of the system is 75 microns per digitized
pixel and there are 512 digitized pixels per image line.

Intensified
Cmnwra

Fig. 1. VPM hardware configuration.

While the vacuum vessel is open, lenses 1 and 2 can
be individually moved along the optic axis to optimize the
image clarity. The zoom, focus, and iris settings for the
motorized lens can be controlled remotely at any time. Once
the vacuum vessel is closed, only the motorized lens can be
adjusted.

The integration time (gate width) and the intensifier
gain of the camera can also be controlled remotely. The
optical gain of the camera is 20 k. The signal-to-noise ratio
for a typical data set is approximately 60:1 with a gate width
of 300 /is, 25 mA of beam current and an estimated gas
pressure of 1 x 10"^ Torr in the VPM region during data
acquisition.

Electronics

As shown in Fig. 2, the electronics consists of several
subcircuits which handle separate functions.
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Fig. 2. Video profile diagnostic block diagram.

One subcircuit consist of a piezoelectric valve driver
which opens the valve for a specified duration, usually 3 ms.
As a precautionary measure, this subcircuit also includes
electronics which limit the time the valve remains open. A
second circuit allows the camera gate and gain to be
controlled remotely, either manually or under computer
control. The lens controllers allow the lens functions (i.e.,
zoom, focus, etc.) to be controlled remotely, either manually
or under computer control. A timing module housed in the
VME crate controls all timing functions. This timing card
is also the driver for reference LEDs which are used to
calibrate the system. All digitization is done in the video
VME crate [3].

Controls

The VPM controls system incorporates the GTA
control system to perform the basic hardware functions of
setting the focus, zoom, and iris positions on the motorized
lens. It also controls the intensifier gain and gate for the
camera and the nitrogen flow through the piezoelectric valve.

Data is acquired and stored as an 8-bit image having
dimensions of 512 by 240 pixels. Real-time plotting of a
single row or column of data as well as its full-width half-
maximum width is available at a rate of 10 Hz. Off-line
data analysis is available as described in Ref. [3].

Data Acquisition and Analysis

Once the system was optimized, VPM data was taken
at several settings of the field strength of the last two quads
on the IMS. Emittance runs were taken in conjunction with
the VPM data to characterize the validity of the VPM data.

The initial results of the on-line data analysis indicated
a width much greater than expected. Subsequently the video
profile images were transferred to a Macintosh in PICT
format for analyses using Spyglass-Transform [4] and Sigma
Plot [5]. The data was fitted to the following equation:

Where an is the amplitude multiplier, mn is the mean,
sn is the standard deviation and b is the dc offset. The dc
offset is due to the system background, which includes dark
current in the CCD array, luminous background, digitizer
noise, etc. This same equation fits data taken from an image
of the reference leds. This implies that the tails in the data
are a systematic effect and is assumed to be photons in the
intensifier leaking into adjacent pixels. One Gaussian
represents the data; the other represents the leaking effect.
Figure 3 shows the raw data with its fitted curve
superimposed. Width and position information are then
extracted from the data using Eq. (1).

Raw Data and its Fit

Raw Data

Fitted Curve

-10 -5 0 5

Position (mm)
10

(*-».)'
(1)

Fig. 3. Raw data plot with fitted curve superimposed.

This analysis worked well and was used to analyze all
the data.

Results

The analyzed data was compared to width and position
information obtained using a slit and collector. Because the
slit is several centimeters from the VPM, the slit and
collector data was traced back to the VPM location using
TRACE 3D and REANE. TRACE 3D is an interactive
beam-dynamics code that calculates the envelopes of a
bunched beam through a user-defined transport system.
REANE is an analysis code that can take a measured phase-
space distribution and propagate it through a user-defined
transport system. In both cases the resulting information
gave beam widths at the VPM location. The VPM data and
REANE processed data are given in Figs. 4 and 5.

The centroid information obtained from the slit and
collector runs were also traced back using REANE to obtain
the beam centroid position information. The beam locations
using the slit and collector data are compared to the VPM
data and shown in Figs. 6 and 7.
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Conclusions

The above results show that both position and width
information agree quite well with the slit and collector data.
With the experience gained, we are now ready to modify the
controls system so the VPM can be used as a turnkey
diagnostic. The VPM diagnostic as implemented at Los
Alamos has proven to be a reliable diagnostic which will
benefit GTA.
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Fig. 4. Horizontal beam widths measured using the
slit and collector gear and the VPM for several
IMS output quad settings.
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Fig. 6. Vertical beam centroid location as measured
using the slit and collector gear and the VPM
for several IMS output quad settings.

Horizontal Beam Position (mm)
1.0

E

o

o

0.5-

o.o-

-0.5-

-1.0

REANE Position
VPM Position

2 3
Data Set

[1]

0 1 2 3 4 5

Data Set

Fig. 5. Vertical beam widths measured using the slit
and collector gear and the VPM for several
IMS output quad settings.
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Abstract

In RF cavity design, numerical modeling is assuming
an increasingly important role with the help of sophisti-
cated computer codes and powerful yet aifordable comput-
ers. A description of the cavity codes in use in the accelera-
tor community has been given previously. The present pa-
per will address the latest developments and discuss their
applications to cavity tuning and matching problems.

Introduction

Over forty papers presented at LINAC90 involved
some level of simulation effort in a cavity design. This
suggests that numerical modeling, at least of RF cavi-
ties, has gained wide acceptance in the accelerator com-
munity. The same is also true in the microwave tube in-
dustry where R ic D work on cavity design relies heavily
on computer simulations. One outstanding contributing
factor to this development is the availability of increas-
ingly sophisticated computer codes, particularly those that
model in three dimensions. Many accelerator components
are inherently three-dimensional (3D ) such as the input
coupler cavity in a linac. Another factor can be attributed
to the advent of powerful yet affordable computers with
sufficient memory and a fast enough processor to make
feasible the simulations of realistic structures. Specifically,
we refer to the engineering workstations that have become
competitive and even superior to supercomputers in cost
and performance. Although the present paper is primar-
ily concerned with computer codes, the importance of this
new computing environment should not be overlooked as it
holds the promise to realize numerical modeling as a viable
computer-aided-design tool for RF cavity engineering.

A description of the cavity design codes in use in the
accelerator community can be found in the compendium
put forth by the Los Alamos Accelerator Code Group
(LAACG) [1] and will not be repeated here. A summary of
field and particle solvers has also been given previously [2].
This paper will instead focus on the latest developements
in 3D electromagnetic codes (no beam effects) that are
relevant to RF cavity design. We will demonstrate their
applications with practical examples from various research
projects at SLAC. These include the design of periodic
structures, waveguide-loaded cavities and travelling wave
components. The paper will begin with some comments
on computer-aided-design, to be followed by brief discus-
sions on finite difference versus finite element codes and on
frequency-domain versus time-domain simulations. After

* Work supported by Department of Energy, contract
DE-AC03-76SF00515.

the presentation of the numerical results, we will conclude
with several final remarks on the future direction of RF
cavity modeling.

Computer-aided-design (CAD)

CAD is already firmly established in many engineer-
ing disciplines and its advantages are well recognized.
Among them are shorter design cycles and higher first-
time success rate. For RF cavity designers, CAD has
been in existence for over twenty years in codes like LALA
and TWAP which model cylindrically symmetric struc-
tures. Since then they have been superseded by other two-
dimensional (2D) codes, most notably SUPERFISH and
URMEL. These programs have through the years, saved
the cavity designers a considerable amount of time and ef-
fort in actual modeling and cold-tests. Using these codes,
one can optimize a cavity's parameters to design specifica-
tions and learn about properties of the cavity which other-
wise would have been difficult to determine experimentally
(e.g. the peak fields on the cavity walls).

While the usefulness of 2D codes is indisputable, ac-
celerators and power sources are comprised of many non-
symmetric structures that require 3D modeling. The input
coupler cavity in a linac has been mentioned as an exam-
ple. Another is the output cavity of a klystron. These
critical components are responsible for power input/output
therefore their specifications have to be optimized for per-
formance. At the same time one has to ensure that in-
stabilities, beam or RF related, have been avoided. In
the absence of a design tool, the engineering of these cav-
ities could understandably be time consuming and costly
as many design requirements have to be met. But that
situation is changing as 3D codes are beginning to make
an impact on the design process.

The significant task of developing a 3D CAD program
requires substantial human resources and expertise and
has been the main thrust of several code groups in the
past decade. The MAFIA and ARGUS codes are exam-
ples of such multi-year team efforts, and there are others.
Even though developmental work on most of these codes
is still continuing, many complex cavities and structures
can already be evaluated and analyzed using the capabili-
ties presently available. This is an important step because
it has become apparent that 3D codes are needed to help
meet the design challenge posed by the next generation of
accelerators and the power sources that drive them. These
systems demand higher performance and tighter tolerance
from RF cavities and structures than do previously. This
paper will later show that the two cavities mentioned ear-
lier can be modeled realistically to yield results that com-
pare very well with measurements. These plus similar suc-
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cessful experiences elsewhere have added to our optimism
that CAD for RF cavities of arbtirary geometry is indeed
feasible with the present state of the art computer software
and hardware.

Finite Difference versus Finite Element

RF cavity codes are generally of two types: finite dif-
ference (FD) and finite element (FE). While a lengthy dis-
cussion on the two methods is beyond the scope of the
paper, some important differences are worth pointing out.
The foremost of them is the mesh. For simplicity of illus-
tration, we show in Fig. 1 the 2D geometry for a single cell
of a SLAC-type accelerator structure as modeled by a FD
code (URMEL) and a FE code (YAP) [3]. Using about the
same number of nodes YAP approximates the disk shape
more closely with an irregular mesh than URMEL does
with a regular mesh. This improvement is expected to be
more dramatic in 3D geometries and it is particularly rele-
vant when one considers tuning cavities of complex shapes
to high precision. We are planning to compare the two
types of codes in this respect in the near future. Nelson
has already performed similar analysis on 2D codes and he
found better accuracies with his FE code YAP. FE codes,
however, can have drawbacks of practical concern. Unless
the mesh generation is automated the geometry could be
tedious to set up, and depending on whether the code deals
with fields or potentials, the boundary conditions could be
nontrivial to apply. On the contrary these procedures are
quite straightforward for FD codes.

Finite Difference Mesh Finite Element Mesh

Fig. 1 Disk-loaded Waveguide as modeled by URMEL and
YAP.

From the mechanical engineering standpoint, there is
an additional advantage FE cavity codes have over FD ones
in that most mechanical design codes work with finite ele-
ments. Therefore one can conceivably calculate the power
loss densities with a FE cavity code and use the data di-
rectly in a thermal code for heat stress analysis, all on the
same mesh. Otherwise one needs to interpolate the data
from a FD mesh to a FE mesh which our experience has
shown to be a laborious exercise, and could lead to inaccu-
rate results. For this reason and the one described above

in regard to geometry modeling, there is a growing interest
in FE cavity codes despite the steeper learning curve one
might encounter in using them.

Frequency Domain versus Time Domain

The properties of RF cavities can be studied numeri-
cally either in the frequency domain or time domain. For
normal mode calculations, the frequency domain is the
method of choice. One solves the time-harmonic Maxwell's
equations as an eigenvalue problem by imposing the ap-
propiate boundary conditions and obtains the mode fre-
quencies and mode patterns as eigenvalues and eigenfunc-
tions. Efficient solvers have been written specifically to
give fast, direct solutions. With some, such as the Semi-
Analytic Processor (SAP) [4], many modes can be obtained
in a single run. The SAP is implemented both in MAFIA
and ARGUS. Through post-processing, circuit parameters
such as the quality factor and shunt impedance can be eval-
uated. Almost all the solvers deal with real eigenvalues so
only high Q modes like standing wave solutions in non-
periodic structures or travelling wave solutions in periodic
ones can be found. The latter is possible through the ap-
plication of the quasi-periodic boundary condition which
we will discuss more later. Low Q modes with complex fre-
quencies such as those that are not trapped in waveguide-
loaded cavities, cannot be treated by these solvers. We will
show in a later section how this difficulty can be overcome
with theoretical methods. The EM AS code can handle
lossy material in the frequency domain but our experience
with it has been limited.

Travelling waves in arbitrary structures can be mod-
eled in the time domain where Maxwell's equations are
solved as an initial value problem. By way of the
waveguide-port boundary conditions power can be injected
into a structure and extracted from it as if it were matched,
all at a single frequency. Two effects can be obtained from
this approach; the transient during the initial filling and
the scattering due to the structure at steady state. The
latter is of interest for matching purposes as it allows the
S parameters for the structure to be determined.

A word of caution needs to be raised regarding using
either approach with FD codes. Ideally, one wishes to mesh
as closely to the cavity shape as possible. However, what
is ideal for the geometry might not necessarily be good
for the solver. In the frequency domain, the width of the
frequency spectrum increases inversely with the the small-
est mesh size. If the spectrum becomes too wide so that
the wanted modes constitute only a small fraction of it,
then the solver will have a difficult time in discriminating
them from the unwanted ones. Of course one can solve for
more modes but that would mean more CPU time which
could be substantial in large problems. In the time do-
main, the smallest mesh size also determines the time step
for integration through the Courant condition. An overly
fine mesh may lead to such a small time step that the run
may become prohibitively expensive. Hence, the prudent
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strategy is to first consider the given computing resources,
then configure the mesh with the solver in mind so that
the solutions can be obtained in an expeditious manner.

3D Cavity Codes

There are six 3D codes we are aware of that have
been in active use for RF cavity and component design:
MAFIA, ARGUS, SOS, CAV3D, EMAS and HFSS. Except
for EMAS and HFSS which are FE codes, the rest are all
FD codes. The first three 3D codes (MAFIA, ARGUS,
SOS) have both time and frequency domain solvers so they
are fairly similar as far as cavity modeling goes. MAFIA
does have the capability to model curvature with triangular
cells which is a distinct advantage. EMAS is another multi-
purpose code in that it evaluates in time and frequency
domain also. On the other hand CAV3D is strictly an
eigenvalue solver while HFSS only calculates S parameters
at a prescribed frequency.

Up until recently 3D cavity codes have been mostly
run by experts on mainframe computers. Since the ar-
rival of the workstation, we do not expect that trend to
continue. Our experience with such a machine is that it
is quite capable of performing the large simulations that
are necessary for realistic cavity design. In fact the actual
clocktime for job turnaround can often be much shorter
than that obtainable from a supercomputer even though
the latter has the faster processor. This is due to the fact
that the supercomputer is shared by many users while a
workstation can dedicate its CPU entirely to one. The
IBM RS6000 Model 560 or the HP 7000 Model 950 can
deliver a nontrivial fraction of the performance of a Cray
YMP which is quite remarkable considering their cost ra-
tios. The system specifications that allow these high-end
workstations to accomplish such a feat include more than
128 Mb of memory and over 25 MFLOPS in CPU power.
Our experience shows that ten modes can be found by
MAFIA on one of these machines in less than seven hours,
simulating close to half a million mesh points. The gain in
turnaround time factors heavily in a design process when
many runs may be required. Thus these computers could
be the vehicle that brings 3D modeling of complex struc-
tures much closer to being practical for the cavity designer.

Most of the codes listed here have been ported to this
new platform not only because of the hardware perfor-
mance but also because of the powerful graphical interface.
Visualization is an extremely important aspect of 3D mod-
eling as it is used in geometry setup and in post-processing.
These two steps constitute the bulk of the modeling effort.
In addition, code developers increasingly are recognizing
the need for user friendliness. As a result the use of 3D
codes will not be left to the experts, but rather a novice
user can get started and learn to run them effectively in
a reasonably short time frame. MAFIA 3.1 represents a
marked change in that direction and the code has justifi-
ably been well received.

Latest in 3D Cavity Modeling

The two codes we have most experience with are
MAFIA and ARGUS. Therefore the examples given be-
low have been drawn from simulations we have done with
them. Presently we have access to SOS, EMAS and HFSS
as well so that perhaps in the future we would be able
to provide a comparison between these codes in terms of
usage, accuracy and so forth. In the following we will de-
scribe the latest developements in 3D cavity modeling and
will show numerical results obtained from their applica-
tions.

(a) Quaisi-Periodic Boundary Conditions

The quasi-periodic boundary conditions permit arbi-
trary phase advance to be specified across one cell of a uni-
form periodic structure. The benefits are threefold. First,
it allows the dispersion diagram to be generated with a
single mesh. Second, better geometry resolution is now
possible since the whole mesh can be used to model just
one cell. Third, because the field solutions are travelling
wave modes, one can calculate the group velocity via the
Poynting flux and stored energy. This implementation is
available in both MAFIA 3.1 and ARGUS 24.

Fig. 2 MAFIA Model of X-Band SLAC Cell with Pump-
ing Slot.
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Fig. 3 Dispersion Diagram.
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Fig. 2 shows a MAFIA example of an X-Band SLAC
accelerator cell coupled to the vacuum manifold through
rectangular pumping slots. Fig. 3 is the MAFIA result for
the dispersion diagram as compared with measurements.
The maximum discrepancy is about 20 MHz. Admittedly
the agreement might have been better had a finer mesh
been used; here it suffices to illustrate the usefulness of the
capability. In modeling high Q cavities with FD codes, the
results are often mesh sensitive. This is an area where FE
codes may be advantageous when precise cavity dimensions
to the order of the machining tolerance are to be expected.

(b) Loaded Q Determination

Waveguide-loaded cavities are employed among other
uses, to damp higher-order modes (HOM) in accelerators
and to extract power from the beam in klystrons. In HOM
damping scheme the idea is to couple out all but the accel-
erating mode. In a klystron output cavity trapped modes
are undesirable so all modes are coupled out. The figure of
merit for the external coupling is the loaded Q and good
damping requires that the loaded Q be low. As pointed
out earlier, low Q modes cannot be modeled correctly by
most frequency domain solvers because they calculate real
eigenvalues in a closed cavity. Nevertheless, the theoret-
ical method of Kroll-Yu [5] overcomes this difficulty by
using the closed cavity data for various waveguide lengths
to evaluate the complex frequencies and thus the loaded Q.
We should also mention that Arcioni has developed a the-
ory which he incorporated into the POPBCI code [6] and
it can generate an impedance spectrum for the matched
cavity from the same numerical data that the Kroll-Yu
method uses. From the widths of the resonances one can
determine the loaded Q approximately.

Fig. 5 ARGUS Solutions for the Magnetic and Electric
Field of Dipole Mode in X-Band Damped Cavity.

Figure 5 shows the ARGUS field solutions for the
dipole mode in a 3-waveguide damped cavity at X-Band.
Because the waveguide ends are shorted, these are not
the true solutions for the mode when the waveguides are
matched. Still the field distribution already gives an indi-
cation that the coupling to the waveguides is strong. By

applying the Kroll-Yu method to this and other data, we
found a loaded Q of 30.

We next show an X-Band 3-gap klystron output cir-
cuit as another example of a waveguide-loaded cavity. For
this cavity there is measured data to compare with the
ARGUS/Kroll-Yu calcalutions and as Fig. 7 indicates,
they agree remarkably well with each other.

Fig. 6 ARGUS Model of X-Band 3-Gap Klystron Output
Circuit.

Preq. in GHz (QL) ?r 27r/3 2?r

Measured
Calculated

10.07 (47)
10.05 (45)

10.40 (45)
10.33 (44)

11.54 (19)
11.53 (20)

Fig. 7 Comparison of ARGUS/Kroll-Yu Results with Ex-
periment.

(c) S Parameters Calculation

Travelling wave structures and components are com-
mon in accelerator and RF power systems. They are re-
sponsible for power transport and the determination of
their scattering properties or S parameters is essential for
their design. S parameters are calculated by MAFIA in
the time domain. The waveguide-port boundary condition
enables power to be launched as an incoming wave at a
selected frequency while it also allows any reflected wave
to be totally outgoing at the same frequency. These ports
are used to terminate the waveguides that are connected
to the structure of interest. The code follows the evolu-
tion of the injected power in time until the fields inside
the structure hew reached steady state. The complex am-
plitude of the reflected wave at the input port and that
of the transmitted wave at the output port are monitored
in time. At steady state the time average over many cy-
cles of these quantities, properly normalized to the input
amplitude, yield the S parameters. Since the boundary
conditions are set up for a single frequency, the incoming
wave should be launched smoothly to make sure that few
other frequencies are excited.
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Fig. 8 Electric and Magnetic Fields of Travelling Wave at
Steady State in X-Band Transducer.
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Fig. 9 MAFIA comparison with Measurements.

Fig. 10 MAFIA Model of 7-Cell X-Band Accelerator Sec-
tion with Input/Output Couplers.

Fig. 8 shows the MAFIA calculations for an X-Band
Transducer. These are the travelling wave fields at steady
state and the propagation is from right to left. The
waveguide-port boundary conditions are applied at the ter-
minating planes at either end. From the S parameters, one
can find the VSWR for the structure. The VSWR com-
parison with measurements is shown in Fig. 9. The actual
structure being tested consists of other components which
leads to the finite bandwidth but at the operating point of
11.4 GHz, the agreement is very close.

Fig. 10 shows a more complicated structure which
is a 7-cell X-Band accelerator section with input/output
coupler cavities.. A detailed description of the work is
reported elsewhere in this conference [7]. Finally, we like
to point out that Kroll et al [8] have devised an analytic
method to obtain the S parameters from the frequency-
domain solutions.

Conclusion

Currently available codes running on powerful work-
stations already present to the RF cavity designer a viable
design and analysis tool which complements if not replaces
actual cold-tests. As the codes continue to be improved
and the computers offer still better performance, numerical
modeling of complex cavities and structures will become a
routine design procedure as CAD already is in other engi-
neering practices.
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Abstract
Final focus systems for linear colliders present many

exacting challenges in beam optics, component design, and
beam quality. Efforts to resolve these problems as they re-
late to a new generation of linear colliders are under way at
several laboratories around the world. We will outline cri-
teria for final focus systems and discuss the current state
of understanding and resolution of the outstanding prob-
lems. We will discuss tolerances on alignment, field qual-
ity and stability for optical elements, and the implications
for beam parameters such as emittance, energy spread,
bunch length, and stability in position and energy. Beam-
based correction procedures, which in principle can allevi-
ate many of the tolerances, will be desribed. Preliminary
results from the Final Focus Test Beam (FFTB) under
construction at SLAC will be given. Finally, we mention
conclusions from operating experience at the Stanford Lin-
ear Collider (SLC).

Introduction
Some laboratories which host major research and de-

velopment efforts on the next generation of linear colliders
are listed in Table 1. Innovative work on Final Focus sys-
tems has come especially from DESY and KEK.

TABLE 1
Centers of Linear Collider Activity

Location Projects

CERN
DESY/Darmstadt
KEK
Novosibirsk
Protovino
SLAC

CLIC
DLC
JLC, ATF
Theory, R & D
VLEPP
SLC, FFTB, NLC, NLCTA

The function of the Final Focus system is to match the
incoming beam, with /? functions of a few meters, to the
Interaction Point where betas will be in the millimeter or
submillimeter range. Table 2 lists IP and beam parameters
for several FF designs. To attain the required small beam
sizes, the system must suppress beam size growth from
effects such as optical aberrations, synchrotron excitation
and wakefields. We must also consider factors such as the
severity of tolerances and the need for workable tuning
procedures in the presence of errors.

Optics Problems in Final Focus Design
Chromaticity

Source and Remedy. Second order chromatic ab-
errations arise predominantly from the final quadrupoles.

Typical Beam and

Parameter (Units)

Energy/beam (GeV)
Luminosity (1033 cm"J s
e±/bunch (1010)
Bunches/pulse
Repetition rate (Hz)
Rf frequency (GHz)
Bunch length (mm)

Emittance
ffx Urn)
7fv (/im)

« (mm)
0t (mm)
tri (nm)

<TJ (nm)

l'(m)
Passband (%)

Crossing angle (mr)

TABLE 2
Interaction Point Parameters

FFTB

50

- 1 ) n/a
< 1

1

10

2.856
2

30
3

3.0

0.1

1000
60

0.4

±0.4
n/a

NLC

250
9

0.65
90

180

11.4
0.10

5.0
0.05
10

0.1

300

3

1.5

±0.4
7.2

VLEPP

250

12

20

1

300

14

0.75

20
0.075
100.0

0.1

2000
4

±1.8
0

DLC

250

4

2.1

172

50

3.0

0.5

5.0
0.5

16

1

400

32

±1.8
2

JLC

250

9.7

1.1

72

150

5.7

0.08

3.6
0.05
10.0
0.1

280

3.5

2.2

±1-2
8

Work supported by Department of Energy contract
DE-AC03-76SF00515.

In thin-lens approximation, focal length is proportional to
energy, which spreads the beam by Ay* ~ fy"6. We then

Ac-* f
find that —f- = -5^6 = £V6, where £ is the chromaticity.

y y

If / ~ /* ~ 2m and 0* ~ 10~4m, the passband would be
H < /?«/'* - 0-5 x 10~4- Clearly this is an unreasonable
demand on energy spectrum and stability from the linac.

The well-known fix for chromaticity is to place sextu-
poles at locations where there is dispersion and a large /?,
and which is in phase (modulo n) with the final quadru-
poles. This introduces a nonlinear kick which transforms
to the IP as Ay* oc Kir\x0y0*yy'*h. Appropriate choice of
sextupole strength Ki then cancels the chromatic effect of
the high-/? quadrupoles. Geometric sextupole aberrations
are cancelled by using pairs of sextupoles separated by —I
transformations [1].

"Generic" FF System. Figure 1 illustrates the es-
sential elements of a Final Focus. The horizontal and ver-
tical chromatic corrections are in separate modules which
are matched together by the "/3-exchange" transformer.
Early designs (such as SLC) combined the horizontal and
vertical functions in a single module with the two sextu-
pole families interleaved. In this case, the the nonlinear
kick from a given sextupole excites higher order aberrat-
ions cumulatively in succeeding sextupoles which do not
have the —I relation. The non-interleaved design avoids
this problem.
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Fig. 1. Optics of a "Generic" Final Focus System.

Higher Order Aberrations

After the second-order chromatics are corrected as
described above, the energy passband is still limited
by higher order chromatic terms; also several geometric
aberrations remain.

Dispersion. The second- and third-order dispersion
coefficients can be minimized by employing certain cancel-
lations among the driving terms [2] (i.e., the dipole mag-
nets). Other approaches involving more complicated op-
tics will be discussed later.

Third-Order Chromatics. K. Brown [3] has shown
that the dominant third-order chromatic terms may be
corrected by detuning the lattice to introduce non-zero
values of the R22 and R44 in the (n + |)JT transformation
from the sextupoles to the IP. (In first order these matrix
elements affect only the divergence, not the beam size,
at the IP.) These terms couple with the second-order
chromaticity of the Final Transformer to affect the third-
order aberrations and allow them to be nulled.

Long Sextupole Effect. In a sextupole of finite
length the second order kick cumulatively drives higher
order terms over the length of the sextupole. The
perturbation is given by [4,5] Aer*2/rf x A^/feJ/?*.
If the length is minimized by using maximum pole-tip
field and minimum aperture, we can write A<7*2/(T* OC
A4^v(7f»)2('7^ir)"2 where A is bandwidth. That is,
suppression of the effect requires large dispersion or 0V at
the sextupoles.

Breakdown of the —I Transformation. Because
of chromaticity within the CCS the cancellation of the
sextupole nonlinearity is not perfect for off-energy parti-
cles. This excites the so-called chromo-geometric aberrat-
ion which has been roughly estimated [6] to be of the form

2 4

Quadrupoles at "Wrong" Phase. Chromaticity
generated by quadrupoles which are not nir from the
sextupoles is not cancelled. The out-of-phase chromaticity
does not affect the spot size directly, but can generate
higher order cross terms with other nonlinearities. For
example, Oide [8] has estimated that the effect of the
quadrupoles near the beginning of the final telescope is

~T&~ — tv s^F7 ^6 (^ = distance from sextupole to final
doublet).

Synchrotron Radiation Effects.
Energy Excitation by Dipoles. If a particle suffers

a random energy shift within or after the CCS it is no
longer chromatically corrected. The excitation by the
dipoles is [9] oj = £4.13 x 1 O - U £ 8 | 0 B J 3 / / B . (*B =bend
angle per dipole; lg =dipole length; E is in GeV ). This
energy spread must be small compared to the passband
set by uncorrected chromaticity, which we have seen to be
on the order of 1CT4. The bending angle 83 is needed to
generate the dispersion required for chromatic correction;
thus the dipoles must be made longer at higher energies.
Above about 500 GeV the dipoles begin to set the length
scale of the CCS.

Energy Excitation by Quadupoles. This effect is
rather small except in the final quadrupoles. In this case
the energy spread induced in the quadrupoles increases the
spot size because of the chromatic effect of the quadrupoles
themselves [10] (the "Oide effect"). It depends most
strongly on the normalized emittance of the beam, and
also limits the use of extremely high gradients in the final
quadrupoles.

Orbit errors in quadrupoles also cause synchrotron
radiation. This somewhat limits the size of orbit offset
which can be used to control dispersion (see Dispersion
Control, below).

Excitation of Transverse Emittance. Transverse
excitation depends on integrals over the bend magnets
involving the term H(8)E2[B\3, where Sands' "curly H"
function [9] is H(s) = (»?2 + (Pxrf + a,*?)2) //?*. This
effect becomes small once the dipole fields have been
reduced as required by the energy excitation (see above).

Resistive Wall Wakefields
Reactive wakefields can be reduced by using smoothly

tapered transitions in the vacuum chamber radius. How-
ever, transverse resistive wall wakefields may be serious in
the final quadrupoles. A result by Yokoya [11] may be writ-

Ao'y NL / A \ 2 Ay 1ten if « ^\^z) i;^- (N = Particles/bunch,
L = quad length, A = l/(Zo<r) = penetration depth, Ay =
beam offset at quad, &v = beam size at quad, a — radial
aperture, and n = a/&v.) If we allow Ay to be equal ton = a/

lower ii

°<
It = length of bend).

(£*,y = chromaticities; 9 = bend angle;

(Ty, this sets a lower limit on aperture requirement, which
turns out to be 20 to 40 av in typical designs-somewhat
larger than the 10<r or so needed for beam clearance. The
increased aperture penalizes the chromaticity (and pass-
band) but eases IP masking problems and the collimation
requirements. Gold plating the quadrupole surfaces re-
duces the effect by about a factor of two (compared to
steel).

Wakefields generally are unimportant in all the quad-
rupoles except the final doublet. They do need to be con-
sidered in the sextupoles which as we have seen should be
short, and therefore of small aperture.

259



100

200
-0.5 0 0.5

7_n Energy Deviat ion AE/E (%)
Fig. 2. Energy passband of the "Generic"

Final Focus System.

Typical Optics Designs
Generic Final Focus System.

This design (Fig. 1) is used here for illustrative pur-
poses. The various functions are separated into telescopic
modules. Chromatic correction to third order has been ef-
fected as described above, and the /3-exchange telescope is
configured to minimize second- and third-order dispersion.
Spot size growth has been held to < 1% from long sex-
tupole effect and ~ 3% from synchrotron excitation. The
apertures of the final quadrupoles have been chosen such
that a one-cr jitter in vertical beam position enlarges <r* by
no more than 2%. The energy passband (Fig. 2), limited
by uncorrected high order aberrations, is ~±0.4%.
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Final Focus Test Beam.
The FFTB [4,12] (Fig. 3) is being built by a collab-

oration between SLAC, KEK, Novosibirsk, and Orsay, to
study problems related to the next generation of colliders,
such as instrumention, operation, and tuning procedures.
Note in Table 2 that the invariant emittances available at
SLAC are considerably larger than the design values for
future systems; however the /?*s and /* are comparable.
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In the FFTB design the functions of /?- and rj-
matching have been combined in the /?-match and in the fi-
nal telescope, which saves considerable length. Chromatic
correction is to third order. The passband is ~±0.4%.

DLC (DESY) Final Focus.
R. Brinkmann [13] has developed a wide passband

lattice by using numerous additional sextupoles (Fig. 4).
The sextupole srengths are found by a variational method
based on computer tracking of selected rays. High order
chromatic and dispersion terms are suppressed and also
the geometric terms from the interleaved sextupoles are
controlled. The passband (Fig. 5) is ~±1.8%.
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Fig. 5. Energy passband of the DLC Final Focus.

JLC (KEK) Final Focus.
K. Oide [7] has produced a design (Fig. 6) which uses

carefully tailored unsymmetrical dispersion and /? func-
tions to effectively cancel the chromo-geometric aberrat-
ion. A passband of ~ ±1.2% was obtained without need
for additional nonlinear elements.

The Traveling Focus Idea (VLEPP)
The VLEPP group [14] has proposed a novel scheme

in which the focal points of the c* and e~ beams are
moved back from the nominal IP during the course of
the collision, in a way which keeps the incoming beam
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TABLE 3
Error Aberrations to Third Order in Hamiltonian

Error Type

Dipole

Dispersion

Normal
quad

Normal
quad

Skew quad

Skew quad

Sextupole

Skew
sextupole

Source

Incoming beam
Quad misalign
Dipole errors

Incoming beam
Orbit in quads

»7-match quad err
Dipole roll

Incoming a
Quad errors

H orbit in sexts

Incoming /?
Multiquad err

Incoming beam
Quad roll

V orbit in sexts

Incoming beam
Multiquad roll

Sext err in FD
Uneq CCS sexts
Err in CCS - I

Sext err in FD
Sext roll in CCS

Hamil-
tonian

Generator

x',y'

x'6,y'6

x'\y'2

xx', yy'

x'y'

xy1

x'3,x'y12

*VV3

Cause of
Luminosity

Loss

Ax', Ay'

r,'6

Waist
motion

Al*

Linear

x " - > c'v

Beam
tilt

Nonlin

Nonlin

envelopes matched to the pinched interacting beams.
Simulations predict that disruption is suppressed and
instabilities do not set in until the bunches have nearly
passed. Luminosity enhancement factors of 5 or so are
predicted, allowing more conservative machine design.

Quantity

Ax him]
Ay [fim]

Ak/k [10~5]

Ae\nr]

Final Quads

Gen.

x'6
y1

x'\y'2

x'y'

Tol.

0.2
0.06

2.0

33

Other Quads

Gen.

x'
y'

x'2,y'2

x'y'

Tol.

.75

.18

7.3

40

Sextupoles

Gen.

x'2,y"
x'y'

x'y'2

xl3,x'2y>

Tol.

0.9
1.4

52

700

The traveling focus is obtained by introducing core-
lation between energy and position within the bunch, and
providing appropriate chromaticity in the FF system. The
energy spread (and passband) needs to be ~ 1%, which is
provided e.g. by the DESY FF design.

The Imperfect Machine
Errors and Tolerances

Summary of Effects. In a real machine performance
is degraded by errors and imperfections. Table 3 summa-
rizes effects of the dominant errors [12]. Table 4 gives some
of the worst-case tolerances for the FFTB [15].

Uncorrectable Errors. Absolute tolerances are
imposed on errors which are not amenable to on-line
correction or are on too short a time scale to be stablized
by feedback: (1) Pulse-to-pulse jitter in position and
energy and intra-pulse wakefield distortion of the incoming
beam. Here we rely on the skills of Linac builders.
(2) Short-term noise and drift in power supplies. The
stated tolerance of ~ 10~5 needs to be maintained on
a time scale of hours. This should be possible with
standard technology. (3) Position jitter in the quadrupoles
and sextupoles. Seismic monitoring at SLAC and KEK
indicate that ground motion is generally within tolerance if
stable support structures and efficient mechanical isolation
are used. Active stabilization of the final doublet may
be required. (4) Noise and resolution of Beam Position
Monitors (BPM)s. The requirement for FFTB is about

d b b
()

and will be about an order of magnitude smaller for
the next generation.

Correction Procedure

Tolerances (Table 4) which are too small to be
achieved by conventional construction and alignment tech-
niques require a correction strategy which relies on beam-
derived information. Several tuning schemes are described
in the literature [15]. The basic steps of such a procedure,
after initial beam launch and /3-matching, include first a
series of local trajectory and lattice corrections, then a se-
ries of local corrections of beam parameters, and finally a
series of global corrections based on optimizition of the fi-
nal spot (or luminosity).

Preliminary. The system is first aligned mechani-
cally with laser-based surveying techniques. The precision
is expected to be on the order of 100 fim.

Launch. Initial beam steering is stablized by means
of feedback. Tolerance on position and angle is < l<r on a
time scale of hours and < 0.2<r on a time scale of minutes.
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Matching the Incoming Beam. The betas, alphas
and emittance of the beam will be measured by the method
of varying a quadrupole to scan a beam waist across a
profile monitor (e.g., a wire scanner). A model-driven
correction of the /^-matching telescope can then be made.

Beam Based Quadrupole Alignment. Varying
the strength of a quadrupole drives an orbit shift at
downbeam BPMs proportional to the offset between the
beam and the quadrupole magnetic center. One can
then use magnet movers and steering correctors to align
the quadrupoles and beam along a prescribed trajectory.
Analysis shows that the precision of this method (limited
by BPM sensitivity) is within tolerance for most of the
elements in FFTB.

Quadrupole Tuning, Coupling, and Sextupole
Alignment. Orbit shifts produced by selected steering
correctors can be analyzed to localize quadrupole errors.
Phase and magnification errors in the CCS - I and other T
telescopes are corrected by trimming quadrupoles within
the telescope. Coupling from quadrupole rotation error
(e.g., vertical orbit from horizontal kick) is corrected by
skew quadrupole correctors. Sextupole misalignments in
the horizontal or vertical produce normal or skew quad-
rupole errors which may be corrected either by sextupole
movers or by appropriate beam bumps through the sextu-
pole pair.

Dispersion Control. Dispersion comes from the
incoming beam, from beam offsets in strong chromatic
sources such as quadrupoles, and from roll in dipoles. It
can be measured by analyzing orbit shifts induced by an
energy change in the linac and corrected by using closed-
orbit bumps at appropriate quadrupoles. In first order we
only need correct dispersion in the IP phase.

Incoming Coupling. Skew quadrupole correctors
in the /?-match telescope are used to cancel incoming
coupling, by minimizing <rv and beam tilt at profile
monitors in IP phase.

Local /? Matching. The beam envelopes may be
checked at intermediate profile monitors such as in the /?-
exchange or at the beginning of the final telescope, in order
to confirm that the initial matching and lattice corrections
are satisfactory.

Global Corrections. Global corrections are pro-
vided by controls ("multiknobs") which vary several cor-
recting elements simultaneously to provide nearly orthog-
onal control over individual aberrations. Use of these con-
trols is directed by monitoring position, spot size, and/or
luminosity at the IP. Some examples of global corrections
are: beam position, dispersion, normal and skew quad-
rupole and sextupole effects, and initial beam matching.
These corrections not only provide the final step in opti-
mizing the IP beam spot, but also should greatly extend
the time scale for major retuning.

Experience with Existing FF Systems
Preliminary Experience with FFTB

Installation of the FFTB is on schedule and commis-
sioning is expected to begin in April, 1993. Preliminary
beam tests and hardware checkout have been done with
the first few installed magnets. Magnet movers are found
to operate over the design range of ±lmm with a precision
of ~0.3/jm. Resolution of the standard BPMs is found to
be < 6/im (specification: 5/im). Beam jitter is measured
to be ~ 0.2(T which is about tolerance and is consistant
with results from SLC.

Lessons from SLC [16]

As the only existing linear collider, the SLC has
proven to be an invaluable source of guidance-and encour-
agement. Some of the lessons for the next generation which
have been learned at SLC: (1) The system should be read-
ily tunable and the correctors should be highly orthogo-
nal. (2) Diagnostics must be completely adequate in accu-
racy, type, and number. (3) Beam-based alignment will be
necessary. (4) As many systems and corrections as possi-
ble should be stabilized by feedback. (5) Every subsystem
from the detector back to the gun (including the FF) is
dependent on every preceding subsystem. Therefore the
overall machine design should be global.

Summary and Conclusions
Satisfactory optical designs for Final Focus systems

exist; further optimization is possible. The tolerances are
difficult but seem to be possible. Correction procedures are
reasonably well understood in theory and by extrapolation
from SLC, and are expected to be enhanced by experience
with FFTB.
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Abstract

Transverse beam instabilities have been observed
in the traveling-wave output structures of high-power
microwave generators driven by induction
accelerators. The relativistic klystron two-beam
accelerator concept involves the transport of
kiloamperes of current through many microwave
output sections. Energy in both the cumulative and
regenerative beam breakup modes could grow in these
two-beam accelerator systems to levels that beam loss
would occur. For induction accelerators the current
term can be several orders of magnitude larger than
values common for rf accelerators, presenting a
difficult challenge for beam stability. In this paper
we present experimental evidence of beam breakup in
the output section of a high-power microwave
generator, methods used to suppress the higher order
modes in the power extraction sections, and computer
modeling for transverse instabilities in larger
relativistic klystron two-beam accelerator systems.

Introduction

The relativistic klystron two-beam accelerator
(RK-TBA) concept1 involves the transport of high
current beams through many small resonant output
structures. The electromagnetic wake from the
passage of the drive beam will excite the higher
order modes (HOM) of these output structures. Unless
care is taken in the design and operation of the RK-
TBA the HOM fields will build up to a level where
the drive beam will be swept into the walls, resulting
in rf pulse shortening. Within each of the output
structures being studied for a RK-TBA, the
regenerative beam breakup (BBU) is the principal
BBU mechanism. However, for longer RK-TBA
systems the cumulative BBU must also be addressed.

We have experimentally2 demonstrated that
good quality rf power can be produced using traveling-
wave structures (TWS), but we have already seen

"*"The work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract W-7405-ENG-
48.

*Present address: Lawrence Berkeley Laboratory,
Berkeley, CA 94720.

problems with rf pulse shortening from beam induced
higher order modes. Future higher rf power
demonstrations will use higher beam currents, and the
design of the output structures with regard to BBU
will be even more critical. To increase the conversion
efficiency of beam power into rf power we will also use
additional output sections, increasing the probability
of cumulative BBU. Long systems will require several
mechanisms to weaken the BBU instability including
phase mix damping.

TWSs are being investigated for use in SLAC's
XL4 and VLEEP's klystrons using longer pulse lengths
(~1 us). The use of TWSs in these longer pulse regimes
may require similar methods of damping the HOMs to
elevate the BBU current threshold values to avoid rf
pulse shortening and associated instabilities. TWS
have also been applied to electron storage rings which
have both high average current and long storage
times. TWS allow additional control in these systems
not available with standing-wave cavities3.

Choppertron's Experimental Results

The design and construction of the choppertron is
described in detail elsewhere4'5'6. The first part of
the choppcrtron is a 5.7-GHz chopping system
designed to produce a train of short beam pulses with
a period corresponding to 11.4 GHz from the initial
uniform beam. The chopper design has reduced
sensitivity to the induction beam-energy sweep.
Emittance growth is reduced by matching the axial
magnetic field in the drift section to the beam

RF output
power 250 MW

,„ / /

Figure 1. Schematic of TW1 Struture. (Printed with
permission of Haimson Research Corp.)
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TABLE 1
Parameters for the RF Output Structures

Design Parameter
Fund. Resonant Freq.
Fund. For. Traveling Mode
# of Active Cavities
Phase Shift per Cavity
Aperture Diameter
Fund. Fill Time
Est. Q for first two cells*
Est. R/Q for BBU mode
Output Power Achieved

TW1 & TW2
11.424 GHz

TMoio
6

120°
14 mm

1.05 nsec
1200

110Q
250 MW

TW3
11.424 GHz

TMoio
4

120°
13 mm

1.35 nsec
10

110 fi
120 MW

*of the BBU mode

With 0.87 MW Drive

d1079dO2 P30

40 60 80
Time (nsec)

100

Figure 3. RF output for different input current.
The current through the TWS is —1/2 of input.

emittance and betatron resonance. The dc current is
reduced by about half when the beam is fully
modulated.

The last section of the original choppertron
configuration consisted of two 11.4-GHz traveling-
wave output structures. The use of high group velocity
structures with short interaction regions provides a
broadband, phase and temperature insensitive circuit.
Two different types of traveling wave structures have
been studied. Design parameters of these structures
are given in Table 1. The identical TW1 and TW2
structures comprised the original output section of the
choppertron. Figure 1 is a schematic of the TW1
structure. Figure 2 is the dispersion diagram for the
TW1 "extended" structure (calculated with URMEL

No Drive Power
800

100 1 2 0 140 1 6 0

D1079D04 P33 Time (nsec)
Figure 4. Through current for different input currents.

(ft C
<0 3
Q. .

i:-e

No Drive Power

53
o
°- 0 300 600 900 1200

Current into Choppertron (Amps)

Dl079006 P32

Figure 5. RF power in the 13.2 to 14.7 GHz band.
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for an infinitely repeating cell structure). The actual
TW1 structure consists of only six cells and has discrete
resonances. Several of these resonances which
interact strongly with the beam were measured7 when
the choppertron was tested.

Experiments demonstrated high rf output powers
with the TW1 and TW2 structures, but with narrow
pulse widths. The maximum total output power was
about 420 MW with about 980 A of input current and
0.9 MW of drive power. The current pulse out of the
choppertron was also narrow for this case indicating
beam-wall intercept. For input currents below 600 A,
the choppertron rf output was well modeled by
computer codes. Figures 3-5 show scans where the
beam transport before the choppertron was changed to
vary the input current. Figure 3 shows the rf power for
several input currents. Figure 4 shows the current
pulse transported through the choppertron for
different input currents (without drive power applied
to the choppertron's modulator section). For input
currents above 600 A the through current pulses
generally had a sharp notch after -20 nsec (see the
1000 A curve in Figure 4). Below about 600 A of input
current, the rf output power would increase
proportionally with the square of the input current.

The narrowing behavior of the through current
and rf power output pulses is believed to be caused by
the growth of transverse electrical fields in the output
structures. The dispersion curves (see Figure 2) for the
output structures show that the lower branch of the
H E M n mode crosses the speed of light line at
approximately 13.6 GHz. By placing high pass filters
in the rf output line we were able to measure the
power in the 13.2-14.7 GHz band (shown in Figure 5).
The power in this band had a sharp rise for current
above -600 amps. During later experiments,
heterodyne measurements showed the BBU frequency
to be at 13.6 GHz. The saturation in power shown in
Figure 5 was believed to result when the electrons
were driven into the walls. The short fill time of the
structure might explain the recovery of the beam
current in the second part of the current pulse shown in
the 1000 A case in Figure 4.

Damped Output Structure

A third TWS (TW3) was designed with a
broadband HOM de-Q-ing circuit for damping the
HEMn-like transverse modes'* and was constructed by
the Haimson Research Corporation. The de-Q-ing
circuit consists of two slots in each of the first two cells
of the TWS. The slots magnetically couple to both
orientations of the dipole modes in each of the first
two cells. The extracted power is absorbed into
external loads attached directly to the outside of the
cell. This design facilitates the use of these structures

in the small bore solenoids that typically surround
the TWS.

With the new TW3 replacing TW1, the
choppertron produced stable, wide rf pulses, but the
maximum output power achieved with 1000 A input
current and full modulator drive power was only about
120 MW from TW3. The significant overlap of the
lower HEM] | branch with the TMoi, see Figure 2,
indicates heavy damping of the dipole mode will
lower the Q for the fundamental monopole mode. The
bottom portion of the HEMn branch is lower than the
fundamental extraction frequency (11.424 GHz). Since
the field levels in the first two cells for the
fundamental monopole mode are low, only a modest
amount of fundamental power is absorbed by the de-Q-
ing circuit. It was also especially important to damp
the dipole mode oriented in the plane 90° from the
main extraction port since this orientation previously
had the higher Q. Transmitted currents up to 800
amps without transverse beam instability (compared
to a threshold current of about 400 A for the original
experiment with undamped structures) were achieved.
This configuration produced a much richer spectrum of
resonances7. However, only one resonance contributed
significantly to the instability and it was associated
with the undamped second structure.

Pulse Length Considerations

As can be seen in Figure 5 there is a current
threshold level for the onset of the instability to
have an effect for the choppertron within the 40-nsec
beam pulse. Both experiments and simulations show a
rapid exponential dependence of the HOM power
with drive current. Once the mode is excited it has an
explosive nature. The slope of the decay in output
current in Figure 4 indicates that once the instability
starts the beam current is lost within about 5 nsec. For
design input beam conditions, if the rf power in the
BBU mode reaches about 1% that of the fundamental
extraction mode the transverse momentum "kick"
given to the particles will be enough to drive the
beam into the walls. Simulations8 indicate that the
current threshold is about 230 amperes for TW1 driven
by a long electron pulse (~usec) which enters the
structure with a 0.1 mm offset from the z axis. Peak
power operation of the choppertron was with currents
over 4 times higher than this long pulse threshold
value. The LLNL experiments have been with short rf
pulses (40 nsec). For application to a collider at this
frequency we will need to work with pulse lengths of
100-200 nsec.

Figure 6 show the effect of the pulse length on
the threshold current in the computer simulations.
This case is for single output structure of the TW1
type. The electron drive beam is at 2.5 MeV. The
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beam is entering the structure parallel to the TWS's
axis and with an offset from the axis of 0.1 mm. The
beam's initial radius is 4 mm. The structure is
immersed in a 2 kilogauss magnetic field along the
axis. The threshold current is determined when the
beam's outer radius begins to hit the wall at 7 mm.
The dipole mode being studied has a frequency of
13.6 GHz and is "lower HEM^" like with a phase
velocity near the speed of light and a group velocity
approximately equal to 0.12 c.

10

o

o

2
0.1

1 o 1 00 1000

Pulse Length (nsec.)
Figure 6. Threshold current verse time.

The decrease in threshold current in Figure 6 is
relatively flat once the HOM power loss-becomes
comparable to the HOM power induced by the beam.
The threshold current for a single structure
(regenerative BBU) has a Q/R dependence8.

The TWSs to be used in other klystrons are
typically run at lower beam voltages with about 400
amps. These systems typically allow for more precise
alignment of the electron beam with the TWS axis
increasing the current levels achievable without
beam-wall interception. Also the rapid change in
electron's velocity in the output structures and the
large relative instantaneous electron energy spread
will typically increase the BBU current threshold.

issues. Damping in non-active sections is extensively
used in many klystron and TWT amplifiers. In a RK-
TBA the induction cells can also be used to reduce the
coupling between rf output sections.

The use of additional output structures in a RK-
TBA will increase the problem with cumulative BBU.
For a long uniform system with cumulative BBU the
transverse beam motion grows exponentially with a
scale length LBBU- The beam entering a latter TWS of
the RK-TBA will have a larger transverse beam
motion at its characteristic frequency. This motion
will drive the regenerative BBU within this TWS.

The following illustration is given to
demonstrate the importance of damping the HOM in
the TWS and emphasizes the importance of other
damping mechanisms in a long RK-TBA system.
Figure 7 shows a simulation using TWSs that are
closely packed with a fixed beam voltage of 2.5 MeV
(no energy spread). The TWS are spaced at 11.2 cm
intervals and the magnetic field is 2 kilogauss. The
beam's initial radius is 4 mm. The threshold current is
determined when the beam radius becomes larger than
the drift tube's inner radius (7 mm) after 40 nsecs. The
structures are the types shown in Table 1.

82 3 4 5 6 ;

# of TWS'S
Figure 7. The beam current which can be used before
the beam hits the wall for a given number of
structures.

Multi-output RK-TBAs

The choppertron had trouble with BBU only
when running with two output structures. The drift
tube connecting the TWS in the experiments to date
has had a radius small enough to reduce the rf
coupling between the TWS for the lower HEMj 1

branch. The threshold current for transverse
excitation is drastically reduced if the rf power of a
transverse mode is coupled between structures with
similar geometries.

A new structure is being built with HOM power
extraction loads in a drift tube section. This allows
the use of a larger tube radius to ease beam transport

For a given magnetic focusing field the steady
state cumulative BBU growth rate" is independent of
the beam voltage in machines where the betatron
wavelength is much smaller than the system. For a
given growth rate and beam current the number of
sections which could be used will be proportional to
the magnetic field.

Staggered Detuning

Staggered detuning of the HOM frequencies is
being actively pursued for the main accelerator
structures being considered for linear colliders. This is
accomplished by the use of cells with different
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geometry but with the same rf properties for the
fundamental accelerating mode. Detuning requires
that the frequency shift between non interacting
sections, 8f, be large compared to f/(2Q). The Qs of
the HOM for the TWS being considered for RK-TBA
are relatively low and require that 5f =1 GHz. There
are only about three usable geometries for the
structures where the HOM response of one type of
structures is shifted enough to move it's response out of
the range of the response of the other types of
structures. Still this should allow about three times
the total number of TWS in an overall system using
detuning than in a system in which all the structures
have the same geometry.

Phase Mixed Damping

It was recognized early1 that phase mixed
damping from an instantaneous energy spread in the
electron beam would be essential in a long RK-TBA to
limit the growth rate of BBU. The TWSs now being
consider have a higher shunt impedance that the
standing-wave cavities original considered for RK-
TBA designs. Code work is being pursued to develop a
consistent design for a RK-TBA with realistic output
structures^. We will also investigate the design of
TWS which have lower Qs for the HOMs. If
additional damping is needed in a long system we will
investigate BNS damping (introducing a head-to-tail
energy spread within the electron pulse).

Let k« be the betatron wave number, y the
relativistic factor, co0 the BBU frequency, Zj_ the
shunt impedance of a structure, Lg the average spacing
between structures, and hj the beam current. If there is

2 2
a spread in kg values, 6kn , such that

then there will be no growth in transverse beam
position10. For solenoid transport, kn is inversely
proportional to the particle energy and, therefore, a
spread in kp occurs if there is a spread, by, in y. In the
RK-TBA the value of 6y/Y is typically large from the
fundamental interaction of the structures during
different parts of the fundamental rf period.
Preliminary simulation with an energy spread during
the fundamental rf period have shown a lower
cumulative growth rate than simulation for a constant
energy.

Conclusion

We believe that the BBU instability is now the
most serious issue that needs to be addressed to reach a
workable RK-TBA system design. This transverse
instability arises from the interaction of the beam
with the output structures now being consider for the

RK-TBA. Work has started on finding a consistent
design with realistic components. Aggressive
damping of the higher order modes in the output
structures appears to be necessary, but the RK-TBA
design will need to include other damping mechanism
to suppress the instability for a long RK-TBA system.
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Abstract
For long years, the available spin polarization of elec-

tron beam supplied by normal GaAs photocathode had
been limited below 50%. The breakthrough was recently
achieved by the developments of new material photocath-
odes of strained GaAs, strained InGaAs and AlGaAs-GaAs
superlattice.

The performance of more than 80% polarization for
0.1% quantum efficiency was already demonstrated by the
strained GaAs photocathode with a test apparatus. The
properties of such photocathodes are described in this pa-
per. The remaining problems expected to meet in appli-
cation to the high energy accelerators are also discussed
referring the recent data reported by SLC polarization
group.

1. Introduction
Recently polarized electron is considered as an impor-

tant tool in particle physics and many accelerators have
prepared it. For examples, SLC just runs at Zo pole with
polarized beam. SLAC, Mainz, CEBAF, Bonn and others
have plans to measure the structure functions of proton
and neutron, the electric form-factor of neutron, the DHG
sumrule and so on by using the polarized electrons. It is
also expected that polarized e~ beam makes an essential

linear collider experiments.role in the future e+e
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In answer to such urgent needs, the polarized electron
source (PES) technology has also been developed power-
fully, which seems to promise the dramatic improvements
over earlier source performances [1].

Historically, various types of gas ionization PES were
developed, however, only the GaAs type PES has been
demonstrated to meet the source requirements from high
energy physics experiments. Although the principle of
GaAs-PES was described in many places [2], a brief review
is given here to provide a basis of understandings for the
physics and technology behind the recent improvements of
the source performances.

The GaAs-PES is based on a combination of two fun-
damental technologies ; laser optical pumping and nega-
tive electron affinity (NEA) surface of semiconductor as
shown in fig. 1. The former is responsible to the electron
spin polarization (ESP) mechanism that the conduction
band electrons excited from F point (the top of the valence
band) are polarized due to the selection rule for the circu-
lar polarized photon absorption. The maximum degree of
ESP is determined by the properties of the fine splitting
of the band structure. For GaAs, it is 50% due to the de-
generacy between heavy-hole(hh) and light-hole(lh) bands
at F point as shown in fig.2. Recent breakthrough against
this 50% limitation is explained in the next section.

The NEA technique is responsible to the electron emis-
sion from conduction band to vacuum. The treatment of
heavily p-doped GaAs surface by monolayer coverages of
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alkali metals and oxidants (Cs+ O2 or Cs + NF3 is usually
used) lowering the working function to the point where
the electron can diffuse into vacuum freely as shown in
fig.l. The NEA surface has a great advantage to extract
the high current from the cathode with an excellent quan-
tum efficiency (QE) of ( 1 ~ 10)%. On the other hand,
it also brings non-trivial difficulties for the source oper-
ation, especially at high energy accelerator. For achiev-
ing and maintaining the good QE, the NEA surface must
be free of adsorbed residual gases (CO, CO2 and others)
at the sub-monolayer level, which requires the very care-
ful treatment of photocathode in the ultra high vacuum
of (10~10 ~ 10~u) torr range. Obviously the lifetime of
photocathode is also governed by the NEA state, which
depends mainly on the vacuum condition of each appara-
tus and ranges from a few hours to a few hundred hours
before in siiv. re-cleaning and/or re-cesiation [l].

We discuss again on the problems of operational source
in the last section, in relation to the feasibility considera-
tion of new photocathodes.

2. Photocathode Development

As stated in the introduction, the theoretically - attain-
able ESP by normal GaAs photocathode is limited below
50%. For overcoming this limitation, the degeneracy at F
point must be removed as shown in fig. 2, replacing GaAs
by the new semiconductors.

In the spring of 1991, polarizations of 71% by AlGaAs-
GaAs superlattice [3], 71% by strained InGaAs [4] and

86% by strained GaAs [5] photocathodes were observed at
Nagoya-KEK,at SLAC and at Nagoya, respectively. After
those breakthroughs, more systematic studies to under-
stand the detailed properties of new cathodes have been
made by several groups including ETH-Ziirich and IIIi-
nois/CEBAF.

At present, the strained GaAs photocathode is con-
sidered most promising due to its higher ESP and also
better QE(quantum efficiency) than others. By strained
GaAs photocathode, the QE more than 0.1% was already
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Table 1. Structure of samples of strained GaAs photo-
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achieved with the polarization higher than 80% at Nagoya
[6] and at SLAC [7].

2.1 First strained GaAs photocathode

The first successful strained GaAs photocathode was
made by Nagoya group, growing a GaAs epilayer on a lat-
tice mismatched GaPjAsi-j buffer substrate by a MOCVD
apparatus. The structure of prepared sample was rather
simple as shown in Table 1, where the phosphorus fraction
and the GaAs epilayer thickness were chosen as x = 0.17
and I = 850A. Since the lattice constant of GaPjAs]-* is
smaller than that of GaAs, biaxial in-plane compression is
induced and it results in the tensile strain to GaAs layer
along the growth direction. The ESP and the QE observed
for this strained GaAs photocathode are plotted in fig. 3,
as a function of laser wavelength. The QE increases in two
steps. The first(second) rise begins at the threshold energy
of interband excitation from the GaAs(GaPIAsi_I) layer.
The clear ESP peak of 86% at A ss 860nm is the evidence
of the single excitation from the upper hh-band of the
strained GaAs. Due to additional contributions from the
lower lli-band, the ESP decreases to the shoulder(~ 46%)
at A ss 800nm. The further drops below A « 780rim is
caused by the electrons excited from valence band of the
GaPjAsi-.,. buffer layer. By this cathode, one of the prob-
lem in this field seemed to be settled, in principle.
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However, there still remained another problem, the rel-
atively poor QE for the new cathodes. For example, the
QE was ~ 0.02% for the above sample at A « 8&0nm,
while the QE more than a few % is possible for the bulk
GaAs cathode. The QE limitation comes mainly from the
fact that only the single excitation from hh(lh) band is
allowed for obtaining the highest ESP. The electrons are
excited from the very low density of state near the band
edge, resulting in low photocurrent density. This situation
might be slightly improved by enlarging the energy split-
ting between hh and lh bands, making the highly strained
GaAs layer. On the other hand, it is not so easy to make
a thick epilayer with large strain, since the dislocations
cause the relaxation of the strain. In addition, for the
thick layer photocathode, the depolarization inside GaAs
becomes so significant that the available thickness of GaAs
epilayer seems to be restricted to be (0.1 ~ 0.3) pm to get
the higher ESP than 80%.

2.2 Strain dependence of polarization

For more detailed treatment of the strained GaAs cath-
ode, the following experimental data seemed to be indis-
pensable, [I] Correlation between residual strain, lattice
mismatch and GaAs epilayer thickness and [II] Depen-
dence of the polarization on the residual strain in GaAs
epilayer. In order to take such data, Nagoya and SLAC
groups made samples with different (x, t) parameters. The
X ray diffraction analyses were done to determine the
strained lattice constant for each sample.
Concerning [I], a two dimensional plot of CR/C and t/tc us-
ing the data of Nagoya and SLAC samples is shown in fig. 4
[6],[7]. In spite that each sample had a different combi-
nation of (x, t), there seems to be the correlation between
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CR fe and t / t c and this curve is useful for designing the
strained GaAs photocathode. It is also shown from fig. 4
that the release of strain occurs partially in the epilayer,
remaining more than ~ 50% strain up to the thickness of a
few tens of tc. Concerning [II], the maximum ESP attained

by Nagoya samples was plotted in fig. 5, as a function of
its residual strain [6]. There, the upper axis of abscissas
indicates the residual strain and lower one does the cor-
responding band splitting. Such a strain dependence was
firstly observed by measuring the ESP of extracted elec-
trons. As shown in fig. 5, the ESP has a clear dependence
on the strain, especially for the region of small band split-
ting. For region of larger band splitting, the increase of
ESP seems to be suppressed at the level of ~ 90%.

On the contrary of such a data, the theory predicts as
Phh = ~ 100% (Plh, = 100%) for photoelcctrons exited from
the top of hh (Ih) band to conduction band. At present,
the discrepancy between theory and experiment is not yet
clearly understood. However, some speculations can be
made [6]. Concerning the gap between 100% and the ob-
served ~ 90%, the effect of band-mixing between hh and
Hi bands for the electrons with momentum k ^ 0 must
be considered. The effect of band tails for the band-edge
absorption must also be taken into account, which would
smear out the small band splitting and cause the decrease
of ESP. The magnitude of the band fluctuation would de-
pend on the temperature of cathode, the p-doping den-
sity, the number of defects and so on. Thus, the ESP data
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taken from the photocathode with different parameters or
those taken under different conditions would be helpful for
further quantitative discussions.

2.3 Superlattice
Due to the quantum size effect, the degeneracy at F

point is also lifted in the superlattice (SL). KEK-Nagoya-
NEC group has developed this type of photocathode for
recent a few years. As results, the maximum ESP of 75%
with QE « 0.01% was obtained by the sample which con-
sists of 20 wells with a total thickness of 0.1/im and a
p-doping density of ~ 5 x 1017/cm3 [8]. Recently an inter-
esting sample was examined by changing the fine structure
of SL surface, which gave the standard ESP of 71%, but
much better QE of ~ 0.2%. Further parameters optimiza-
tion has been continued to get better performances.

3. Application of strained cathodes
As applications of polarized e~ beam, there considered

three different cases which depend on the accelerator and
experiments, such as, 1) low and medium intensity CW
beam with polarized target, 2) intense CW beams for high
Q2 or parity violation experiments and 3) high peak cur-
rent beams for linear colliders [1].

In table 2, the typical values of ESP and QE obtained
by four kinds of photocathodes are summarized. For eval-
uation of advantages of new cathode, we discuss about the
figure of merits of the sources by P2I/Io, where P equals

to ESP, I and Io denote the available intensity and the
maximum intensity accepted by an injection linac or by
experimental conditions, respectively.

Cathode

Bulk GaAs

Thin GaAs

Strained GaAs

Superlattice

ESP
(%)
~40

~ 4 7

~ 8 0

~ 7 0

QE
(%)

5 ~ 10

~ 2

~0.1

~0.2

Ref.

[1]

[9]

[6],[7]

[8]

Table 2 : Photocathodes performances

For application of case 1), the use of new strained cath-
ode is the best choice without problems,since 1= Io seems
easily achieved. In the case of 2) and 3), it seems not so
straightforward at present and needs some experimental
studies, since the available current(I) might be limited by
the combination of low QE of strained cathode and the
limit imposed on the laser power to avoid "laser burning"
phenomena.

For application of strained cathode to the linear col-
liders, the first successful PES operation at SLC seems to
contain much informations, although the bulk GaAs has
been used there. The gun has produced 120 keV polar-

Figure 6. A typical history of quantum efficiency of SLC

source during the run operation [10].

ized electrons with intensity of 6 X 1010 c" (5 Apeak
current) in a 2 ns bunch, which is as same as normal
e~ beam. Other performances are the initial QE of (5~
10)%, lifetime of a few days and the average ESP of
- 28 %, where the cathode temperature has been kept at
~ 0"C [10]. The typical history of QE during the run is
shown in fig. 6. Such performances of SLC gun seems to be
perfect, except the low ESP due to the use of bulk GaAs
cathode. Obviously as a next step, it is urgently required
to replace it by the new cathodes with much higher ESP.

To produce the same intensity as bulk GaAs, the laser
power must be increased by a factor of ~ 100 for strained
cathode. A deterioration in QE of bulk GaAs cathode
was reported to occur when average laser power exceeded
a level between 5 and 20 watts/cm2 [1). This limit for

strained cathode must be confirmed by experiment, hope-
fully in very near future. Of course the development of
high power laser tuned to the wavelength around A ~
860 nm is also important for strained GaAs cathode.

Recently another interesting phenomena called "charge
limitation" was also observed at SLAC. The data shows
that the maximum charge extracted from a bulk GaAs
cathode near band gap threshold in a short pulse can be
less than the space charge limit [11]. This behavior of
saturation is significant for the cathode with low QE and
the charge limit seems to be proportional to QE, as shown
in fig.7. Although the reason is not yet fully understood,
SLAC people try to explain such a behavior using the con-
cept of the solid state plasma produced inside GaAs[12],
The key feature seems to be the bad NEA surface which
causes the increase of plasma density in solid, resulting in
the "charge limitation", as the plasma state prevents the
conduction electrons to escape into vacuum.

It must be remarked that this phenomena is expected
to occur also for strained GaAs cathode in the case of bad
NEA surface, but the "charge limit" may be as same as for
bulk GaAs in spite of its intrinsic low QE. However, this
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Figure 7. The data of "charge limitation" [11].

This data was taken for bulk GaAs cathode pumped

by Ti:Sapphire laser with A = 765 nm.

prediction must be also confirmed by experiment, hope-
fully in very near future.

In conclusion, the photocathode development for highly
polarized electron sources made great advances over the
last few years supported by the recent crystal-growing
technology. By the strained GaAs cathode, the ESP more
than 80% with the QE K 0.1% is routinely obtained by
the test apparatus. For applications of this cathode to
accelerators, there seems no fatal limitations at present,
although both of laser power limitation and "charge limi-
tation" must be checked by the experiments.
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Abstract

There are twenty rf linac driven Free Electron Lasers
(FELs) existing or under construction throughout the world
and proposals for several more. A number of these FELs
have recently been established as facilities to produce
coherent optical beams for Materials and Biomedical
Research. Both short pulse low duty factor and long pulse
high duty factor linac driven FELs will be discussed.
Accelerator issues that influence the performance of an FEL
as a scientific instrument will be indicated.

Introduction

The Landmark Free Electron Laser (FEL) Oscillator
Experiment is now 15 years of age [1]. Although potential
applications of the FEL have been discussed for many years,
it is only recently that FEL technology has advanced to a
stage that will support serious programs of scientific
research. In scientific applications FELs provide a number
of significant advantages. Perhaps the most important
advantage is that FELs can operate at wavelengths
previously inaccessible and that this wavelength can be
scanned readily. Simple wavelength agility, however, is not
sufficient. If one hopes to produce "world class" science
with FELs, one must match or better the performance of
conventional lasers independent of wavelength. Potentially,
FELs can provide excellent optical beam quality and beam
stability and FEL systems can provide great flexibility in
operation, including variation of the optical micropulse
length, variation in the optical pulse repetition rate and
production of multiple-color synchronized optical beams. In
industrial and defense applications FELs additionally offer
the potential for high power and high efficiency operation.
It is important that all of these capabilities be realized.

In 1991 a Directory of Free Electron Lasers was
compiled [2] listing eighteen rf linac driven FELs existing or
under construction throughout the world and proposals for
several more. The list has grown modestly in the past year.
In Tables 1 and 2 below, these FELs have been segregated
into short pulse linac-driven FELs and superconducting
linac-driven FELs. The short pulse linac systems in Table 1
produce an optical pulse train that lasts from a few
microseconds to twenty microseconds. This pulse train is

referred to as the macropulse (Tm) and is repeated at a
frequency (fm) that ranges from 10 Hz to 360 Hz. Typically
every rf bucket is filled in these machines which means that
individual optical micropulses (within the macropulse) are
separated by approximately 300 ps. The superconducting
linac-driven FELs are listed in Table 2 and it is immediately
evident from the micropulse repetition frequencies (fyi) that
only a few rf buckets of the linac are filled. Even for the
highest repetition frequency (50 MHz) the separation
between micropulses is 20 ns. Since optical pulse switching
at 20 ns is rather easy and switching at 300 ps is rather
difficult, this is an important distinction between the two
classes of FEL systems. Many of the FELs listed in Tables
1 and 2 will evolve into facilities for materials and
biomedical research.

TABLE 1
Short Pulse 1

Operating FEL

Orsay (CUO)
Duke
FOM (FEUX)
Vanderbilt

Facilities:
f(MHz)

3000
2856
3000
2856

FELs in Construction:

BNL(ATF)
LANL (AFEL)
Osaka(l)
Osaka(2)
Rockwell
Stanford (3)
Tokyo
Twente
UCLA
FEL Proposals:

SSR1VSLAC

f(MHz)
2856
1300
2856
1300
2856
2856
2856
1300
2856

f(MHz)
2856

LAnac-Driven

E(MeV)
70
45
45
45

E(MeV)
50
20
6

38
78
3.5
15
25
20

E(MeV)
6000

FELs

Tm(ns)
10
9

20
7

Tm(ns)
-
20
10
2.5
3.7
3
6
10
4

Tm(ns)

fm(Hz)
50
15
10
30

fm(Hz)
-
30
10

360
360
10
50
10
5

fm(Hz)

(1) Institute of Laser Technology
(2) Institute of Scientific and Industrial Research
(3) Department of Electrical Engineering

* Work supported in part by ONR Contract
Nos. N00014-91-C-0170 and N00014-9-J-4152.
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TABLE 2
Superconducting Linac-Driven FELs

RF LINAC-DRIVEN FEL

Operating FEL

Stanford

Facilities:
f(MHz)

1300

FELs in Construction:

Darmstadt
Frascati
JAERI

FEL Proposals:

BNL(1)
CEBAF(2)
LBL

f(MHz)
3000

500
500

f(MHz)
500

1500
500

E(MeV)
70

E(MeV)
50
25
13

E(MeV)
250
85/445
50

fn(MHz)
11.8

fn(MHz)
10
50
10.4

fy(MHz)
0.01
2.5-7.5
6

(l)BNL proposal is for an XUV amplifier
(2)CEBAF proposal is for both an IR and UV oscillator

Excluded from the two lists of linac driven FELs are
the APEX facility at Los Alamos, the APLE facility at
Boeing and the ELSA facility at Bruyeers-le-Chatel. All
these FELs are high power systems of greatest interest in
industrial and defense applications. Since the focus of this
paper is FELs for research facilities, they will not be
discussed further.

Characteristics of RF Linac-driven FELs

In an FEL the optical wave is amplified by extracting
energy from a co-propagating electron beam. Transverse
motion of this electron beam, that couples to the transverse
electric field of the wave, is induced by a magnetic wiggler
system as shown in Fig. 1. To maintain a constant phase
relation between the transverse motion of the electron and
the transverse electric field, the electrons must slip behind
the wave by one optical period each wiggler period. This
synchronism condition is satisfied if:

2

where X. is the optical period (or wavelength),Xn is the
wiggler period, y is the relativistic energy of the electron
beam, and k^ depends solely on parameters of the wiggler.
As in a klystron, bunching of the electrons by the optical
field is required for net energy extraction.

For a Van de Graaff-driven FEL the electron beam is
continuous and the resulting optical wave is likewise
continuous. For an rf linac-driven FEL, however, the
electron beam consists of a train of electron bunches each a
few picoseconds in length and the optical beam exhibits the
same pulse format. This is an important feature of the linac-
driven FEL that makes it particularly well matched, for
instance, to studies of molecular dynamics on the
picosecond time scale.

' OPTICAL PERIOD

Fig. 1 Overlapping electron bunch and optical pulse propagating
through a magnetic wiggler.

Linac-driven FELs are most often configured as
oscillators, with the wiggler enclosed in an optical cavity, as
shown in Fig. 2. Typically, the optical cavity is a few
meters to a few tens of meters in length and therefore if
every rf bucket of the linac is filled, there will be many
optical bunches in the optical cavity. One can reduce the
number of optical bunches in the cavity, however, by
selectively filling rf buckets in the linac.

Adjusting and stabilizing the length of the FEL optical
cavity is critically important. For the Stanford machine the
optical cavity is 12.7 meters in length, providing a photon
round trip time equal to 110 rf periods of the linac, and a
change in length of 1 micron will produce observable
changes in the optical wave. A change in cavity length by
20 microns will stop lasing completely.

A notable exception to the usual FEL oscillator
configuration can be found in the Los Alamos and more
recently the Brookhaven and the SSRL/SLAC proposals for
XUV lasers. At these wavelength mirrors suitable for
optical cavities do not exist and thus an amplifier
configuration is required.
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Fig. 2 Schematic of the FEL optical cavity and wiggler together with the electron beam transport system. Magnetic chicanes are
used to transport the electron beam around the cavity mirrors.

Experimental Facilities

It must be remembered that a laser by itself is not
sufficient to make a meaningful physical measurement. An
FEL application will involve an experimental apparatus
whose complexity may approach that of the FEL.
Furthermore, to exploit fully the scientific potential of the
FEL one will need experimental apparatus for several
classes of experiment. This raises a number of questions.
First, for what class of experiment should "permanent"
optical set-ups be established? Second, what
complementary instrumentation is appropriate? The need
for "permanent" optical set-ups and complementary
instrumentation raise important questions about the
experimental laboratory space required and suggests it might
be desirable to provide the FEL optical beam to several
experiments simultaneously.

A good example of the laboratory space that is
appropriate for an FEL facility is provided by the Medical
FEL facilities at Vanderbilt University. A plan view of the
Vanderbilt facility is shown in Fig. 3.

The FEL optical beam enters a laser diagnostic lab
which is adjacent to the FEL control room and from there
proceeds to the experimental area . There are five target
rooms for experiments and two animal operating rooms
complete with an animal-care facility. The operating rooms
are equipped with hand-held beam delivery systems to allow
surgeons to manipulate the beam. The rooms will be
supported by wet lab and a tissue culture lab for biological
tests, and by shop facilities for the construction and test of
equipment to be used in the experiments. Users are able to
control the FEL through two slave computers which can be
moved to any of the labs. Total experimental laboratory
space is 600 m^.

Complementary facilities or instruments will represent
an important component of each FEL facility. At
Vanderbilt there is a high resolution Bruker IFS-113 FTIR
spectrometer for experiments involving hole burning, IR
multiphoton dissociation, and radiation damage in
biomaterials and molecular systems, and a Raman
spectrometer system for time-resolved studies of vibrational
energy transfer, and FEL induced material modification
processing using the Raman spectrum as a probe.

WOMENS COMP
LOCKER ROOM

ANIMAL
PREP. AND
RECOVERY

Fig. 3 Plan view of the Vanderbilt MFEL Program experimental labs. The FEL beam enters at the diagnostic room and proceeds to the
target rooms. The optical beam transport system is shaded in the diagram.
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At Stanford there is a tunable picosecond dye laser system
synchronized to the FEL for two color experiments
involving studies of vibrational energy transfer, photo
chemistry, time-resolved fluorescence and Raman
spectroscopy of non-equilibrium carriers in semiconductors,
and a Zeiss axiovert microscope for experiments on single
living cells. At Duke, synchrotron radiation, synchronized
to the FEL, will soon be available.

"Permanent" optical set-ups will also be an essential
part of each FEL facility. At Stanford an optical set-up that
provides two (or three) beams crossed in space and time is
available for single color pump probe, photon echo, and
transient grating experiments. This set-up also provides a
capability for single pulse selection to match the optical
pulse repetition rate to the requirements of the experiment at
hand. At Vanderbilt a beamline is being established for
monochromatic (incoherent) X-ray photons tunable from
300 eV to 18 KeV [3]. The photons are produced by
Compton scattering of the FEL beam by the electron beam.
Many other complementary facilities and "permanent"
optical set-ups are being established at FELs throughout the
world.

Optical Beam Quality and Beam Stability

The optical beam quality and beam stability that can be
achieved in an rf linac driven FEL is exceptional. Within
10% the FEL optical pulse is transform limited and is a
single diffraction limited TEMQQ mode. The FEL optical
beam stability is also very good, but requires more extensive
discussion.

Although one can expect the FEL optical pulse shape
to be stable, one must expect significant fluctuations in the
central wavelength and the optical pulse amplitude during
operation. Central wavelength fluctuations in the Stanford
SCA/FEL [4] are shown in Fig. 4. Over the time span
shown (>20,000 micropulses) the fractional variation is
+2x10"^. -j-jjjs j s nearly two orders of magnitude better than
achieved in short pulse linac-driven FELs, and it is nearly
one order of magnitude better than the transform limited
band width of the optical pulse, but it is still greater than
that required for some experiments. Inspection of the data
in Fig. 4 reveals an interesting fact. Significant fluctuations
exist at surprisingly high frequencies. The large amplitude
fluctuation occurs at approximately 3 kHz and the small
amplitude fluctuation at approximately 30 kHz.

Relatively large fluctuations are observed in the
amplitude of the FEL optical micropulses. It is not unusual
to observe fluctuations of +10% and it is not unusual for
these fluctuations to extend to frequencies of many kHz. At
Stanford, some success has been achieved in reducing both
wavelength and amplitude fluctuations by feedback control.
In the case of wavelength stabilization, feedback is provided
to the electron beam energy [5].In the case of amplitude
stabilization, feedback is provided to an AOM that diffracts
away part of the incident pulse energy. In both cases the

CENTER WAVELENGTH vs TIME
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Fig. 4 Center wavelength of the Stanford FEL beam as a function
of time: largest fluctuations occur at 3 kHz, but small
fluctuations occur at 30 kHz.

high frequency components are the most difficult to deal
with.

Pointing and position stability of the FEL optical beam
is also an important issue. At Stanford, despite the fact that
the optical beam is transported 100 meters from the FEL to
the experimental area, the fluctuations in beam position are
measured to be less than 10% of the optical beam size.

Considerable interest has been expressed in the timing
stability of the train of optical pulses delivered by the FEL.
We have recently measured this timing stability by coupling
the FEL beam into an external optical cavity that is identical
to the FEL cavity. The build-up of optical energy in the
external cavity provides a measure of the timing stability of
the incident pulses. The optical power transmitted through
the external cavity (lower trace) and the power reflected
from the cavity (upper trace) are shown in Fig. 5. For the
measured[6] optical cavity Q of 15, the observed optical
energy stored in the external cavity was 19 times the
incident FEL micropulse energy, in agreement with
calculations. These measurements hold promise that one
can deliver giant optical pulses by cavity dumping and
indicate that the principal timing error is an oscillation of +
two femtoseconds at a frequency of approximately 100 Hz.
This is remarkable timing stability.
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Fig. 5 Transmitted (lower trace) and reflected (upper trace) power
from the external cavity. The reflected power decreases at
resonance since the wave transmitted out of the coupling
mirror and the wave directly reflected from the coupling
mirror are out of phase.

It is clear that fluctuations in electron beam energy and
electron bunch charge, fluctuations in electron beam
pointing and position, and fluctuations in electron bunch
timing can all influence the optical beam in the FEL. While
some of these fluctuations can be compensated by feedback,
it is most desirable to eliminate them at the source. This is a
challenge for accelerator physics, particularly for the higher
frequency contributions.

FEL System Flexibility

Operation of an FEL can be remarkably flexible. The
system for feedback control of the FEL wavelength includes
a dipole detector located at the output of an optical
spectrometer. The error signal from this detector is used to
change the electron beam energy, and thus if we simply scan
the spectrometer, the feedback control system will
automatically scan the FEL wavelength. By adjusting the
phases and amplitudes of the injector cavities in the linac,
one can vary the electron bunch length and thereby the FEL
optical pulse length. At Stanford we have varied the optical
pulse length from 1 ps to 5 ps in this way.

An example of quite a different sort is beam sharing
by macropulse switching. As illustrated schematically in
Fig. 6, if the electron beam energy is changed from one
macropulse to the next, then the optical wavelength will also
be changed. For interesting changes in wavelength this
modulation can easily proceed at 30 Hz. The optical
macropulses of different wavelength can be delivered to the
appropriate experiment either by optical switching in time or
by use of dichroic mirrors to enable an experimenter to pick
out his wavelength component of the beam. Many other
examples of system flexibility could be cited.

TIME-

Fig. 6 Beam sharing by macropulse switching. Switching the
electron beam energy from one macropulse to the next results in
switching of the optical wavelength. In this way, optical beams of
two or more wavelengths can be delivered.

Conclusions

If the full potential of FEL systems can be realized,
then one has a unique opportunity to develop an "FEL
Analog" of a Synchrotron Radiation Facility. One can
imagine delivering optical beams of exceptional quality to
sophisticated optical set-ups that are analogous to
synchrotron radiation beam lines and one can imagine
perfecting techniques for beam sharing to expand utilization
of the facility. Achieving this potential will require careful
design of accelerator systems and extensive diagnostics.
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Abstract

Under a joint collaboration between the Brookhaven
National Laboratory and the Grumman Corporation, a high-
duty factor (>1%) photocathode RF gun is under construction
for use at the ATF facility at BNL. The gun will be capable of
producing short (< 6 psec) bunches of electrons at high
repetition rates (5 kHz), low energy spread (< 1.0%), peak
currents of > 300 A (after compression) and a total bunch
charge in excess of 3 nC. The gun consists of 3-1/2 cells
constructed from GlidCop, an alumina dispersion strengthened
copper alloy. Two individually phased waveguides are used to
power the first two and final two cells.

Introduction

The free-electron laser (FEL) offers the opportunity of
providing high power coherent radiation sources in regions
presently unattainable by conventional atomic and molecular
lasers. For this reason, it has been proposed to build an
ultraviolet FEL users' facilityfI] capable of producing
radiation between 75 - 300 nm at a repetition rate of 5 kHz.
Though the superconducting linear accelerator for this facility
is considered to be proven technology, the RF photocathode
gun would be operating in a regime undemonstrated at this
time. The gun would be required to produce 2 pulses
separated by 10 ns every 200 usec. The emittance of the
electron bunches is required to be below 7TT mm-mrad
(normalized RMS) with peak currents of 300A after
compression. The RF filling times of these guns are on the
order of 1 - 2 |usec, thus the RF duty factor would be nearly
1%. In addition to FELs, RF guns are well suited for the front
ends of a number of accelerators which require high-current,
short-pulse beams (i..e. beamlines for pulse radiolysis, the
Next Linear Collider).

The construction of such a gun (Gun II) has begun under a
joint Grumman-Brookhaven National Laboratory (BNL)
research collaboration. The starting point for our design is the
present 1-1/2 cell BNL photocathode RF gun (Gun I) shown in
Fig. 1. The beam dynamics of the gun were modeled with the
PARMELA [2] and MAGIC [3] particle codes. These codes
are used to study the emittance growth of the electron bunch as
it is accelerated through the gun, as well as to determine how
the operational parameters effect its characteristics (i.e.
divergence, momentum spread, energy, current).

The thermal and mechanical properties of the gun were
modeled with the ANSYS [4] finite element code. Power
deposition profiles were calculated with SUPERFISH [5]. A
thermal/structural analysis was performed to determine the
temperature profiles and the pressure and thermally induced
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Figure 1. Present BNL 1-1/2 cell gun (Gun I).

stresses. The Von Mises (equivalent) [6] Stress Criteria were
used to determine the stress level margins.

Beam Dynamics Modeling

The majority of the beam dynamics modeling was done
with the MAGIC particle-in-cell code. This code includes the
effect of image currents, space charge and wakefields. The
axisymmetric gun geometry (2D) was modeled with the exact
gun fields. This is accomplished by prescribing the magnetic
field for the fundamental TMoi cylindrical cavity mode and
allowing the cavity to ring while numerically damping out
higher order modes. The ratios of the electric and magnetic
fields are compared at various times to verify that the higher
order modes are greater than 60 dB down from the
fundamental mode. The fields are then stored and used for
later runs with particles. The damping of higher order modes
is turned off for the particle runs. Fig. 2 shows a vector plot of
the electric fields for a 3-1/2 cell gun.

VECTOR PLOT OF (EXE2)
AT TIME 8.75E-11 SEC

VMAX = 1.02E + 0B

0.000 0.234

Z (m)

Figure 2. Vector plot from MAGIC of the electric field in the
3-1/2 cell gun (Gun II)

280



The advantage of using the MAGIC code is that the field
components at the cavity apertures and beam exit are
continuous and the method of calculating the space charge
forces is inherently more stable. To properly resolve the
electric fields of the electron bunch near the cathode, where
they are rapidly accelerated, the numerical grid for calculating
the fields is made very fine near Z, R = 0. In addition, the time
steps are small enough to avoid plasma frequency and grid
type instabilities, and to properly resolve the temporal
behavior of the wakefields[7]. Typical simulations for a 3-1/2
cell gun consisted of a grid 2000 x 90 (Z x R) with 1500
particles. Particles are emitted in nearly any functional form in
radius and time to model the laser illumination of the cathode.

The majority of our simulations used Gaussian profiles
with a temporal extent of ± 2CT( (o"t = 2 psec), and a radial
extent of l a r (~ 1 - 5 mm). Table 1 lists the operational
parameters for Gun II. Statistics of the particles are tracked
through the length of the gun. The emitted electron bunch
could be modeled as initial cold (£n = 0 ), or thermalized (by
an amount equal to the difference between the photon energy
of the laser and the work function of the cathode material).
The most recent experiments at BNL[8] have utilized a copper
photocathode whose work function is better matched to the
photon energy of the laser than the previous Yttrium cathode.
The thermal energy for electrons emitted from the Cu cathode
is 0.4 eV versus 1.5 eV for the Yt cathode. To improve the
resolution of space charge and RF emittance contributions, the
particles were emitted cold in the majority of our simulations.
Emittance values are always reported with the addition (in
quadrature) of the thermal emittance.

Table 1. Operational parameters of Gun II
Number of cells
Laser radius ( la r)
Pulse length (± 2a{)
Cathode electric field (nominal)
Beam momentum
Peak power
Duty factor
RF frequency

1
4mm
8 psec
100 MV/m
lOMeV/c
12.5 MW
1%
2.856 GHz

Most of our simulations were done for a 1-1/2 cell gun
since they require 1/4 of the computer time and uncover most
of the underlying physics. A number of aspects of the gun
design were investigated: temporal and spatial laser
illumination profile shaping; total charge; electric field
strength; launch phase; field tilt; aperture shaping; and the
length of the first cell. The brightness, B, was used as one
figure of merit for our gun design. We use the definition:

where I is the peak current, EQ is the RMS invariant emittance,
Q is the total charge, and c^ is the bunch length (divided by
the speed of light). After the beam exits the gun, it enters a
transport line whose function is to match the beam to the linac.
In addition, the transport line may serve to magnetically
compress the bunch length, resulting in peak currents >1000

amps. The compression results from differing path lengths for
particles of differing momentum in bending magnets. The
compressibility was determined analytically and used to
determine the ideally compressed current.

The divergence of the beam is inversely proportional to y,
the relativistic factor, and the space charge forces are inversely
proportional to y2. Simulations of the full 3-1/2 cell gun show
that the addition of 2 full cells for the gun (Gun II) will double
the momentum of electrons to 10 MeV/c which should result
in a bunch that is more easily transported and compressed.

A study was made to determine the effect of varying the
length of the half cell on the emittance, divergence and
compressibility. It was found that by increasing the length of
the half cell from 2.625 cm (X/4) to 3.5 cm, the divergence was
reduced by 20%, the compressibility increased by a factor of 2,
and the effect on the emittance was negligible. The 3.5 cm
first cell offers a number of other advantages. The peak
electric field is on the cathode rather than on the aperture as in
the previous case. This should allow the cathode field to reach
110 MV/m with the same conditioning that it takes to reach
100 MV/m in the present BNL gun.

A number of post-processing utilities were developed for
the MAGIC code to uncover the underlying causes of
emittance growth in the gun. Fig. 3 shows the longitudinal
phase space (1 nC bunch) at the gun exit (o"b = 0.55 mm, dP/P
= 1.5%) and after being ideally compressed (ob = 0.029 mm).
Figure 4 shows the transverse phase space at the gun exit (a r =
4.9 mm, a r ' =11.7 mrad). Figure 5a shows the transverse
phase space deviations which are defined by:

=r'oid - roid

where <r'/r> is determined from the particle ensemble. The
deviations indicate that the front and back of the beam are
receiving different radial kicks due to the time dependent
nature of the RF accelerating field. It appears that by applying
a time dependent linear radial kick that the phase space area of
the bunch could be reduced, hence lowering the beam
emittance. Further investigation shows that the apparent linear
slew in the transverse phase space is due to the momentum
slew in the longitudinal phase space.

By artificially adding 190 MeV/c to each particle, Fig. 5b
shows that the transverse phase space area is already reduced
as far as possible. In fact it can be shown that by adjusting the
launch phase for minimum emittance, an effective linear kick
is imposed on the beam. With this knowledge, it is possible to
determine the minimum emittance of the beam without
scanning launch phase (as long as you are reasonably close to
the correct launch phase).

Fig. 6 shows the slice emittance of the bunch. The slice
emittance is the emittance of a small longitudinal section of the
bunch. Notice that most of the bunch emittance is below ITI
mm-mrad. The tail of the bunch which has the largest
emittance can be easily identified in Fig. 5b. By aperturing the
bunch in either momentum or physical space, the bunch
emittance can be significantly reduced. Another possible way
of reducing the bunch emittance is to introduce a quadratic
time dependent kick in the transverse phase space. Such a
scheme has been proposed by Gallardo[9].
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Figure 3. Longitudinal phase space at the exit of Gun II and
after ideally compressing the bunch (1 nC).
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Figure 4. Transverse phase space at the exit of Gun II (1 nC).

For the gun with the longer half cell, minimizing the
emittance requires the launch phase to be advanced by 6° for a
1 nC bunch. If one considers the transit time for a relativistic
electron bunch, the extra length of the first cell corresponds to
27° of RF phase. However, since the space charge force
greatly influences the front and rear of the beam, the smaller

r (mm)

Figure 5. a) Transverse phase space deviations, b) transverse
phase space deviations with particles accelerated by 190
MeV/c.

reduction in field provides a time dependent force which acts
to counter the repulsive space charge force. As a result, the
minimum emittance requires a launch phase advanced by 16°
for a 0.1 nC bunch and 6° for a 1 nC bunch.
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Figure 6. Slice emittance of the beam at the gun exit (1 nC).

The smaller phase advance causes the particles to arrive
ahead of the zero crossings at the apertures. The final two
cells of the gun will have independent phase control which will
compensate for the early of the particles. This provides a
means of controlling the longitudinal phase space (decreasing
the momentum spread or increasing the compressibility), as
well as a means for matching the beam to the compression
system. Table 2 summarizes the beam dynamics modeling for
Gun II.

Table 2. Modeling results for Gun II
Charge (nC)
Emittance (TT mm-mrad)
Divergence (x' mrad)
Momentum spread
Launch phase
Peak current

Uncompressed (A)
Compressed (A)

0.5 1.0 3.0
2.3 3.4 8.9
7.9 8.3 9.5
- 0.2% - 2.0% (selectable)
55° 59° 63°

118 220 571
2705 4224 7429

Thermal and Mechanical Design

Operation at duty factors of 1% present significant
challenges in the heat removal aspects of the gun as well as the
pressure and thermally induced stresses and deformations.
The half cell of the gun will be 3.5 cm long followed by 3 full
cells each 5.25 cm (X/2) in length. The longer cell simplifies
the construction of the gun by reduced the space constraints.
Fig. 7 shows a cut away view of Gun II.

Figure 7. Cutaway view of Gun II showing the locations of
the water cooling channels.

The peak power in the gun is 12.5 MW, thus an average
power of 125 kW most be removed from the structure. Since
Gun II will utilize a copper cathode, the cathode wall will be
constructed of a solid copper plate without penetrations. The
cathode plate, four cylindrical spool pieces and four aperture
pieces will be brazed together. The cathode plate is a 0.75 cm
long cylinder 12.25 cm in diameter, with coolant channels
milled in a circular pattern. A second 0.75 cm long cylinder is
brazed on the back to enclose the channels. A 2.5 cm long
cylindrical spool piece is used to connect the photocathode to
the aperture. The spool pieces for the full cells are 3.25 cm
long. All of the spool piece are cooled by circular channel
machined into each end. Each aperture is designed as two
cylindrical pieces, 1.0 cm long with two coolant channels
milled in a circular pattern, which are brazed together. The
aperture opening is a separate machining operation.

We have chosen to use GlidCop-25, an aluminum oxide
dispersion strengthened copper alloy, which combines good
thermal, electrical, and structural properties. The GlidCop will
be electroplated with 0.001" of OFHC copper to provide the
good electrical conductivity for the cavity and a barrier for the
silver based braze alloys.

The Swanson Analysis System, ANSYS, was chosen as
the finite element thermal/structural code to perform the
evaluation of the design. ANSYS provides 2-D and 3-D
modeling capability with thermal and structural elements
compatible with the analysis requirements. Steady state and
transient analysis with temperature dependent material
properties can be performed.

The thermal management of the gun requires heat removal
from a cavity only 8.31 cm in diameter with peak power
densities of 22 kW/cm^. The mode of heat transfer chosen is
turbulent forced convection, the Dittus-Boelter heat transfer
correlation was used. The heat removal is provided by
pumping pressurized water through strategically placed
coolant channels. Pressure drops through the channels were
addressed, to ensure that boiling does not occur, and to comply
with facility capabilities. The flow rates were limited by
erosion considerations. Flow velocity limits for copper were
within the recommended guidelines.[10]
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The power density was supplied by the SUPERFISH code
for the cavity configurations evaluated. The power density in
the longer half cell is decreased by nearly 15%. Various 2-D
axisymmetric models of the gun were generated to determine
flow rates, and the positions and sizes of the coolant channels.
Steady state thermal analysis was performed for the various
evaluations. The operating pressure and temperature
distributions are input to the structural model and the pressure
and thermally induced deformations and stresses are
calculated. The resulting displacements are evaluated to
determine the variation in cavity deformations impacting the
frequency and tuning of the cavity. The stresses are evaluated
and compared to the various stress categories in the ASME
Boiler and Pressure Vessel Code. The combination of the
stresses used for comparing the ASME allowables are
conservative, since they include the thermally induced
membrane stress in the Primary+Bending stress category, and
the peak thermal stresses in the Primary+Secondary stress
category.

The temperature distribution (3-D) shows that the peak
temperature of the gun should reach about 144 °C which
corresponds to a frequency shift of 4.4 MHz. The maximum
Von Mises stress is less than 21 ksi (145 MPa) with an
allowable of 31 ksi (214 MPa). 3-D modeling indicates no
significant increases in either the temperatures or stresses
occur near the coupling slots. Though these stress levels are
well within the allowable levels for GlidCop, they exceed the
allowable levels for OFHC copper (Yield Stress = 11 ksi).

RF Dynamics

The design of Gun II requires that 7r-mode phasing be
maintained between cells 1 and 2 and between cells 3 and 4.
In addition, we would like to vary the phase smoothly between
cells 2 and 3. The arrangement of the coupling slots and the
distance of the waveguide short from the coupling slots (A/4)
preferentially couples to the 7i-mode. Figure 8 shows the mode
separation and relative amplitudes for the 0 and n-modes when
two adjacent cells are driven with a single loop coupler or with
the waveguide. Notice that the single loop excites the 0-mode
most strongly by aperture coupling to the second cavity. By
comparison, the waveguide most strongly excites the 7r-mode.
The coupling constant is approximately 5 * 10 \

Although the coupling is relatively small, it is too strong
to allow independent phasing of the two waveguide feeds.
Since Gun II will be feed from a single klystron, it is necessary
to be able to adjust the phase shifter without changing the
waveguide match or the resonant frequency of the coupled
system.

We will reduce the coupling between cells 2 and 3 by
modifying the aperture between the two cells. This will entail
either reducing the diameter of the aperture or increasing the
thickness of the aperture. We are presently performing
measurements of a cold model to determine the best choice. In
order to match the waveguide to the gun, the coupling slots
most be sized for critical coupling. The coupling is dependent
on the Q of the cavity, therefore, the coupling slots will be
slightly undersized and the gun will be brazed together. The
final matching of the waveguide to the gun will then be
achieved by shimming the height of the waveguide above the

MEM loa MAG 3 dB/ REF -a.64 dB

). j , \ J_ _.i

-13.09S da

s 2 1 log MAQ 3 da/ REF -40.44 OB U 2.3801 dB

MARJ
- 1

kEfl
.42£

/

y

1-2/

/
/

/

A
\\
ss\

- 1 .

Mi

as oc 0 MHz
REF-E

START Z 847.000 000 MHz STOP 2 807.000 000 MHz

Figure 8. Network analyzer plots of the mode structure in Gun
II. Points 1 and 2 indicate the locations of the 0-mode and n-
modes, respectively. Waveguide driven (top) and loop driven
(bottom).

coupling slots. This method is preferred over cutting the
coupling slots since the resonant frequency of the cavity is
significantly influenced by the size of the coupling slots.

* This work supported by the Grumman Corporation and the
Brookhaven National Laboratory under U.S. Department of Eneigy
Contract DE-AC02-76-CH00016.
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Abstract

A review of this topic at the last conference in this
series reported considerable progress in R&D programs aimed
at producing high-current low-emittance electron beams
using photocathode rf guns. At present at least 20 such
projects are under way world wide and at least 6
photoinjectors are presently in operation. This paper reviews
some of the choices that must be made in optimizing the
design of the accelerating structure for a photoinjector based
on the current state of knowledge.

A Historical Perspective

The first experimental results for a two-cell rf
photocathode injector linac, or photoinjector, were reported
by Los Alamos in 1988 [1]. This linac had two 1300-MHz rf
cavities which were driven separately so that the phase and
amplitude of each cavity could be controlled independently.
The cathode was prepared on line in a special chamber and
transferred under vacuum and seated on the front wall of the
first cell. The multi-alkali cathode was illuminated by a laser
having a wavelength of 532 nm. The performance of this
injector is listed in Table 1.

TABLE 1
2-Cell Photoinjector Experimental Results
Parameter

0(nC)
x fwhm (PS)
I (A)
en (n mm mrad)

Thermionic gun
with buncher

5
15

300
100

Photoinjector

15(11)*
70
200
100 (40)*

* longitudinal tails deleted numerically

Q is defined as the total charge in one micropulse and x is
the length of temporal profile of the micropulse at the exit of
the injector, measured at its full-width half-maximum point.

The peak beam current, I = Q/Tfwhm- The photoinjector
community has recently adopted the convention of using the
rms value for emittance, but for the purpose of this review
the normalized emittance will be defined as

en= = 4en(rms) . (1)

Table 1 also includes some typical values for a
thermionic gun to which magnetic bunching has been added
to achieve a beam of similar quality. While the beam

Work supported by Los Alamos National Laboratory Program
Development, under the auspices of the United States
Department of Energy.

properties of this photoinjector did not eclipse the
performance that could be expected from a more conventional
gun, the results had some important implications. This
experiment demonstrated that by tailoring the radial and
temporal profile of the drive laser, the transverse and
longitudinal shape and distribution of the electron beam
could be modified. As a result, minimal beam loss in the
accelerator can be assured.

In the case of a conventional gun the electron
distribution within the microbunch is thermal. The beam
distributions in transverse and longitudinal space from a
photoinjector are correlated, which allows the important
option of recovering emittance growth associated with space-
charge effects. In addition, a series of experiments using the
Los Alamos gun successfully verified that the design codes
MASK, ISIS and PARMELA could be used with confidence
in designing such devices and simulating their performance.

As a result of the pioneering work at Los Alamos there
are now more than 20 experimental programs world wide to
develop photoinjectors or photocathode linacs. Today there
are six machines in operation, listed in Table 2 along with
their operating frequencies. They span a factor of 20 in
frequency and a factor of 10 in accelerating gradient.
Presumably the design of each machine has been optimized
for a specific application.

TABLE 2
Operating Photocathode

Institution
BNLandCERN
Los Alamos: APEX and AFEL
Boeing Aerospace Corp. (BAC)
Bruyers-le Chatel (CEA)

Injectors
Frequency

2.85 GHz
1.3 GHz
433 MHz
144 MHz

Applications

Two main applications have been identified which would
not only benefit from photoinjector technology but in fact
will probably require it. The first is a scheme for building a
high energy (2 TeV) electron-positron linear collider. The
concept, proposed by CERN, is a two-beam device in which
a very high current drive beam is accelerated in a
conventional linac at modest gradients. The power is
extracted from the drive beam at 30 GHz to excite a very
high gradient traveling-wave linac accelerating the collider
beams, which have a more modest current. The beam
parameters required for this scheme are listed in Table 3.

Free-electron lasers (FELs) also have requirements for
very bright electron beams which are also listed in Table 3.
Each micropulse must be short to maximize the peak current
but long enough that it does not slip out of phase with the
light packet it is driving. The geometric emittance must be
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TABLE 3
Photoinjector Beam Requirements

Linear Collider FELs
Parameter

Q (nC)
f fwhm (ps)
I (kA)
en (K mm rad>

Drive
beam

64
3
20
-

Collider
beam

1
1
1
1

5-10
^CFEL
>0.1
< PY^FEL

on the order of the FEL wavelength to assure good
geometrical overlap between the FEL beam and the electron
beam for efficient energy transfer. The FEL wavelength,
^-FEL. is a function of the wiggler magnet design and the
electron beam energy. A part of this parameter space is
shown in Fig. 1 along with the design operating points of
several projects.

5 10 20 50
Kinetic Energy (MeV)

100

Fig. 1 Electron beam energy and emittance required in an
FEL as a function of FEL wavelength.

Some Design Considerations

One of the unique features of high-gradient rf electron
injectors is that the beam can be accelerated to relativistic
energies in only one or two cells. In a typical FEL
application the beam will spend about 50% of its lifetime in
the first two cells of the machine. This probably accounts for
the fact that most experimental photoinjector projects use a
two-cell structure. The dominant effects that influence the
beam quality, in addition to acceleration, are rf and space-
charge forces.

In designing a photoinjector for either of the above
applications one must remember that it is but one
component of a larger complex machine including an
accelerator, a transport system, and either wiggler magnets or
energy extraction cavities. The beam correlations produced in
the injector extend throughout the machine. The injector
must therefore be considered as a part of an integrated design
problem.

The electric field distribution in the first cell of a typical
photoinjector is similar to that in the Los Alamos Advanced
FEL (AFEL), which is plotted in Fig. 2. The radial
component of the field, E r, is typically linearized to reduce
the nonrecoverable emittance growth that would otherwise

result from nonlinear if defocusing. This has been achieved
in the AFEL design by tailoring the contour of the exit
aperture nose to match the lowest-order space harmonic of
the field.

Fig. 2 Electric field distribution in the first cell of AFEL.

Competing requirements are maximizing both the shunt
impedence and the accelerating field, Emax. while keeping
the peak surface field, Ep, below the sparking limit. RF
focusing can be added to the cavity by contouring the front
wall of the cell adjacent to the cathode itself. The field can be
shaped in this way so that electrons enter a converging
electric field as they evolve from the cathode. This has been
tested experimentally and the resulting focusing effect
follows the prediction of the design codes. It has been shown
however, that when constrained by a practical peak surface
field limit, the field energy is better spent on rapid
acceleration to relativistic energies than on focusing at low
energy.

The axial component of the electric field, Ez, is plotted
in Fig. 3. The cathode is typically illuminated at an injection
phase of 22.5°. Electrons leaving late therefore see higher
initial fields than those leaving early. The result is that the
tail of the bunch gets shoved into the bunch, helping to
overcome bunch lengthening due to space-charge forces.

The force due to the magnetic component of the rf field
is, on the average, equal in magnitude to the radial force due
to the electric field. Figure 4 shows the radial Lorentz force
experienced by an electron at a distance of 3 mm from the
axis.

Fr(Lorentz) = e(Er + v • BQ) (2)
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where e is the electronic charge, v is the velocity of the
electron, and BQ is the azimuthal component of the rf
magnetic field. The parameter plotted is an equivalent
electric field corresponding to the Lorentz force.
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Fig. 3 Ez in cell one of AFEL.

through the 11-cell AFEL linac. The beam is accelerated
from rest to 20 MeV in only 400 ps. At 200 ps into their
trip, however, the electrons have not emerged from the
second cavity. Figure 6 shows the corresponding Lorentz
force in the same time frame.

I I I I I I I I I I I I I I I I I I I r I I I i i I I i I I I ~
" 0 0 5 0 50 100 150 200 250 300 350 400

Fig. 5 Ez vs. time in the electron rest frame of AFEL.

Fig. 4 Lorentz force equivalent field in cell one of AFEL.

As electrons leave the cathode, they experience a small
focusing force from the magnetic field. This is followed by a
large defocusing force from the combined electric and
magnetic fields as the electrons enter the exit fringe of the
cavity and the magnetic field has reversed. In all subsequent
cavities where the relativistic velocity p=l, the Lorentz force
integrates to zero.

Electrons leaving the cathode late see greater integrated
defocusing forces than electrons leaving early. This causes a
time-correlated "bow-tie" effect in transverse phase space that
is very difficult to recover. Two schemes have been
proposed, one involving higher harmonics in the cavity [2]
and another requiring a separate independently phased
cavity [3]. To date neither technique has been tested
experimentally.

As noted above, electrons spend about half their lifetime
in these fields. Figure 5 shows the axial electrical field in the
time frame of the electron being accelerated as it passes

0.8
07
0.6
0.5
0.4

-=- 0.3
o 0.2
| 0.1
e o.o
oT-0.1

•02
-0.3
-0.4
-0.5
-0.6

100 150 200 250
Time (ps)

300 350 400

Fig. 6 Lorentz force equivalent field vs. time in the
electron rest frame of AFEL.

A Theoretical Framework

An analytical model developed by Kim [4] helps give
some insight into the relationship of some of the design
parameters in a photoinjector. Making certain assumptions,
the model derives separate expressions for emittance growth
due to rf field effects and to space-charge effects. The rf
electric field is assumed to be linear in r, the microbunch
density distribution is assumed to be Gaussian in radius and
length, the beam is allowed to increase unconstrained by any
external restoring force, and the beam size is approximated
by constant values in radius and length. The model predicts
the following emittance growth relations.

(3)
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eSc~Q/Ema]l(3ar+1.5a t) (4)

Emax is the peak accelerating gradient on axis, f is the cavity
rf frequency, a r is the average rms beam radius, and c^ is the
average rms bunch length.

Equating erf and e ^ allows the optimum peak field
corresponding to minimum emittance growth to be derived
from the model.

(5)

Em,x (optimum) - VQ
fo ra t T[O1 (3or +1.5ot

(6)

(7)

We can evaluate these expressions if we make further
assumptions about the beam size. For this purpose we have
assumed an average beam size corresponding to two times
the cathode radius. We find empirically that typical cathode

radii scale with 1 / yf for some operating machines.
Longitudinally, we assume an average beam length
corresponding to 10° fwhm of the rf. We make one further
assumption: that the initial cavity has a geometry
corresponding to that of AFEL in which Ep = 1.56 E m a x .
Figure 7 shows the peak surface field, Ep, as a function of
frequency corresponding to optimum designs based on Kim's
model. Also plotted for reference are one and two times the
Kilpatric sparking criteria and some actual values for
operating machines.

I IMI|I,II|III.|IIITTTI|

»BAC
<T l ! • 11 nil 1 IIIIIIIIIIM.IIMMIIIIIIIIIIU I I I I I I m in im i *

100 200 500 1000
Frequency (MHz)

2000

Fig.7 Peak surface field vs. frequency for optimum
photoinjector designs.

Figure 8 shows the expected emittance corresponding to
the same optimum design criteria. The actual values for
operating machines are again plotted for reference. While the
model is useful in understanding the design space, the slope
of these curves is very sensitive to the beam sizes assumed,
and care must be taken in drawing global conclusions.
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Fig. 8 en vs. frequency for optimum photoinjector designs.

Emittance Control
The initial beam evolving from the surface of a

photocathode is typically only tens of microns in length,
resulting in extremely high charge densities. As space-charge
forces begin to blow up the beam, the center of the bunch
experiences larger forces than the head and tail. The resulting
divergence creates a "bow- tie" in the phase space projection
which is strongly correlated with longitudinal position.
Carlsten has developed a space charge emittance
compensation technique [5] which takes advantage of this
correlation to recover most of the initial emittance.

By use of an external lens the beam emittance can be
reduced simultaneously with focusing of the beam envelope.
The lens alters the electron trajectories so that the space-
charge forces acting on the beam after the lens cancel the
effects of space-charge forces preceding the lens. As a result
the bow tie can be made to vanish at the beam waist.

In practice we use a strong solenoid lens around the
initial cells to implement Carlsten's scheme. The magnetic
center of the solenoid lens is positioned so that electrons
spend approximately as much time ahead of the lens as they
do behind it. The strength of the solenoid is adjusted to
create a minimum in the emittance at the entrance to the
wiggler magnet

Care must be taken not to allow magnetic field lines to
penetrate the cathode itself. Electrons born in the solenoid
field will have residual angular momentum as they emerge
from the lens, causing in a hole in the emittance. The
magnet configuration and resulting field shape for AFEL are
shown in Fig. 9. Note that a separate bucking magnet,
excited in the reverse direction, is used to "push" the field
lines off the cathode. This technique provides considerable
enhancement to the optimum performance that might be
expected from Kim's model, which does not include any
external restoring forces.

This technique should have general applicability but
may be difficult to implement in very low frequency
structures. It is likewise difficult to implement in 3-GHz
photoinjectors of present design because of mechanical
interference with the waveguide. All but the 3-GHz designs
plotted in Fig. 8 use some degree of solenoid focusing,
which accounts for their performance exceeding the model
prediction.
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Fig. 9 AFEL solenoid magnet

Field Emission

In practice, field emission has become a potential
problem for high duty factor machines. Even without laser
illumination the cathode can put a few microamperes of
electrons into every if bucket. The resulting charge in the
accelerated "dark current" during an rf macropulse can equal
the charge in the micropulse of interest.

Field emission is not well understood but is known to
be related to the peak field on the surface of the cathode, the
work function of the emitter, and the texture of the cathode.
Dark current has been essentially eliminated in AFEL by
polishing the cathode substrate. This has not solved the
problem at higher frequencies where there are very high fields
on the cathode. Field emission may well be the limiting
factor in the design of high frequency high gradient
photoinjectors.

Conclusion

We have reviewed a small subset of the design parameter
space for photoinjectors and it would be presumptuous to
draw any global conclusions. We can, however, make some
observations. A practical photoinjector design optimized for

high-duty FEL applications would be L-band so that the
structure could be effectively cooled and it could
accommodate a practical solenoid. It would operate at a
modest electric field gradient to increase reliability, minimize
sparking, reduce power dissipation, and control field
emission. It would incorporate solenoid focusing to control
space-charge induced emittance growth. Actually the design
of many existing photoinjectors is very mature in these areas
and future work in the field will probably concentrate on
increasing cathode efficiency and simplifying the drive lasers.
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Abstract 2. The SC linac

The installation of the Lisa superconducting (SC) electron
linac was completed in December 91 and the first 90 keV
beam was run through the low energy section in the same
month. Beam transport optimization has proceeded in the first
months of 92 and is described. Acceleration of the beam to 1
MeV through the capture section is reported. The cool-down
procedure of the SC cavities has been optimized and is
described. Measurements on frequency fluctuations due to bath
oscillations and microphonics have been performed and are
described.

1. Introduction

The most relevant parameters of the accelerator and FEL
experiment are listed in table 1.

The 500 MHz SC linac is composed of four independent
cryostats, each housing a 4-cell cavity. The design energy at
the linac exit, assuming an average accelerating field of 5
MeV/m, is 25 MeV.

The factory-measured Q o of the cavities at the above
nominal field has an average value of 109 , a factor 2 lower
than the design specifications, but no quenching has been
observed up to ~ 6 MeV/m. CW operation at maximum field
will be prevented by the capability of the refrigerator, but this
limitation does not affect pulsed FEL operation with less than
2% duty cycle. Some improvements are also expected after
RF conditioning.

2-1 Cryogenic performance of the cavities.

Table 1 - Parameter list of the LISA accelerator and FEL

Energy
Bunch length
Peak current
Duty cycle
Average macropulse current
Invariant emittance
Energy spread (@25 MeV)
Micropulse frequency
Macropulse frequency
Undulator periods N
Undulator wavelength A.u
Undulator r.m.s parameter K
Radiation wavelength @ 25 MeV
Linewidth @ 15 |im

25
2.5

5
<2

2
10-5

2 10"3

50
10
50

4.4
0.5+1.0

11+18
0.5

MeV
mm
A
%
mA
inn rad

MHz
Hz

cm

|im
%

The accelerator has been described in various conferences. We
just remind that its main parts are a room temperature
injector, composed of a 100 kV thermionic gun, a double
chopper at 50 and 500 MHz, a 500 MHz prebuncher and a 1.1
MeV P-graded 2500 MHz capture section and four SC RF
cavities [1]. The machine layout is completed by two
spectrometers , that allow the analysis of the beam at 1 and
25 MeV energies, and a transport channel to the FEL
undulator.

The four cryostats contain an overall mass of about
two tons of Alluminium filling bodies to be cooled down.
This operation was accomplished successfully in March on all
four cryostats simultaneously; it takes about 60 hrs and a
typical curve is shown in Fig.l.

3<:00 40:00 tO: 00

Bouri from Start

Fig.l- Cool-down curve (four cryostats)

To maximize refrigerator efficiency it is necessary to
operate at the limit of relief-valve intervention, i.e. 0.5 bars
overpressure.

In a successive cool-down of a single cavity ( module
# 1 ) , some disturbances were evidenced: a large fluctuation of
the LHe level and resonant frequency modulations associated
with pressure fluctuations, whose typical spectrum is shown
in Fig.2. From tests with accelerometers it resulted that the
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strongest oscillations were not caused by environmental
noise, but were to be attributed to pressure fluctuations inside
the cryostat.

Cavity f 1 SfMCIrum

SIDEBAND FREQUENCY ( Hz )

Fig.2- Spectrum of frequency modulation

In July another cool-down on a couple of cavities has
been performed to study these phenomena. The level
fluctuations were attenuated by thermally loading the cryostats
with heating resistors so that the refrigerator, which is
proportioned for 300 W cooling capacity, could have a better
working point. The pressure oscillations were practically
absent on module # 2 , while they seemed to be still present
on module #1 , although smaller. They are not accompanied
by a relevant increase in power dissipation , therefore it is not
sure that their origin is thermo-acoustic , as their line
spectrum seems to suggest.

A calorimetric method for measuring static losses
and eventually high field Q o has been preliminary tested. It
consists in shutting off the LHe flux to the cryostat and
measuring the rate of variation of LHe volume in the
container for various heat loads supplied by heating resistors.
A typical set of values is shown in table 2. The errors of this
method are due to the uncertainty in the level probe position
and transient fluctuations that arc more relevant on short
measurement time intervals.

Table 2 - Behaviour of cryostat #1 cut-off from the refrigerator

Heat load

Static losses

+ 11 W

+ 24W

LHe

3 It

16

9 It

vol. dec.

/ 15 min

It / 30 min

/ 10 min

Extim.

8.5

22

37

power

W

5 W

W

3. Commissioning of the injector

acceleration tests have been made with the buncher alone,
because the circuit that drives synchronously the various
elements was not ready.

The initial operation was the transport of a 100 mA,
75 keV, 0.35 ms beam from the gun to the capture section,
with the aid of two fluorescent screens and two transformer
current monitors.

This current value is near to the required value for the
FEL optimized operation. A lower current would require a
more critical optics due to the strong focusing of the gun
electrodes resulting in a large beam divergence at the gun
output.

At the beginning, geometric misalignments, the
presence of stray transverse fields and an unperfect
compensation of the earth's field prevented us to obtain a
sufficient transport efficiency.

After a careful realignment, a correction of the iron
yokes around the solenoids and the adding of a couple of
steering coils, we easily succeeded in transporting about 40%
of the beam.

The resulting current is much larger than that
acceptable by the buncher without the chopper selection, so
we did not made any effort to increase this value, on the
contrary we reduced the current to about 10 mA by defocusing
the beam and using the vacuum pipe as a beam scraper.

This beam was successfully transported through the
buncher fed with 15 kW of RF power, corresponding to an
accelerating voltage of .9 MV. The image of the beam on a
screen placed just after the buncher is shown in Fig. 3.In the
image is evidenced an asymmetry due to the dispersive nature
of the dipole fields of the steering coils.

1 cm
Fig.3- Image of the beam on a 45° tilted screen after the

1 MeV buncher

The expected energy spread does not allow to
Gun performances were already measured in a

separated test bench, and previously reported [2].
The chopper, prebuncher and buncher cavities have transport further a substantial part of the beam,

been RF conditioned without difficulty, but the first We are now performing accurate measurements of the
effects of all magnetic elements on the beam to fully

294



characterize the trajectory and optimize the transport
efficiency.

These preliminary commissioning operations have
made full use of the machine control system, allowing its
first "on field" test. The control system actually consist of six
CPUs (M68K based) distributed along the machine and two
Apple MacIIfx as the operator's consoles. Neglecting the
problems related to the obvious "bugs" of the software, the
control system [3] is now showing its flexibility due to the
modularity of the structure, a helpful feature especially during
the accelerator's commissioning. This, together with the
simplicity and the power of the environment we chose for the
console's software (LabVlEW from National Instruments),
have made possible to implement with the minimum effort
special tools for the injector commissioning and SC Cavities
cool-down operations.

The informations flowing through the system's
levels and the velocity of the reaction to events is as good as
expected because of the use of busses instead of a network.
This feature could even be improved with an optimization of
the software performing the communication protocols.

At least seventy per cent of the optical elements of
the machine are now operated via the control system together
with the monitoring of diagnostic instrumentation (current
monitors, BPM, CCD camera, etc.) and other relevant
machine parameter (RF, vacuum, interlocks system, etc.).

The next steps in machine commissioning will be to
set in operation the chopper and prebuncher . This will also
consent the use of the strip-line transverse position monitors
that are sensitive to the 50 MHz component of the beam.
They are the only position monitors available along the 1
MeV arc.

Acceleration through the SC cavities is planned for
the beginning of next year.
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Abstract

A high-gradient S-band test linac was constructed as
a development bench of the Japan Linear Collider. A
single-bunch beam with 1.4xlO10 electrons has been
accelerated by the test linac at the maximum accelerating
gradient of up to 84 MV/m. Energy spread of the
accelerated beam was measured to be 2.1% (FWHM).

Introduction

The accelerating gradient planned for the Japan
Linear Collider phase-1 is ~50 MV/m for main linacs and
20~30 MV/m for S-band injectors and pre-accelerators.
The construction of the Accelerator Test Facility (ATF)
has been started at KEK. The ATF is mainly composed of
an 1.54 GeV S-band linac, a damping ring, a bunch
compressor system and a final focus system.

As a first step, the construction of an injector part of
the S-band linac has already been completed. It makes
possible to accelerate a single- and multi -bunch beam at a
high accelerating gradient. The test of multi-bunch beam
acceleration was carried out at a gradient of up to 85
MV/m in July 1990 [1]. In that experiment, a peak beam
current and a pulse width are 0.9 A and 0.2 usec,
respectively. At the maximum accelerating gradient of 85
MV/m, heavy dark current was observed and RF
breakdown took place frequently. However, at the
accelerating gradient less than 50 MV/m, the dark
current was negligibly small and the stable acceleration
was feasible.

Also, a systematic study of S-band high gradient
structures have been carried out without the beam
acceleration. The maximum gradient of up to 91 MV/m
was achieved and detailed features of dark current was
studied [2, 3]. In the present experiment, we focused to
accelerate a high-current single-bunch beam at a high
accelerating gradient.

Layout of the linac

The test linac consists of a thermionic electron gun,
three subharmonic bunchers (SHB) of 119, 238 and 476

MHz, two single gap prebunchers, a traveling-wave
buncher and an S-band constant gradient disk-loaded
structure with a length of 0.6 m as shown in Fig. 1.

The thermionic electron gun uses an EIMAC-Y796
dispenser type cathode with an area of 2 crrfi, the
maximum operation voltage of up to 240 kV [9]. Each three
SHB is a standing-wave mode and half-coaxial type cavity
with a single acceleration gap. The accelerating structure
is a 2JI/3 mode constant-gradient type with 17 cells, input
and output couplers which are manufactured using an
electroplating method. The disks and cylinders were
machined from high-purity OFHC copper blocks. The
surface roughness of the beam hole was less than 0.3 |ixn,
and that of the flat surface was less than 0.02 .̂m.

The structures were designed to obtain a gradient of
100 MV/ra at an input rf power of 195 MW. The
parameters of the structure are summarized in Table 1.

TABLE 1
Parameters at the 0.6 m Structure.

Phase ShifVCell
Structure Length
Iris Diameter (2a)

Input
Output

Cavity Diameter (2b)
Input
Output

Resonant Frequency (f)

Quality Factor (Q)
Shunt Impedance (r)
Attenuation Constant (a)
Peak Surface Electric Field /
Axial Electric Field (Es/Ea)
Average Group Velocity (Vg/c)
Filling Time (Tf)

2JI/3

66.5

1.8998
1.5900

8.172
8.124
2856

11600
62

0.48

1.9-2.1
0.00445

0.475

Constant Gradient
cm

cm
cm

cm
cm
MHz at 36.54C,
Vacuum

Mti/m
Neper/m

Usec

Using these values, the accelerating field (Ea) without a
beam is given as

Figure 1. A schematic diagram of the S-band injector linac FARADAY CUP
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Ea (MV/m) = 7.16 x V Pin (MW), (1) stabilized by feed back loops within 1% and 1 degree,
respectively.

where Ea is the accelerating gradient in MV/m and Pjn is
the input rf power in MW. The maximum surface field
(Es) at the disk edges is evaluated to be 2.1-times larger
than Ea by a SUPERFISH.

The SHB's, prebunchers, buncher and 0.6 m-long
structure are installed inside the 25 Helmholtz coils whose
current can be controlled independently. The distribution
of the axial magnetic field can be tapered from 150 to 700
Gauss so that the beam flows in Brillouin condition based
on the calculation using a computer code PARMELA
simulation.

The support gurder of the injector is a 9 m long and
0.67 m wide table with stopper edge for horizontal
alignment. The flatness of the table surface is 36 um/9 m.
All the components could be aligned within a 100 um
accuracy by pushing to the alignment edge.

The rf-output from two klystrons (SLAC 5045 and
TOSHIBA E3712) is combined with a 3 dB wave-guide type
directional coupler. The maximum power of 200 MW at a

pulse width of 1 n.sec and a repetition rate of 50 Hz can be
fed into the structure. The rf phase deviation and
amplitude variation of the combined output were held to
less than 2 degrees and 1% during any pulse, respectively.
The klystron modulators [5] have been developed to drive
both SLAC-5045 and TOSHIBA-E3712 klystrons. A small
fraction of the combined power is used to feed the pre-
bunchers and the buncher. The rf power of both the
forward and reflected waves was monitored by dual Bethe-
hole couplers with a coupling ratio of -70 dB. The
transmitted power through a test structure of 0.6 m long
was also monitored by a Beth-hole coupler and was
terminated by an rf water load which was developed at
SLAC.

A magnetic spectrometer with a 90° bending angle
was placed at a location after the structure which has a
movable beam slit, and electrons were captured by a
Faraday cup. The momentum resolution was set to 0.24%
in this experiment.

The peak current and pulse shape of the beam were
monitored by three wall-current monitors placed at each
downstream of the electron gun, the SHB of 476 MHz and
the accelerator structure, respectively. The wall current
monitor has a time resolution of 200 ps. Two luminescent
ceramic beam-profile monitors were mounted each
downstream of the SHB of 119 MHz and the accelerator
structure. Operation of this accelerator, such as the
electron gun, the input rf power and the phase to the
SHB's, the prebunchers, the buncher and the 0.6 m
structure are controlled using a computer program.

Experiment of single-bunch acceleration

Generation of single-bunch

A fast grid pulse generator was developed to produce
such a high current beam with a short pulse duration by
utilizing avalanche transistors [6]. Using this fast grid
pulse generator, the thermionic gun was operated at
1.96xlO10 electrons with a full width of less than 700 ps, as
shown in Figure 2. The cathode voltage was 170 kV. The
vacuum pressure level of the gun was kept 2xlO6 Pa. In
order to make an single bunch, two SHBs were used. As
the generated beam could inject to the phase aperture of
the 238 MHz SHB, we did not operate the SHB of 119 MHz.
The 5 kW solid state pulse amplifiers are used to excite
each cavity of SHBs. The amplitude and phase are

500 psec/div, 2A/div
Figure 2. Single bunched beam waveform of the thermionic gun.

Accelerating structure

For conditioning of the structure, rf pulses with a
width of 0.8 (i.sec and a repetition rate of 50 Hz were
applied. The wave guide system, the structure and the
beam ducts are pumped down to 5xlO"7 Pa. The vacuum
pressure is monitored by cold cathode gauges (CCG) and
B-A gauges. The CCGs are used as trip signals of klystron
modulators during rf operation to protect the structure
from a break down. The partial pressure of residual gases
during the processing is monitored with a mass-spectrum
analyzer.

During the conditioning, the rf power applied to the
structure was controlled by a computer program to keep
the vacuum pressure below lxlO"5 Pa. The trip level of the
vacuum pressure was set to lxlO"4 Pa. Normally the
vacuum pressure of the structure was around 5xlO"6 Pa
during rf processing at any rf power level. In this
electroplated structure, a maximum gradient of 84 MV/m
which correspond to 138 MW input power was attained
after 200 hours of rf processing.

After the processing, high dark current observed by
the current transformers and the profile monitor at over
70 MV/m gradient. At that time, rf trips by the break down
occurred once a few tens of minutes. Around the 60
MV/m, the occurrence of rf breakdown reduced. Below the
50 MV/m, the dark-current emission could not be observed
by the monitors and the operation is quite stable.

Beam acceleration

After the processing, a first experiment of the single-
bunch acceleration was started at the gradient of 74
MV/m. The beam intensity of the gun was set to lxlO10

electrons. The optimum phase and amplitude of SHBs and
bunchers were surveyed to minimize the signal width and
to maximize the peak amplitude of the wall current
monitors. The fine tuning of their phase and amplitude
was carried to minimize the energy spread of the
accelerated beam. As a result, the obtained energy spread
was 1% with 8.3xlO9 beam intensity at the exit of the
structure (Figure 4-a). At this gradient, the beam
acceleration was operated without break-down.

After a few day's operation, accelerating gradient
was increased up to 84 MV/m which was the maximum
gradient in the present experiment. The maximum beam
intensity obtained at this gradient was 1.4xlO10 electrons
and the energy spread was 2.1% as shown in Figure 4-{b).

In order to obtain a high current, the grid bias
voltage of the gun was lowered at the 84 MV/m
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Figure 4. Energy spectrum of the accelerated beam.

acceleration. It produced the spread to the tail of beam
pulse. That is the considerable difference of the beam
parameter between 74 and 84 MV/m. Therefore, it seems
that the increase of the energy spread at 84 MV/m directly
come from the increase of longitudinal spread of the beam
emitted from the gun. The detailed analysis is now
carrying by using the PARMELA simulation. In this
beam acceleration operation with high intensity, very fine
machine tuning was required. In order to obtain the small
energy spread of single-bunch beam and to increase the
beam intensity, simulation of this machine as well as
further systematic experiment is necessary. Also to
confirm the bunch structure a bunch length monitor is
under design.

Experiments under preparing

We have experiments under preparing such as two
single bunch acceleration, high gradient acceleration test
of 3 m long structure, the test of beam position monitors
and wire scanning profile monitor. In order to investigate
the effects of the high intensity multi bunch beam, the two
single bunch acceleration experiment using two
avalanche pulse generator is under way [7]. The 3 m long
structure has been fabricated for ATF. To investigate the
dark current effect on beam and maximum field gradient,
the same test as the 0.6 m long structure will be done. As
for beam monitors, prototype for JLC has been developed.
The beam test using high intensity single bunch will be
carried.

Summary

The 1.96xlO10 beam with a full width of less than 700
ps was generated by the thermionic gun using the fast
grid pulse generator. Single bunched beam of 1.4xlO10 has
been accelerated with the energy spread of 2.1% at 84
MV/m. At this gradient, rf breakdown occurred
frequently. However, beam acceleration at 74 MV/m is
fairly stable. It seems feasible to operate the accelerating
structure at this gradient for the practical use after a
reasonable processing time.
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Abstract Transport Experiments with the 1.3-MV Injector

The focusing and transport of intense relativistic electron
beams in the Sandia Laboratories R_ecirculating Untar
Accelerator (RLA) is accomplished with the aid of an ion
focusing channel (IFR)1. We report here experiments
evaluating the beam generation in the injector and its
subsequent acceleration and transport through the first post
accelerating cavity. Two injectors and one type of post
accelerating cavity were studied. Beams of 6-20 kA current
were injected and successfully transported and accelerated
through the cavity. The transport efficiencies were 90%-
100%, and the beam Gaussian profile (4 MeV injector) and
radius (5mm) remained the same through acceleration. In
the following sections we describe the RLA, present the
experimental results and compare them with numerical
simulations.

Introduction

In these experiments we studied the beam transport only
through the first straight section of the RLA.1 Two
injectors were utilized: a low-energy 1.3-MV Isolated
Blumlein (IB) injector2 and a 4-MV four-stage inductive
voltage adder injector. For both injectors an apertured, non-
immersed, ion-focused foilless diode was selected among
various options studied. It is the simplest and easiest to
operate and can be adjusted to provide variable beam
impedance loads to the injector. In the next two sections
we report first the transport experiments with the lower
energy 1.3-MV, 6-kA injector followed by the evaluation
and transport of the beam produced by the new 4-MV, 20-
kA injector.

EXPERIMENTAL SETUP
INJECTOR AND ET-2

ET2
INJECTOR

/ CATHODE

i

IFR CHANNEL

/ FC#1 FC#3

/ n h '• n

e-GUN FC#2

450 cm
600 cm

790 cm

The main goal of these earlier experiments was to evaluate
the beam transport efficiency through a 10 m long IFR
channel both with and without post acceleration. Figure 1
shows the actual experimental set-up. The main diagnostics
utilized to measure the current were Rogowski coils.
Figure 2 shows the beam current waveforms at various
locations along the beam line downstream from the injector.

FIRE ONLY INJECTOR
TRANSPORT EFFICIENCY 83%

INJECTOR

SHANK

INJ

'SHANK

BEAM

«1 5
U 4
'6 4
b 4
ID 4.

= 32 kA

TRANSPORT

5
6
5
2
9

kA
kA
kA
kA
kA

Fig. 1 Experimental set-up. Low energy 1JMV injector.

Fig. 2 Samples of the current wave forms. Only the injector
was pulsed.

The numerical subscript by the current symbol (I, i=1...9)
corresponds to the location in the beam line of each
Rogowski coil (Fig. 1). The post accelerating cavity was
not energized in these shots. The peak current transport
efficiency was 83%; however, the total charge transport
efficiency was lower (60%) due to beam erosion. Figure 3
gives similar samples of current waveforms with the
postacceleration gap energized to provide a synchronous
accelerating pulse with the injector. The total kinetic
energy of the beam downstream from the injector increased
to 2MeV, providing an improved peak current transport
(90%) efficiency and a reduction of the erosion of the beam
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front. In order to further reduce beam erosion, increase
current and lengthen pulse width, we replaced the 1.3MV
injector with the 4-MV, 20-kA injector.

FIRE INJECTOR AND ET-2 IN SYNCH.
TRANSPORT EFFICIENCY 90%

INJECTOR

SHANK

ET-2
SHANK = 37.6 kA

gap

BEAM TRANSPORT

6 0 kA
5 8 kA
4 3 kA
5.3 kA
5 0 kA
5 3 kA

I?
'B

Fig. 3 Current wave forms with injector and ET-2 cavity
pulsed in synchronism.

EXPERIMENTS WITH THE NEW 4-MV
INJECTOR AND ET-2 CAVITY

Fig. 4 Experimental set-up with the 4-MV injector. A
re-entrant geometry is selected for the injector.

300
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4-MeV Injector Beam Fvalnatinn and Transport
Experiments

Figure 4 shows the experimental set-up with the new
4-cavity inductively isolated voltage adder injector. In the
first set of experiments the beam line is interrupted just
before the ET-2 cavity3 in order to install an x-ray pin-hole
camera. The beam propagates 130 cm through the IFR
channel before striking a 0.12 mm tantalum x-ray converter.
Figure 5 shows an x-ray photograph of the beam on the
tantalum target together with the scan of the light intensity
along one diameter of the digitized version of the same
photograph. The scan is least square fitted to a Gaussian
profile. The beam has a Gaussian current density
distribution with a 5 mm radius. In the second set of
experiments the beam was transported further downstream
from the injector and accelerated by the ET-2 cavity. The
beam profile and radius were evaluated from the
photographs obtained by the x-ray pin-hole camera (Fig. 7).
The total beam propagation length from the injector diode
to the x-ray converter was 4.4 m. Figure 6 presents typical
voltage and current scope traces for the shot #253. The

Fig. 5 Beam profile 130 cm downstream from injector diode.

INJECTOR VOLTAGE AND
BEAM CURRENT

DIODE AND BEAM
CURRENTS

20 ns/DIV

BEAM CURRENT

20 ns/DIV

INJECTOR
VOLTAGE

20 ns/DIV

Vinj = 3.2 MV
I, = 30 kA

I, = 18 kA
13 - 16 kA
14 - 16 kA

Fig. 6 Injector and beam current traces for a typical shot.
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beam current profile and amplitudes before and after
acceleration (Rogowski monitors #3 and #4) are the same
and equal to 16 kA. Figure 7 shows a pin-hole x-ray
photograph of the beam 4.4 downstream from the injector
together with a scan of the beam density profile along a
diameter of the same photograph. A comparison of figures
4 and 7 indicates that the beam has conserved its Gaussian
profile and radius of 5 mm throughout transport and post
acceleration by the ET-2 gap. These results suggest that the
beam comes into equilibrium with the IFR channel in the
first meter of propagation and continues in equilibrium
further downstream through the accelerating gap.

300

Conclusions

The low energy (1.3-MV) experiments demonstrated
successful transport and post-acceleration of 6kA beams.
The first decelerating prepulse of the ET-2 cavity did not
appear to disturb the IFR channel integrity and increased
the transport efficiency to 90%. The 4-MV RLA injector
was successfully put into operation and produced an
electron beam which was transported 4.4 m downstream
from the injector and accelerated through the ET-2 cavity.
The x-ray pin-hole photographs of the beam on the tantalum
converter before and after post acceleration through the ET-
2 gap are the same and reveal a Gaussian density profile of
5 mm radius. A maximum beam current of 16 kA was
transported and successfully accelerated through the ET-2
cavity with 100% efficiency.
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Fig. 7 Beam profile 440 cm downstream from the injector.
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Abstract
Pohang Accelerator Laboratory (PAL) constructs the 2-
GeV Pohang Light Source (PLS). A 2-GeV electron linear
accelerator is used as the full energy injector to the stor-
age ring. The 150-m long linac consists of 42 accelerating
columns. The 3.07-m long accelerating column is a 2?r/3
mode, constant gradient structure with conflat flanges.
The linac is powered by 11 klystrons of 80-MW maximum
output-power, which are driven by 200-MW modulators.
A prototype of the modulator is manufactured and tested.
There are also 10 pulse compressors to increase the accel-
erating gradient. The first 60 MeV module is now under
normal operation. Installation of the rest of the linac
starts from July 1, 1992. We present the updated design
parameters and the construction status of the PLS 2-GeV
linear accelerator.

1 INTRODUCTION

The PLS 2-GeV linear accelerator is a full-energy injector
to the storage ring which will be served as a light source
of various researches [1]. The 150-m long linac consists of
11 klystrons and modulators, 42 accelerating columns, 10
SLAC-type pulse compressors, and various components.
It is placed at the underground tunnel located 6 meters
below the klystron gallery floor.

About 200-m long linac tunnel and beam switch yards
including beam dumps are completed. The structure and
outside panel of the gallery building is also completed.
The first section of 2-GeV linac, called the preinjector,
has been completed, and it is under normal operation [2j.

The installation of main linac is already started from
July 1, 1992 and its completion is expected by the end of
1993. The commissioning of 2-GeV linac will be carried
out during the first half of 1994.

2 BEAM TRANSPORT

The nominal beam energy of the linac is 2 GeV and the
operating frequency is 2,856 MHz. The maximum repeti-
tion rate of the linac is 60 Hz. However, when the linac
is served as an injector of the storage ring, the repetition
rate will be 10 Hz due to the limitation on the injection
system of the storage ring. The higher repetition rate

will be useful for the machine test or other purposes in
the future.

The normalized emittance for the electron beam of
the linac is 0.015 TT MeV/c cm rad. It corresponds to
7.5 x 10~8 ir m rad at 2 GeV. The energy spread of the
electron beam is ±0.6% at F WHM. Major parameters are
summarized in Table 1.

Table 1: Major parameters of PLS 2-GeV linac.
Beam Energy
Energy Spread
Machine Length
RF Frequency
Max. Repetition Rate
E-gun Current
E-gun Pulse
Emittance
Klystron Output Power
Number of Klystron
Number of Pulse Compressor
Number of Accel. Column
Length of Accel. Column
Number of Quad. Triplet
Number of Support & Girder

2 GeV
0.6%
150 m
2,856 MHz
60 Hz
> 2 A
2 ns
0.015 •K MeV/ccm rad
80 MW max.
11 (=1 + 10)
10
42
3.072 m
6
22

'Work supported by Pohang Iron & Steel Co. and Ministry of
Science and Technology, Korea

As a consequence of the project, the PLS 2-GeV linac
is separated to two parts: the preinjector and the main
linac. The preinjector is the first 60 MeV section of the
whole linac. It consists of a triode type e-gun, S-band
prebuncher and buncher, two accelerating columns, and
various components.

The 60 MeV electron beam from the preinjector is accel-
erated to 2 GeV by 10 high-power klystrons and 10 pulse
compressors. The klystron provides 80 MW maximum
output power, and each klystron feeds four accelerating
columns. Ten pulse compressors are employed to obtain
higher accelerating gradient. When the klystron power is
64 MW and the energy gain factor of the pulse compressor
is 1.5, the achievable beam energy is more than 2 GeV.

The 3.07-m long accelerating column is the SLAC-type
constant gradient structure and the operating mode is
2TT/3. The filling time is 0.83 /zs. A maximum cumulative
phase excursion of 2.5° will be allowed for each accelerat-
ing column.

In order to have higher beam break-up threshold, some
accelerating columns have four supplementary holes with
9 mm (S9 type) or 11 mm (Sll type) diameter around
the center aperture of the disk. Only the cavities from
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no. 2 to no. 6 have such holes. Out of total 42 accelerat-
ing columns, there are twelve S9 type columns, another
twelve S l l type columns, and 16 plain (or SO type) ones.
Besides the first two columns as a part of the preinjec-
tor, these columns are repeatedly arranged in such a way
that four SOs are followed by four S9 and four Sl ls . This
arrangement will help to reduce the resonant condition
of the HEMn mode in the region where this mode has a
phase velocity equal to light velocity.

There are six quadrupole triplets in the linac to focus
and guide the electron beam. Four of them including QT1
in the preinjector have 44-mm aperture. The two quadru-
ple triplets located at the high energy end is required
strong field gradient, so these triplets have an aperture of
32 mm. The effective length of quadrupoles are 10 cm for
the outer magnets and 20 cm for the center one.

There are three bending magnets at 60 MeV, 1 GeV,
and 2 GeV location, respectively. These magnets are de-
signed to analyze beam properties such as beam energy,
momentum spread, and emittance. There are three beam
exit ports besides the beam transport line to the storage
ring. No. 1 port is located at the first beam switch yard
(BAS1) just after the preinjector, and provides the 60
MeV beam. It also provides a space to accommodate the
positron beam generation which is a future option. The
BAS2 provides the 1 GeV beam which will be useful for a
compact storage ring. Third BAS is located at the end of
the 2 GeV linac. A high energy electron beam will have
ample applications in the future.

3 TECHNICAL DESCRIPTION

3.1 Klystron and Modulator
The 80-MW maximum output klystron required to make 2
GeV beam will be Toshiba E3712 model. Its specification
is summarized in Table 2. The first two units are already
delivered to PLS after completing factory acceptance tests
in May and June, 1992. A SLAC 5045 klystron will also
be delivered to PLS in Summer 1992. This unit will be
used as a reference klystron.

Table 2: Specifications of the klystron.
Output Power
Pulse Width
Repetition Rate
Gain
Maximum Drive Power
Beam Voltage
Beam Current
Perveance
Maximum Magnetic Field

80 MW
4.4 (is
60 Hz (max.)
52 - 53 dB
500 W
400 kV
500 A
2 uPerv
1.2 kG

and many temporary components. Full power operation
of this prototype modulator will be performed after in-
stalling the SLAC 5045 klystron. In the mean time, vari-
ous modifications of circuits and the cabinet for 200-MW
modulator are undertaking. The specification of the 200-
MW modulator is shown in Table 3.

The klystron and modulator for the preinjector will be
replaced later with a high power unit in order to drive 10
klystrons in the downstream.

Table 3: Specification of the modulator.
Peak Power
Output Pulse Voltage
Pulse Transformer Ratio
Repetition Rate
Pulse Length
Pulse Risetime
Pulse Falltime
Pulse Height Deviation
PFN Impedance
Thyratron Current
Anode Voltage

200 MW
23.3 kV
1:17
60 Hz (max.)
4.4 (is
0.8 - 1.0 /xs
1.5 - 2.0 /is
±0.5 %
2.8 fi
9.5 kA
47 kV

The matching modulator of 200-MW rated power are
being manufactured in-house. A prototype of the 150
MW modulator is assembled and the preliminary test is
completed on February 28, 1992 [3j. The test shows sat-
isfactory performances up to 110 MW with a water load

3.2 Centerline Components
A total of 44 accelerating columns are already ordered
to the Institute of High Energy Physics (IHEP), Beijing,
China. The first 12 units (all SO type) are delivered at
PLS in June, 1992. After the straightness check and pre-
alignment, the columns are ready to be installed.

Two quadrupole triplets will be available along with
various waveguide and cooling components in August,
1992. The steering coils are being manufactured in house.
The girders are made with extruded aluminum tubes
which are about 7-m long. Four sets of girders and sup-
porters are ready to be installed. These will hold eight
accelerating columns in this year.

All required vacuum components are either ready to be
used or under procurement. Twelve high power loads are
under vacuum conditioning prior to be installed.

3.3 Cooling System
The cooling system for the preinjector is completed and
the PC- based cooling control system is under normal
operation. The temperature of 45 ± 0.2°C is routinely
achieved. The quartz crystal oscillator is used as a tem-
perature sensor.

As a part of the installation started from July 1, 1992,
the cooling pipe installation inside the tunnel is completed
on July 23, 1992. The total length is about 600 m.

3.4 Alignment System
The linac alignment is based on a laser alignment system.
This system is adopted for better alignment accuracy and
systematic checking for the periodic realignment of the
linac.
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The Fresnel zone plates (FZP) are used for the laser
alignment system. One FZP mounted on an actuator is
placed at the upstream end of each girder pipe. The laser
source is located at the downstream of the linac and the
image processing device is placed behind the e-gun. The
focal length of each FZP is determined by the location of
the target. The girder pipe is evacuated to 10~2 Torr to
minimize the environmental effects such as air refraction.

The prototype of FZP with a focal length of 7.23 m is
fabricated by photoetching method. The FZP material is
Sandvik 38 and the frame is SUS 304. The thickness of
the FZP is 38 n and the minimum opening is 80 \i. The
prototype of the FZP actuator is also fabricated and the
durability test is finished.

3.5 Control System

The PLS control system adopts the VME system on SUN
Sparcstations. This system will provide a highly dis-
tributed control system for the linac and the storage ring.

The computer control system of the preinjector is, how-
ever, based on an Intel 310 computer and BITBUS net-
work. Along with two IBM PC compatibles as the man-
machine interface, the preinjector control system is in nor-
mal operation. The modification of this Intel system to
the VME system is being taken place.

3.6 Magnet Power Supply

All 29 magnet power supplies in the preinjector are now
remote-controllable via either original Intel control system
or R.S422 communication channel by IBM PC or SUN
control system. This is achieved by developing a RS422
controller and slight modification of output ports in the
power supply. Each controller can handle up to four power
supplies. This unit will be used to control the rest of
magnets in the linac and the beam transport line (BTL).

3.7 Preinjector

The preinjector is powered by a 25 MW klystron. Its in-
stallation has been started on July 27, 1991, and the first
commissioning is completed on December 7, 1991 when
the 61.2 MeV electron beam is obtained. The preinjec-
tor is under normal operation after the completion of the
second commissioning, which is emphasized on computer
control system, on February 28, 1992. The preinjector is
also used to train PLS personnel for their experiences on
machine operation.

The preinjector program is one of the institutional col-
laboration programs between Pohang Accelerator Labo-
ratory, Korea and the Institute of High Energy Physics
(IHEP), Beijing, China.

4 CONVENTIONAL FACILITY

4.1 Linac Building
Since the ground breaking ceremony which was held on
April 1, 1991, a lot of progress is made in the construction
of the linac building. About 200-m long tunnel structure
and the beam switch yards, which is located 6-m below the
ground level, are completed. About 40 m long horizontal
section of the BTL tunnel is completed and finishing work
is undergoing. The vertical section of the BTL tunnel will
be constructed as a part of the storage ring building.

Whole steel structure and outer panel of the gallery
building are also completed. First half of the gallery is
ready to accommodate more modulator cabinets. The
air handling units located on the second floor are being
installed. The whole linac building will be completed by
Spring next year.

4.2 Cooling Station
The linac cooling station is located just outside the linac
building near the 1 GeV outlet. The ground work of the
station building is completed, and the pumps and other
equipment are being installed. This station will be com-
pleted by October 1992. The cooling station will be oper-
ated by computer control system at the end of this year.

4.3 Linac Substation
The linac substation is located between the linac and the
storage ring building. Its foundation is completed and the
electricity will be available at the end of this year. The
154 kV main power station will be ready by November,
1992.
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Abstract Introduction

We report recent results on the high-brightness
electron linac and initial performance of the Advanced
Free-electron Laser (AFEL) at Los Alamos. The design
and construction of the AFEL beamline are based upon
integration of advanced technologies such as the high-
brightness if linac, a brightness-preserving beamline with
permanent-magnet components, and a pulsed
electromagnet microwiggler. With a compact optical
resonator, the AFEL will be the first of its kind small
enough to be mounted on an optical table, yet capable of
providing high-power optical output spanning the near-ir
and visible regions.

A schematic of the AFEL is shown in Fig. 1. The
source of high-current electron pulses is a laser-
gatedphotoelectron injector which forms an integral part of
a high-gradient 1.2-m long rf linac. The latter is capable of
accelerating electrons up to 20 MeV at room temperature
and 25 MeV at 77 K. The electrons are produced in 10-ps
pulses with peak currents as high as 300 A. These electron
pulses are transported in a brightness-preserving beamline
consisting of permanent magnet dipoles and quadrupoles.
The beamline has three 30° bends. The first bend allows
for an input window for the photocathode drive laser beam,
the second allows for the FEL output, and the third turns
the electron beam into the floor for safety reasons.
Additional information on the design physics of the AFEL
is presented in other papers at this conference [1,2]..

Beam Tub*
(2.54 cm dlo)

St««r ing Magnet
High BrIghtness

Acce I er ator

Wai I Current/
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Optical Transition
RadI at I on Btam

Diagnostics Screen
Adjustable Permanent Magnet

Bend Ing DIpoIe

Spec trometer•
Dlpole

Beam Dump -

Fig. 1 Schematic of the Advanced Free-Electron Laser.

•Work supported by Los Alamos National Laboratory Exploratory Research and Development Initiative, under the auspices of the United
States Department of Energy.
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Photoinjector

The AFEL photoinjector consists of a
photocathode, located in a high-gradient if cell which is
part of the linac, and a frequency-doubled mode-locked
Nd:YLF drive laser. K^CsSb is used as a photocathode
material because it offers high quantum efficiencies,
typically in the range of 1 to 5%, when illuminated with
2.3-eV photons. However, this multialkali cathode is very
susceptible to poisoning, necessitating a vacuum

environment better than 10 torr. Even in this high
vacuum, these cathodes exhibit 1/e lifetimes of the order of
30 hours of run time. In the AFEL experiment, an
inserter/transporter mechanism allows photocathodes to be
prepared in batches of six in a separate chamber and then
transported to the accelerator in vacuo. In this manner, a
total run time of -200 hours can be obtained before the
cathode six-pack has to be replaced.

The drive laser consists of a cw mode-locked Nd:YLF
oscillator operating at 1053 nm and a pulse repetition rate
of 108.333 MHz, the 12 th subharmonic of the 1300-MHz
rf. The oscillator output pulses, nominally 60 ps long, are
compressed to 7 ps in a fiber-grating pulse compressor
before being amplified in a double-pass amplifier. The
latter has two flashlamp-pumped Nd:YLF amplifier rods
whose c-axes are perpendicular to one another. This
arrangement allows for cancellation of the thermal
cylindrical lensing of the individual rods, resulting in an
amplified beam with roundness better than 95%. The ir
beam is then frequency doubled in a lithium triborate
crystal to produce the green output with a typical pulse
energy of 10 pj in a 7-ps micropulse. The amplitude and
phase of the photoinjector drive laser are stabilized and
synchronized with a low-jitter master oscillator to obtain
optimum photoinjector performance.

Linac

The accelerator consists of 10.5 rf on-axis coupled
cells, with a maximum accelerating gradient of 26
MV/m[l]. It is powered by a 1300-MHz klystron capable
of producing 10 kW average power or 20 MW peak power.
The linac has been conditioned by rf glow discharge, high
temperature (300°C) bakes and high power rf runs to
obtain good photocathode lifetimes and to achieve high
peak accelerating fields. The vacuum in the linac is

Q

consistently below 10 torr without beam and increases to
Q

the low 10 torr with beam. A maximum peak rf power
of 8.8 MW, corresponding to a maximum design-point
accelerating field of 26 MV/m, has been achieved in the
linac. With amplitude feedback control, the cavity fill time
is reduced from typical values of 2.5 us down to 1.6 \is.
The amplitude feedback control also stabilizes the cavity
power to within 1% at the expense of a 20% reduction in
cavity power.

Beamline

The beamline is shown in Fig. 2. For compactness
and reliability, the variable-field focusing quadrupoles and

bending dipoles are made out of permanent magnet. A
toroid is used as a calibrated current monitor. Wall current
beam-position monitors are strategically located to ensure
beam transport through the center of the beamline. Optical
transition radiation (OTR) is used for measuring the beam
spot size, emittance and energy. There are four aluminized
Kapton OTR screens in the beamline with the last screen
being part of the spectrometer.

Detailed designs of the permanent magnet quadrupoles
and dipoles can be found in reference 2. The quadrupole
fields are variable between -0.262 T and +2.15 T, with a
resolution of 3 G. The field is reproducible to less than 1
G. The dipole fields are variable between 0.07 T and 0.3
T, with a resolution of 2.3 mG. The B fields of the three
dipoles are within 5% of one another.

Wiggler

The high-brightness electron beam is used to excite a
24-period permanent magnet microwiggler with 1-cm
periods. Each period consists of two pairs of samarium
cobalt magnets whose fields oppose each other and are
oriented along the direction of electron beam path (Fig. 3).
With a gap of 2.5 mm, the average magnetic field is 0.52
T, giving rise to a peak aw value of 0.486. Future
experiments will employ a pulsed electromagnet
microwiggler with 3-mm periods producing a peak aw as
high as 1.4 [3].

Resonator

The AFEL resonator consists of two concave gold-
plated copper mirrors with a radius of curvature of 0.699
m. The mirror separation is 1.3836 m, corresponding to 1
micropulse in the cavity. At 3.74 \un, the calculated waists
at the center of the wiggler and at the mirrors are 290 and
2858 urn, respectively. TheRayleighrangeis6.9cm. The
upper mirror has a center hole for output coupling. Future
experiments, especially those involving visible wavelength
operation, will incorporate multilayer dielectric mirrors.

Initial Experiment Results

The beamline is designed to transport an electron
beam with peak current in excess of 300 A and maintains
an instantaneous rms emittance of less than 2.5 7C-mm-
mrad and an energy spread of approximately 0.3% [1].
Initial beam experiments have produced a peak current of
65 A at a beam energy of 15 MeV. The beam has been
successfully transported through all three bends. Our
simulations indicate that with the 24-period permanent
magnet wiggler described above, a peak current of 175 A,
rms emittance of 2^-mm-mrad, and energy spread of 0.5%,
the FEL single-pass small signal gain at 3.74 p.m is
expected to be 87.5%.

Summary

The Los Alamos AFEL is in its final stage of
construction and will be in full operation by early 1993.
The high-gradient linac is fully operational and tested at
the design points. The beamline has been assembled and
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Fig. 2 Layout of the Advanced FEL beamline. BPM: Beam Position Monitor; CM: Current Monitor; HRM: High
Reflectivity Mirror; OCM: Output Coupling Mirror; OTR: Optical Transition Radiation; VFQD: Variable Field
Quadrupole Doublet; VFQS: Variable Field Quadrupole Singlet; VFD: Variable Field Dipole; S: Spectrometer; W:
Wiggler.

tested with beam current, and the beamline magnets have
been characterized. Ongoing work concentrates on
understanding the beam characteristics and achieving FEL
oscillation in the wavelength range between 3 and 7 urn.
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H3^
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Abstract
The update configuration of the MMF linac if phase and
amplitude control systems are presented. The structure
of systems, controlling devices and specific feedback con-
troller with Smith compensation and simulated feedfor-
ward control loop are described.

1 INTRODUCTION

At present 5 accelerating cavities of DTL and 10 of 28
cavities of DAW parts of Moscow Meson Factory Linear
Accelerator operate and provide design parameters, and
this has enabled to accelerate 10 mA, 250 MeV proton
beam. During last 3 years various modifications and im-
provements tended to higher accuracy of systems, exten-
sion of dynamic range, providing computer control of rf
system and higher reliability were made with rf feedback
and feedforward control systems. Main modifications are:
the new controlling devices of DAWL feedback system ,
the Smith controllers in both DT and DAW parts of ac-
celerator and the simulated feedforward control loop with
closed feedback.

2 SYSTEM CONFIGURATION

Figure 1 is a simplified diagram of the components in the
rf feedback systems of the DT and DAW parts of the linac.
The amplitude stabilization of an accelerating field in DT
cavities at 198.2 MHz is produced by modulation of plate
voltage of the amplification channel output stage power
triode, and in DAW cavities at 991 MHz by modulation
of input power of a klystron (as shown by dashed line in
Fig.l). The amplitude and phase feedback systems are the
combination both fast (within the limits of rf pulsed dura-
tion) as well as slow automatic control systems. The con-
trolling devices of fast systems are electronic phaseshifter
and attenuator ( or plate modulator in DTL), those of slow
systems - coaxial phase-shifting line and spiral attenuator
driving by stepping motors. In order to eliminate the influ-

ence of temperature instability, slow systems of automatic
control are introduced which stabilize the rf field phase
in each cavity relative to the field phase in the preceding
cavity [1].

3 CONTROLLING DEVICES

The experience of operation with travelling-wave tube as
a combined controlling device of DAWL rf phase and am-
plitude feedback systems had shown a number of its short-
comings , that were the reason for development of new
fast controlling devices. A diagram of the new control-
ling devices is illustrated in Fig. 2. They are a stripline
reflected-type phaseshifter PS1 with varactors as voltage-
controlled element and attenuator, assembled of two the
same phaseshifters PS2, PS3 and two 90° - hybrid HI, H2.
Full range of each phaseshifter is about 300°. The opera-
tion of the attenuator is based on an opposite-phase shift-
ing of two output vectors of bridge HI and their following
summing on bridge H2. In order to achieve an opposite-
phase shifting of vectors by unipolarity control signal the
inverse polarities of varactors and bias voltage in PS3 are
used. The amplitude control law is

= Ui\ sin(SUe (1)

were S - transfer coefficient of phaseshifters, $ o - initial
phase shift at the H2 input ports.

There is no phase modulation under amplitude control-
ling in the attenuator, and that is its main advantage.

A controlling devise of DTL amplitude feedback loop is
a plate modulator made of power metal-ceramics triode
sericsly connected ..il'u u.a amplification channel output
stage tube. Pre-modulator high voltage isolation is ac-
complished by pulse transformer in the triode control grid
chain. Principal modification of plate modulator is a new
inner feedback increasing its bandwidth to a 150-200 kHz
against previous 80-100 kHz.
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Figure 2: Controlling devices. Figure 3: Illustration of the Smith controller.

4 SMITH CONTROLLER

Experimentally measured total signal delays along linac rf
feedback loops were about (0.8-1.5) sec which is compa-
rable with cavity time response in DAW part of linac. In
this situation a maximum value of feedback loop gain not
exceeding 4-5 is quite unsufficient for good beam acceler-
ation. As a mean of improving stability in this case the
Smith controllers were used both in amplitude and phase
rf feedback systems. A general principle of the Smith con-
troller is based on adding to an usual controller We an
inner feedback chain Ws, as shown in Fig. 3. A plant
(cavity) is described by transfer function Wp = ** and

delay TP. For the traditional Smith controller W, is

W, = w;(l - e-rl) (2)

and for "ideal" compensation the conditions

K = Wp>-r; = Tp (3)

must be satisfied as it follows from expression for closed
loop transfer function:

W =
WeWpe—> ( 4 )

Theoretical and experimental investigations of the con-
troller have shown that exact fulfillment of conditions (3)
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is not necessary. Moreover, it is possible to achieve consid-
erable improvements with respect to an "ideal" controller
under definite relations between parameters of the con-
troller and the cavity.

Simplified schematic of the designed Smith controller is
shown in Fig.4. Its transfer function is

W.= (5)

FEEDFORWARD
SBNAL TO
CONTROLLER

INTEGRATOR ATTENUATOR

DELAY LINE

Figure 4: Simplified schematic of the Smith controller.

In practice optimal parameters of the controller for
MMF linac are ^ ss 0.1 - 0.2 and *-*• « 0.6 - 1.0 provid-
ing a factor of three or more improvement in closed loop
gain with respect to the "ideal" Smith controller without
deterioration of system dynamics.

5 BEAM LOADING COMPENSATION
Traditional feedforward scheme for beam loading compen-
sation when a signal from beam current monitor transmit-
ted to the controller of each cavity [2] possess a few lacks.
In particular, it is not always possible to ensure the op-
timum anticipation of compensating pulse for all cavities
and to achieve the precise compensation under alteration
of rf power amplifier operating point and cavity detuning.
A simulated feedforward scheme designed for fine compen-
sation of beam loading is shown in Figure 5. It based on an
automatic control of the height of a correction pulse pro-
duced by time- and shape-adjustable pulse generator G.
The scheme is autonomous for each cavity. An automatic
control is produced with respect to the beam loading sig-
nal Be which is measured by two sample and hold schemes
SHI, SH2 on the signal of amplitude At (or phase $,.)
error of feedback system (see Fig.l). SHI sampled the sig-
nal right before beam occurred, SH2 do the same when a
beam already present. Beam loading signal Bt is formed
after subtraction of two held signals. After integration it
control the height of correction pulse so that Be would be
equal to zero.

Thus, the simulated feedforward scheme with closed
feedback provides independently for each cavity anticipa-
tion of correction pulse and very precise steady-state corn-

Figure 5: Simplified schematic of the simulated feedforvard
loop.

pensation of a beam loading even in a case of an rf power
amplifier operating point drift and cavity detuning.
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Abstract

The first part of the Elettra injector has been tested. The
results of measurements in single and multibunch modes of
operation are presented.

1. INTRODUCTION

The Elettra injector [1], made up of a 1.5 GeV linac,
designed and built by GE CGR MeV, has had the 100 MeV
pre-injector installed and tested. The operational specifications
of this part of the linac are to be found in ref. [2]. The pre-
injector has various modes of operation: single bunch and
multibunch at 100 MeV and variable energy (30 to 75 MeV)
FEL modes. For the two injection modes the energy, energy
spread, current and/or charge and emittance have been
measured. Table 1 gives a summary of the measurements.

2. GENERAL DESCRIPTION OF THE PRE-INJECTOR

A detailed description can be found in ref. [2]. Figures 1
and 2 show the gun with the assembly of low energy
bunching components and the accelerating sections installed
in the tunnel. The low energy part of the pre-injector is made
up of a 100 kV DC gun, followed by the bunching
components: a 500 MHz rectangular cavity TM110 chopper, a
500 MHz TM010 cylindrical buncher, a 3 GHz prcbuncher
and a standing wave bunching section. Two 3.2 m long, 2/3
n travelling wave accelerating sections then increase the
energy of the beam from 4 MeV at the exit of the s-band
buncher up to 100 MeV. The whole machine is powered by a
single 100 MW modulator that drives a TH2132 klystron,
designed by Thomson to get 45 MW of rf power in a 4.5 (isec
pulse. The rf output is split into two waveguides, one
waveguide feeding the second accelerating section while the
other waveguide is further split to feed both the first
accelerating section and the appropriate s-band bunching
modules. Two solid state amplifiers, 2.5 kW each, power the
two 500 MHz cavities.

At the end of November 1991 the rf conditioning of the
machine started, and the first beam was obtained at the
beginning of 1992.

At present the injection modes (single bunch and
multibunch) have been optimised for 100 MeV operation. The
FEL mode is not yet in operation, although some preliminary
tests have been performed in order to check the electronics
driving the gun. We will test the pre-injector in the FEL
mode at the end of the 1.5 GeV commissioning.

Figure 1. Gun and bunching sections.

Figure 2. The two 3.2m long accelerating sections.

3. MEASUREMENTS

3.1: Introduction

The principal linac parameters, energy, energy spread,
current and transverse emittance were measured using the
diagnostic line described in ref. [3]. The main components of
the line being two quadrupole triplets, a bending magnet,
three fluorescent screens, two Faraday cups, and an electrically
isolated collimator. Furthermore, additional measurements of
the current/charge were possible with use of toroids, gap and
beam position monitors available along the linac [4].
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Table 1: Results of first measurements in single and multi-bunch modes.

Pulse length (ns)

Energy (MeV)
Current (mA) or
Charge/Pulse (nC)
Emittance (mm mrad)

Horizontal
Vertical

Energy Spread (%)

Specified

10 to 300

100
>10

1.0
1.0

<±0.5

Multi-bunch

300

100.8
13

1.17
0.81
±0.5

Measured

150

100.2
16

1.17
0.76
±0.5

10

100.4
17

1.14
0.66
±0.5

Specified

< 1
100

>0.16

1.0
1.0

<±0.5

Single bunch mode
Measured

Chopper off Chopper on
< 0.25 < 0.25

101 100

0.19 0.17

0.9 0.87
0.76 0.93
±0.5 ±0.5

Substantial use was made of fluorescent screens [4]. The
beam image on the screen is digitised by a frame grabber and
analysed. The computed beam widths in both planes, the
beam centre and the integrated intensity of the light signal are
displayed on a television monitor and are also made available
to various programs.

3.1: Energy Spread

The energy spread measurement was performed using a
fluorescent screen positioned after a bending magnet. After
ascertaining that all the beam was visible on the screen and/or
correlating the integrated screen signal with a downstream
Faraday cup, the average of a series of width measurements
was calculated and used to define the relative energy spread.
The beam current for all modes is defined to be that current
contained in the specified energy spread. Figures 3 and 4
respectively show the energy spectra for a 300 and 150 ns
linac pulse. For figure 4, 16 mA was found to be within
±0.5% relative energy spread.

99 100 101
Beam Energy Spectrum (MeV)

102

Figure 3: Energy spectrum for a long pulse 300 ns. Total
charge in the pulse was 11.4 nC.

3.2: Emittance

The emittance measurements were performed by varying the
strength of a quadrupole and measuring the resulting variation
of beam size at a downstream fluorescent screen. A least
squares fitting routine, using thick lens optics, was written to
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Figure 4: Energy spectrum of an optimised 150 ns pulse.
Total charge in the pulse 3.45 nC. Also shown is a Gaussian

function fitted to the data.

determine the emittance and the associated sigma matrix that
characterises the electron beam. Figures 5 and 6 show the
variation of the square of the beam size as a function of
quadrupole current. The computed phase space ellipses at the
exit of the linac (rf end) are shown in figures 7 and 8
respectively. Figure 9 shows the deviation from a Gaussian
distribution of the electron pulse. Up to approximately 60% of
two dimensional phase space electrons can be well described by
a Gaussian distribution.
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Figure 5: Variation of the square of the horizontal beam size
as a function of quadrupole current.
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Figure 9: The diagram shows that approximately 60% the
beam in two dimensional phase space can be considered to be
distributed Normally. (The dotted line is the theoretical curve
based on a Gaussian distribution normalised to the first four

points. Multi-bunch mode 310 ns, 10 mA.)

4. CONCLUSIONS

In addition to the measured values satisfying the beam
specification parameters, it is worth while to mention that the
machine has accelerated more than 80 mA in a 300 ns pulse.
This is of importance to the operation of the 1.5 GeV Elettra
injector where it is preferable to have 100 mA in a 150 ns
pulse at the exit of the pre-injector.

Figure 7: The beam ellipse in horizontal phase space. A
result of the measurements in figure 5.

Emittance: 0.76 mm mrad

-1 0
Y(mm)

Figure 8: The beam ellipse in vertical phase space obtained
by using the results of figure 6.

5. ACKNOWLEDGEMENTS

The authors gratefully acknowledge the following groups
at Sincrotrone Trieste for their contribution: Alignment,
Controls, Health Physics, Instrumentation, RF/Linac, Power
Supply, Technical Office and Machine Shop, Vacuum and to
the CGR MeV team who installed and operated the pre-
injector.

6. REFERENCES

[1] D.Tronc, et al., "The Elettra 1.5 GeV Electron Injector",
in IEEE Particle Accelerator Conference Proceedings, San
Francisco, U.S.A., May 1991.

[2] C. Bourat, et al. "The 100 MeV preinjector for the Trieste
Synchrotron", in IEEE Particle Accelerator Conference
Proceedings, Chicago, U.S.A., March 1989.

[3] C.J.Bocchetta, et al., "The Diagnostic Line for the
Acceptance Tests of the Elettra 100 MeV Pre-Injector",
European Particle Accelerator Conference, Berlin,
Germany, March 1992.

[2] J.-C.Denard, et al., "Beam Diagnostics of the Elettra
Injector", European Particle Accelerator Conference,
Berlin, Germany, March 1992.

313



CA9700140
DESIGN STUDY ON AN RFQ FOR THE BASIC TECHNOLOGY ACCELERATOR IN JAERI

K. Hasegawa, M. Mizumoto, H. Murata, K. Sakogawa and H. Yokobori
Accelerator Engineering Laboratory

Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-11, Japan

Abstract

A 2MeV, 110mA, 10% duty, 201.25 MHz RFQ has been
designed for the Basic Technology Accelerator (BTA) by
Japan Atomic Energy Research Institute (JAERI). In this
report, the design parameters, LEBT study, acceleration
efficiency correction due to the two-dimensional vane-tip
machining, frequency tuning of the vane-end region and
thermal considerations are presented.

Introduction
A high intensity proton linear accelerator (ETA:

Engineering Test Accelerator) with an energy of 1.5GeV and
a current of 10mA has been proposed for the accelerator-
driven nuclear waste transmutation[l]. In the course of the
accelerator development, low energy portion of the accelerator
(BTA: Basic Technology Accelerator) is planned to be built,
and thus, average beam current of 10mA is required for the
BTA. For the RFQ design, peak current of 110mA and duty
factor of 10% was chosen. The RFQ resonator is a four-vane
type and the frequency is 201.25 MHz. For the design,
CURLI, RFQUIK and PARMTEQ[2] codes were used. The
Low Energy Beam Transport (LEBT) from the ion source to
the RFQ was designed to match the RFQ acceptance. Two-
dimensional machining of the vanes (circular cross section of
the tip) was considered and reduction of the acceleration
efficiencies due to the vane-tip geometry effects was
corrected. Three-dimensional code of MAFIA[3] was used to
study the undercutting of the vanes and distribution of the
power loss density in the end region. Temperature distribution
and thermal displacement of the vanes were studied with the
three-dimensional finite element modeling code of ABAQUS.

RFQ Design

For the design of the RFQ, the standard LANL
approach[4] was used. The RFQ resonator is a four-vane
type. Table 1 shows the parameters of the RFQ. The RFQ
parameters as a function of distance along the RFQ beam line
are shown in Fig. 1. Proton beam from the ion source with an
energy of 0.1 MeV is accepted and accelerated up to 2 MeV.
Beam current is 110mA and duty factors for the beam and RF
are 10%, 12%, respectively. The intervane voltage is
0.113MV, which corresponds to the peak surface electric field
of 26.5 MV/m (1.8 times Kilpatrick limit) using the
conventional field enhancement factor of 1.36. The output
emittance and transmission rate were calculated with the
PARMTEQ code. Iterative design procedure from RFQUIK to
PARMTEQ was taken to optimize the output emittance,
transmission rate and RFQ length.

The SUPERFISH code was used to calculate the resonant
frequency in the RF cavity, to determine the shape of the
structure, to predict the frequency sensitivity and to estimate
the mechanical fabrication tolerances. Various results related
to the electromagnetic field were obtained such as quality
factor (Q), electric field strength and RF wall loss power.

Table 1
Design parameters of

Particle
Frequency
Energy
Beam Current
Duty Factor
Synchronous Phase
Vane Voltage
Focusing Parameter B
Number of Cell
Cavity Diameter
Vane Length
Quality Factor (Q)
Wall Loss Power
Beam Power

Normalized Emittance
LEBT Input (100%)

(rms)
RFQ Input ?98%)

(rms)
RFQ Output (98%)

(rras)
(98%)
(rms)
(98%)
(rms)

x,y:
x,y:
x,y:
x,y:
x:
x:
y;

y:

z:
z:

the BTA-RFQ

Proton
201.25
0.1 - 2
110
10

MHz
MeV
mA
%

-90° - -35°
0.113
7.114
181
36.6
334.8
-13000
432
209

0.05
0.0083
0.085
0.0123
0.19
0.0203
0.17
0.0187
0.0402
0.0027

MV

cm
cm
(100% Q)
kW (60% Q)
kW

Jicm-mrad
itcmmrad
jtcmmrad
Jicmmiad
jtcmmrad
Ttcm-mrad
Jicmmrad
itcm-mrad
rcMeV-rad
jiMeVrad

Transmission
Energy Resolution (rms)

94
0.6

0.5
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Fig. 1 RFQ parameters as a function of distance along the
beam line in the RFQ

LEBT Study
To obtain the desired transmission rate and better output

emittance through the RFQ, the input beam emittance should
be matched to the RFQ acceptance. The Low Energy Beam
Transport (LEBT) consisting of two-focusing solenoids was
designed with the TRACE code[5] for the first step. By using
the PARMILA[6], modified for a DC beam simulation,
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emittance growth in the LEBT was estimated. Particle
information from the PARMILA was used as an input of the
PARMTEQ for beam transport calculation of the RFQ, and the
magnetic fields of the two solenoids were determined to obtain
the better transmission rate and emittance through the RFQ.
The beam envelope in the LEBT and the x-x' emittance
diagrams at the output positions of the ion source, LEBT and
RFQ are shown in Fig. 2. The output emittance and
transmission rate listed in Table 1 are also the results of the
LEBT-RFQ joint simulation.

Ion Source Solcnoid-1 Solenoid-2 RFQ

100 200
Length (cm)

Ion Source Output LEBT Output ^ RFQ Output
(NP=9406)i

X (m m) X (mm) X [mill)

Fig. 2 Beam envelope in the LEBT, and x-x' emittance
diagrams at the output positions of the ion source,
LEBT and RFQ

Correction of the Acceleration Efficiency
The transverse cross sections of the RFQ based on the

two-term potential function are approximately hyperbolae.
The circular cross section of the vane-tip reduces the
maximum electric field intensity and requires less machining
processes than the hyperbolic cross section. For these reasons,
circular cross sections of constant transverse curvature
(p=0.75r0> where r0 is an average bore radius) were adopted for
the BTA-RFQ. By taking this vane-tip geometry, reduction
of the peak surface field from 26.5 to 24.7 MV/m is expected.
Vane-tip geometry effects, however, should be corrected to
simulate the particle dynamics. PARMTEQ code was modified
to take into account the acceleration efficiency reduction ratio
(A10/A, where A and Alo are acceleration efficiencies for the
two-term potential function, and for the fundamental term of
the multipole potential function, respectively) calculated by
Crandall[7]. Variation of Alc/A in the RFQ is also shown in
Fig. 1. Fig. 3 shows the proton beam transmission rate
through the RFQ as a function of normalized intervane voltage,
Vn. Because of the reduction of the acceleration efficiency,
89% transmission rate was expected at 1.0Vn, where the
original PARMTEQ (two-term potential function) gives 95%.
For the vanes with the circular cross sections, the ideal
acceleration efficiency (A) can be obtained by adjusting the
modulation factor (m) and bore radius (a) by using the iteration
pTocesses[8]. These modified parameters were adopted for the
BTA-RFQ, since almost the same transmission rate could be
expected as the original PARMTEQ.

IOO

Z 90
as

-p=0.75r0

ea
•~

H

Fig.

80

70 -

60 -

/

original PARMTEQ
(original a&m)

AJQ/A Corrected
(original a&m)

A10/A Corrected
(modified a&m)

50
0.8 0.9 1 1.1 1.2

Normalized In tervane Voltage (Vn)

3 Transmission rate of the RFQ as a function of
normalized intervane voltage, Vn. (!Vn=113kV)

Vane Undercutting
The resonance frequency of the vane end region should be

matched to the cut-off frequency of the TE^-mode, which is
an operating frequency as an RFQ. In this study, three-
dimensional electromagnetic calculation code of MAFIA was
used, and the similar procedures to Browman's[9] were taken.
An example of the structure and cross section of the end
region are shown in Fig. 4 and Fig. 5, respectively. Because
of the symmetry of the geometry, one quadrant model of the
RFQ structure was generated. First, the frequency of TE^Q-
mode (207.758MHz) was obtained without end region. Then
the end region was generated by undercutting of the vane
structure. Several parameters such as gap length (g), overhang
length (s), and slope angle (8) were adjusted to match the
TE^o-mode frequency. Fig. 6 shows the frequency as a
function of gap length for three slope angles. The end region
with a slope angle of 39.4° and a gap length of 8 mm matches
well the cut-off frequency.

By using this code, dissipation of the RF power loss
density was also calculated. Obtained relative values were
normalized to the cavity wall point from the SUPERFISH
results. Fig.7 shows the peak power loss density along the
surface of the vane.

Thermal Considerations
With the heat load distributions specified by the MAFIA

and SUPERFISH, a finite element analysis code (ABAQUS)
was used to study the thermal behavior for the mechanical
structure design. Vanes are made of oxygen free copper with
two cooling water channels (<|>20mm). Water flow through
each channel is 30 //min, and average temperature is 25.5°C.
Fig. 8 shows a temperature distribution and displacement on
the surface of the vane. Calculated maximum temperature is
39.1°C, and displacement in the transverse and longitudinal
directions are 33 (im, 99um, respectively. These deformations
are small enough both for the frequency tuning and for the
beam dynamics aspects.

Status

Most of the design parameters have been fixed and the
design drawings are almost completed. Some components
have been ordered. The high power tests will be started in the
middle of the FY-1993.
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Abstract

We have constructed a new type of four-rod Radio
Frequency Quadrupole to operate at 473 MHz. Four-rod
structures have not been previously built for such a high
frequency. The RFQ is designed to accelerate 10 mA of
H~ ions from 30 keV to 0.5 MeV. The rf measurements
and beam test of the RFQ have been performed success-
fully. Here, we present operational results of the RFQ
system including measurements of the beam current, the
required rf power, energy, energy spread, and emittance.

Introduction

The four-rod RFQ structure invented at Frankfurt
[1] not only has been a viable alternative to the four-vane
structure, but also offers several advantages such as sim-
plicity of structure and elimination of the dipole modes.
However, the four-rod design has not been studied exten-
sively for frequencies much above 200 MHz. Higher fre-
quencies (400 to 500 MHz) are desirable for pre-injectors
of proton machines. We have developed a four-rod type
design for these higher frequencies by introducing a small
variation to the Frankfurt geometry [2,3]. After designing
several simple test models, we set out to make a test RFQ
at 473 MHz and to accelerate a 10mA of H"~ ion beam
from 30 keV to 500 keV. The cold model tests matched
our matched our calculations very well [4]. Next, we built
the final structure which was powered by a pulsed kly-
strode [5]. The RFQ was manufactured and beam tested
with very good results. This paper will discuss the de-
sign of the RFQ briefly, the results of the cold and high
power rf tests, and beam test results.

Structure

The structure is made of a series of modules. Figure
1 shows two modules next to each other. Each basic mod-
ule of length t consists of two square plates of thickness
T and width W supporting the four rods. Each sup-
porting plate is connected to two opposing rods. Four
rectangular plates cover the sides of the structure with
the corners of the structure being left open to give better
vacuum quality. The rf current flows back and forth

Fig. 1 Two modules of the 473 MHz structure.

Table 1
Dimensions of a 473 MHz module

Length of the module(^)
Width of square plates (W)
Thickness of the plates (T)
Intervane capacitance (Cy)
MAFIA Results:

Frequency
Q

5.48
18.8
1.27
107

473
8500

cm
cm
cm
pf/m

MHz

t This project was partially supported by SSCL
• Resa Kaziminow works at CEBAF, 12000 Jefferson Ave.,

Newport News, VA 23606, USA.

from each rod to its adjacent rods over the inner surface
of the modules.

Since the two opposing rods are attached to the
same plates at many points through the structure, the
unwanted dipole mode, which appears when the two op-
posing rods oscillate at different voltages, is not a prob-
lem. This is an advantage that all the four-rod type
structures share over the four-vane types in which the
dipole mode mixing can be a serious problem.

Table 1 lists the dimensions of a module for the 473
MHz structure. Our RFQ structure is made of 10 mod-
ules. All parts of the structure are bolted together and
can be fully disassembled.

Beam Dynamics Design

The beam dynamics of the RFQ has been studied us-

317



ing the PARMTEQ program. In this design an effort has
been made to keep the length of the RFQ short and the
intervane voltage low, so that the total power required is
below 100 kW. The RFQ is designed for a 10 mA input
beam. The output beam should be about 9 mA with less
than 10% emittance growth. Table 2 and Figure 2 give
the parameters of the RFQ.

tuning. The measured unloaded Q value is 5000, requir-
ing a structure power of about 90 kW which is within the
reach of our 100 kW rf source. Figure 3 shows the re-
flection coefficient versus the frequency for the RFQ. No
neighboring modes are seen within 100 MHz span of the
desired mode, which confirms our prediction that there
should be no mode mixing.

Table 2
RFQ Parameters

Ions
Target frequency
Initial energy
Final energy
Nominal Current
et (n,rms)
Transmission
Vane length
Intervane voltage
Aperture (r0)
Structure Power

H-
473

30
500

10
0.22
95%

56.25
67

0.25
90

MHz
keV
keV
mA
7T mm.mrad

cm
kV
cm
kW

The coordinates for machining the RFQ vane tips
were calculated based on the PARMTEQ results. The
transverse radius of the vane tip is 0.188 cm (0.75 • ro)
and is kept constant through the RFQ's length. The ma-
chining of the vanes was done on a computer controlled
milling machine. A high speed cobalt tool was used to
machine the modulation of the tellurium copper vanes.

10 20 30 40
RFO LENGTH (cm)

50

Fig. 2 RFQ parameters vs. RFQ position

RF Test Results

low RF Power Measurements

A resonant frequency of 470.3 MHz was measured for
the RFQ. This is lower than the design frequency of 473
MHz by about half a percent and can be corrected by
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Fig. 3 Reflection coefficient vs. frequency

High RF Power Measurements

We have seen indications of multipactoring between
the RFQ vanes at power levels from ~ 200 mW to a few
kilowatts. However once getting to higher power levels,
we did not see any indications of serious multipactoring
anywhere in the cavity. The RFQ was conditioned suc-
cessfully up to 112 kW with 20ns pulses and 0.1% duty
factor [6]. This is well above our 90 kW target. The
RFQ is water cooled on three sides and the temperature
is monitored and kept constant within one degree celsius.

U

llnilillii

Fig. 4 500 keV accelerator assembly.

Beam Test Results

The beam test was performed using a magnetron H~
ion source and a single Einzel lens (figure 4). An accel-
erated beam was observed as soon as the RFQ was pow-
ered! The important parameters measured in this test
were the transmission factor, the energy spectrum of the
beam, the amount of rf power required for operation, and
the emittance of the accelerated beam [7].
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To obtain the transmission factor, the input and out-
put currents were measured using a current toroid and a
Faraday cup, respectively. For an input current of 3.75
mA, an output current of 3.5 mA was measured resulting
in a transmission factor of 93%.

A 45° bending magnet was used to analyze the beam's
energy spectrum. Figure 5 shows the spectrum of unac-
celerated (rf off) and accelerated (rf on) beam. The ac-
celerated beam has a central peak at 478 keV 4.4% away
from the design energy of 500 keV. Note that the humps
on the sides of the peak are due to secondary electrons
which were not fully suppressed. The 6E/E is 9.8%, after
accounting for measurement errors.

The amount of rf power needed to produce the de-
signed voltage on the four electrodes was measured using
the same 45° bending magnet. The magnet was set to
measure the intensity of the accelerated beam, while the
rf power level was changed. The result is graphed in
figure 6 showing a plateau starting about 88 kW. This
compares well with our prediction of 90 kW for required
rf power.

The beam emittance was measured using an electric-
sweep emittance scanner [8]. In this test, however, both
the emittance measuring device and the ion source did
not perform as well as we expected. The accelerated
beam emittance was measured to be 0.7 (norm,90%) ir
mm.mrad while 0.4 x mm.mrad was expected.

Conclusion

The rf and beam tests of the RFQ have been accom-
plished, and the results are in good agreement with the
calculations. This study has proven this new structure
as a viable RFQ structure design which can have a host
of different applications in a variety of fields.
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Abstract
A high-power model of a 432 MHz Drift-Tube Linac is

under construction. It will accelerate H~ ions from 3 to5.4MeV,
and is a prototype of the DTL for the Japanese Hadron Project.
Several new techniques have been developed for constructing the
DTL: fabricating and assembling methods of permanent
quadrupole magnet and a drift tube, an alignment of drift tube,
and a method to connect the tanks.

Introduction

A 1-GeV high-intensity proton linac is being considered
as an injector for a ring accelerator of the Japanese Hadron
Project (JHP) [1]. The proton linac comprises a radio-frequency
quadrupole (RFQ), a drift-tube linac (DTL) and a coupled-cell
linac (CCL).

The DTL accelerates H" ions from 3 to 148 MeV. The total
length of the DTL,comprising 13 tanks, is about 80 m. The length
of each tank is thus about 6 m. The resonant frequency (432 MHz)
is about 2-times that of a conventional 200 MHz DTL. The
increased frequency reduces the size of the DTL. The dimensions
of 432 MHz DTL are so small to allow the use of precision
machining tools. For high-duty DTL it is very important to take
into account the cooling efficiency of the components. In this
case copper is preferable; we thus decided to make the entire DTL
of oxygen-free copper (OFC). Each lank comprises short unit
tanks (about 0.6-m long) in order to mount drift lubes in the tank
by hand. Moreover, it is relatively easy lo fabricate a tank using
high-precision instrument, since the unit lank is small enough to
place on the instruments.

The fabrication techniques of the DTL have been carefully
investigated because of a downsizing of the OFC cavity. Several
new fabrication techniques and assembling tools have been
developed on the basis of the new DTL specifications. A high-
power model of the DTL is under construction in order to
establish fabrication techniques and to carry oul beam tests. The
model is 1.2-m long and 0.44 m in inner diameter. It comprises
two unit tanks and 17 drift tubes. The DTL accelerates H' ions
from 3 to 5.4 MeV. The post couplers, which were studied using
the low-power model [2,3], are installed in every other eel I of the
DTL. Construction of the DTL is undergoing steady progress; its
schematic view is shown in Fig. 1.

The fabrication methods developed for the DTL and
described in the following sections are as follows:
(a) fabrication of permanent magnet piece,
(b) assembly of permanent quadrupole magnet (PQM),
(c) assembly of a drift tube with PQM,
(d) alignment of the drift tubes in the lank, and
(e) connection of two adjacent unit tanks.

Fabrication of the permanent magnet piece

The beam quality from a DTL strongly depends upon the
quality of quadrupole magnets in drill lubes. The beanidynam ics
require the following specifications for a quadrupole magnet:
(a) An integrated field of 5.5 T lor >MeV H" injection. The
magnetic field gradient is thus 184 T/m for a magnet length of 30

Fig. 1 Schematic view of the model DTL.

mm.
(b) The deviation of the field center of the quadrupole magnet
from the beam axis must be less than 20 pm (r.m.s.).
(c) The standard deviation of the field gradient is within 4.4%.

A permanent quadrupole magnet (PQM) was chosen as
the focusing magnet, since its field strength meets the require-
ments; it is also sufficiently small to be easily fixed in a432-MHz
drift tube. Moreover, it requires neither cooling nor maintenance.
There are two candidates for the PQM material: Nd-Fe-B and
Sm-Co. A Nd-Fe-B magnet is superior to a Sm-Co magnet due to
the residual magnetization (Br) and hardness. However, the
Curie point of the Nd-Fe-B magnet (about 300 °C) is less than
that of the Sm-Co magnet (about 900 °C) . Since radiation
damage is relatively small for a magnets with a high Curie point,
the damage to the Sm-Co magnet is less than that of the Nd-Fe-
B magnet.

A Nd-Fe-B permanent magnet which satisfies specifica-
tion (a) was chosen for the PQM of the lowest-energy tank. For
a higher-energy tank, PQMs are made of Sm-Co, since radiation
damage increases with the energy of H" ions. The PQM com-
prises 16 pieces in order to achieve a strong magnetic field [4].

The specifications for each magnet piece depends upon
the assembling procedure of the quadrupole magnet. The follow-
ing two types of procedures have been considered:
(1) Manufacture the magnet pieces with moderate accuracy, and
repeat the assembling of a PQM by exchanging the magnet pieces
until ihe quality of the PQM satisfies the specifications.
(2) Manufacture the magnet pieces with high accuracy, and
assemble a PQM precisely only once.

We chose the latter procedure. In order to achieve the
required accuracy regarding the magnetic properties and dimen-
sions of the external form of each piece, we investigated and
modified the entire fabrication process of the magnet from the
pressing of magnetic powder in the magnetic field to the final
polishing of the piece. The external form of each piece is
precisely corrected in order to adjust the magnetization direction
according to the measurcmentof the magnetization direction and
the field strength. The magnet dimensions are shown in Fig. 2-a.
Figure 2-b shows the arrangementofmagnetpiecesforthePQM.
The measured magnetization directions of the pieces are summa-
rized in Fig. 3, showing three types of the magnetization direc-

320



22.5
(mm)

(a) Dimensions of
a magnet piece.

(b) Schematic view of PQM.
Arrows in the pieces indicate
the magnetization directions.

Fig. 2 Permanent quadrupolc magnet.
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Fig. 3 Measured magnetization directions of magnet pieces. The
ordinate shows the number of pieces. Average angles for
three kinds of piece are 0.6 .45.1 and 89.8. respectively.
All standard deviations arc 0.3.

tions (0, 45, 90 degree).

Assembling the quadrupole magnet

The PQM assembling method is closely related with that
of a drift tube, since the PQM is fixed inside the drift tube. We
attempted the following two PQM assembling methods:

(1) The magnet pieces arc placed inside a cylindrical
holder in order to form the magnetic quadrupole field. Since the
holder fixes the magnet pieces in the desired position, the PQM
is precisely arranged, if the magnet pieces have been fabricated
accurately. After assembling the PQM, it is enclosed in a drift
tube. A schematic view of this process is shown in Fig. 4-a. The
drift tube has three seams which must be joined. One scam exists
near the bore of the drift tube where the fringing field of the PQM
is strong.

(2) The drift tube comprises two shells: the inner and outer
shells. The permanent magnets arc directly fixed around the
central beam pipe of the inner shell by an assembling jig. The
inner shell is then inserted into the outer shell. Although the
assembling jig of the PQM's is not simple, there is no scam near
the bore of the drift tube, where high magnetic fields arc present.
Figure 4-b shows the scheme of the second method.

The development of both methods mentioned above has
been completed. For the model DTL, the method (2) was chosen
in order to avoid a seam to be joined near to the bore. Details
concerning jig assembling of the PQM were reported at the
previous LINAC conference |5]. After assembling the PQM in
the inner shell madeofOFC, a band made of stainless steel fixes

its form. The band comprises two half rings, both of which are
connected together by tungsten inert gas (TIG) welding that
exerts the binding force on the PQM. TIG welding increases the
temperature of the PQM; heat absorbers are therefore placed on
the band during the welding process in order to keep the tempera-
ture of the PQM to less than about 50 °C. No deterioration in the
properties of magnetic field was observed after the welding.

The differences between the field centers of PQMs and
the mechanical centers of inner shells were measured using a
rotary coil for the four completed samples. The results are 2, 3,
16and 8 urn, respectively. The measurementerror was about + 10
um, mainly from uncertainties of the coil dimension and the
PQM position on the movable stage of the coil. The measured
field gradient agreed with the value calculated with the code
PANDIRA|4].

Drift-tube assembling

After assembling the PQM in the inner shell, the inner
shell is inserted into the outer shell. The seams which join the
inner and outer shells together must have the following func-
tions, since the drift tube is set inside the evacuated DTL where
a high-power rf field exists. They are as follows:
(a) a vacuum seal,
(b) rf and thermal contacts between the shells, and
(c) mechanical strength for the joint of the shells.

We examined three assembling methods of the drift tube:
(1) electron beam welding (EBW),
(2) elcctroforming (EF), and
(3) shrink fitting.

These methods were developed in c lose relation to the two
PQM assembling methods described in the last section. Assem-
bling of a drift lube with cither EBW or EF was successful with
a stainless steel drift tube [6], In both cases the PQMs were
assembled in a cylindrical holder. At present, both the EBW and
the shrink fitting arc under investigation for the copper drift tube,
where the PQM is assembled directly in the inner shell.

Shrink fitting is of two types: cooling and heating. Details
concerning the former were reported at the previous LINAC
conference 15]. The latter uses hot water for expansion of an outer
shell. The inner shell with the PQM is inserted into the expanded
outer shell. The temperature of the outer shell is set as low as
possible for the filling, since a lower temperature is preferable in

magnet
piece

holder

c
(a) Assembling by EBW or EF
using previously arranged PQM
in a holder.

outer shell

(b) Assembling by
shrink fitting.

Fig. 4 Schemes of drift tube assembling.
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order to set the jig accurately and to keep the PQM from
deterioration.

For shrink fitting an important parameter is the degree of
interference of the diameter of the shells. The increment of
interference enhances the conuicLs pressure between the shells,
resulting in good rf and thermal contacts and more stable vacuum
sealing. However, shrink fitting causes stress in the drift tube
which deforms its shape. The degree of deformation is roughly
proportional to that of interference. The degree of the interfer-
ence is still being investigated, since vacuum leaks of the order
of 10"8 aim cc/s for He have sometimes been found from the
scams of the drift lube assembled by shrink filling.

The EBW method is being examined in order to assemble
a copper drift tube; in this case the inner and outer shells arc filled
by a healing shrink type filling. Since shrink fining precisely
determines the position of the shells, EBW is easily carried out in
order lo join two shells together and to improve the quality of
vacuum scaling. However, heat protection for the PQM must be
considered, since the EBW increases the temperature of the drift
tube. An EBW experiment was carried out in order to optimize
both the electron beam current and selling the heal absorbers. The
results showed no differences in the magnetic field strength and
the position of PQM field center before and after EBW.

The surface of a drift tube is finished by bulling and
electro-polishing (EP) after assembling of drift tube in order to
reduce the microjuls made by the EBW, traces of ihc machining
process and flaws on ihc drill-tube surface.

Drift tube alignment

Since the drift lubes arc mounted on the tank using a taper
fitting, the head of the sicm of the drift lube and the holes of the
Lank arc both tapered off. Details concerning the filling were
reported at the previous LINAC conference [5|.

A taper-type fitting ensures stable, strong, precise con-
tacts between the stem and tank. However, the taper-type fining
has no adjustable mechanism for tuning the drift-lube position,
except for ihe vertical direction within a range of about 100 mm.
If the position of Qo is not exactly on the beam axis, ihe position
of the drift tube must be corrected. For ihc horizontal direction the
stem is bent, while the stem is extended in the vertical direction.
The stem is deformed in the jig a Tier removing the drift tube from
the tank. Finally the vertical direction of drill tube is finely
adjusted after the taper-type fitting by tuning the force used to
pull up the stem.

Connecting adjacent unit tanks

A tank of the DTL comprises several short unit tanks. The
surfaces of end-part of two adjacent unit uinks arc directly
connected in order to obtain good rf contact. It requires a fine
control of a sufficient pressure on the surface, since there is no rf
contactor, such as a shield fingers for rl contact.

We developed two types of connecting method: bolts
connection and TIG welding with small tabs. The lailcr is used 10
join the first two unit tanks, since ihcre is not sufficient space for
the bolt connection between ihc tanks. The welding of small uibs
produces the force to pull the unit tanks each other. The tabs arc
distributed around the DTL. This successfully results in good rf
contact between unit tanks. We measured the Q-valuc of a short
model tank which simulates the contacting region of the unit
tanks. Figure 5 shows the results of a Q-valuc measurement; Fig.
5-a shows ihc results of the bolt connection; Fig. 5-b shows thai
of the welding. The abscissa of Fig. 5-b shows the torque
tightened up each bolt. The Q-valucs arc normalized by the
calculated value. The vacuum seal is completed by another seal
welding that is carried out before welding the utbs.

O0 Qo(™o,o ) Q,

0.8

0.6

0.4

0.2

0
0 5 10 15 20 25

total number of lab

(a) TIG welding with tabs.

200 400 600 800
Torque (kg*cm)

(b) Boll connection.

Fig. 5 Measured Q-valucs of the test cavity vs. contact pressure.
The pressure is represented by cither the number of tabs or
torque. Q-valucs arc normalized by the calculated value.
The abscissa of 5-b shows the torque, tightening up each
bolt. The number in the figures indicates the repetition of
the experiment.

Conclusion

Construction of a high-power model of 432 MHz DTL is
now in progress. Downsizing of the cavily due to increments of
the resonant frequency required a investigation regarding the
DTL construction method. New fabrication techniques for the
model of the DTL were thus developed and examined.
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Abstract

An overview of the parameters of the SSC Linac is
presented. The beam parameters, lattice, and longitudinal
coordinates through the various sections of the Linac are listed.
A synopsis of each section of the Linac is shown, including
dimensions, RF power and field requirements, and magnet
requirements.

Introduction

The SSC Linac consists of a Linear Accelerator and a
Transfer Line. The Linear Accelerator is a cascade of four
accelerators with a total length of 142.8 meters that produces a
beam of H- ions at an energy of 600 MeV. These are: 1) Ion
Source (35 keV), 2) Radio Frequency Quadrupole (2.5 MeV),
3) Drift-Tube Linac (70 MeV), 4) Coupled Cavity Linac (600
MeV). Between the Ion Source and the Radio Frequency
Quadrupole (RFQ), there is a Low Energy Beam Transport
(LEBT) that matches the beam from the Ion Source to the
input to the RFQ. Before the DTL there is a matching section
that matches the beam from the RFQ to the input of the DTL.
There is another matching section before the CCL, that
matches the beam from DTL to input of the CCL. The CCL
has an extension of its lattice after the accelerating cavities, the
CCL Transport Line, that transports the beam to the Linac
Transfer Line. It has a length sufficient to allow expansion of
the CCL to an upgraded output energy of 1 GeV.

The predicted performance of the Linac has been enhanced
[1]. An overview of the beam parameters, lattice, and
longitudinal coordinates through the various sections of the
Linac are presented. A brief synopsis of each section of the
Linac is shown, including dimensions, RF power and field
requirements, and magnet requirements.

Linear Accelerator

The Linear Accelerator has the parameters as listed in
Table 1. For future expansion and flexibility, the output
current can be upgraded to 50 mA and the output energy can be
upgraded to one GeV. Aside from the ion source and LEBT,
the Linac is designed for 50 mA.

Ion Source/LEBT

The parameters of the ion source are listed in Table 2.
Both the Magnetron and RF Volume source are being studied
for use in the SSC Linac [2,3]. A Low Energy Beam
Transport matches the beam from the ion source into the

RFQ. The parameters of the LEBT are listed in Table 3. Both
an Einzel Lens and a Helical Electrostatic Quadrupole (HESQ)
are being studied for use in the SSC Linac [2]. The LEBT also
chops the beam to the appropriate pulse length with less than
100 ns rise and fall times.

To upgrade the Linac to 50 mA output current, the ion
source and LEBT would be upgraded to 70 mA output current.

Table 1
Linear Accelerator Parameters

Ion Type

Output Energy (Kinetic)
Output Beam Energy Spread
Output Current
Particles per micro-bunch
Collider filling mode
Particles per macro-bunch
Collider filling mode
Particles per micro-bunch
Test Beam mode
Particles per macro-bunch
Test Beam mode
Pulse Length
Collider filling mode
Pulse Length
Test Beam mode
Repetition Rate
Output Emittance
Transverse

Longitudinal
Total Length

H-
600 MeV
0.10 MeV (rms)
25 mA (nominaj)
3.8 x 108

1.1 x 10 1 2

3.8 x 108

5.45 x 10 1 2

7.2 ns

36 |is (max)

Single Shot to 10 Hz

<0.3 7t mm-mrad
(rms, normalized)

<0.89x l^eV-sOTns)
243.0124 m

Table 2
Ion Source Parameters

Ion Type
Output Energy (Kinetic)
Output Current
Pulse Length
Output Transverse Emittance

H"
35keV
30 mA (nominal)
100 us (nominal)
<0.18 n mm-mrad

(rms, normalized)

""Operated by the University Research Association, Inc. for the
U.S. Department of Energy, under contract No. DE-AC35-
89ER40486.
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Table 3
LEBT Parameters

Table 5
DTL Parameters

Input Beam Current
Transmission
Output Pulse Length
Input Transverse Emittance

Output Transverse Emittance

Bore Radius
Length (HESQ)

30 mA
>99%
2-35 us
<0.18 n mm-mrad

(rms, normalized)
<0.20 n mm-mrad

(rms, normalized)
15 mm
225 mm

Radio Frequency Quadrupole

A Radio Frequency Quadrupole bunches and accelerates the
beam to 2.5 MeV [4]. The parameters are listed in Table 4.

Table 4
RFQ Parameters

Frequency
Input Energy (Kinetic)
Output Energy (Kinetic)
Design Max Input Current
Design Output Current
Output Transverse Emittance

Output Longitudinal Emitlance
Length
Vane Tip Radius
Bore Radius (Vane tip to Axis)
RF Peak Power*
RF Pulse Length

427.617 MHz
0.035 MeV
2.5 MeV
70 mA
50 mA
<0.2 it mm-mrad

(rms, normalized)
0.82 x 10'6 eV-s (rms)
2.1863 m
1.5 - 3.85 mm
2.0 - 3.5 mm
408 kW
100 us

*RF power includes structure power and 50 m A beam loading

Drift-Tube Linac
A Drift-Tube Linac provides the third stage of acceleration

from 2.5 to 70 MeV [5]. The DTL consists of four tanks, with
two adjustable permanent magnet quadrupoles between tanks.
The parameters of the DTL tanks are listed in Table 5. Each
adjustable quadrupole is translatable in both X and Y for beam
steering and has a gradient settable from 90 to 130 T/m.

The DTL Input Matching Section matches the beam from
the RFQ to the input of the DTL and consists of four variable
gradient permanent magnet quadrupoles and two buncher
cavities and has a total length of 597.5 mm [6]. The
quadrupoles are translatable in X or Y to provide beam steering
and are adjustable from 50 to 100 T/m. The parameters of the
bunchers are listed in Table 6.

Coupled-Cavity Linac

A Coupled-Cavity Linac provides the fourth stage of
acceleration from 70 MeV to 600 MeV [7]. The CCL consists
of nine modules of eight tanks each. Each tank has sixteen
cells. To provide the space for upgrading the Linac to one GeV
output energy, there is an extension of the CCL lattice, called

Frequency
Output Energy (Kinetic)
Design Max Current
Output Transverse Emittance

Output Longitudinal
Emittance
Drift-Tube Bore Diameter
Peak RF Field
RF Pulse Length
Cavity Q (unloaded)
Magnet Type

Gradient
Magnet Field Uniformity
Quad Length
Quad Inside Diameter

Tank Inside Diameter
Tank #1-Length

Output Energy
Number of Quadrupoles
RF Power*

Tank #2-Length
Output Energy
Number of Quadrupoles
RF Power*

Tank #3-Length
Output Energy
Number of Quadrupoles
RF Power*

Tank #4-Length
Output Energy
Number of Quadrupoles
RF Power*

Total DTL Length

427.617 MHz
70 MeV
50 mA
<0.2 n mm-mrad

(rms, normalized)
<1.0x 10"6 eV-s (rms)

16 mm -0, +0.25 mm
28 MV/m
100 us
>35OOO
Permanent Magnet Quad
132.7 T/m
-0%, +5% graded
35.0 mm
18 mm -0, +0.25 mm
420 mm (nominal)
4.515 m±0.1 mm
13.4080 MeV
57
1.5 MW
5.951 m ±0.1 mm
32.8411 MeV
41
2.7 MW
6.062 m ±0.1 mm
51.5878 MeV
31
2.9 MW
6.226 m ±0.1 mm
70.0010 MeV
27
2.9 MW
24.3316 m

*RF power includes structure power and 50 mA beam loading

Table 6
DTL Input Matching Buncher Parameters

Frequency
RF Pulse Length
Design Max Beam Current
Bore Radius
RF Length
RF Power*
Cavity Voltage (EoTL)
Buncher Q (unloaded)

427.617 MHz
100 us
50 mA
8 mm
50 mm
30 kW Peak
136/146 kV
>5000

*RF power includes structure power and 50 mA beam loading

the CCL Transport Line. There is an input matching section
to match the beam from the DTL to the input of the CCL.
The parameters of the CCL modules are listed in Table 7.

Except for Module #2, the eight quadrupoles of each
module are energized by one power supply. Between the second
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Table 7
CCL Parameters

Frequency
Output Energy (Kinetic)
Design Max Current
Output Transverse Emittance

Output Longitudinal
Emittance
Number of Modules
Sections per Module
Accelerating Cells per Section
Total Number of Magnets
Constant Effective Section
Accelerating Gradient (EoT)
Synchronous Phase
Magnetic focussing
Quadrupole Gradient
Quadrupole Effective Length
Bore Radius
Inner Radius of Accel Cavity
Total CCL Length
Module Peak RF Power*
RF Pulse Length
Module 0 (unloaded)

1282.851 MHz
6OO±0.08 MeV
50 mA
<0.3 n mm-mrad

(rms, normalized)
<0.9 x 10~6 eV-s (rms)

9
8
16
72
7.2-6.5 MV/m

-25 degrees
singlet (FODO)
31 T/m (nominal)
70 mm
10.0 mm
85 mm
112.4123 m
14 MW
60 us
11700 to 19200

*RF power includes structure power and 50 mA beam loading

and third modules the inter-tank spacing changes from 7/2 {JA.
to 5/2 PX The last four quadrupoles of Module #2 have
different gradients than the other quadrupoles to match the
beam at the transition, and consequently each is energized by a
separate power supply. The remaining four are energized by
one power supply. Beam steering within the CCL is
accomplished by combining dipole coils with the quadrupole
coils in a single magnet package. Within each module four
dipole coils will be energized.

The CCL Transport Line has a length of 100.2331 meters
and uses 25 quadrupole magnets identical to those in the CCL
operating at a nominal gradient of 28 T/m. The first four
quadrupoles and the last two quadrupoles operate at slightly
different gradients to match the beam into and out of the
Transport Line. These six magnets are energized by separate
power supplies and the remainder are connected in two series
strings, with each string energized by separate power supplies.
Beam steering is eight sets of dipole coils are energized. Four
stronger steering magnets are incorporated in the beginning of
the line for added steering capability. The Energy Compressor
cavity is located in the CCL Transport Line and its parameters
are listed in Table 8. The Energy Compressor reduces the
energy spread from 0.7 MeV (rms) at its entrance to 0.1 MeV
(rms) to match the beam to the input acceptance of the Low
Energy Booster, when operated at E0T = 1.3 MV/m.

The CCL Input Matching Section has a length of 2.9526
meters. It has nine quadrupoles, identical to those of the CCL.
The first six quadrupoles are arranged in pairs. Separate power
supplies energize each pair and each of the other three magnets.

Four sets of dipole coils are energized for beam steering. There
are two buncher cavities in the CCL Input Matching Section
with parameters as listed in Table 9.

Table 8
Energy Compressor Parameters

Frequency
Design Max Current
E0T
Length
Number of Cells
Peak RF Power*
RF Pulse Length
Bore Radius
Inside Diameter
Cavity Q (unloaded)

1282.851 MHz
50 mA
1.55 MV/m max.
1.018 m
11
77 kW
60 us
10 mm
172 mm
15000

*RF power includes structure power and 50 mA beam loading

Table 9
CCL Input Matching Buncher Parameters

Frequency
RF Pulse Length
Design Max Beam Current
Bore Radius
RF Power*
RF Length
Number of Cells
Inside Diameter
Cavity Voltage (EOTL)
0 (unloaded)

1282.851 MHz
60 us
50 mA
10 mm
426/657 kW Peak
213.6/299.4 mm
5/7
170 mm
12.0/18.0 MV
15000

*RF power includes structure power and 50 mA beam loading

Conclusion

The 600 MeV Linear Accelerator for the SSC consists of
an ion source, RFQ, DTL, and CCL with an output current of
25 mA and pulse length up to 36 us at up to 10 Hz. It is
upgradeable to 50 mA by changing the Ion Source and LEBT.
The output energy can be upgraded to one GeV by replacing
the CCL Transport Line with four additional CCL modules.
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Abstract

The design and construction of the SSC Linac involves
various departments within the SSCL and many outside
vendors. The adaptive incorporation of system engineering
principles into the SSC Linac is described. This involves the
development of specification trees with the breakdown and
flow of functional and physical requirements from the top
level system specifications to the lower level component
specifications. Interfaces are defined, which specify and control
the interconnections between the various components. Review
cycles are presented during which the requirements, evolution
of the design, and test plans are reviewed, monitored, and
finalized. The Linac specification tree, interface definition, and
reviews of the Linac are presented, including typical examples.

Introduction

Within the SSCL, as described in the Project
Management Plan [1], the Linac Group is responsible for the
physics design of the Linac and for assuring that the Linac is
designed, constructed, and brought into operation to achieve
the required technical performance within the cost and schedule
guidelines. The Accelerator Systems Division (ASD) is
responsible for providing to the Linac Group all the technical
components of the Linac according to the requirements. The
engineering departments with ASD perform the design and
fabrication of the components, or monitor the design and
fabrication of those components that are provided by outside
institutions.

As required by the Project Management Plan and defined
in the Engineering Management Plan [2], a system
engineering process has been incorporated into the SSCL to
ensure that the SSC satisfies its performance, cost, and
schedule requirements. It provides an orderly process for the
documentation of requirements and the designs, considering all
aspects, from the development of requirements, through the
evolution of the design, to the final testing and ultimate
operation. The process involves documentation of the
requirements in specifications, monitoring of the designs
through reviews, and bringing the technical equipment into
operation according to accepted test plans and procedures.
Often the design process is an iteration between the physics
and engineering as technically realizable solutions to the
physics requirements are developed within the cost and
schedule constraints of the project. This process provides a
formalized method for the reduction of risk associated with
technical performance, cost, and schedule.

The following describes this process as it specifically
relates to the Linac. The transmittal of and agreement on
requirements will be discussed. The reviews that monitor the
design of the components or subsystems of the Linac will be
presented. The interface control process that helps to ensure
that the various components properly interconnect and
integrate into a working Linac is described.

Specifications

The SSC hardware, software, and facilities have been
divided into manageable functional units, each with its
technical specifications and design criteria. There are four
major levels of specifications at the SSC.

The Level 1, or Project, specification sets the top level
requirements for the SSC. The Level 2, or Systems,
specifications divides the SSC into Accelerator System,
Experimental System, SSC Buildings, and SSC Infrastructure
and set the top-level requirements for each of these systems.
Level 1 and Level 2 specifications require Department of
Energy approval. The Linac is first specified in the Accelerator
System specification.

Level 3 subdivides the Level 2 Accelerator System into
the individual machines that make up the entire system and is
divided into Level 3A and Level 3B. There are four level 3
specifications for the Linac. These are listed in Table 1. The
Linac Level 3A, or Segment, specification contains the
functional requirements, physics requirements, and the
geometry or lattice definition for the Linac.

TABLE 1
Linac Level 3 Specifications

E10-000003 Linac 3A
E10-000025 Linear Accelerator 3B
E10-000026 Linac Transfer Line 3B
C12-00040 Linac Technical Facilities 3B

The two level 3B specifications for the Linear Accelerator and
the Linac Transfer Line contain the engineering requirements
of the RF cavities, RF power systems, magnets, controls,
power supplies, beam instrumentation, etc. The Linac
Technical Facilities specification contains the requirements of
the tunnel and building that house the technical equipment of

•Operated by the University Research Association, Inc. for the
U.S. Department of Energy, under contract No. DE-AC35-
89ER40486.
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the Linac. This specification was transmitted to the
architectural firm for the design of the building and the tunnel.

Level 4, or Subsystem and Component, specifications
specify the component to be built at the SSCL or accompany
a procurement package detailing the requirements to which the
subject component is to be developed or built. These specify
the performance, design, development, and test requirements
for the particular subsystem or component. There are
seventeen level 4 specifications for the Linear Accelerator.
These are listed in Table 2. The RFQ, DTL, and CCL
cavities, as well as the RF amplifiers for the RFQ, DTL Input
Matching Section, DTL, CCL, and Energy Compressor, are
all part of external procurement packages. The remainder
specify components to be built or provided by the engineering
departments of the Accelerator Systems Division of the
SSCL.

TABLE 2
Linear Accelerator Level 4 Specifications

Document No. Specification

E10-000081 Ion Source/LEBT & Support Systems
E10-000087 RFQ Cavity
ARA-2120099 RFQ Amplifier
AQA-1030001 RFQ Support Systems
E10-OOO053 DTL Input Matching Section
ARA-2120005 RFQ-DTL Buncher Amplifier
ARA-2120010 DTL Klystron Modulator System
ARA-2120011 CCL Klystron Modulator System
ARA-7120002 Energy Compressor RF Amplifier
AMA-2210001 DTL Cavities
E10-000072 DTL Support Systems
E10-000083 CCL Input Matching Section
AMA-2210002 CCL Cavities
E10-000079 CCL Support Systems
E10-000084 CCL Transport Line
E10-000090 Linac Utilities
E10-000089 Linac Systems

For the Linac Transfer Line there are eight Level 4
specifications. These specify magnets (dipole, quadrupole, and
steering), magnet power supplies, mechanical hardware
(including vacuum, beam pipe, and stands), instrumentation,
abort, extraction and injection, safety, and controls.

Reviews

A series of four technical reviews are conducted to
evaluate the adequacy of the technical requirements, to review
the design as it progresses to the final detailed design, to
verify that the cost and schedule meet projected values and
dates, and to confirm proper interfaces. These are:

Preliminary Design Requirements Review (PDRR)
verifies that the requirements of the associated specification are

complete and understood and to evaluate the risks associated
with the conceptual design.

Preliminary Design Review (PDR) evaluates the
progress, technical adequacy, and risk (on technical, cost and
schedule basis) of the selected design approach and checks the
compatibility of its interfaces to other subsystems or
components.

Critical Design Review (CDR) evaluates the detailed
design's capability to satisfy the requirements on a technical,
cost, and schedule basis.

Acceptance Test Plan Review (ATPR) reviews the plan
that will demonstrate whether the requirements have been met

The Level 3 PDRR reviews the 3A and 3B specifications
and provides the physics and engineering assessment of
conceptual design with at least one practical design. At Level
3, the PDR and CDR nominally occur after a majority of the
Level 4 PDR's or CDR's to verify that the Linac has an
integrated design which will meet its performance and
engineering requirements as defined in the Level 3
specifications. The Level 3 ATPR reviews the installation and
commissioning plan of the Linac. At Level 3, these reviews
can and often do have committee members from outside the
SSC. In the case of the Linac, the PDR committee was
composed entirely by non-SSCL scientists.

The Level 4 reviews are divided into two types. One type
is for an item that is to be provided by a Vendor. The cavities
and RF amplifiers of the RFQ, DTL, and CCL are of this
type. The PDRR reviews the specification to which the
vendor will design, and that, when approved, allows
procurement to proceed. The Vendor presents the PDR and
CDR as the SSCL monitors the design progress of the Vendor
and authorizes fabrication after the CDR, or long-lead
procurements after the PDR, if necessary. The ATPR is also
presented by the Vendor for review of the plan to test the item
to demonstrate that requirements are met prior to shipment to
the SSCL.

The second type is for build-to-print or built-by-SSCL,
where the design progress of the engineers is monitored by the
Linac Group and other engineers within the SSCL, or outside
the SSCL, as demeaned appropriate. In this case, the reviews
are presented by the SSCL engineering departments.

For the Linear Accelerator, there are 47 Level 4 reviews,
as shown in Table 3, approximately a quarter of which are
provided by Vendors. To minimize the number of reviews,
several sections or subsystems of a section of the Linear
Accelerator have been combined. For example, the set of
reviews for the CCL Systems includes the CCL Input
Matching Section, CCL Support Systems, and the CCL
Transport Line. This encompasses everything in these
sections except the CCL modules and the RF amplifiers of
these sections.

327



TABLE 3
Linac Level 4 Reviews

Item
Ion Source/LEBT

RFQ

RFQ RF Amp

RFQ Support Systems

DTL Input Match

DTL Input Match
RF Amplifiers

DTL & CCL
RF Amplifiers

DTL Cavities

DTL Support Systems

CCL Cavities

CCL Systems

Energy Comp.
RF Amplifier

Linac Utilities

Linac Systems

Review
PDRR
PDR
CDR
ATPR
CDR
ATPR
PDRR/PDR
CDR/ATPR
PDRR
PDR
CDR
ATPR
PDRR/PDR
CDR
ATPR
PDRR
PDR
CDR
ATPR
PDRR
PDR
CDR
ATPR
PDRR
PDR
CDR
ATPR
PDRR
PDR
CDR
ATPR
PDRR/PDR
CDR/ATPR
PDRR
PDR
CDR
ATPR
PDRR
PDR
CDR
ATPR
PDRR
PDR
CDR
ATPR
PDRR
PDR
CDR
ATPR

Responsibility
SSCL
SSCL
SSCL
SSCL
Vendor
SSCL
Vendor
Vendor
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
Vendor
Vendor
Vendor
SSCL
Vendor
Vendor
Vendor
SSCL
Vendor
Vendor
Vendor
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
Vendor
Vendor
Vendor
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL
SSCL

Interface Control

Just as the specifications define the performance and
physical requirements of the item, the Interface Control

Documents define the requirements as to how the various
items interconnect These can be in hardware (for example, a
cable connector, a vacuum flange, or a pipe fitting) or
software (for example, information on data inputs, outputs,
rates, and formats). They are essentially an agreement between
the two groups, whether a Vendor and the SSC or two SSC
engineering departments, who are providing the two items,
that the two items will connect in the agreed upon manner.
For example, the Interface Control Document for the DTL
Cavities, which is provided by the Vendor, is an agreement
between SSCL and the Vendor on the interfaces of the
waveguides and RF probes, cavity input and output flanges,
vacuum system instrumentation and control, and the control,
monitor, and water connections to the temperature control
unit.

Since the interfaces cannot be specified until the design of
the item is chosen from the various alternatives and detailed,
an Interface Control Document is presented in a draft form at
the PDR and in its final form at the CDR. They are approved
by the Linac or Transfer Line Group and the involved
engineering departments. For the Linear Accelerator, there are
nine Interface Control Documents:

Ion Source/LEBT
RFQ
DTL Input Matching Section
DTL
CCL Input Matching Section
CCL
CCL Transport Line
Linac Utilities
Linac Systems

For the Linac Transfer Line, there are four Interface Control
Documents:

Main Magnets and Power Supplies
Injection Girder
Vacuum and Utilities
Safety, Beam Instrumentation, and Controls

Conclus ion

A System Engineering process has been incorporated into
the SSCL that provides an orderly method for documenting
and monitoring changes to the performance and physical
requirements that must be satisfied by the technical equipment
and facilities. As summarized in this paper, the process
provides a means to review and agree on the requirements, to
monitor the design of the components or subsystems, to
ensure that the various components or subsystems join
together to form a functioning Linac, and to review the test
plans to verify that the requirements are satisfied. This process
is applied to all the other accelerators of the SSC as well.
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Abstract
The CTF was brought into service last year. The 3 GHz

gun produced a beam of 3 MeV/c which was accelerated to
40 MeV/c. This beam passing a prototype CLIC structure
generated a sizeable amount of 30 GHz power. This paper de-
scribes the results and experience with: the gun driven by a
8 ns long laser pulse and its Csl photo cathode, the beam be-
haviour, the beam diagnostics in particular with the bunch
measurements by Cerenkov or transition radiation light and
streak camera, the photo cathode research, and the beam
dynamics studies on space charge effects.

Introduction

The CLIC Test Facility (CTF) is part of the study in
progress at CERN of a two-beam linear Collider (CLIC). The
objectives of the CTF are to study the generation of high in-
tensity, short e' bunches. These bunches will also be used to
generate 30 GHz rf power for testing CLIC structures and
beam monitors. An rf gun equipped with a laser driven photo
cathode operates at 3 GHz. The gun produces e* bunches of
a momentum of 4.5 MeV/c at the nominal field of
100 MV/m. These bunches are then accelerated to 45 MeV/c
in a 4.5 m long TW structure. A general description of the
CTF was presented at the LIN AC 90 Conference [1]. The

present layout of the beam line is shown on Fig . 1.
Last year the experiments in the CTF were made with a

long laser pulse, 8 ns. The train of micro bunches created by
each laser pulse was accelerated and transported through a
CLIC prototype structure. Although the characteristics of the
micro bunches were not optimal, 30 GHz rf power was gen-
erated by the CLIC prototype accelerating structure. The
photocathodes are introduced into the gun in air. Therefore,
the choice of photo emissive material is limited to some mei-
als and Csl. We used the latter one as we need a quantum effi-
ciency of a few percent. This choice implies the use of an
UV laser beam, at about 210 nm. A NcLYLF laser providing
short pulses - approximately 13 ps FWHH - and synchronised
with the rf is being commissioned at 209 nm.

Operation of the CTF

The rf gun used during the experiments since last year
has 1 1/2 cells, at 2998.55 MHz. The nominal accelerating
field is 100 MV/m in both cells with an rf input power of
6 MW, pulse length 2.5 [is and 10 Hz. With the Csl phoio
cathode frequent rf breakdowns occur in the gun above a level
of 70 MV/m and most of the time the gun is operated ai
66 MV/m[2]. The gun with its photocathodc was baked oui
at 150°C during 24 hours. The beam line downstream ol the
gun is baked out over approx. 6 m together with the gun on a
number of occasions. The vacuum pressure in ihc pumping

Fig. 1 Layout of beam line; SOL-solenoid; QF, QD-quadrupoles; SEM-secondary emission grid; DEF-veitically deflecting
cavity; FOfL-foil for streak camera; SLV-H-vertical and horizontal slits; PU-Beam position and charge monitor; TV
screen in air viewed by camera. LAS LIL acceleration section; TRS the CLIC prototype structure.
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Fig. 2 The 30 GHz prototype CLIC accelerating section

manifold next to the gun is about l.lO'1^ Torr with rf on,
and we estimate that the pressure in the gun is higher by a
factor 10. The quantum efficiency (QE) of Csl is approx. 2%
at 213 nm; it drops to 1% over 100 hrs with rf and laser on,
if breakdowns are avoided. The fifth harmonic of the
Nd:YAG laser was used. The energy on the cathode was typi-
cally 25 nJ, spot size on the photo cathode diameter 3 -
4 mm.

The energy dispersion in the bunch leaving the gun was
high and approx. 20% of the charge measured behind the gun
arrived after acceleration to 40 MeV/c at the CLIC structure.
Best results were 46 nC from the gun and 9.8 nC/8.2 nC at
input/output of the CLIC structure. The charges were dis-
tributed over about 22 micro bunches. Typical length of a
micro bunch was 37 ps (FWHH). The amplitude of the micro
bunches was varying from pulse to pulse due to poor stability
of the Jaser beam.

30 GHz power generation

One of the aims of the CTF is to generate 11 ns long
rf pulses at a frequency of 30 GHz and a power level of
40 MW to be able to test the behaviour of our accelerating
sections at fields of 80 MV/m. For the moment we do not
have a suitable source to generate the very intense tightly

bunched drive beam required to generate these levels of RF
power with the low-impedance transfer structure as foreseen
in the CLIC two-beam scheme, so a high impedance structure
(in fact the first prototype accelerating section) is being used
in its place. This section is shown in Fig. 2 It is an 84 cell
iris-loaded travelling-wave structure made by the machine-and-
braze technique. Individual cells having an aperture diameter
of 4 mm and a diameter of 8.7 mm are pumped through four
radial pumping holes by vacuum manifolds brazed on the
sides. The vg = 0.082 structure operates in the 2re/3 mode,
has a fill time of 11 ns, and has been tuned to have a phase
velocity vp = c at 29.985 GHz.

Using this structure in the CTF we have generated a
20 ns 80 kW power pulse (shown in Fig. 3) with a 8 ns long
train of 22 drive bunches spaced at 10 cm intervals and having
a total charge of 4.8 nC. The estimated bunch length was 30-
40 ps (FWHH).

Measurement of the length of the electron bunch
and of the laser pulse

The e" bunch produces a photon beam in a transition ra-
diation or a Cerenkov monitor. The first consists of a sheet
of Al, 1 mm thick, and the second of a sheet of sapphire,
0.3 mm thick. Both sheets are mounted in a chamber and can
be moved remotely into the beam. Three chambers are in-
stalled, two for measuring the beam from the gun, and one in
front of the CLIC structure. An optical system composed of
lenses and mirrors provides an image of the photon emission
at the input of the streak camera.

Main characteristics of the measurement system

energy, MeV

photon
energy
intensity reso-
lution*
time response
(ps. FWHH)

Tr.

5.

electron 1
4

Cer.

beam

Tr.

visible
105 5.103

4 4.5

1.105

2.

50
Cer.

1.104

3.4

laser
beam

180-
750 nm

103at
560 nm

2.
Tr.= Transition radiation Cer.= Cerenkov radiation

Fig. 3 The 20 ns long 30 GHz RF power pulse mixed down
for measurement purposes to 500 MHz.

* in e" or photon per ps.mm equivalent to noise

Photocathode development

In order to provide the most suitable photo cathode for
the CTF rf gun different kinds of cathodes are developed and
studied in a photo emission lab [3]. The electron yield is
measured with the cathodes inserted in a DC gun providing a
gradient between 5 and 8 MV/m. The cathodes are illumi-
nated by different pulsed lasers: excimer laser (193 and
308 nm, 15 ns) and Nd:YAG laser (213 and 266 nm, 6 ns).
The cathodes can be transferred under vacuum from the prepa-
ration chamber to the DC gun by a translator.

Both alkaline and metallic cathodes are produced and
tested. Different sorts of antimonide alkaline cathodes have
been produced under improved vacuum conditions, continu-
ously monitoring the electron emission triggered by laser
light during the deposit of the materials. For K3Sb cathodes
we have obtained QE from 4 to 10% but their life time is
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Caesium iodide and copper photocathodes

Q (nC)

1.0E«02

1.0E-01

1.0E

1.0E-02 1.0E-01 1.0E-KX) 1.0E»01 1.0E-02 1.06*03 1.0E*04
W (microJ)

Fig. 4 Charge as function of the laser energy of the
photocathode - ICE: Ion Controlled Etching

rather short (5 hrs for 1/e Q E m a x ) at 308 nm and a current
density of 72 A/cm^. For a longer life time and installation
in ambient air we have produced halide alkaline cathodes:
350 nm of caesium iodide (Csl) deposited on a copper sub-
strate [4]. Due to its high work function (0S = 6.4 eV), this
cathode is only usable at short wave lengths. We have
obtained close to 10% at 193 and 213 nm during some days
(fig. 4). On this graph the yield is computed by

For metals as Cu, a technique has been developed to
clean surfaces by argon glow discharge with an ICE equip-
ment.

Commissioning of Synchro Laser

The laser system used to produce the picosecond pulses
comprises 5 sub-groups: oscillator, regenerative amplifier, 2
power amplifiers, the harmonic generators and the control
electronics.

The oscillator is a diode pumped Nd:YLF laser, mode
locked at the twelfth sub harmonic of the 2.99855 GHz
klystron frequency, i.e. at 249.879 MHz and emits 6.6 ps
long pulses. The particularity of this Lightwave Electronics
Corp. model 130 laser is its built-in timing stabiliser, which
guarantees operation to less than 1 ps timing jitter.

The laser pulse train from the oscillator enters and leaves
the regenerative amplifier continuously until Pockels Cell
PCI is activated. This traps one pulse, which stays inside the
regenerative amplifier for about 50 round trips, i.e. 500 ns,
until it has obtained a maximum energy gain of about 10".
Activation of PC2 switches it out of the cavity. Further am-
plification is provided by two single pass amplifiers. A grat-
ing pulse compressor allows compensation of the pulse dura-
tion broadening due to the chirp in the regenerative amplifier.

The particular configuration of a mode-locked regenera-
tive amplifier has been chosen to cut down the satellite
pulses, which accompany the main pulse at + 4 ns within
the 10 ns round trip time of the regenerative amplifier.

These satellites would otherwise extract substantial amplifica-
tion from the active medium.

A chain of three non linear crystals (KD*P, BBO) per-
mits the generation of the second, fourth and fifth harmonic
of the fundamental 1047 nm laser light.

Timing and electronics are controlled by the built-in
250 MHz generator of the Lightwave laser.

Increase of the 30 GHz Power Generation

It is not possible to generate 40 MW rf power with the
installed prototype CLIC accelerating section using a single
bunch. Space charge forces are limiting the charge per bunch.
With a charge of 9.5 nC, bunch length 12 ps FWHH, about 1
MW at 30 GHz can be expected. It has therefore been pro-
posed to excite the CLIC structure with a train of bunches[5].
One scheme has two trains of eight e" bunches with the
bunches in the train separated by one 3 GHz wavelength, the
trains separated by one CLIC structure filling time [6]. The
trains are produced by splitting one laser pulse into the pat-
tern required. The optimised bunch parameters for a train of 2
x 8 bunches are: 12.3 nC per bunch, 20 ps at FWHH result-
ing in a peak current of 615 A. It is difficult to achieve such a
bunch train.

In the drift between the rf gun and the accelerating section
the bunch is defocused longitudinally and radially by the space
charge forces. In order to reduce these adverse effects we will
put in the near future the rf gun in front and at a small dis-
tance, approx. 1 m, from the accelerating section. With a
single solenoid placed at the gun exit, the beam can be
focused into the accelerating section. In the long run we are
preparing a 5 1/2 cells gun providing 8.5 MeV/c also to be
installed just upstream of the accelerating section. This will
substantially reduce the space charge effects.
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Abstract

The ultrashort super-intense lasers allows us to test a prin-
ciple of the laser wakefield particle acceleration. The peak
power of 30 TW and the pulse width of 1 ps produced by
the Nd:glass laser system is capable of creating a highly-
ionized plasma of a moderate density gas in an ultrafast
time scale and generating a large amplitude plasma wave
with the accelerating gradient of 2.5 GeV/m. The particle
acceleration can be demonstrated by injecting a few MeV
electrons emitted from a solid target by an intense laser
irradiation.

1 INTRODUCTION

Super-high accelerating gradients for future accelerators
can be achieved by the use of a plasma-based acceleration
mechanism in which a plasma wave is driven by a laser
pulse or a charged particle beam. It is known that the
laser pulse is capable of exciting a plasma wave with a
large amplitude and a relativistic phase velocity by means
of beating two lasers or an ultrashort laser pulse [1]. This
scheme came to be known as the Beat Wave Accelerator
(BWA) for the beating laser driver or as the Laser Wake-
field Accelerator (LWFA) for the short pulse laser driver.
A salient feature of this scheme is to make use of mate-
rial ionization or breakdown which limits the accelerating
gradients for conventional accelerators. Experimental ac-
tivities have focused on the BWA scheme so far, primarily
because of the lack of super-intense ultrashort pulse laser.

The recent progress in ultrashort super-intense lasers
allows us to test the principle of the LWFA. The intense
short laser pulse with the peak power of 30 TW and the
pulse width of 1 ps is delivered by the Ndiglass laser sys-
tem in Osaka University. This laser can achieve 1017— 1018

W/cm2 intensity which is strong enough to create a fully-
ionized plasma in an ultrafast time scale due to the multi-
photon ionization or the tunneling ionization process. In
an appropriate density gas, a large amplitude of the wake-
field is generated behind a laser pulse propagating through
the plasma due to the ponderomotive force. According to

a fluid model of the plasma dynamics, a phase velocity of
the plasma wave is highly relativistic so that the wakefield
can accelerate charged particles trapped by the plasma os-
cillation. The wakefield excitation can be diagnosed by
acceleration of electrons produced by the intense laser ir-
radiation on the solid target.

2 EXCITATION OF PLASMA WAVE

We consider electron density oscillations in a plasma ex-
cited by the impulse provided by an intense short laser
pulse. For an unmagnetized, cold plasma of classical elec-
trons and immobile ions, the linearized equations describ-
ing the motion of the plasma electron fluid are

dv

-£- + n0Vv = 0,
at

V24> = 4xen,

(1)

(2)

where v and n are the electron velocity and density per-
turbation; no the unperturbed density; <f> the electro-
static potential of the plasma; and <f>NL th e pondero-
motive potential defined by averaging the nonlinear force
over 2W/UJO, exerted on plasma electrons by a laser pulse
with frequency uo. Thus the ponderomotive potential is
4>HL = —(mec

2/2)a2, where a = eA(r, z,t)/(mec
2) is the

normalized vector potential of the laser field. Assuming
that all of the axial and time dependencies can be ex-
pressed as a function of a single variable, £ = z — vpt,
with a phase velocity vp of the excited plasma wave, the
electrostatic potential during plasma oscillation is

0 (3)

where kp = wp/tip and uip = \/4Tre2no/me is the plasma
frequency. The solution is given by

=kp r
c

(4)
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The axial and radial wakefields are defined by Ez =
—d<j>jd(, and ET = —d(f>/dr, respectively. Considering the
bi-Gaussian profile of a laser pulse given by

|a(r,C)| = a o e x p ( - ^ - ^ - j ) , (5)

where crz is the rms pulse length and <rr is the rms spot
size, the axial electric field become

eEz = , exP(-2r2/<xr
2 - *2<r2/4)

where

C(C)= l -

S(C) = -

(6)

(7)

(8)

The maximum accelerating gradient is achieved at
the plasma wavelength Ap = Trcrz: (e£j)m a x =
2-v/7re~1mec

2ao/<rj. As an example, the maximum accel-
erating gradient of the plasma wave excited by a 1.052/im
laser with intensity of 1018 W/cm2 and 1 ps pulse duration
leads to 2.5 GeV/m at the plasma density of 2.415 x 1015

cm - 3

3 ELECTRON ACCELERATION
Assuming the Gaussian beam optics, the intensity is ex-
pressed by

2P 2r2

(9)

where P is the peak power of the laser pulse. The spot
size w(z) of the laser beam is

w(z) = wo[l + (z/zR)2]1/2, zR = irw2
0/\0, (10)

where WQ is the radius of the beam waist, zR the vacuum
Rayleigh length and Ao the wavelength of the laser. The
longitudinal wakefield excited by a Gaussian laser pulse is
written as

mec
2s0

eEz = —
z R [ \ + { / Y ) l\ { l R ) ]

(11)
where V1 = kpz — u>pt and with the vacuum resistivity fio
(377fi),

Thus equations of electron motion are

me dt
.v d^ rz n

= - e E , — - = w p • 1 ,

(12)

(13)

where 7 = \j\J\ — v 2 / c 2 and 1;̂  = dz/dt.

The trapping condition of an electron with the energy
7 = E/mec

2 and the velocity 0 = v/c is given by

eEt/{mtcup) > (14)

where /3^ is the phase velocity of the plasma wave and
is the relativistic factor of its phase velocity defined as

1 ?
The maximum energy gained by a synchronized electron

with velocity equal to the phase velocity of the plasma
wave is obtained by integrating the axial wakefield along
the laser beam axis.

Ez(z)dz = xmec
2e0 cos ip3, (16)

where ij>, is the synchronous phase of the electron captured
by the wave potential. As an example, a laser pulse at
wavelength Ao = 1.052/im should be able to produce the
maximum energy gain,

(A£) m a x ~ 1.49P(TW)/rL(p8) MeV, (17)

where 77, is the pulse width in FWHM, CTL = (21n2)o-j.

4 LASER

The super-intense, ultrashort laser pulse is available at In-
stitute of Laser Engineering, Osaka University [2]. A 1 ps
laser pulse is amplified to a peak power of 30 TW by using
the technique of chirped-pulse amplification with a 1.052
/im Nd:glass laser. A laser pulse of 130 ps duration is cou-
pled to a single mode fiber of a 1.85 km length. A chirped
pulse of 150 ps duration and 1.8 nm bandwidth at exit of
the fiber is amplified to an energy of 41 J with a beam di-
ameter of 14 cm. Finally the laser pulse is compressed to a
pulse width of 1 ps by a pair of gratings. The output from
the compression stage is focused into a vacuum chamber
containing He gas with a focal spot size of 90 /im.

5 PLASMA

The short pulse laser with intensity greater than 1015

W/cm2 causes tunneling ionization of atoms in an ultrafast
time scale (< 10 fs). The onset of tunneling ionization is
predicted by a simple Coulomb-barrier model. The thresh-
old intensity [3] for the production of charge state Z of the
atom or ion with the ionization potential £/,• is given by

7th = 2.2 x 1015Z-2(£/,-/27.21)4 W/cm2. (18)

The ionization rate [4] for a hydrogen atom is given by ,

WH = 1.61wa
£0

exp - (19)

16where wa.u. is the atomic unit of frequency(= 4.1 x 10
s"1) and J? a u is the atomic field strength (5.1 x 109 V/cm).
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Figure 1: Evolution of the electron density ne, the density
perturbation n and the axial electric field Ez excited by a
1 ps Nd:glass laser pulse of the peak intensity 1018 W/cm2.

Fig. 1 shows evolution of the electron density of a hydrogen
plasma with the initial atom density no = 2.415 x 1015

cm"3, the density perturbation and the axial electric field
excited by a 1 ps laser pulse with the peak intensity IQ =
1018 W/cm2.

6 DIAGNOSTICS

The diagnostic system is shown in Fig. 2. For the acceler-
ation experiment, it is necessary to use elctrons of which
energy are higher than the trapping condition. The mini-
mum threshold kinetic energy trapped by the plasma wave
potential is about 40 keV for excitation of a 1O1S W/cm2

intensity. A number of experiments have showed the gen-
eration of energetic electrons up to a few MeV by laser
irradiation on solid targets. The recent experiment[5] ob-
served emission of relativistic electrons up to an energy
of ~ 2.3 MeV from the exploding thin foil plasmas pro-
duced by CO2 laser at intensity of 4 x 1014 W/cm2. A
typical fluence is ~ 107 electrons/keV-str at 1 MeV. Su-
perthermal electron production may be explained by the
Raman instability or the resonance absorption of the laser
radiation. The Raman forward scattering occurs at the in-
stability threshold intensity of ~ 1016 W/cm2 for Nd:glass
laser. An electron probing beam is produced by a 40 J,
200 ps pulse focused onto an aluminum target.

In order to inject electrons emitted from the solid target
into the laser wakefield in the waist of the laser beam, a
dipole magnet is used to select the electron energy in the
range of 0.2 - 3 MeV. This spectrograph is placed between
the solid target and the image point of electrons so that an
electron beam with the image diameter of 50/im and the
energy spread of 10% at 1 MeV by means of adjusting the
collimator. A typical intensity of a pulsed probing beam
leads to 106 electrons at 1 MeV. The electrons are injected
along the axis of the main laser beam in a time delay by

Electron Production
Na glass Laser
200 ps 40 J

Figure 2: Experimental layout for electron acceleration

adjusting the optical path length of two laser pulses.
The electron acceleration occurs at the waist of the laser

beam characterized by the Rayleigh length of 1 cm in the
plasma chamber. The accelerated electrons are bent by the
angle of 90° in the dipole field of the spectrometer placed
in the exit of the plasma chamber. This spectrometer cov-
ers the energy range of 10 — 45 MeV at the dipole field of
4.3 kG. The electron detector is the array of 32 scintillation
counters each of which is assembled with a 1 cm wide scin-
tillator and a 1/2-in. photomutiplier. The pulse heights of
the detector array are measured by the fast multichannel
CAMAC ADCs gated in coincidence with the laser pulse.
The energy resolution of the spectrometer is 1.3 MeV per
channel.
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Abstract

At BNL, work is in progress on the development of
a volume production H~ ion source having a toroidally shaped
plasma generation region and a conical filter field. With the
original, 20 cm diameter source,[1] up to 50 mA of H" was
measured at a current density of 25 mA/cm in pulsed
operation. In first results with a version of this source scaled
down to 9.7 cm diameter, up to 25 mA of H" at a current
density of 50 mA/cm has been obtained. In both sources the
extracted electron current is typically 3-10 times the H~
current.

Introduction

A magnetron surface-plasma source has been used for
H" injection on the BNL 200 MeV linac for the past 10 years.
This source delivers 70-100 mA of H" in 500 us pulses, and
is capable of operating continuously for 4-6 month running
periods. In spite of this good performance, we have been
doing development on volume H" ion sources at BNL as a
possible future replacement for the magnetron. The volume
source has the advantage of being easier to operate and
maintain, since it does not require the use of cesium for H"
production. It may also produce a lower emittance beam,
since the H" ion temperature is lower in this source than in
surface-plasma sources.

The BNL volume H" ion source is unique in that it
has a conical filter magnetic field, rather than a dipole filter
field as is used in other volume H" sources. This difference
has resulted in a lower than normal ratio of extracted electron
- to - H" current, which is usually quite large in other volume
sources. The performance of the initial 20 cm diameter
version of this source was presented at the previous Linac
Conference.! 1 ] By subsequently increasing the strength of the
filter field, the extracted electron current was reduced to the
point where H" currents in excess of 30 mA could be obtained
with an electron-to-H" current ratio of less than 5.[2] In this
paper, the results of studies of a version of the source scaled
down by approximately a factor of two in all dimensions (i.e.,
one eighth of the discharge volume) will be presented. Some
comparisons will be made between the two sources.

*Work performed under the auspices of the U.S. Department
of Energy.

Source Geometry

A cross section of the source is shown in Figure 1.
Magnetic field lines are indicated schematically in order to
illustrate the formation of the conical filter field. The copper
discharge chamber is cylindrical, 9.7 cm inner diameter, and
2.5 cm deep. As will be described later, tests were also made
with the chamber modified to be 4.1 cm deep. The front wall
of the source is aluminum, and the stainless steel plasma
electrode, through which ions are extracted, can be biased.
Rings of SmCo magnets of alternating polarity, on the outside
of the source, form the magnetic cusp fields for plasma
confinement. The strength of the magnetic field at the inner
wall of the source is approximately 1 kG. A magnet in the
center of the back flange of the source produces the filter
field. The filament, 1.0 mm diameter W or Ta wire is a
single loop of approximately 6 cm diameter, placed outside of
the filter field region. The cathode voltage is applied to the
filament. The source anode aperture is 8 mm diameter, and
the extraction gap is 10 mm. Operation of the source was
primarily in the pulsed mode, with a 1.2 ms discharge width.
The extraction voltage was dc, and typically 20 kV. The
measurement setup was the same as described in Ref. 1.

Sm Co magnets

1 cm

Fig. 1 - Cross section of the small BNL volume source.
Magnetic field lines are shown schematically.

Results

Figure 2 shows the H" current and e/H" ratio as a
function of discharge current for the small ("10 cm") BNL
volume source with a 0.5 cm extraction aperture. Also
shown for comparison is a result with the large ("20 cm")
BNL volume source, with a 1 cm extraction aperture. In
both cases, a Ta filament was used. Previous studies on the
20 cm source had shown that the H" current scaled with
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aperture area in going from 0.5 cm to 1 cm .[1] Therefore,
from these results, one sees that the two sources have similar
e/H" ratios, but that the small source gives more than twice the
extracted current density at a given discharge current.

in the filter region, and is meant only to indicate the relative
change in the field.
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Fig. 2 - Comparison of the H" current and electron-to-H" ratio
vs. discharge current for the 10 cm and 20 cm
diameter BNL sources.

Depth of the Discharge Chamber

The discharge chamber of the small source was
modified from the initial configure shown in Figure 1, in
which the chamber depth was 2.5 cm with 3 rows of magnets
around the chamber, to one in which the chamber was 4.1 cm
deep, with 5 rows of magnets. Although this increased the
discharge volume by approximately 60 %, the performance (H"
and electron currents vs. discharge) was the same in both
cases.

W vs. Ta Filaments

Figure 3 compares the source performance with
tungsten and tantalum filaments. This improved performance
with Ta was similar to what was observed in the 20 cm
source.

Filter Field Strength

The performance of the 10 cm source as a function of
the strength of the conical filter field is shown in Figure 4.
These data were taken with a 50 A discharge current. The
effect of the field strength is shown both for operation with the
plasma electrode floating and grounded. The filter field
strength was varied by changing the magnet in the center of
the back flange. The field shown is that measured at one point

Ta filament * ' H

0 20 40 60 80 100

Discharge Current (A)

Fig. 3 - H~ current and electron-to-H" ratio vs. discharge
current when operating the source with tungsten and
tantalum filaments.

100

0 20 40 60 80 100 120 140

Filter Field (Gauss)

Fig. 4 - H" current and electron-to-H" ratio as a function of
the strength of the conical filter field. Dotted line:
plasma electrode floating; solid line: plasma
electrode grounded. Discharge current = 50 A.

Comparison with a Conventional Dipole Filter

The center magnet in the back flange was removed,
and the ring of magnets closest to the extraction aperture was
modified in order to produce a dipole field near the extraction
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aperture, to act as the filter. Figure 5 shows the H" current
and e/H" ratio for both the dipole filter and the conical filter
geometries (both with a W filament). One sees the dramatic
decrease in electrons when the conical filter is used, as well as
an approximately 50% increase in H" current. Similar results
had been obtained previously with the 20 cm source.

20
- Conical filter
•- Dipole filter

60

45

U

15

Fig. 5

0 20 40 60 80 100

Discharge Current (A)

- H" current and electron-to-HT ratio vs. discharge
current for the conical and dipole filter field
geometries.

Conclusions

To date, studies of the smaller volume source have
own that a higher H" current density can be extracted than
it obtained with the larger source, while maintaining the low
V current ratio. The addition of a small amount of xenon
to the discharge increases the H" current by approximately
I, while the e/H" ratio is increased by a similar ratio. In
way, up to 25 mA has been measured from this small
ce to date. Further studies of this source are planned,
iding tests of the scaling of the output with extraction
ure size, and emittance measurements of the extracted H~
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Abstract

A compact, 6-lens electrostatic quadrupole (ESQ)
LEBT system has been constructed at the University
of Maryland to transport a 30 mA, 35 kV H~ beam
over a distance of about 30 cm. A short einzel lens
section is included at the end of the ESQ LEBT to
establish a good matching of the beam to the radio-
frequency quadrupole (RFQ) accelerator, and to meet
the emittance requirements of the linac in the Super-
conducting Super Collider. Computer code predic-
tions on the beam dynamics through the LEBT with
experimentally measured input beam data are dis-
cussed.

Introduction

An efficient ion source-cum-low energy beam trans-
port (LEBT) section is highly desired to deliver a
good-quality beam to the low-energy booster (LEB)
in the collider ring chain of SSCL. The intrinsic emit-
tance of the H~ beam from an ion source, volume-
ionization or magnetron type, is typically about 0.12
7T mm-mrad (rms normalized value); the LEB requires
that the transverse beam emittance at the output of
the linac section be < 0.3x mm-mrad [1]. The compo-
nents of the linac between the ion source and the LEB
are: LEBT, radio-frequency quadrupole (RFQ) ac-
celerator, drift-tube linac (DTL) and coupled-cavity
linac (CCL). Computer code analyses of the beam dy-
namics through the DTL and the CCL suggest that
the emittance growth in these two sections is not sig-
nificant, being in the range of 10-15% [2]. The per-
formance of the RFQ, e.g., beam transmission and
emittance growth, depends primarily on the Twiss
parameters of the beam at its input; the transverse
rms normalized emittance of the input beam is de-
sired to be < 0.27T mm-mrad. Hence the LEBT's
contribution to the emittance budget must be main-
tained within a factor of 1.6 of the input beam emit-
tance. This suggests that the ion source-cum-LEBT

'Supported by ONR/SDIO and DoE Contract #DE-AC35-
89ER40486.

OAOUND PLATE

Figure 1: The LEBT system.

section plays a critical role in the performance of the
linac.

This article addresses some important problems in
designing an efficient LEBT system. Here, an ESQ
lens system is primarily considered; two other vari-
ants of the LEBT system, einzel lenses and a helical
quadrupole lens, are also being investigated in the
present context at SSCL [3]. The analyses are based
on computer code simulations, where the input beam
parameters are mostly taken from experimental mea-
surements.

Beam Dynamics, Design of LEBT and
Discussions

In our previous paper [4], we described a 6-lens
ESQ LEBT system developed at the University of
Maryland. The predicted performance of the ESQ
LEBT are now examined in the light of beam param-
eters relevant to the SSCL program. Two types of H~
sources are considered in the SSCL injector develop-
ment - a volume source and a magnetron source.

In the context of the volume source, we have used
the beam parameters corresponding to a Brookhaven
National Laboratory (BNL)-type source [5]. A
30 mA, 35 kV H~ beam is extracted through a 1 cm2

circular aperture. A parallel beam is assumed to
emerge from the extraction aperture. The beam en-
velope through a compact 6-lens ESQ LEBT section
(Fig.l), which has been constructed in-house at
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Figure 2: Linear beam optics result for a parallel in-
put beam. Top: Amplitude (X, Y) of the beam enve-
lope through the ESQ LEBT along x (solid line) and
y (dotted line); bottom: focusing function, K. Z is the
direction of propagation of the beam.

Maryland, is computed by integrating the K-V en-
velope equations using a fourth-order Runge-Kutta
method. Figure 2 shows the beam envelopes, when a
linear external focusing force represented by a hard-
edge focusing function, n(z), is assumed. As men-
tioned in the previous article [4], the SSCL RFQ re-
quires a circular beam of about 1.3 mm in radius and
a beam convergence of about —90 mrad at rmax. To
match these conditions without sacrificing the emit-
tance growth, an additional unit, a single-piece einzel
lens module, is included at the end of the ESQ LEBT
section (Fig.l). The particle distribution at the out-
put of the ESQ LEBT is computed using a modified
PARMILA code [6], and it does not show any signif-
icant emittance growth, ~ 5%. Results in a similar
situation have been shown earlier [4]; this point is not
elaborated further. The einzel lens turns the moder-
ately convergent (~ —20 mrad) beam from the ESQ
LEBT into a strongly convergent (~ —110 mrad)
beam with a negligible emittance dilution, ~ 5%. The
behavior of the beam through the einzel lens section,
predicted by the SNOW-2D code, is shown in Fig.3.

The aforementioned analyses have been carried out
ising the parameters of a 30 mA, 35 kV H~ beam ex-
racted from the SSCL magnetron source. The char-
cteristics of the beam are measured at a distance of
1.75 cm downstream from the tip of the extraction
ane. Using these results as initial beam conditions,
le beam parameters at the tip of the extraction cone

-200-
-10.0 0

R(mm)

10.0

Figure 3: SN0W-2D results for the einzel lens mod-
ule. Top: Beam trajectory through the einzel lens
module. The center electrode is at -36 kV and the
two end electrodes are grounded. Middle: Phase-
space distribution of the input beam. Bottom: Phase-
space distribution of the output beam.

are predicted. A plausible estimate of the beam pa-
rameters at the tip of the extraction cone is: beam
radius = 1.1 mm, and divergence at rmax = 72 mrad.

The lens aperture in the ESQ LEBT in Fig.l is not
large enough to accommodate the highly diverging
H~ beam from the magnetron source. A preliminary
design study reveals that the aperture of the ESQ
lenses, second through fifth in Fig.l, is to be increased
by a factor of 2; this demands a higher voltage on the
quadrupoles. The beam dynamics through the ESQ
LEBT is followed using the modified PARMILA code.
Figure 4 shows the output beam distribution (bottom
figure), when a K-V type input beam (top figure) is
assumed. The ground plate in front of the second lens
in Fig.l has been used as a beam scraper to reject
about 15% of the beam particles, which contribute
significantly to the emittance growth. The output
beam in Fig.4 still suffers from some distortions, giv-
ing rise to an emittance growth by a factor of about
1.5. Further optimization of the ESQ LEBT is war-
ranted to improve the present situation. Nevertheless,
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Figure 4: Modified PARMILA results on particle dis-
tribution for H~ beam from the SSCL magnetron
source. Top: input to the ESQ LEBT. Bottom: out-
put from the ESQ LEBT.

an output beam current of ~ 25 mA, as required for
the SSC RFQ, is achievable from the ESQ LEBT. In
regard to matching the beam to the RFQ, an einzel
lens module is included at the end of the ESQ LEBT.
Figure 5 shows preliminary results of beam transport
through the einzel lens module. The smooth nature
of the input beam is an artifact of modeling it from
an estimate of the effective values of beam parame-
ters in Fig. 4. The einzel lens does not contribute
to the emittance growth; the beam parameters at the
front end of the third electrode (at ground potential)
match closely to the acceptance ellipse of the SSCL
RFQ.

The above analyses for the LEBT have been done in
two separate stages- first the ESQ lenses with modi-
fied PARMILA and then, the einzel lens with SNOW-
2D. The simulation predictions will hold well, if the
matching between the two codes is complimentary.
An effort is being made to include the option of an
einzel lens in the modified PARMILA, when a more
reliable design tool will be available.

Conclusions

The problem of low-energy beam transport and its
matching to an RFQ has been studied in reference to
two special cases of the input H~ beam: (i) a parallel
beam, and (ii) a highly divergent beam. The compu-
tational results suggest that the key point in design-
ing an efficient H~ injector (ion source-cum-LEBT)
relates to achieving a well-conditioned beam, e.g., un-
aberrated and near-parallel, from the ion source. An
emphasis is laid here to develope an LEBT appara-
tus with compactness, mechanical stability and flex-
ibility for easy modifications. A combination of a
6-lens ESQ module and one short einzel lens module,
as adapted in the present LEBT design, appears to
be a good choice in this respect. An experiment is
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Figure 5: SN0W-2D results for the einzel lens mod-
ule. Top: Beam trajectory. The center electrode is
at -36 kV. Middle: Phase-space distribution of the
input beam (Effective values from Fig. 4 are used to
model it.) Bottom: Phase-space distribution of the
output beam.

being planned on the SSCL test stand to study the
beam characteristics through the ESQ LEBT system
developed at Maryland, and test the reliability of sim-
ulation predictions.
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Abstract

An emittance measurement system based on a high-
precision pepper-pot technique has been developed for electron-
guns with low emittance of around Timm-mrad. Electron guns
with a 1 mm<t> cathode, the material of which is impregnated
tungsten or single-crystal lanthanum hexaboride (Lai_xCex)B6,
have been developed. The performance has been evaluated by
putting stress on cathode roughness, which gives rise to an
angular divergence, according to the precise emittance
measurement system. A new type of cathode holder, which is a
modified version of the so-called Vogel type, was developed and
the beam uniformity has been improved.

Introduction

Both the generation of a small-emittance beam and its
acceleration without emittance growth (future themes at the
Test Linac1) of the KEK Photon Factory) are crucial for
advanced applications of linear accelerators, such as a free-
electron laser. Emittance growth during transport and
acceleration and its prevention have been the subjects of
extensive studies.^)3) An electron gun with a small emittance,
which can be used as a reference beam generator, and a very
precise emittance monitor are the key components in such
studies.

The thermal limit of the normalized rms emittance of a
cathode with a radius of rc at an absolute temperature of T is
given by

en=27crc(kT/mOc2)1/2 0 )
A comparison between en and the measured value is of

interest.
Lau has evaluated the emittance determined by the cathode

roughness regarding both temperature-limited and space-charge-
limited emission.^) Loschialpo et al. has measured the
emittance of a large area polycrystal LaB6 cathode with
protrusions of two to three microns height, finding a greater
emittance than the thermal limit.^) Few studies , as far as we
know, have been carried out concerning the roughness of
various cathodes.

A dispenser cathode with a long history has made great
progress during recent years. A current density of even
100A/cm2 (but with a comparatively short lifetime) is
commercially available. A dispenser cathode with craters, but
no protrusions on the surface, is available. A single-crystal
lanthanum hexaboride(Lai_xCexB6) cathode with a high crystal
quality has recently been developed.6) Part of the surface of the
single crystal is extremely flat. These new cathode materials

have different surface conditions from that of polycrystal LaBg
and factors which give rise to an angular divergence have
stimulated us to investigate electron guns with these materials
using a precise pepper-pot method.

Emittance Measurement Technique

Details concerning the emittance measurement system used
in these experiments will be described elsewhere.7^ A
schematic block diagram is given in Fig. 1, and outlines of the
measurement system are described. The pinholes of the pepper-
pot mask are 30 am in diameter and opened at intervals of 200
urn radially or at intervals of 300 um with a grid pattern. A
plastic scintillator with a fast temporal response and with a
high spatial resolution due to the 10 um thinness is employed
to measure the images of beamlets cut out by such small
pinholes. A microscope used to observe small luminous 300-
to 700-um spots on the plastic scintillator and an image
intensifier with a high-speed shutter (minimum time of 3 ns)
to measure the beam images at the flat top of the beam pulse
and a CCD camera are mounted on a precise movable platform.
The magnified spot images can be measured one by one by
scanning the optical system. A magnetic field, if desired, can
be applied between the pepper-pot and the scintillator to
confirm the energy of electrons comprising the spots. The
features of this emittance measurement system are summarized
in Table 1.

-300mm -

Faraday-tup

retractable alumina screen

B z-translator image intensifier

longdistance ,' CCD camera
. microscope ,

• !
graphic analyzer

xyz-axis translator

Fig. 1. Emittance measurement system

t Present address : Naruto University of Education,
Naruto-cho, Naruto-shi, Tokushima, 772, Japan.
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TABLE-1. Features of Emitiance Measurement System (a) (b)

Pepper-pot mask
Ti foil 20/u m thickness, pinhole 30^ m diameter

200 ft m radially or 300/* m grid pattren

Scintillator

m thickness, luminance peak 375nm,

rise time : 35Ops, decay time : 1.6ns

Optical system

long distance microscope(resolution 3/im)

image intensifier(minimum shutter time of 3ns)

mounted on xyz movable platform

Cathode heating method

In an electron gun a space between the heated cathode and
the wehnelt electrode at normal temperature is necessary for
thermal insulation. The cathode is held in a so-called Vogel-
type8) holder; the vicinity of the cathode is shown in Fig.2(a)-
upper. At the beginning of the gun design we wanted to make
the space as small as possible, thus adopting the 0.1 mm, just
one mesh size in a calculation in which the area between the
cathode and the anode is divided into four.1' The current-density
distribution measured by the pepper-pot system described above
was very different from that predicted by the EGUN code,9) and
the small space seemed to greatly deflect the beam trajectory.
Accordingly, the electron trajectories in the very vicinity of the
cathode were calculated based on a small mesh size of 0.025
mm. When the cathode is held at the same position with the
wehnelt electrode longitudinally (both surfaces in one plane)
only the beam from the edge of the cathode is deflected by the
electric field distorted by the space. The beam trajectories,
however, are greatly affected by a longitudinal cathode shift
with respect to the wehnelt electrode position. Only a 0.1 mm
shift gives rise to an angular divergence extending over the
entire cathode; the beam trajectories and phase space of the
beam in the very vicinity of the cathode are shown in
Figs.2(a)-middle and -lower respectively. We developed a
modified Vogel-type cathode holder in which the cathode is
surrounded by a carbon heater so as to avoid space effects
(Fig.2(b)-upper). The relative position of the cathode and the
carbon in this type can be easily adjusted to make one plane.
The influence of the space between the carbon and the wehnelt
electrode as well as the relative longitudinal position between
the carbon with the cathode and the wehnek electrode becomes
negligibly small. Even if the cathode is attached behind the
wehnelt electrode by 0.2 mm, the beam trajectories are not
distorted; Fig.2(b)-middle shows this situation with the phase
space of the beam in Fig.2(b)-lower. When the cathode without
carbon was attached behind the wehnelt electrode, two pinhole
images appeared through one pinhole. Typical pinhole images
at the beam edge without and with the carbon surrounding the
cathode are shown in Figs. 3(a) and (b), respectively.

0 OOC—TTSF.ViT",, '

-0 02 r

=* -0.06f-

-0.08 r

-0.10-

0 005 0 .0 0.15 0 20
R!mm|

Fig.2 Cathode holder and beam trajectory and phase space
without(a) and with(b) the surrounding carbon.

(a)

Fig. 3 Typical example of images at beam edge without(a) and
with(b) the surrounding carbon

Emittance of the Dispenser and LaB<; Cathodes

It is pointed out that the roughness of cathode surface is one
of the important conditions which determine the brightness.
Lau has evaluated the emittance determined by the cathode
roughness for both temperature-limited and space-charge-limited
emission, as described above. Distorted pepper-pot images due
to protrusions of cathodes were often observed in our
experiments. We thought that the surface(lOO) of the single
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crystal LaB6 is extremely flat compared with those of
polycrystal LaB6 and of dispenser cathodes. This is of interest
from the viewpoint of cathode roughness. Emittance
measurements of electron guns with the dispenser-type cathode
and with single-crystal LaB6 have been carried out.

The single-crystal (Lai-xCex)B6 prepared by the RF-
heating floating zone method6) is mounted in the modified
Vogel-type cathode holder described above. In the case of
single-crystal LaB6, protrusions of several microns height tend
to remain after electro-discharge machining; a fresh surface after
machining and very large pepper-pot images at this roughness
are shown in figs.4(a) and (b), respectively. However, by
keeping the cathode at 1600 °C, the surface became gradually
flat due to evaporation, and the pepper-pot images became
small with the surface condition. Then, we prepared a polished
single-crystal LaB6 cathode to obtain a very flat surface. The
surface of the cathode after 72 hours use and the pepper-pot
images at this stage are shown in figs.5(a) and (b),
respectively. A current of 496 mA (density of 57.3A/cm2) and
a brightness of 5.7xl010 A/m2rad2 (en=0.94nmm-mrad) were
obtained at 1580°C.

i—i lOum

Fig. 4 Surface of single-crystal just after machining(a) and
pepper-pot images(b).

(a)

lOum
Fig. 5 Surface of polished single-crystal LaB6(a) and pepper-

pot images(b).

We have prepared two different types of dispenser cathodes
with and without polishing after machining. In these
experiments, cathodes coated with an iridium are used under the
condition of a temperature-limited region. Some cathodes
without polishing showed rough local regions; a greatly
distorted images were observed. In the case of dispenser
cathodes with polishing, the craters among tungsten-grains are

several microns in size and are spread over the cathode.
According to very rough estimations by the EGUN code,
craters with a 6 |i.m diameter and a 3 urn depth give rise to an
angular distribution equivalent to the cathode temperature
during operation in this condition; however, the protrusions
with similar dimensions give a far larger angular velocity. The
cause of the very distorted images for a cathode without
polishing can be attributed to the protrusions. For polished
cathodes, a current of 412 mA at the current density of
36 .4A/cm 2 with a brightness of 3 .5x l0 1 0 A/m 2 r ad 2

(en=l.l7tmm-mrad) was obtained at 1080°C. The emittance
values for both the dispenser cathode and the single-crystal
LaB6 are almost the same in these experiments. The difference,
however, is that oval images are often observed for the
dispenser cathode, in the contrast to circular images for the
single-crystal LaB6 Emittance of 95 percent beam has been
used and error of ±20 percents is contained for these
measurements.

Summary

A precise pepper-pot technique has been developed.
Electron guns with a dispenser and LaB6 cathode have been
developed and their beam emittances measured. When
protrusions of several microns in size are on the surface of the
cathode, a clear spread of the pinhole image has been observed.
A dispenser cathode with craters of several microns in size and
single-crystal LaB6 showed similar emittances in these
measurements, though the intensity distribution of the pinhole-
image for LaB6 is somewhat different from that of dispenser
cathode and this is the subject for future study. Modified Vogel-
type cathode holder improved beam uniformity.
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Abstract

An S-band RF-gun using a laser-triggered
photocathode and its low-power RF system have been
constructed. The main elements of the low-power RF system
comprise a 600-W amplifier, an amplitude modulator, a phase
detector, a phase shifter and a frequency-divider module.
Synchronization between the RF fields for acceleration and
the mode-locked laser pulses for beam triggering are among
the important points concerning the RF-gun. The frequency
divider module which down converts from 2856 MHz(RF) to
89.25 MHz(laser), and the electrical phase-shifter were
specially developed for stable phase control.

The phase jitter of the frequency divider should be less
than 10 ps to satisfy our present requirements. The first
experiments in order to trigger and accelerate beams with the
above-mentioned system were carried out in January, 1992.

1, Introduction

The electron source of the Japan Linear Collider
(JLC) must produce 80 intense electron bunches with a
spacing of 2.8 or 5.6 ns for each cycle of operation with a
repetition rate of 50 or 150 Hz in order to obtain high
luminosity. The S-band RF-gun using a laser-triggered
photocathode[ 1,2] is a candidate to realize these specifications,
since the laser pulses which are synchronized with RF fields
could trigger the above-mentioned bunch structure directly on
the cathode. In the present experiment a frequency-doubled
mode-locked Nd:YAG laser is used in which an acoust-
optical(AO-) modulator is fed with an RF signal of 89.25
MHz to produce laser pulses of 178.5 MHz. One of the key
issues of the RF-gun is phase stability (the synchronization
between two RF signals of 2856 MHz for acceleration and

89.25 MHz for the laser), since its accuracy mainly determines
the beam quality.

At the JLC, the phase jitter for a short time(<10 ps)
and the phase drift for a long time(~ days) should be as small
as possible. On the other hand, the accuracy of their
measurements and the phase-related performance of solid-state
devices are around 5 ps and ± 1 degrees using present-day
technologies. In addition, the pulse width of the laser light is
10 - 20 ps in the present experiment. Consequently, as a first
step, the targets of the phase jitter and phase stability of the
low-power RF system are set at 10 ps and ± 1 degrees,
respectively.

A fast feedback system of the phase within an RF
pulse duration of a few ji.s is also effective for obtaining good
phase stability. In order to realize such a fast phase-locked
system and simple control, only solid-state devices, such as
diodes and transistors, are used in the low-power RF system.

In the following sections we will describe the system
and the performance obtained by the experiment

2, Low-Power RF system

The low-power RF system for the RF-gun (Fig. 1)
should drive a high-power klystron, the laser system and a
trigger system for the various pulsed circuits. It generates four
frequencies which are 2856 MHz for RF acceleration, 89.25
MHz for the AO-modulator and a coarse-timing system (TD-1
trigger delay module), and 375 MHz for a fine-timing system
(TD-2 trigger delay module).

The signal flow of the system for driving the klystron
is as follows. An acceleration frequency of 2856 MHz is
generated with a signal source which is a frequency synthesizer
(HP-8665A); it is modulated with a PIN diode modulator (HP-
11720A) so as to have a pulse width of 3 |is.

Masler Oscillator Synthesyzer
2856 MHz P I N

Modulator
Attenuator

frequency I — "
Div idcr 2856 MHz "" 8 9 2 5 MHz

+
Laser Mode

Locker Driver

Laser Oscillator
Nd:YAG

178.5 MHz
(5.6 n»)

Phase
Shifter

600W
RFAmp.

Klystron
5 MW max.

Pulse Train
0.5 ~ 1 ms

I II II -»I II I

Waveform
Shaper

Laser
Amp.

Photocathode

Second
Harmonic
Generator

Cathode

RF Power Input
Laser Light

Wavelength : 532 run
Energy in a burst : 20 mJ

Fig. 1 Block diagram of the RF-gun system: the upper side is the RF system and the lower side is the laser system
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UPC1677C
Buffer Amplifier

1428 MHz Output

2856 MHz
Input •

Isolator

1/2 Pre-Scalere

NEC UPG502B

Sinusoidal Wave
89.25 MHz
Output

UPC1677C Band-Pass Filter

Fig. 2 Block diagram of the frequency divider module for making 89.25 MHz from 2856 MHz

The RF phase and the amplitude of the pulse are controlled by
the phase shifter using varactor diodes and the amplitude
modulator using double-balanced mixers. The pulsed RF is
then amplified by a 600-W solid-state amplifier for driving the
klystron.

Resistors for a flat insertion loss characteristic

RF INPUT
DC BLOCK

RF OUTPUT 8S*>F

MB
Hybrid L, Mr

•#—+

KXlStripLine

Tuning Capacitance
(Screw Type)

Varactor Diode
(ALPHA DSB-6733-90)

CONTROL VOLTAGE INPUT

Fig. 3 Circuit diagram of the voltage-controlled phase shifter

2-1, Frequency divider modules[3]

The following two frequency divider modules have
been fabricated for the low-power RF system.

(1) A frequency divider used to produce 89.25 MHz for
the laser: It uses GaAs(Gallium Arsenic) high-speed pre-scaler
devices which are compatible to an ECL circuit. The module
comprises a 1/2 pre-scaler device (NEC, UPG502B) at a 1st
stage for dividing 2856 MHz, two 1/4 pre-scaler devices at the
following stages for making 89.25 MHz and microwave
passive devices like a band-pass filter which converts a square
waveform to a sinusoidal waveform. A block diagram of the
frequency divider is shown in Fig. 2.

(21 A 1/4 divider module to produce 375 MHz: It
produces 375 MHz from the output at the 1st stage of the
above-mentioned divider in order to make an accurate timing
clock of 357 MHz with TD-2 modules.

In the circuit design for the above-mentioned dividers,
microwave stripline technology was employed in order to
adjust the impedance to 50 ohm; the thickness and material of
the dielectric part of the circuit board are carefully chosen.
Also, the stripline width in the circuit board using Duroid

(Rogers Corp., £j = 6, thickness = 0.3 mm) was adjusted to
50 ohm system in order to prevent signal reflection.

G Phase Shift (Degree)

^150

3 4 5 6 7
Control Voltage (V)

8

Fig. 4 Phase shift of the voltage-controlled phase shifter,
phase shift vs control voltage

2-2, Voltage-controlled phase shifter[4]

The voltage-controlled phase shifter was designed
based on a method developed at SLAC, which is basically one
port circuit (Fig. 3). It comprises a rectangular 3 dB hybrid,
two one-port phase shifter circuits with varactor diodes, tuning
capacitances and a bias voltage circuit. The phase shifter
controlled by the bias voltage has the necessary characteristics
to be a phase variation according to a tangent function and a
pulse response of 10 ns. Fig. 4 shows the phase shift as a
function of the control voltage. If we look at the central part
of the tangent function in Fig. 4, it is almost a quasi-linear
characteristic, which is important for a control device.

3, Measurements of the synchronization and
long-term phase stability.

3-1, Synchronization

Measurements of the phase jitter are performed at
two points (A and B) with respect to a common point, as
indicated in Fig. 1. For measurements, a 50 GHz digital
sampling oscilloscope (HP-54124T) triggered by 89.25 MHz
at the common point was used; a PIN photodiode with a rise
time of 65 ps was used to receive the laser light. As the
results of measurements shows in Fig. 5, the synchronization
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values at points A and B are about 8 ps and 5 0 - 1 0 0 ps,
respectively. The large phase jitter at point B was caused by
mechanical vibration of the AO-modulator and the laser rod in
the oscillator due to cooling water. The low-power RF
system, itself, has worked quit well.

3-2, Long-term stability

The long-term phase stability between the synthesizer
and a monitor signal of the klystron output through a 40 dB
directional coupler was measured using the RF-phase
detector[5] for pulsed operation and the oscilloscope. For about
8 hours we could not observe any significant phase change
between them on the oscilloscope display.

It has been confirmed that the phase drift is
proportional to the room temperature, (± 1 degree per 1 °C)
by individual tests for the devices.

After the tests the performance of the low-power RF
devices was tuned so as be sufficiently stable for the present
experiment. The first experiment concerning the beam
acceleration of the RF-gun using the above-mentioned devices
was successfully made. Fig. 6 shows the waveform of the
extracted beam synchronized with RF fields.

4, Conclusion

The low-power RF system for the RF-gun has
worked well. Synchronization and the long-term phase drift are
sufficiently small for the present experiments. Furthermore,
the pulse responses of the low-power devices are to be a
couple of ten ns; this value allows great possibility to obtain
a successful result for the fast-feedback system, which will be
soon tested.

There was a noise problem from the high-voltage
pulser of the klystron during the early stage of the experiment.
To prevent any effects of noise, the location and installation
method of the low-power devices to the high-voltage pulser
were rearranged.

In the future, however, better synchronization and
phase stability will be required for practical use at the JLC.
We should therefore develop a more accurate synchronization
method and stabler phase-control method. A large phase-jitter
of 50 - 100 ps caused at the laser oscillator can be overcome
by improving the cooling-water system, which is now under
way. Furthermore, we must also reduce the variation in the
environmental temperature around the low-power RF system.
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Abstract

Numerous electrode geometries were used to extract up to
125 mA of 50 keV hydrogen ions from a 2.45 GHz electron
cyclotron resonance (ECR) plasma generator. The diameter
of the plasma electrode was varied from 4.0 mm to 7.0 mm,
while the width of the extraction gap was adjusted between
5.6 mm and 7.6 mm. The phase-space distribution of the
beam was measured as a function of perveance for each
extraction geometry. The matched perveance was consistently
high and, in addition, the emittance, as well as the divergence,
was relatively low at the matched perveance. A high-current
ion beam of high quality can be extracted from a suitably
designed ECR plasma generator.

Introduction

The emittance of the beam from a high-charge-state electron
cyclotron resonance (ECR) ion source is invariably extremely
large [1]. The enormous magnetic fields required to confine
the ions, for literally seconds, and to satisfy the resonance
condition at high frequencies, inevitably give rise to
exceedingly high divergence. On the other hand, in an ECR
ion source designed to produce a high-current beam of singly
charged ions, axial confinement of the plasma is unnecessary
[2]. Provided that the microwave frequency and, therefore,
the magnetic induction corresponding to the resonance, is
sufficiently low, the emittance of the beam is dominated by
the optics of the extraction system rather than by the magnetic
field.

This paper compares, for a wide range of extraction
geometries, the quality of the beam from an ECR ion source,
designed specifically to generate a high-current proton beam,
with the quality of the beam from an arc discharge ion source.

Extraction Optics

The Child-Langmuir law implies that the space-charge limited
perveance of an extraction system increases indefinitely with
the square of the aspect ratio, 5, given by

5 = rid (1)

where r is the radius of the extraction aperture and d is the
width of the extraction gap. Empirically, the perveance of the
transported beam from an ion source saturates at a finite
aspect ratio. An exhaustive study with a duoPIGatron [3]
showed that the perveance, P, can be approximated by

p = n- (2)

where II and a are empirical constants.

Assuming a Maxwellian velocity distribution characterized by
an ion temperature, kT, the rms divergence of the extracted
ion beam can be expressed as

X> = ( - " i f (?)
\2qeU)

where q is the charge state and U is the extraction voltage.

The rms width of the waist of the extracted ion beam can be
represented by

x = or (4)

where the proportionality constant, 6, depends on the radial
distribution of the plasma as well as the details of the optics of
the extraction system.

Then the normalized rms emittance at a modest ion velocity is
given by

' = br\- kT V2

[AmmC

where A is the atomic mass number.

(5)

The ion beam from an ECR ion source is extracted in a
substantial magnetic field. It is readily shown [1] that the
normalized rms emittance, assuming a uniform emitter, is then
limited by

(6)
" 8 Amuc

where B is the magnetic induction.

Emittance Measurements

The emittance of hydrogen ion beams extracted from a
2.45 GHz ECR plasma generator [2] was measured with the
two-slit system described in Ref. 4. The radius of the plasma
electrode aperture was varied from 2.0 mm to 3.5 mm, while
the width of the extraction gap was adjusted from 5.6 mm to
7.6 mm. The plasma electrode was shaped to increase the
perveance.
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The plasma generator parameters preferably remain unchanged
during extraction geometry studies. A beam current density
of 250 mA/cm2 was selected. The proton fraction was fixed
at 70%. The effective mass of the beam was then 1.25 amu.
(The plasma generator can provide up to 500 mA/cm2 with a
proton fraction as high as 90%.)

The divergence as well as the emittance also depend on the
residual gas pressure in the beam line because of space-charge
neutralization, as shown in Figs. 1 and 2. A residual gas
pressure of 4xl0'5 Torr was maintained during the
measurements by bleeding hydrogen gas into the beamline.

The phase-space distribution of the beam was mapped as a
function of perveance for each of the extraction geometries.

0 20 40 60 80

Pressure (microTorr)
1 0 0

Fig. 1 Variation of rms divergence with pressure in beam
line.

The data were processed as described in Ref. 4. Figures 3
and 4 show some typical results. Each data set was
interpolated to determine the minimum divergence and the
minimum normalized emittance as well as the perveance at the
minimum divergence.

Analysis and Interpretation

The perveance at the minimum rms divergence is plotted
against the aspect ratio of the extraction system in Fig. 5. The
curve corresponds to Eq. (2) with II = 1.9 mA/kV3/2 and
a = 1.7, the values recommended by Keller for
"sophisticated" extraction systems [5]. The agreement is
remarkably good.

0 30 0 35 0 40 0.45 0 50 0 55 0 60

P e r v e a n c e ( m A / k V 3 / 2 )

Fig. 3 Variation of rms divergence with perveance for
5.6 mm wide extraction gap and 3.0 mm radius
extraction aperture.
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Figure 6 shows the minimum rms divergence for each
geometry versus the corresponding extraction voltage. The
values are similar to those obtained with arc discharge ion
sources under comparable conditions [4,5]. The
commensurate ion temperature deduced from Eq. (3) is 20 eV.
(The temperature of the ions in the plasma generator is, of
course, much lower. The value reported here is primarily
attributable to the optics of the extraction system.)

The minimum normalized rms emittance is shown as a
function of the aperture radius in Fig. 7. At an ion
temperature of 20 eV, the line conforms to Eq. (5) with a
proportionality constant of 1/4, which, assuming a uniform
emitter, is the value suggested in Ref. 5. The dependence of
the emittance on the aperture radius appears to be somewhat
smaller than expected.

Extraction Potential (kV)

Fig. 6 Minimum rms divergence for various extraction
geometries as a function of extraction voltage.

Conclusions

The magnetic induction at the ECR resonance is 875 G in the
present case. Even for the largest extraction aperture used in
the experiment described above, the contribution of Eq. (6) to
the normalized rms emittance is only 0.03 n mm mrad, less
than one third of the measured value. Provided that the
frequency, and thereby the magnetic induction, is sufficiently
low, the emittance of a high-current ECR ion source is
virtually identical to that of a comparable arc discharge ion
source. Furthermore, because the proton fraction of an ECR
ion source is typically two and one half times the proton
fraction of an arc discharge ion source [6], an ECR ion source
can generate a proton beam with more than three times the
brightness of an arc discharge ion source.
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Abstract

The success of the high-current electron cyclotron resonance
proton source installed on the 75 mA cw RFQ1 accelerator
just over a year ago has encouraged the development of an
enhanced version. Only the plasma chamber remains at the
extraction potential. A dc waveguide break isolates the
microwave source, while the solenoids, along with their dc
power supplies, are isolated by an acrylic insulator. The
coupling of the microwave power into the plasma has been
substantially improved by a rectangular-to-ridged waveguide
transition. A single-layer aluminum nitride window provides
a vacuum seal and, in addition, dissipates the energy of the
backstreaming electrons. The extraction system has been
completely redesigned to facilitate installation and maintenance
and to ensure that the electrostatic field enhancement in the
extraction gap is minimized. A beam current of 100 mA has
been extracted from a single 5 mm diameter aperture.

Introduction

Electron cyclotron resonance (ECR) ion sources have been
used for some years to generate high-charge-state beams for
heavy ion physics [1]. Recent work at Chalk River
Laboratories [2] has demonstrated that high-current cw
accelerator injectors can also benefit from the advantages of
ECR plasma generators. The extended lifetime that results

from the absence of a cathode is particularly significant in a
production situation. An exceptionally large fraction of the
beam from a microwave ion source may consist of the desired
species, reducing the drain on the high-voltage power supply
and, in some cases, eliminating the need for magnetic
separation [3]. The unusually high efficiency of microwave
ion sources leads to significant reductions in vacuum pumping
requirements. Provided that the magnetic field is small, low-
emittance ion beams can be extracted from microwave ion
sources [4].

This paper describes an enhanced version of the ECR proton
source first installed on the 75 mA cw RFQ1 proton
accelerator [5]. The modifications have simplified the
configuration and increased the microwave efficiency of the
ion source.

Design

The present configuration of the Chalk River ECR proton
source system is illustrated in Fig. 1. The microwave line is
driven by a 2.45 GHz magnetron. A circulator protects the
microwave generator. The reverse microwave power is
monitored by a directional coupler. A three-stub tuner is used
to compensate for the unavoidable variations in the impedance
of the plasma. A 50 kV dc waveguide break, consisting of a
Teflon sheet clamped between a choke flange and a standard

MICROWAVE
GENERATOR

CIRCULATOR •THREE-STUB
TUNER

PLASMA

DUMMY
LOAD

DIRECTIONAL
COUPLER

WAVEGUIDE -
BREAK

S0LEN0IDS-

DECEL
ELECTRODE

ACCEL
ELECTRODE

Fig. 1 Chalk River ECR ion source system. Only the components enclosed by the dashed line are at the extraction potential.
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flange, has been developed to isolate the microwave line from
the plasma chamber. A stepped ridged waveguide has been
introduced to couple the microwaves into the plasma more
efficiently.

The plasma generator, detailed in Fig. 2, is simply a
hydrogen-filled chamber with a rectangular waveguide window
encircled by two solenoids. The ion beam is extracted by a
50 kV three-electrode system.

A waveguide window consisting only of a thin aluminum
nitride plate has replaced the multi-layered window [5]. The
high thermal conductivity of aluminum nitride is essential to
dissipate the power deposited by electrons back-streaming
from the extraction column. Although the present window is
O-ring sealed, a method of brazing copper to aluminum nitride
has recently been demonstrated at Chalk River.

The proton fraction of the ion source is dramatically enhanced
by lining the plasma chamber with any one of several
materials that discourage the recombination of hydrogen atoms
into molecules [5]. Recent experiments have demonstrated
that, because the plasma density declines rapidly with radius,
only the components adjacent to the axis of the source need to
be lined.

In the revised configuration, the solenoids are electrically
isolated from the plasma chamber by an acrylic tube so that all
of the power supplies, both microwave and dc, are at ground
potential. Consequently, the isolation transformers have
become superfluous and the control system may be
dramatically simplified. Only the plasma chamber and the
flow controller remain at high voltage.

The extraction column has been completely redesigned to
facilitate assembly and servicing. The alumina insulators are
glued to the electrode holders with polyvinylacetate. The
electrodes were reshaped to reduce voltage breakdowns
induced by electrostatic field enhancements. (The POISSON
computer simulation provided essential guidance.) The single
5 mm diameter aperture in the plasma electrode is recessed to
increase the matched perveance [6]. The nominal 5 mm width
of the extraction gap can easily be increased for applications
where the minimization of voltage breakdowns takes
precedence over the production of high-perveance ion beams.

Performance

The solenoid currents and the positions of the solenoids were
optimized with respect to the beam current. The best results
were obtained with a relatively uniform magnetic induction on
the axis of the plasma chamber. Two stable modes of
operation were identified. The first is referred to as "on-
resonance", because the ECR condition is satisfied adjacent to
the microwave window, and the second is referred to as "off-
resonance". The magnetic induction on the plasma chamber
axis is plotted for the two cases in Fig. 3.

The total beam current and the proton fraction were measured
using the system described in Ref. 7 for a large number of
combinations of hydrogen mass flow and microwave power.
Figures 4 and 5 present only a small sample of the results. A
total beam current of 100 mA with a proton fraction of 90%
was generated at a microwave power of only 900 W with a
hydrogen mass flow of just 1.5 seem (2.3 /ig/s).

PLASMA ELECTRODE tCCEL ELECTRODE , DECEL ELECTRODE

.PLASUA CHAMBER v SOLENOID

Fig. 2 Enhanced Chalk River ECR ion source.
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Fig. 3 Magnetic induction on the axis of the ion source as a
function of the displacement from the microwave
window. The solid and dashed lines correspond,
respectively, to on- and off-resonance operation.
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Total beam current (open symbols) and proton beam
current (closed symbols) on-resonance (solid lines)
and off-resonance (dashed lines) as a function of
hydrogen mass flow at a microwave power of 600 W.

A two-slit system [7] was used to measure the phase space
distribution of the beam as a function of the perveance with a
7 mm wide extraction gap. The normalized rms emittance at
the matched perveance was 0.10 * mm mrad. The minimum
rms divergence was 16 mrad at the emittance measuring unit
570 mm downstream, with a background hydrogen gas
pressure of 4x10 "5 Torr.

Conclusions

Recent developments have led to a simpler high-current ECR
ion source with a higher microwave efficiency. An ECR ion
source, operating at an order of magnitude lower feed rate, is
capable of generating a proton beam with three times the
brightness of the proton beam produced by a comparable arc
discharge ion source. The ECR ion source will probably
become the ion source of choice for high-current cw
accelerator applications.

References

[1] R. Geller, Annu. Rev. Nucl. Part. Sci. 40 (1990) 15.
[2] G.M. Arbique, T. Taylor, M.H. Thrasher and

J.S.C. Wills, 1991 IEEE Particle Accelerator Conference,
IEEE Conference Record 91CH3038-7, pp. 842-844.

[3] G.M. Arbique, T. Taylor, A.D. Davidson and
J.S.C. Wills, "High-Current Direct Injection to a cwRFQ
Using an ECR Proton Source", these proceedings.

[4] T. Taylor and J.S.C. Wills, "Extraction of High-Current
Low-Emittance Proton Beams from an ECR Plasma
Generator", these proceedings.

[5] T. Taylor and J.S.C. Wills, Nucl. Instr. and Meth. A309
(1991)37.

[6] W.S. Cooper, K.H. Berkner and R.V. Pyle, Nucl. Fusion
12 (1972) 263.

[7] T. Taylor, M.S. de Jong and W.L. Michel, 1988 Linear
Accelerator Conference Proceedings, CEBAF Report 89-
001, pp. 100-102.

352



CA9700153

SLC INJECTOR SIMULATION AND TUNING FOR HIGH CHARGE TRANSPORT*

A. D. Yeremian, R. H. Miller, J. E. Clendenin, R. A. Early, M. C. Ross, J. L. Turner, J. W. Wang
Stanford Linear Accelerator Center

Stanford Ca. 94309

Abstract
We have simulated the SLC injector from the thermionic

gun through the first accelerating section and used the result-
ing parameters to tune the injector for optimum performance
and high charge transport.

Simulations are conducted using PARMELA, a three-
dimensional ray-trace code with a two-dimensional space-
charge model. The magnetic field profile due to the existing
magnetic optics is calculated using POISSON, while
SUPERFISH is used to calculate the space harmonics of the
various bunchers and the accelerator cavities. The initial beam
conditions in the PARMELA code are derived from the EGUN
model of the gun. The resulting injector parameters from the
PARMELA simulation are used to prescribe experimental
settings of the injector components.

The experimental results are in agreement with the results
of the integrated injector model.

Introduction

The purpose of the SLC injector is to deliver two bunches
of electrons to the damping ring at 1.2 GeV. The bunches of
electrons are 61 ns apart, with greater than 6 x 1 0 ^
electrons, in 20 ps per bunch, at the repetition rate of up to
120 Hz, with less than 2% intensity jitter.

The SLC injector was designed ten years ago, using a one-
dimensional, longitudinal, bunching code [1]. Although the
injector has been operating reasonably satisfactorily since that
time, to meet the requirements for steady, high-current
operation we have modeled the entire injector in a consistently
integrated way, using various codes of two or more
dimensions for each portion, to improve its performance.

This paper will address the modeling from the gun to the
40 MeV point in detail, followed by a discussion of
experimental techniques used to achieve the high-current
operation of the injector.

Injector Simulation

The SLC injector consists of two electron guns, each at a
38° angle from the accelerator centerline; a switching magnet
to allow the operation of either gun; a bunching section
consisting of two subharmonic bunchers (SHB) at 178.5 MHz
separated by 108 cm; a 4-cell, B = .75 S-band (2856 MHz)
buncher; and a 3m, traveling-wave, S-band accelerating
section with B = 1, which contributes to bunching as well as
accelerating the beam to 40 MeV. The injector compresses the

2.5 ns bunch from the gun to 20 ps at 40 MeV. Beyond
40 MeV there are a series of accelerating sections to accelerate
the beam to 1.2 GeV. The radial growth of the beam due to
space charge is controlled by the axial magnetic fields
provided by the lenses, solenoids and field-shaping iron up to
40 MeV and quadrupoles beyond that. The diagnostic devices
to aid in tuning and characterizing the beam consist of beam
position monitors (BPM), fast-wall-gap current monitors, a
bunching monitor, energy and energy-spread analyzing
stations at 0.04, 0.2, and 1.2 GeV, beam-loss monitors,
fluorescent screen-beam profile monitors at 40 and 80 MeV,
and wire scanner profile monitors at 1.2 GeV [2,3]. Figure 1
shows a schematic diagram of the beam-line components up to
the current monitor at 40 MeV.

Here we discuss the simulation from the thermionic gun up
to the current monitor at 40 MeV only, where space-charge
contributions to the beam dynamics are not negligible. Several
computer codes were used in a consistent and integrated fash-
ion for our simulations. We used EGUN [4] to simulate the
output from the thermionic gun, SUPERFISH [5] to calculate
resonant frequencies and fields in RF cavities, and POISSON
[6] to calculate the magnetic fields due to the lenses, solenoids
and field-shaping iron. The result from all the codes was used
in PARMELA [7] to simulate the beam dynamics up to 40
MeV.

PARMELA calculates charged particle motion in three di-
mensions with axisymmetric magnetic, RF, and space-charge
fields, plus DC quadrupole and dipole fields. Although the
particle distributions need not be axisymmetric, axisymmetric
space-charge fields are calculated by representing each particle
as an axisymmetric ring.

The gun simulations were conducted for a beam with the
typical operating parameters of the thermionic gun for high
current operation, that is 13 x 1 0 ^ electrons per bunch in
2.3 ns FWHM per bunch at 150 KeV. The predicted RMS
normalized emittance at the anode is 1.5 x 10"^ n m-rad with
a radius of 6.25 mm at the waist.

^Thermionic Gun

Correctors

Work supported by Department of Energy contract DE-
AC03-76SF00515.

Figure 1. SLC injector beam line up to the fast current monitor
at 40 MeV.
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cathode to the first quadrupole at 40 MeV.

We then used the beam parameters as predicted by EGUN
and the resonant frequencies and fields in the RF cavities as
calculated by SUPERFISH as inputs to PARMELA. After a
few iterations between POISSON and PARMELA we were
able to calculate an axial magnetic field profile for optimum
containment of the beam in the radial direction given the actual
currents and iron distributions in the magnets. The philosophy
we used in optimizing the focusing elements of the injector
was to focus as gently as possible. Thus we avoided small
waists which, due to space-charge forces, tend to blow up the
beam downstream. Figure 2 shows the optimized axial
magnetic field as calculated by POISSON, while Figure 3
shows the radial profile of the beam as calculated by
PARMELA.

After several more PARMELA runs, we were able to
optimize the amplitude and phase of the RF fields in the
bunchers and the accelerator to bunch 77% of the total charge
from the gun into 20 ps. Figure 4 shows the beam parameters
at the current monitor at 40 MeV. The energy of the beam at
this point is 40.2 ± 0.7 MeV. The RMS normalized emittance
grows from 1.5 x 10"^ JI m-rad at the gun to
8 x 10"^ 7t m-rad at the current monitor at 40 MeV. Figure 5
shows the X and Y RMS normalized emittance of the beam.
The emittance growth from the gun to the accelerator is due to
the increase in space-charge forces and energy spread in the
presence of an axial magnetic field as the beam is being
compressed in the longitudinal and radial directions. The sharp
rise in emittance as the beam goes through the S-band buncher
is predominantly due to the time-dependent, radial, RF-
defocusing fields, because for bunching purposes the beam is
phased with the S-band buncher RF such that it is near the
zero-crossing of the longitudinal field, hence the maximum of
the radial field. The emittance through the accelerator section is
constant because the space-charge effects and the energy-
spread percentage are diminished as the beam gains energy,
and except for in the first few cells, the beam is now phased
near the crest of the longitudinal RF field for acceleration. The
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Fig. 3. Beam radial profile from t
he gun to the fast current monitor at 40 MeV.

slight growth in emittance from the end of the accelerator to
the current monitor is due to the beam experiencing the
quadrupole magnetic field while it has a rather large energy
spread (3.5%). Though the energy spread at 40 MeV seems to
be slightly large, it is a small contribution to the energy spread
at 1.2 GeV which is dominated by the 20 ps pulse width of the
bunch.

Experimental Techniques to Tune the Injector
Once the optimum performance of the injector was

achieved in simulation, we had to translate the predicted com-
ponent settings to the actual hardware and then measure the
beam parameters to verify our success.

First we calibrated the actual injector components in order
to be able to both set them and to measure the beam
parameters. We measured the power in the SHB gaps, and we
calibrated the lens and solenoid power supplies to allow us to
set them in accordance with our simulations.

We set almost all the injector parameters according to the
simulation predictions. These included the gun HV, pulse
width and current, the magnetic-element currents, and the
buncher RF amplitudes. We were unable to directly set the
phases of the bunchers because we do not have a good way to
measure the absolute phase of the beam on the RF.

We have observed, both with simulations and in optimizing
the hardware settings, that the optimum phase of the bunch on
the first SHB RF is not where the center of the bunch passes
through the gap at the electric field null, but at about 15° to 20°
earlier so that the bunch is somewhat decelerated on the aver-
age. Doing this takes advantage of the curvature of the sine
function to correct for the fact that velocity is not a linear func-
tion of the energy. Using the fast current monitor after the first
accelerating station, we were able to count how many S-band
RF buckets the beam occupies if both SHBs are off. Then we
used SHB 1 to collect most of the beam one bucket (about 20°
of 178.5 MHz), later than the middle as observed on the
current monitor signal. We then turned on the second SHB
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the fast current monitor at 40 MeV.

buncher and optimized its phase to maximize the signal on the
bunch monitor at 40 MeV. To optimize the phase of the
S-band buncher with respect to the first accelerator section,
we varied the phase of the S-band buncher for every step of
phase variation of the accelerating section, while measuring
the signal on the bunch monitor. We set the S-band buncher
and the first accelerator section phases to the values where the
bunch monitor signal was optimized. We then transported the
beam from the 40 MeV point to the damping ring, using
standard tuning techniques that have been successful on the
SLC injector for years and are not the subject of this paper.

We were able to achieve 7 x lO1^ electrons in each bunch
at the entrance of the damping ring and 5 x 1 0 ^ electrons in
each bunch out of the damping ring to demonstrate the ability
of the injector to meet the SLC requirements. We have
measured RMS normalized emittances of 25 x 10'^ n m-rad
at the entrance to the damping ring for 5 x lO1^ electrons per
bunch out of the damping ring and 10 x 10"^ n m-rad for
3.5 x 10*0 electrons per bunch. The energy spread at
1.2 GeV is 1.5 to 2% for including almost all of the electrons.
The intensity jitter of the beam at the entrance of the damping
ring is 1.5%.

After optimization of the injector, the beam is about an
order of magnitude less sensitive to jitter of the components,
because when all the parameters are optimized, all the first
derivatives are zero.

Summary

The integrated modeling of the injector using actual loca-
tions of the components and using the predicted parameters to
set the strengths of these components has allowed us to

400
Z (cm)

600 800

Fig. 5. Normalized emittance from the GUN to
the fast current monitor at 40 MeV.

operate the injector to deliver up to 7 x 1 0 ^ electrons in each
of two bunches to the entrance of the damping ring and
5 x i o ' ^ electrons each bunch out of the damping ring.
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Introduction

The Mainz Microtron (MAMI) is a quite complicated cw-
electron-accelerator consisting of three cascaded racetrack
microtrons (RTM's) with a 3.5 MeV linac as injector [1, 2].
The demand for beam time by the nuclear physics experi-
ments is overwhelming with often changing conditions for
beam energy and intensity. Moreover, to supply a beam
round the clock, MAMI must be run also by not too skilled
operators. Therefore a reliable and redundant system to
monitor the beam parameters at many points of the ma-
chine is necessary to have continually a clear idea of its
condition and to allow for an extensive automatic beam
steering and optimization by computer [3], Tab. 1 gives an
overview of the monitor devices we use versus the measured
parameters.

Para-
1 meter
;
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e

Table 1:

RF FE
X X

X

X

X

Monitors

SR
X

X

X

SC

X

X

X

at MAMI

QU

X

X

TR

X

X

IC

X

(RF - cavity, FE - ferrite, SR - synchrotron radiation, SC
- scanner, QU - quadrupole (combined with another mon-
itor), TR - transition radiation, IC - ionization chamber;
to measure at the beam: i - current, Ai -losses, tp - phase,
x/y - position, 0 - profile, e - emittance)

RF-Cavi t ies

They determine the intensity, phase and center position of
the bunched beam. Their design depends on the applica-
tion: detection of the cw-beam or of the 12 nsec/100//A
diagnostic beam pulses sent through MAMI during tune-
up.

The cw-power out of a beam-excited resonator is given
by [4]

= i 2 r - • B 2 • cos2 tp, where tan tp = 2-

(i - beam current; K - coupling factor = QO/QL — 1; vo< T̂i
- bunch resp. resonator frequency; B - bunching para-
meter ~ 1; r - shunt impedance: r — const, for a

TMoio-intensity/phase-monitor and r — const. (x/X)2 for
a TMno-position-cavity).

Small det unings of a cavity (mainly by its temperature)
are unavoidable, therefore one has to make a compromise
between signal level (K = 1, critical coupling) and a good
signal stability (small <p, i.e. K ^> 1). For our precision
intensity-monitors measuring the beam current down to
some nA to better than a few percent we take K — 3; the
signal is reduced by only 25%, but the frequency sensitivity
to 1/4. For the cw-phase monitors to measure small energy
changes of the beam by its time of flight (e.g. in the injector
linac at <2 MeV and in the dispersive parts of the magnet
systems between the RTM's) a high precision of < 0.5° is
necessary; therefore they have a low loaded quality factor
QY, (K = 15-18). Moreover an autodyne method is used
here: both the cavity and the reference signal are mixed
down to 100 kHz and they gate the counts from a 50 MHz-
oscillator.

The signal power out of a TMuo-position-monitor is
much smaller than that from a TMoio-cavity, because the
beam is crossing it near a field-node (x <C A); i.e. a max-
imum sensitivity is required: K — I and a large shunt im-
pedance r. The mode stabilizers in our position-cavities
are built as capacitive cylinders (Fig. 1), drawing the elec-
tric field maxima inwards from x = 0.481/? for a pure
TMno-mode. By the steeper gradient of the electric field
r can be increased by up to a factor of five [5].
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• ••
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2.68 199
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'Work supported by HBFG and DFG (SFB 201)

(2.45 GHz = 2R = 113.h =

Figure 1: "TMno"-p°sition-monitor with capacitive cylin-
ders for increase of r and mode stabilization

For the tagged-photon facility of MAMI a position moni-
tor was demanded to detect beam deviations of 0.05 mm at
currents of 1 nA, corresponding to a cavity power around
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10 18 W. In the signal processing setup (Fig. 2) a great
problem was to supress any coupling from the ^-reference
(necessary for the lock-in-amplifier) and the environs to
the cavity circuit by > 130 dB. For example the rf-leak-
tightness of standard microwave components was very in-
sufficient, they all had to be equipped at least with a second
metal housing.

In the RTM's the intensity/phase- and the position-
monitoring of the beam is done for all returns simulta-
neously. Because of lack of space we use for the x and y
position-detection single symmetric resonators, both of the
square TM210- and the circular TMno-type [4, 6]. A de-
coupling of-20 dB (corresponding to an error of 6° in the
direction of beam deviation) between the two mode axes
is easily achieved, for -30 dB a quite cumbersome fine ad-
justion of the symmetry is necessary. To seperate the suc-
cessive beam returns these monitors must detect the TQ =
12 nsec tune-up pulses. Detailed calculations [4, 7] showed
that there are two possible modes of operation, character-
ized by the ratio of the cavity transient-time TR (defined
by W = Wo • e- ( /Ta for the field energy; ui • TR = QL)
to the beam pulse length TQ (with u> • TQ/2 = 92 in our
case). One can work either with a resonator loaded qual-
ity factor QL » 92 (high-Q-mode) or QL < 92 (low-Q-
mode). The latter however has distinct advantages: for a
comparable signal distortion the signal level is by a factor
of three higher, the resonator is totally insensitive to de-
tunings and, most important, if the diagnostic pulses are
imposed on the cw-beam ("blackout-mode") there is much
less rf-background. Because the low QL SS 30 of these res-
onators is achieved by a very strong overcoupling of the
antennas, their field pattern is distorted. For a TM010-
cavity that is quite unimportant, but in a TMno-position-
monitor the distortion is such, that clear field-nodelines
with a phase jump of ir across them do not exist anymore.
The consequence would be, that the zero position of the
beam as measured by the monitor-cavity would be very
sensitive to the phase of the rf-reference signal at the mixer
[7]. Therefore (Fig. 3) the A-port of a 180°-hybrid is used
to get the difference of the signals from the right/left- resp.

Multiplex

Figure 3: Low-Q pos.-monitor (D - 12 nsec delay. \^> — 0)

top/bottom-antenna. The output of the 5-port of this hy-
brid could in addition be used for intensity monitoring.
It was verified by beam measurements, that the rf-axis of
these monitors coincides within 0.1 mm with their center-
line. The 3 dB signal splitting, 12 nsec delay and differen-
tial recombination in a second 180°-hybrid is applied only
in the blackout-mode to supress residual rf-background.

Ferrite Current Monitors

Two types of ferrite current monitors are used in MA VI I. A
standard ferrite core brazed into the beam pipe is sensitive
to the diagnostic pulses with a signal to noise ratio of one
at 1 /JA. It is used as a protective transparency monitor
at a dozen points along the beamline, especially in front of
and behind the RTM's, and switches off the up to 85 kW
of beam power if losses exceed some percent.

Figure 4: DCT for absolute cw-beam current measurement
(NF - notch filter, S - symmetrization of double kernel V)

The second monitor (Fig. 4) is a quite sophisticated DC-
current transformer (DCT) to measure the absolute cw-
beam current, an essential number for the experimenters
to determine their cross sections. It is based on the ef-
fect, that the strict antisymmetry of the hysteresis curve
of a suitable magnetic material is lost and even harmon-
ics come up, if there is a DC-bias field (principle of the
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"Forster-Sonde"). In our DCT a double-ring-kernel of Vit-
rovac 6025 F (amorphous cobalt with 20% B,Si as crystal-
lization inhibitors; Vacuumschmelze Hanau) with an inner
diameter of 80 mm is used. The coils are wound such, that
the fundamental and the odd harmonics of the two rings
subtract, the even harmonics add. By careful adjustment
and magnetic shielding a sensitivity limit of 300 nA within
a 3 dB-bandwidth of 30 Hz was achieved. The limit is
set by the Barkhausen-noise of the Vitrovac rings, it corre-
sponds to the measurement of a magnetic field of 1.5-10"12

T, i.e. 10~~ of the earths field. The zero point stability
in a constant environment (temperature changes < ±1°,
no change of stronger external magnetic fields) is better
than 1 /iA; an automatic zero point adjustment works if
the electron beam is switched off. We use this DCT for
calibration of our relative current measurement, rf-cavities
resp. synchrotron radiation monitors.

Synchrotron radiation

For a diagnostic of the transverse beam matching and pos-
sible phase space distortions and couplings the knowledge
of the beam profile at as many points as possible along
MA MI is necessary. This is especially true for the RTM's
with their weak focusing only on the linac axis. The
most simple and totally non-invasive method is to observe
the synchrotron radiation (SR). With cheap standard TV-
cameras and a 1:1 imaging it can be observed for beam
energies > 50 MeV in RTM2 and average currents > 1
nA behind RTM3. Therefore the return paths in these
RTM's (by a mirror system and a single camera [8]) and
the beam profile and position at every bending magnet in
the guiding-systems behind these machines are monitored
by SR.

Synchrotron Sheet of
Radation V2A Steel

Dipole Beam
Path

Figure 5: Synchrotron radiation current monitor

By a disturbing effect of the synchrotron radiation be-
hind RTM3 on our wire scanners (see below) the idea came
up to use the intensity of this radiation as a relative beam
current monitor. For E > 350 MeV the SR spectrum ex-
tends well beyond 50 eV and the yield of secondary elec-
trons from metals should be insensitive to the detailed con-
dition of their surface. The setup is shown in Fig. 5, a
sheet of roughly polished stainless steel (V2A) is used as
an electrode; the DC-voltage of-27 V was applied to reject
vagabonding low energy electrons. The results at 855 MeV,
calibrated by a precision faraday cup, show a very good lin-
earity and a sensitivity of 17 pA photocurrent/ 1 nA beam
current. The measurement extended over several weeks,
no change in sensitivity by the steady bombardment of

the V2A-surface by SR was observed. Therefore this is a
second very cheap and simple monitor for low cw-currents
down to 1 nA, besides the TMoio-intensity cavities.

Diverse Moni tors

Wire scanners are installed at 40 points in MAMI between
and behind the RTM's to determine the beam center po-
sition and give a cut through the beam profile. They work
down to currents of 100 nA at 1 mm beam diameter and
their signals, after some averaging and smoothing are used
by the computer for automatic beam guiding. They are
not fully non-destructive and especially near the experi-
ments must be switched off during data taking because
of their background production. Behind RTM3 they were
heavily disturbed by the high energy SR at any bending
magnet; it hit the frame holding their 40/i tungsten wire
and a broad peak of secondary electron came up. By ap-
propriate shielding this problem was removed.

The quadrupoles on the interface-beamlines between the
RTM's are, in addition to their focusing function, also used
as beam monitors. Together with a scanner some dis-
tance downstream they form a device for automatic trans-
verse emittance measurement [3]. In addition they are
used as beam position adjustors: their excitation is modu-
lated with about one Hz and, by minimizing the transverse
movement of the beam spot center downstream, the elec-
tron beam is adjusted precisely to their axis.

The observation of the backward transition radiation
from simple polished aluminum sheets put at 45° into the
beam is possible down to some nA beam current by a
standard TV-camera and can therefore replace the always
"burning out" view screens made from ZnS or BeO.

To detect beam losses down to 10~3 and lower, 20 self-
fabricated open aluminum ionization chambers with an ac-
tive volume of 5 1 each are installed along MAMI. They
show good linearity between 3 and 20,000 /zSv/h and with
their threshold steer a hardware system of warnings and
beam interrupts. In addition they generate a display of the
quality of the beam transport via the computer.
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Abstract

A bunch-length monitor system has measured the
relative changes in the temporal beam-bunch length of an
2.5 MeV H' beam. This system includes a noninterceptive
electromagnetic probe, associated RF-processing electronics,
and a system-software algorithm. The probe is an axially-
symmetric capacitive pickup with output signals
proportional to the bunched-beam image currents traveling
through its bore. The RF electronics processes the beam-
induced signal to obtain the ratio of its fundamental and
fifth-harmonic Fourier components and provides a time-
varying output voltage proportional to the phase length of
the beam bunch. This paper reviews the measurement
hardware, software algorithm, and operational experience.

Introduction

During early experiments, the Ground Test Accelerator
(GTA) consisted of an injector, a low-energy beam transport,
a radio frequency quadrupole (RFQ), and a beam
characterization platform[l]. One of the measurement
systems implemented on the beam-characterization platform
measures the real-time phase spread of the 2.5-MeV H"
bunched beam. The measurement design goal was to provide
a wide-bandwidth noninterceptive method by which the beam
phase spread is resolved to within ±1° of phase. The method
chosen to achieve this goal recognizes that as a beam
distribution becomes longer in time, the corresponding width
of its frequency-domain distribution decreases. This width
is measured by comparing the fundamental Fourier
component amplitude (i.e., bunching frequency) with a
higher-harmonic-component amplitude. As the beam bunch
increases in length, so does the ratio of the fundamental-to-
higher-harmonic component amplitudes. As would be
expected, the amplitude ratio is dependent on both the width
and shape of the beam bunch. This shape dependency
reduces the technique's overall accuracy without reducing its
resolution. In order to calibrate this ratio phase-spread
measurement, it was compared with a phase projection of the
longitudinal emittance measured by another technique[2].
Measurements were performed by varying the RFQ cavity
voltage which results in varying beam-bunch lengths. The
separately-measured phase projection and ratio phase-spread
data were then compared as a function of cavity power.

Measurement System Description

The ratio-based phase-spread measurement system
consists of three components: a capacitive probe whose
output signal depends on the beam-intensity distribution size
and shape, associated electronics that process the ratio of the
fundamental- and higher-harmonic power components, and an

•Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.

algorithm that converts the electronics output signals to a
voltage proportional to phase spread. The algorithm also
linearizes the response of the probe and electronics. Figure 1
shows the electrical model of the capacitive probe, which
consists of two concentric rings. The inner ring, of inside
radius of 7.5 mm and length of 2 mm, is terminated with Zc

at the bottom of the larger grounded outer ring.

Fig. 1 The capacitive-probe equivalent-circuit model
includes the contributions of the beam current, probe
capacitance, and cable attenuation.

The signal is extracted from the top of the inner ring
through a coaxial connection. Generally, assuming a
Gaussian distributed beam, the beam image-charge on the
beam tube (without low beam-velocity effects) is

(z,t) = — -
2n

0O eN 2O 1

(1)

where p(z,t) is the beam charge distribution, eN the total
charge per bunch, 0Q is the subtended angle of the probe
(typically 2p), a is the rms bunch length, and fte is the beam
velocity. The beam image current induced on the inner
capacitive probe ring, Eq. (3), is the integral of p(z,t) in the
z-dimension and the derivative in time where x is the rms
bunch temporal length,

eN0n
-e

(t-Llbc)2

2TJ

(2)

and L is the length of the probe. The beam-induced output
voltage, VpOvv), from the probe and transmission line is

V (jo>)=o(jto)
21,

(3)

where Cn is the probe capacitance, Zc is the characteristic
impedance of the transmission lines and the input impedance
of the processing electronics and a is the cable
attenuation[3]. The I o and Ii terms are the zero and first-
order Bessel functions that describe the low beam-velocity
effects of the beam image-current longitudinal distribution
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due to the probe radius, R, and the diffuse beam radius, r,
respectively [4].

The processing-electronics block diagram is shown in
Fig. 2. The signal is split and fed to two downconverters,
one for the fundamental frequency component, FQ, of 425
MHz and one for the 2125-MHz component (fourth
harmonic).

The choice of this harmonic was dictated by the
necessity to balance dynamic range with resolution. The
intermediate frequency (IF) signals from the downconverter
are then fed to a circuit which takes the difference between
the logarithms of the two components (i.e., the ratio of the
two components' signal-powers). Finally, an antilogarithm
is taken so that the output voltage is proportional to the
ratio of the two components' signal amplitudes.

The software algorithm converts the electronics
antilogarithm output to a voltage proportional to the rms
bunch phase length. Figures 3 a and b graph two calculated
quantities as a function of rms bunch phase length for a
Gaussian-distributed beam. Figure 3a shows the input
signal power of the two components and shows the expected
processing-electronics antilogarithm output for the power
levels shown in Fig. 3a. The capacitive-probe signal power
estimates shown in Fig. 3a were generated by an equation
similar to Eq. (3). Offset and gain term errors from this
equation were corrected during the calibration of this
measurement and substituted into a software algorithm. A
calculation of the probe signal powers using Eq. (3) showed
agreement with measured beam-signal powers for the
fundamental and fourth harmonic components to within a
few dB. The software algorithm takes the form of a
polynomial least-squares fit to the loci in Fig. 3b and is

+ evo(t) (4)

where <|>rms ls ^e r m s phase length of the Gaussian-
distributed beam bunch, Vo is the electronics antilogarithm
output-voltage, and $Q, a, b, c, d and e are the coefficients of
the polynomial fit.
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Fig. 3a & b These two graphs show the initial estimated
input-signal power of the fundamental and fourth harmonic
components and the antilogarithm output of the processing
electronics as a function of rms beam bunch phase length.

Beam Distributions and Measurement Resolution

The ratio of the fundamental to higher-harmonic
component amplitudes for a given rms length is relatively
insensitive to changes in the beam bunch shape. For
example, the fundamental and first four harmonic amplitudes
agree to within approximately ±5 % (i.e.,

PROBE
IBPF

5 * F L 0

SELECTOR

r
5*FL0

BPF

BPF
5* IF 0

LOG

AMP

LOG

AMP

LPF

LPF

ANT I

LOG
-

LPF

DOWN CONVERTER LOG-RATIO ANTI-LOG

Fig. 2 The block diagram of the processing electronics shows how the fundamental and fourth-harmonic signal components
from the probe are down converted to intermediate frequencies (IFQ and 5 X IFQ), selected using bandpass (BPF) and low-pass
(LPF) filters, and the log-ratio and antilogarithm functions are performed.
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equivalent ratio of ±0.4 dB) for several different bunch
shapes with a 10° rms length. However, in order to fully
measure the longitudinal distribution, many higher-order
harmonics must be measured [5]. The initial measurements
were done using a Gaussian distribution in the signal power
calculations and comparing only the rms phase lengths.
Once this is completed, multiple harmonic measurements
will be implemented.

One of the advantages of this measurement is that its
rise time is approximately 5 \isec, which implies a real-time
bandwidth of 70 kHz. This is sufficiently responsive to
measure the transient bunch length changes during the
macropulse. The probe and electronics have a power-ratio
resolution of ± 0.3 dB that is equivalent to an rms phase-
length resolution of ±2°. The ratio phase-spread monitor
measures a beam phase spread of 5° to 40° over an
operational beam-current range of 5 to 50 mA.

Measurement Results

Since the actual phase-spread distribution was
unknown, a calibration of the ratio-based method was done
by comparing its measured phase spread with that of the
longitudinal emittance measurement. The comparison was
done as a function of RFQ cavity power. The laser induced
neutralization diagnostics approach (LINDA) accurately
characterizes the beam's longitudinal phase space by
neutralizing a few degrees of the bunch's phase distribution
and then measures the energy spread of this neutralized bunch
sample. Summarized in Fig. 4, the ratio and LINDA phase-
spread data are plotted as a function of RFQ normalized
cavity power.
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Fig. 4 LINDA and uncalibrated ratio phase-spread measure-
ment data plotted as a function of the RFQ cavity power.

Since the LINDA technique measures the absolute
longitudinal phase projection, it can be used to calibrate the
ratio phase-spread measurement. Figure 5 correlates the
LINDA and ratio phase-spread measurement data.

The 0.28 gain and 10.5° offset terms, respectively, as
generated by a linear least-squares fit shown in Fig. 5, are
the calibration for the ratio phase-spread monitor. These
terms compensate for both the bunch shape and the initial
errors in the estimates of signal power from the capacitive

probe. The well correlated fit, as notated by the "RA2 =
0.954" value (RA2 = 1 . 0 describes the fit with the least
squared error), is a verification that the two techniques track
each other when changes occur in the beam phase spread.
The error bars represent the absolute (±3°) and relative errors
(±2°) for the particular LINDA and ratio phase-spread
measurements.

Measured RMS Phase Spread Correlation
20

5 1 0 15 2 0
LINDA Phase Spread (°)

Fig. 5 Phase-spTead measurement correlations between the
LINDA and ratio phase-spread measurements. The linear
fit's slope and offset for these data is the absolute
calibration for the ratio phase-spread measurement.

Conclusions

The initial implementation and verification of the ratio
phase-spread monitor has been completed. The ratio
technique resolved phase-spread variations of less than ±2°
and upon comparison with another phase-projection
measurement was calibrated to within ±3°. The capacitive
probes provided the expected signal power for the 425- and
2125-MHz Fourier components for an operational phase-
spread range of 5° to 40°. The processing-electronics'
bandwidth is sufficiently wide to measure dynamic bunch-
length variations within the beam macropulse. This
technique will be extended for multiple harmonics which
will improve both the phase-spread resolution and accuracy.
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Abstract

We describe characterization of a beam position
measuring system. We used an automatic test fixture to
map the response in two dimensions of dual-axis beam
position monitors (BPMs) and their associated ratio-signal
processing electronics and applied signals to a thin wire
whose position is controlled by way of stepper motor
actuators on x-y stages. The wire may be moved within a
circular area of up to 50 mm in diameter with 5-|i.m
accuracy. The resulting signals picked up by a BPM are
recorded for each point on a grid within the mapping area.
We present a comparison of the theoretical with the actual
response, as well as techniques employed to calculate
suitable correction functions that accurately predict the beam
position over at least 80% of the probe's inner aperture.

Introduction

The Ground Test Accelerator (GTA) is a 50-ma, H"
linac used to produce high-brightness, low-emittance neutral
particle beams. GTA uses a 425-MHz RFQ feeding
850-MHz DTL structures to accelerate the beam. The beam
position measurements described here are used after the beam
exits the DTL and is bunched at 425 MHz. They are
mounted on a "diagnostics plate" used to characterize the
output beam.

A typical beam position measurement system includes
a beam-line-mounted pickup, electronics for signal
processing, and a data acquisition and display. The
electronics and the pickup's responses are programmed into
the data acquisition system to display the measured beam
position.

Accurate measurements of charged particle beam
positions require an in-depth knowledge of the response of
the beamline pickup assembly and the signal processing.
Theoretical analysis makes it possible to design beam
position measurement systems with the desirable
characteristics. This analysis is generally carried out with
the aid of certain assumptions and approximations that lead
to discrepancies in the measured position of particle beams
in the true environment. After fabrication, these BPMs must
be tested to verify their actual responses.

The responses of our microstrip BPMs are mapped
over their entire aperture with the aid of a mapping test
system that is controlled with a LabVIEW® program. We
then fit equations to the two-dimensional map data to
determine the best functions to use with a given probe.

•Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.

These equations are then programmed into the accelerator's
data acquisition system. The response of each signal
processing electronics module is also measured and is
adjusted so that the correct transfer function is realized.

Beam Position Monitor Pick-Up

The GTA beam position monitor pickups are of the
directional coupler type design. [1] Four lobes are
symmetrically placed around the circumference of the probe.
Each lobe is a 2.25-mm-long section of a microstrip
transmission line, with each end connected to a printed
circuit stripline (Fig. 1).

Top Lobe Current
Output

Left Lobe
Current Output

Right Lobe
•ent Output

Bottom Lobe
Current Output

Fig. 1 A simplified cross section of a microstrip
beam position probe. The current outputs exit
by way of a printed circuit stripline through
the vacuum vessel wall. The dotted inner
circle is to indicate that the BPM lobes are
inset into the beam line wall.

The downstream (relative to beam direction) lobe end is
terminated with 50 Q and the clear aperture is 45 mm. In
fact, all GTA BPMs are of this style, with various lengths
and apertures. For centered beams, a 425-MHz signal with
an equal power level is available at the lobe outputs. As the
beam moves away from the center position, the lobe signal
levels vary, with more power available on the lobes closest
to the beam. A useful model for a single-axis BPM is
shown in Fig. 2. [2] Two lobes located at 0° and 180° are
shown with subtended angle, 0. The time-dependent output
current of each lobe is

* 2w

362



2 , I
s(«0)s

..r
(1)

BtamPipt

L*ftLob4-> /
r, 9)

Urn. The BPM is mounted between two sections of pipe
which present the correct boundary conditions to the BPM,
i.e., minimal discontinuities to the beam image current.
Each section of pipe is twice as long as the pickup inside
diameter. A dual-channel rf power meter is used to measure
the power ratio for each axis of the BPM as the wire is
moved over the aperture. The entire process of probe
mapping is contolled by a Macintosh running Lab VIEW®,
a symbolic instrument control program.

Two data sets are produced, one for each axis. This
data is the measured power ratio in decibels. Figure 3 shows
a typical map for one axis. In the region near the center of
the BPM, the response is essentially linear, as indicated by
the flat surface in the middle of the probe map. If the
operation of the accelerator were such that the beam was
always within the central 30% or so of the BPM aperture,
the position equation for the x direction would simply be

= xo+SxRx (4)

Fig. 2 Cross section of a single-axis beam position
monitor model for calculating position
response.

where b is the pipe radius and /ft is the beam current at
position r , 0. Position data is acquired by measuring the
logarithmic ratio (in dB) of two opposing lobes' signals
such that

= 20 log
- - cos(fl6)sin —

1 + - I - -

where Rx{dB) is the ratio of the powers of the right and left
lobe. The same equation is used for the vertical axis when
the top and bottom lobes are included and 0 is shifted 90°.
These equations are not readily solved for beam positions as
a function of the power ratios. They can be numerically
solved to predict the two axis power ratios as a function of
beam position. Mapping the response of an actual BPM
allows comparison of the theoretical and actual responses.

Mapping the Response of BPM Pick-Ups

A test fixture was constructed for mapping the
response of the BPM pickup. The BPM is mounted in a
fixed position with a thin wire running through the aperture.
A 425-MHz signal is applied to the wire to simulate the
beam current. The wire can be positioned anywhere within
the circular BPM aperture using a two-axis translation stage.
The absolute accuracy of the wire position with respect to
the mechanical center of the BPM is repeatable to about 5

Fig. 3 A typical single-axis data map. The center of
the matrix corresponds to the probe center. The
data is in dB of power ratio with 0 dB in the
center. A flat base has been artificially created
at a level of -25 dB.

where Sx is the gain coefficient for the x direction, Rx is
the measured power ratio, and Xo is the offset (ideally zero).
The >-axis equation would be similar. In our accelerator we
need to know the beam position accurately over as much of
the aperture as possible. At beam positions far from the
center, we observe a nonlinear response with significant
coupling between axes. The probe response map graphically
shows this, as does Eq. (3). Fortunately the surface of the
response map is "well behaved,'' so that only a few terms
need to be added to Eq. (4) to get good beam-position
measurement over a large portion of the BPM aperture.
These equations become

(5)

and
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where the 5 or "sensitivity" terms are the most significant
coefficients of a least-squares fit to a two-dimensional, third-
order polynomial fitted to the measured BPM map data.
There are a total of 10 terms to each of the third-order
equations. The ones not shown being of negligible
magnitude. We have computed the various coefficients for
fifth-order polynomials and have found the third-order
equations to be sufficient. We do not include other terms, as
their addition would require a higher degree of accuracy (than
we can achieve) in the acquisition of our map data. Typical
values of the coefficients are Sx = S = 0.80, S^ = S 3 =
-0.00023 and 5 , = 5 x2 = 0.00098. Probes manufactured
to specification show very good symmetry between axes.

The previous equations are suitable for position
measurements when the beam is within the inner 80% of the
probe aperture. If accurate measurements of position are
required in the outer 20% of the aperture, more terms must
be added to the calculation of position. Noise in the
electronics becomes a dominant source of error for
measurements near the pipe walls.

Electronics Processing

For the GTA position measurement systems, we
convert the BPM lobe signals from 425 MHz to 20
MHz.[3],[4] All signal processing is done at 20 MHz.
Precision wide-dynamic-range circuits are much simpler to
design and less expensive at 20 MHz. The position
processor consists of an amplitude-to-phase converter
followed by a phase-measuring circuit (Fig. 4).

BoHdpaMtfilUn Powtriptitun LimiUn
Doubt* boitmctd mixtr

pkat* dtUcltr

Low Poufilur

Left Lob* Input

Amplitud* Ratio Output

Right Lob* Input

Fig. 4 Block diagram of the amplitude-ratio-
measuring circuit consisting of the amplitude-
to-phase converter and phase detector. The
left and right lobe signals must be in phase at
the inputs. The top and bottom axis channels
are identical.

In this circuit the inputs are split and vectorially
recombined so that two signals of varying amplitude are
created whose phase difference is a function of the amplitude
ratio of the inputs. [3] Li miters remove the amplitude
dependence before the phase-detection circuit, which results
in a final output voltage that is solely dependent on the ratio
of the input amplitudes. The dynamic range of our present
limiters has been measured at more than 50 dB in input
amplitude (beam current range).

The transfer function of this circuit is

V =
r o n

(J)

where Vo is the output voltage, G is the amplifier gain,
Aj is the peak voltage driving the double balanced mixer,
and Rx is the amplitude ratio in dB of the inputs. [5] From
Eq. (7) we solve for the amplitude ratio,

/?,=20 log (8)

Equations (7) and (8) refer to the horizontal axis and are
essentially identical for the vertical axis.

We now have all equations necessary for the calculation
of the beam position. Starting with the output voltages of
position circuit, we calculate Rx and R from Eq. (8).
Substituting the values of Rx and Ry into Eqs. (5) and (6),
we calculate the true beam position.

Conclus ion

We have developed a mapping test fixture that is used to
characterize beam position monitors as they are used on an
accelerator beamline. From this data we have derived a
simple set of equations, which when coupled to the transfer
function of our position-processing electronics, measure the
true beam position. These measurements are accurate to
within ±2% for beams within the inner 80% of the BPM's
aperture.
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Abstract

The GTA Beamloss-Monitor System at Los Alamos
National Laboratory has been designed to detect high-energy
particle loss in the accelerator beamline and shut down the
accelerator before any damage can occur. To do this, the
Beamloss-Monitor System measures the induced gamma
radiation, from (p, y) reactions, at 15 selected points along the
beamline, converts this measured radiation to electrical
signals, integrates and compares them to preset limits, and, in
the event of an over-limit condition causes the Fast-Protect
System to shut down the entire accelerator. The system
dynamic range exceeds 70 dB which will enable
experimenters to use the Beamloss-Monitor System to help
steer the beam as well as provide signals for a Fast-Protect
System. The system response time is less than 7 [is assuming
a step-function, worst-case beam spill of 50 mA. The system
resolution, based on the noise floor of the electronics is about
1.3 mRads/s. Production units have been built and meet the
above specifications. The remainder of the system will be
installed and tested later in 1992/93 with the GTA accelerator.
The ionization chamber sensitivity and response time are
described in the paper.

Introduction

This paper describes the GTA-24, Beamloss-Monitor
System which will be used to detect high-energy particle loss
in the accelerator beamline wall and shut down the accelerator
before any damage can occur. To do this, the Beamloss-
Monitor System detects and measures the beamloss-induced,
gamma radiation at 15 selected points along the beamline,
converts this information to electrical signals, compares them
to preset limits, and in the event of an over-limit condition,
causes the Fast Protect System to be activated which shuts
down the entire accelerator. Figure 1 shows the general
placement of the monitors along the accelerator.

DTL 1 -5 VACUUM VESSEL DTLS-10 VACUUM VESSEL

1 2 3 4 s e 7 a

• • REMOTE SENDER UNIT

Fig. 1 Remote Sender Unit placement along the accelerator.

The beam spill is assumed to be anywhere from a line
spill to a worst-case, point spill which will cause the most
damage. Calculations show that for a 24 MeV, 50 mA point
spill, significant melting of the accelerator hardware will
occur in about 30 us [1]. Damage caused by a line spill is
significantly less. In order to safely respond to a worst-case
beamspill, the response time of the Beamloss-Monitor System
has been set at a lesser value of s7 (xs which includes
detection of the gamma radiation, processing of the signals,
and activation of the Fast Protect System if necessary. In
addition, integrated measurements of the gamma radiation
macropulse-to-macropulse at each location are available
through the computer control system for diagnostic and
monitoring purposes.

System Description

The Beamloss-Monitor System consists of the following
subsystems: Remote Sender Unit; Differential Receiver
Module; Receiver Chassis; DC Control Power Chassis; and
Control System Interconnects. A simplified block diagram is
shown in Fig. 2.
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Fig. 2 Block diagram of the Beamloss-Monitor System.

The Remote Sender Units are connected to their
respective Differential Receiver Modules by about 200 feet of
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cable. The Differential Receiver Modules are connected via
ribbon cable to the computer system.

incipient, electronic failure. In the event of a failure, the
electronics can be easily replaced due to the modular nature of
the Remote Sender Unit.

Remote Sender Unit

The Remote Sender Unit detects gamma radiation,
converts it to an electrical signal, and then transmits that
signal to the Differential Receiver Module via a twisted,
shielded pair. The Remote Sender Unit has subparts
consisting of an ionization chamber, preamplifier, -1500 VDC
high-voltage power supply, bipolar ±15 VDC power supply,
and enclosure. Figure 3 is a side view of the unit.

EMI / ELECTRONICS
ENCLOSURE

5.5 in.

IDLE CURRENT
RESISTOR NETWORK
UNDER THIS COVER

16 in.

CABLE CONNECTION SUPPORT IONIZATION
COVER BRACKET CHAMBER

Fig. 3 Side view of the Remote Sender Unit.

The ionization chamber is a Health Physics Instruments,
Model 1054, which has been characterized [1] to have a
response time of less than 1 us and gamma radiation to output
current transfer function of -59 nA/Rads/s when operated with
a -1500 VDC power supply. The ionization chamber acts as a
current source when exposed to radiation. The minus sign
indicates that current flow is negative with respect to the
ionization chamber.

As part of a system functionality test procedure, a small,
negative bias or "idle" current is set with a resistor network
connected to the ionization chamber. This current is set to -40
nA which is DC coupled to the Remote Sender Unit's
preamplifier. The preamplifier housed in the electronics
enclosure uses a transimpedance amplifier to convert the input
current to a voltage. This signal is then sent via a differential
driver circuit to the Differential Receiver Module. The total
preamplifier gain is 2 x 106 V/A.

Given that each Remote Sender Unit is to be installed in
a radiation environment, the life expectancy of each unit is at
least one year even under the worst-case radiation levels.
End-of-life is determined by noticeable degradation of the
electronics. The worst-case radiation levels are calculated
from a continuously repeating, line-source spill of 30 jxA/m at
24 MeV which is expected to produce gamma radiation at 60
mRads/s at each Remote Sender Unit. Once the duty factor,
repetition rate, and worst-case, run-time per year of the
accelerator are taken into account, the total absorbed dose per
Remote Sender Unit is estimated to be about 25,000 Rads
which according to manufacturers' data is a lower threshold on

Differential Receiver Module

The Differential Receiver Module takes the signal from
the Remote Sender Unit, conditions and integrates it, and
compares the integrated value to two preset threshold settings.
The lower setting is called the Warning Fault, and the higher
one is called Fast Protect Fault. Figure 4 is a block diagram of
the Differential Receiver Module.

TO DAS

DIFFERENTIAL
AMPLIFIER

OFFSET
ADJUST

TOFP
MODULE

SJT| FLT

TO WARNING
MODULE

Fig. 4 Block diagram of the Differential Receiver Module.

The module can be configured to have the thresholds set
by computer or by potentiometers accessible through the front
panel. In either case, the computer monitors both thresholds.
Normal operation calls for computer setting of the Warning
Threshold and potentiometer setting of the Fast Protect
Threshold for safety reasons.

The AC coupling capacitor removes any DC drift
including the "idle" current signal from each system yet allows
pulses from the Remote Sender Unit to pass uninhibited to the
switched and leaky integrators. The switched integrator uses
two gain settings, 2 and 20 pC/V, to measure induced-gamma
radiation. The gate pulse coincides with the beam time and
resets the switched integrator after each beam pulse. The
system is designed for a beam macropulse of 2 ms and a
repetition rate of 10 pulses per second. The leaky integrator
has a conversion gain of 25 pC/V and a time constant of 1 ms
which allows for low-level beam spill. A beam spill
significant enough to cause damage will be quickly integrated
by the leaky integrator and applied to the two comparators
which determine the severity of the spill. If it is dangerous,
the Fast Protect comparator will change. If it is less severe,
only the Warning Fault will be generated. The leaky
integrator time constant was determined by heat capacity and
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conduction properties of the beamline hardware allowing for
incidental beam spill.

The offset adjust is used to set the voltage at the output
of the second amplifier to -40 mV which is 106 times the idle
current of 40 nA. With the "idle" signal present, a Test Input
gate is used to simulate a beam spill for the system. To do
this, the Test switch is left open long enough for the A.C.
coupling capacitor to completely discharge. When the switch
is closed, the -40 mV appears to be a beam spill signal which
is passed through to the switched and leaky integrators. If the
Gate signal is also present, an integrated output signal will be
available. In either case, the leaky integrator will respond to
the input signal. By using this test procedure after proper
calibration and adjustment of the Remote Sender Unit with its
Differential Receiver Module, the system integrity will be
verified all the way from the connections at the ionization
chamber to the computerized Fast Protect Fault system.

To increase the dynamic range and boost the signal to
noise ratio of the system, a logarithmic amplifier is used after
the switched integrator. The output of the log amplifier is +10
V for +10 V input and -10 V for 10 mV input which
corresponds to 60 dB of dynamic range. This coupled with a
selectable gain factor of ten in the switched integrator gives a
total system dynamic range of at least 70 dB when accounting
for noise. The noise floor expected at s 20 mV yields a
system resolution of s 1.3 mRads/s. Calculations show, at 24
MeV, this corresponds to a point beamloss of 0.9 uA and a
line loss of 0.65 jiA/m.

DC Control Power Chassis

The DC Control Power Chassis as shown in Fig. 2
provides power to each of the Remote Sender Units. It is
essentially a power distribution chassis with sense circuits to
trip a Fast Protect Fault in the event one of the Remote Sender
Units loses power. It provides power at 17 VDC at up to 1.2
A to each Remote Sender Unit.

Receiver Chassis

Control System Interconnections

The computer control system interconnections consist of
various VME based I/O modules such as a Timing Module,
Binary Output Module, Analog Output Module, two Analog
Input modules, a 16 channel T/H module with A-D converter,
two Fast Protect Fault modules, and two Warning Fault
modules. These modules control the set points, read back the
threshold values, digitize the switched integrator outputs, and
monitor the Fast Protect and Warning Fault lines.

To control the system, computer screens have been
designed and written that allow the operators to set the
Warning thresholds, monitor both the Warning and Fast
Protect thresholds, and set or adjust the timing of the Gate and
Test pulses. Icons on the main control screen indicate the
status of each Remote Sender Unit whether it be Okay, in
Warning Fault, or Fast Protect Fault condition. In addition,
each Remote Sender Unit/Differential Receiver Module
system has a bargraph display which shows the integrated
gamma dosage for each beam pulse.

Summary

A beamloss-monitor system has been designed for GTA-
24 which will detect damaging beam spill using induced-
gamma radiation and shut down the accelerator through the
Fast Protect system. The response time of the entire system
has been measured at less than 7\xs. One complete system of
Remote Sender Unit, Differential Receiver Module and
support electronics and enclosures has been assembled and
tested and is to be installed for the next accelerator
experiment, experiment 2A. The remainder of the systems
will be installed for subsequent experiments.

References

[1] Personal communication with C. M. Fortgang,
Alamos National Laboratory, August 1991.

Los

The Differential Receiver Modules are housed in two,
9U high Euro chassis designated Receiver Chassis #1 and #2.
Each chassis is designed to house up to eight modules
including electrical interconnects and power. Each
Differential Receiver Module plugs into a custom backplane
that routes signals to and from the computer control system.

Each Differential Receiver Module has a dedicated slot
which is known by the computer control system so that each
output signal is module specific. Ribbon cables connect the
backplane of the Receiver Chassis to the computer control
system.
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Abstract

A Run Permit system has been designed for the Ground
Test Accelerator (GTA). The system implements mode-
dependent software interlocks to ensure proper operation of
the accelerator, enabling the ion source extractor and RF
systems when proper conditions are met. The system is
implemented using the GTA control system, thus all
information available to the control system is also available
for use in interlock logic. The logic is denned in terms of
control system channels, which reflect accelerator
parameters such as actuator positions, power supply values,
temperatures, etc. A mode switch in the control room selects
the accelerator operating mode, for example 'injector only'.
The Run Permit software selects interlock logic as
appropriate to the operating mode. This implementation
easily accommodates logic changes as requirements evolve.
To ensure reliable operation of a software-based system, a
special circuit with a watch-dog timer is employed to
produce the system's output signals. The software must
periodically address the circuit, or the output signals are
forced to a disabled state. For additional protection, there
are self-test provisions for detecting and reacting to failures
of the control system.

The Role of Run Permit

The Run Permit system is one of several protection
mechanisms utilized for GTA. These systems are
complementary and are targeted to different needs.

Personnel safety is handled by a dedicated hardware-
only system. Protection from beam spills and 'during-pulse'
anomalies is handled by a system called Fast Protect, which
can shut off beam within a few microseconds.

Run Permit fits in between. It does not address
personnel safety, nor machine protection requiring fast
response. It is designed for maximum flexibility and
expandability. Its response time is moderate.

The Run Permit software is general enough to provide
an interlock of any kind. The first implementation is to
enable / disable beam. It is intended that the same scheme
will later be used to enable / disable RF systems as well.

A Software-based System

The Run Permit implementation is primarily software-
based, to achieve the flexibility and expandability desired.

* Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.

By utilizing the services of the GTA control system, any
information known to the control system can be used by Run
Permit. In addition to saving extra cabling, sensors, and
instrumentation, a software-based system offers further
advantages.

Through standard control system facilities, the status of
any sensor or parameter involved in the interlock can be
displayed to the operator through the usual workstation
displays.

The interlock logic is defined in a file and can be easily
re-configured. (It is important that this information be
maintained under configuration control to protect the
interlock integrity.)

The system can be maintained by personnel already
familiar with the control system. Operators used to the
control system already have a "feel" for Run Permit.

Interlocks may be bypassed at a number of levels. The
bypassing function is available only to designated operators.
All instances of changing the bypass status of an interlock
are logged to disk with the date, time, and operator's initials.

At the operator's discretion, a change in status of the
interlock is logged to disk with a time stamp.

Block Diagram

An overview of the Run Permit system is shown in
Figure 1.

Cavity power
Beam Stop Position

Magnet current
Pressure

Temperature

RF
IOC

Diagnostics
IOC

RFQ
IOC

Ethernet

Control room
IOC

Mode switch

Injector IOC

Enable

Heartbeat
•

To injector.
5 volts = enabled
0 volts = disabled

Figure 1. Run Permit Block Diagram
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The GTA control system [1] is distributed between
many VME-based Input / Output Controllers (IOCs)
connected by Ethernet. Each IOC interfaces with a set of
accelerator parameters and maintains a local database with
information about the parameter. Any parameter is available
to any program on the network via standard control system
services.

The Run Permit program resides in the injector IOC. It
receives pertinent data from other IOCs over the network,
sums the values of these parameters and produces an
interlock value. This value is written to a special VME
interface which produces the hardware signal actually wired
to the injector.

Mode Switch

There are many different operating configurations of the
accelerator, identified by operational modes, for example,
'injector only'. A mode switch in the GTA control room
selects the desired operational mode. The mode setting is
read by an IOC and is monitored by the Run Permit program.
The interlock chain appropriate for enabling the injector
differs from one mode to the next, so Run Permit selects the
parameters for the interlock based on the mode setting.

Fail Safe Features

To offset potential drawbacks of a software-based
system, Run Permit incorporates a number of features to
ensure fail-safe performance.

The 'enable' signal to the injector is a positive voltage.
If the driving electronics fail or the cable is disconnected, the
extractor is disabled

If the Run Permit program itself fails, a watch-dog timer
on the VME interface will not receive a 'heartbeat' and the
output signal is disabled.

If another IOC which is reporting parameter values to
the Run Permit program fails, the Run Permit program will
detect a missing 'heartbeat' from the IOC and disable the
output signal. This heartbeat mechanism will also detect
network failures.

Each accelerator parameter monitored has an associated
status which indicates whether the parameter is valid. An
invalid status causes the Run Permit program to disable the
output signal.

The integrity of each IOC is monitored along with
accelerator parameters. Each IOC is checked for adequate
available memory, available processing time, stack
overflows, and suspended or missing tasks.

Operator Interface

The status of Run Permit can be displayed on any
workstation normally used for accelerator operation. A
number of color graphic screens display the interlock chains

and the status of each component. The "top-level" screen for
Run Permit is shown in Figure 2.

BEAM SAFETY INTERLOCKS:

Gate ftd*

SAFETY III

j .

TERTACE BOX

_ P!
1:

T T !.

Fxt^ctar

B*a* Rpaa Fast External
Enabl* Prot«cL Interlock
• m r^^mm • • ^ • B Chain

Figure 2. Operator display

The screen shows a partial schematic of the wiring of
the extractor pulse from the timing system to the injector.
The Run Permit system operates one of the switches which
interrupts the pulse (the one labelled Beam Enable). If Run
Permit is presently enabling the injector, this screen will
show the switch closed, as in the figure. If Run Permit issues
a disable signal, the switch appears open.

If the operator clicks on the "Detail" button under Beam
Enable, a screen is activated which shows more details of the
interlock chain. This screen is shown in Figure 3.

BEAM ENABLE: Logic for Mods 2

Figure 3. Operator display

The screen represents the interlock chain as a series of
boxes connected with a line or bar. The box at the lower
right is labelled 'Beam Enable' and represents the output
signal from Run Permit. If all the interlock components are
"ok", the bar is colored green and the Beam Enable box is
marked "YES". If one or more of the components is not in
the appropriate state for enabling the beam, the green bar is
not visible, the component boxes in question are labelled
"NO", and the Beam Enable box is marked "NO".
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Figure 4 shows a component box in more detail.

INJECTOR
READY

Last : RGJ
14:22 10/23/91

Figure 4. Interlock Component Box

The first two fields are the title of the component and the
status. The component title is always formulated so that a
status of YES or NO makes sense, for example a good title is
"Beam Stop In" rather than "Beam Stop Position". In
addition to the labels YES or NO, the status field is colored
green for YES and black for NO.

Below the status field is a field indicating whether or not
the component is bypassed. This is also designated by color
and with YES or NO. An operator may bypass or un-bypass
a component by clicking on the field labelled "Toggle". This
activates another screen which requires entering a password.
If this is completed, the component is bypassed or restored,
the field next to the Toggle field will display the operator's
initials and time and date when the interlock bypass was
toggled.

At the lower left of the component box is a field which
displays DATA OK or DATA BAD. This reflects the validity
of the component value. If a remote IOC cannot determine
the position of the beam stop, it is reflected here.

The last field is a button labelled "Detail". Clicking on
this field activates another screen which gives further details,
e.g. a more detailed interlock chain which makes up this
component In this case, the detailed screen would show the
components which comprise "Injector Ready". These chains
may be nested to whatever depth makes sense.

With this type of hierarchy, it is simple and intuitive for
the operator to continue to ask for details of failed interlock
components until the smallest piece is identified.

Many accelerator parameters are monitored by slow,
asynchronous instruments. For instance, temperatures and
pressures are typically polled every 2 seconds. Therefore, an
out-of-range temperature can not shut off the beam with any
quicker average response. Other measurements, such as the
beam position are measured each beam pulse and this
information is available in a few milliseconds.

The time between sensor information being available to
the computer and Run Permit issuing a disable signal is
typically within 50 milliseconds. It is difficult to specify a
worst-case time, due to the nature of Ethernet. Testing
shows that in over 98% of the tested cases, the response is
less than 50 milliseconds.

Other types of failures have different response times
depending on the method of detection. For example, a
failure of the network is detected by a missing heartbeat
signal from an IOC to the Run Permit program. The
heartbeat period is 1 second, so 1 second can elapse before
this condition is discovered. A failure analysis identifies
failure types and response times. From this, design choices
can be made to ensure that system response is commensurate
with potential damage or loss of beam time.

References

[1] L.R. Dalesio, et al, "EPICS Architecture",
Proceedings of the International Conference on Accelerators
and Large Experimental Physics Control Systems, Tsukuba,
Japan, Nov. 11-15,1991.

Performance

The performance characteristic of most interest is the
time it takes for the beam to shut off after some parameter
wanders out of tolerance. This is a function of the sensor
and electronics monitoring the parameter, the time for the
control system to transmit the information over the Ethernet
to the Run Permit program, the time for the Run Permit
program to send a disable signal, and the time for the beam
to go away after loss of the extractor pulse. The dominant
delays in this scheme are the sensor time and network
transmission time.
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Abstract

A model has been developed to analyze the static and dynamic
behavior of superconducting accelerating cavities operated in self-
excited loops in the presence of phase and amplitude feedback,
ponderomotive effects, and beam loading. This is an extension of an
earlier analysis of the stabilization of superconducting cavities [1]
which has been the basis of the control system of several
superconducting accelerators but did not include beam loading.
Conditions have been derived to ensure static and dynamic stability
in the presence of ponderomotive effects (coupling between the
mechanical and electromagnetic modes of the cavity through the
radiation pressure). Expressions for the effect of fluctuations of
cavity frequency and beam amplitude and phase on the cavity-field
amplitude and phase and beam-energy gain have been obtained.

Introduction

One of the early challenges in the application of rf
superconductivity to particle accelerators, especially ion accelerators,
was in the control and stabilization of the phase and amplitude of the
accelerating fields in the large number of independent cavities.
Ambient noise and microphonics can cause frequency variations
which are larger than the bandwidth of the resonators. Additionally,
even in the absence of microphonics, the radiation pressure exerted
by the rf field on the cavity wall leads to a frequency shift which
usually is larger than the bandwidth. Such nonlinear behavior can
lead to instabilities: a monotonic instability where the field
amplitude jumps between two stable values, and an oscillatory
instability where energy is transferred between the electromagnetic
and mechanical modes of the resonator yielding a sustained sinusoidal
variation of the cavity frequency and the cavity wall displacement.

The problem of phase and amplitude stabilization of low-
velocity superconducting structures was successfully solved in the
1970s by two different methods. The first one involved the direct
control of the cavity frequency by using a voltage-controlled variable
reactance which could be electrically connected to or disconnected
from the cavity [2]. By adjusting the repetition rate and the duty
cycle of the control of the reactance, the phase of the fields in the
cavity could be made to track an external phase reference.

The other method did not attempt to control the cavity
frequency. Instead, the cavity was purposely overcoupled in order
to broaden its bandwidth and it was operated in a self-excited loop.
The cavity eigenfrequency was left unperturbed, but the loop
oscillation frequency was controlled by introducing an additional
amount of phase shift in the loop [1]. This method has the advantage
of providing stable operation in the unlocked state since the loop
frequency automatically tracks the resonator frequency. This method
has been used in a number of low-velocity ion superconducting
accelerators [3-6] and also in an electron accelerator [7].

In all the existing superconducting ion accelerators, the beam
current was small enough that the beam did not affect the dynamics
of the fields in the cavities. However, work is in progress on the
application of rf superconductivity to high-current ion accelerators
where the beam itself is expected to affect the cavity field. Beam
loading can either simplify or complicate the stabilization of
superconducting cavities. Clearly, if the current is high enough, the
loaded bandwidth can be much larger than the frequency variations,
and the cavity can simply be driven by an external rf source and the
fields will be stable. On the other hand, there can be currents where
the loaded bandwidth will be larger than the intrinsic bandwidth while
still being comparable to the frequency fluctuations due to
microphonics and ponderomotive effects. In this case, the effects of
the beam current, microphonics, and ponderomotive effects will need
to be included in the analysis of the stabilization system.

In this paper we extend the analysis of the phase and amplitude
stabilization of superconducting resonators operated in self-excited
loops which was developed in [1] to include arbitrary amounts of
beam loading.

Loop Equations

A resonator operating in a self-excited loop is shown
schematically in Fig. 1. The resonator acts as a bandpass filter; its
output is sent through a phase shifter, a limiter, and an attenuator and
then used as its input. The loop phase shifter is used to establish
oscillation and sets a constant difference between the resonator
eigenfrequency and the loop frequency. If the resonator frequency
is uc, the loop will oscillate at the frequency a> given by

tan 0,]
1 +

2fi

"Work supported by the U.S. Department of Energy under Contract
W-31-109-ENG-38 and by the U.S. Army Strategic Defense
Command.

where 8t is the loop phase shift and Q is the loaded quality factorof
the resonator . The limiter and the attenuator provide a constant
drive amplitude for the resonator independent of the resonator field
amplitude. Amplitude feedback is provided by adding a signal in
phase which is controlled by the amplitude error. Phase feedback is
provided by adding a signal in quadrature which is controlled by the
phase difference between the resonator and an external reference of
frequency cor.

In [ 1 ] it was found advantageous to operate the loop slightly off
resonance on the low frequency side (6, < 0); this introduced a small
amount of coupling between phase and amplitude feedback which
could be used to damp the microphonics. In the present model we
add a feedback phase shifter (fy) which can be used to provide the
same amount of coupling while still operating the unlocked self-
excited loop on resonance (0, = 0).

In the case of high-current accelerators, the fields in the
resonator will also be affected by the beam which is assumed to have
the phase <pb with respect to the external reference. The differential
equation for the resonator field is then
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v,, = Vb exp [i(o>r; +where

and i,, is the beam current, R^ is the resonator shunt impedance,
P ^ is the power driving the resonator, Av is the additional "in
phase" signal providing amplitude feedback, At is the additional "in
quadrature" signal providing phase feedback, /3 is the coupling
coefficient, and r0 is the intrinsic decay time of the cavity.

CLOCK

PHASE
FEEDBACK

Fig. 1 Block diagram of a resonator operating in a self-excited
loop in the presence of beam loading with phase and
amplitude feedback.

If we define v = Vexp(ia) where V is the real amplitude of the
resonator field and a its absolute phase, then, after separating real
and imaginary parts and neglecting changes of amplitude and
frequency during one rf period, the equations for the resonator field
amplitude and phase are

VTO(W-UC) = 2/3"2 Vr0[swei*Avt sin(0,+fy -Atcos(»,+ty] - Vb^
where <ps is the instantaneous phase between field and beam and
a = a, the instantaneous loop frequency.

Steady State

When the beam is on and the loop is locked to the frequency
u r, the amount of steady state amplitude and phase feedbacks which
are required to still maintain the amplitude Vo in the resonator are

AVg0 = cos0 /Cos«?,+0; | _ ^ ( 1 + y 0 y ) + ( y r - y , ) y | ,

A / o = c o s ^ c o s t f , - ^ ) f _ l ^ ( y 0 - y ) - ( y r - y , ) | ,

where y0 = tan^0, y, = tand?,, y = tan(0, + 0.) and the detuning yr and

the beam loading coefficient b are

yr = tan<Jr = (oir - aic) and b =
b 2 , where <p0 is the

1 + P * o
nominal phase between field and beam as indicated in Fig. 2.

VpO 4to

Fig. 2 Phase relationships between the signals driving the
resonator.

The detuning yr and the cavity coupling coefficient /3 can be
optimized to minimize the amount of forward power required to
provide an energy gain Vo cos <p0 to a beam of current ib with phase

(f>0. The optimal values are & = b + 1 and yr = - -?•—-

Transient Analysis

.BEAM

CAVITY

IASTER CLOCK

L— NOMINAL I

CAVITY TIELD PHASE ERROR
BEAM PHASE ERROR

NOMINAL PHASE BETWEEN BEAM and FIELD
L— INSTANTANEOUS PHASE BETWEEN BEAM ond FIELD

Fig. 3 Phase relationship between the beam and the cavity field.

When the loop is unlocked and the beam is off, the steady state The loop equations can be linearized around the steady state
amplitude is found from the above equations using (cf. Fig 3)
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V=V0(l+5v)
At = At0 + 5t

Avg = 8vg

to provide the differential equations for the deviations from steady
state which are

T0 5v + (1 +/3)6v = ^ * (1 + j - y 5/)

)8)(y«v
*

(1)

(2)

with D = U+FmGJ{s+G¥.+FjGJHGt.+FjGJ(FaGm.-Gl) .

The stability of the system in the presence of ponderomotive
coupling can be determined from D. In particular, if one assumes
simple proportional amplitude and phase feedback (Fa=ka and
F =k ), then the conditions for monotonic and oscillatory stability are
respectively

Applying the Laplace transform to Eqs. (1) and (2), the system
can be represented in the block diagram form shown in Fig. 4 where
the transfer functions are

cos(6,+6j) i sin(8,+6j) i

" COS0, 1 + W ' " COS0, 1 + W

with

and

y--

y-
my.

(3)

°" T cosd,

G = - 2 " '

1+w
G _ i

T COS0, L 1 + "

G = -
1+H 1+T5

X .

G K = _ -
1 +M

G . - "
T | 1 +T5

F : Phase Feedback ,Fa : Amplitude Feedback,

T = 2_ : Loaded amplitude decay time,
1+0

m = : Beam matching coefficient.
1+/3

G represents the coupling between the field amplitude and cavity
frequency which is responsible for the ponderomotive instabilities
[1]. 0^ is the frequency of the mechanical mode of the cavity, andr,
is its decay time.

(Ka 2r

1+—+K +K -m

where we used K, and K = k
* COS0,

Fig. 4 Transfer function representation of the system shown in
Fig.l

The residual amplitude and phase errors due to fluctuations of

the cavity eigenfrequency (Sua), beam current (5i't) and beam phase

(5<pb) are

Equations (3) clearly show how beam loading (m ^ 0 ) modifies
the region of stability and how phase feedback (KJ can be used to
reduce the effect of beam loading on stability.

Further work will investigate parameter optimization to reduce
the effect of 8oia , Svb and 8<pb on 5v and 8<p.
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Abstract

A new type of klystron modulator has been developed for
the Japan Linear Collider. It consists of a pulse-forming
line (PFL), a pulse transformer and a magnetic switch. In
order to realize a compact modulator, a triplate strip
transmission line using deionized water as a dielectric
was adapted for the PFL. An Fe amorphous core was used
for the magnetic switch and the pulse transformer to
reduce the size and cost. A preliminary test has shown
that an output pulse with a peak voltage of 550 kV, a pulse
length (flat-top) of 440 ns and a rise time of 165 ns can be
generated for a dummy load with an impedance of 412 £1.
It was also experimentally confirmed that the power
efficiency of the modulator is approximately 83%.

Introduction

In the rf system of the Japan Linear Collider (JLC), X-
band klystrons with a peak rf power of 100 MW-class and a
pulse width of 400 ns, and their modulators are necessary
to obtain the designed accelerating gradient of 100 MV/m
[1]. Since the pulse width for the X-band is particularly
short, short rise and fall times are required for the
modulator in order to obtain high efficiency. Moreover, a
high-reliability modulator of compact size is necessary,
since JLC is a large-scale accelerator system with - 3,600
klystrons. For this X-band klystron, a conventional
modulator using a thyratron and a pulse-forming network
(PFN) has already been developed [2]. However, it is
difficult for this PFN-type modulator to realize these
requirements. Especially, the lifetime of the thyratron is a
serious problem for stable operation of JLC.

An all-solid-state modulator using magnetic-pulse-
compression techniques, consisting of only passive
components, such as saturable inductors and capacitors,
is suitable for the X-band klystron modulator, because of
its short rise-time capability and high reliability. We have
designed and carried out performance tests concerning a
simple modulator using a pulse-forming line (PFL), a
pulse transformer and a magnetic switch. In this paper,
the design, specifications and results of performance tests
of the discharge unit of the modulator are described.

System Design and Modulator Specifications

Table 1 gives the specifications of the X-band klystron
modulator.

TABLE 1
Specifications of the X-band klystron modulator

Output pulse voltage 600 kV
Output pulse current 1200 A
Output impedance 500il±15%
Pulse rise time 150 ns
Pulse length(flat-top) 400 ns
Pulse height deviation from flatness < ±1.0%
Pulse repetition rate 50pps

The output impedance of the modulator depends on the
micro-perveance of the klystron. Although the impedance

of the prototype X-band klystron is on the range of 1~2.5
kfi, the impedance of the modulator was designed to be 500
£}, considering the following points: (1) The modulator
system of a single modulator provides power to more than
two klystrons is one of the suitable methods to reduce both
the cost and size. (2) A low output impedance is preferable
for short rise and fall times.

The X-band klystron requires a 600 kV pulsed-beam
voltage with a 400 ns flat top. In this pulse-width range,
both PFN- and PFL-type modulators can be constructed.
However, we have chosen a simple PFL-type modulator
system using a magnetic switch and a pulse transformer
because the passive components are physically suitable for
the high-voltage system and, therefore, a very compact
system is possible. The main design features of the
modulator are summarized as follows:

(1) A triplate strip transmission line was chosen to be the
PFL because of its simple structure and easy
fabrication.

(2) Deionized water is to be used as a dielectric in order to
reduce the length of the PFL.

(3) An output pulse transformer with a step-up ratio of
1:15 is to be used to obtain the low-voltage PFL as well
as matching between the PFL impedance and the load
impedance.

(4) An Fe amorphous has been chosen as the core
material of the pulse transformer and magnetic
switch in order to reduce both the size and cost.

(5) Passive components are to be used for all components
of the modulator in order to obtain a long lifetime.

A simplified diagram of the all-solid-state X-band
klystron modulator is shown in Figure 1. This system
consists of a 10 kV dc power supply controlled by SCRs, a
capacitor bank, a two-stage saturable reactor, a water-
filled PFL and a pulse transformer. A pulse triggered by
the GTO switch is transferred from Cl to the PFL by
increasing the voltage through the 1:8 pulse transformer.
The pulse is finally transferred from the PFL to a klystron
load through the 1:15 pulse transformer.

DISCHARGE UNIT

Figure 1. Simplified diagram of the all-solid-state X-band
klystron modulator.

Discharge Unit of the Modulator

Figure 2 shows a discharge unit of the X-band klystron
modulator. This unit is divided into two parts, a
cylindrical tank and a PFL box. The pulse transformer

374



and the magnetic switch are housed in the same oil tank
made of stainless steel (SUS 304); a water dummy load is
also set on the top of the tank. The tank is connected to the
PPL box through a short coaxial line. The high-voltage
input socket under the tank is used to supply a high-
voltage to the unit. Details are described in the following
subsections. A photograph of the discharge unit is shown
in Figure 3.

SWITCH

Figure 2. Discharge unit of the X-band klystron
modulator.

Pulse-forming line

Figure 4 shows the structure of the PFL. It has one
high-voltage electrode between two ground electrodes.
These electrodes are made of stainless steel. The length of
the PFL was determined to be 12.1 m by considering its
pulse length as well as the dielectric constant of water. In
order to realize a compact PFL, the line is bent eleven
times. Moreover, plastic plates are inserted between the
high-voltage and ground electrodes in each of straight and
bend lines, making it possible to adjust the impedance.
This mechanism enables us to adjust the impedance of the
PFL as well as the flattop of the output waveform.

(1) High-voltage electrode
(2) Two ground electrodes
(3) Impedance tuning plate
(4) H.V. Inlet for the PFL

Figure 4. Structure of the PFL.

The PFL is mounted on a stainless-steel base plate. This
assembly is housed in a 660 mm wide x 390 mm deep x
1260 mm high water-filled box. The parameters of the PFL
are summarized in Table 2.

TABLE2
Parameters of the PFL

Line length
Characteristic impedance
Pulse length
Width of the high-voltage electrode
Width of the ground electrode
Thickness of the high-voltage electrode
Gap between the high-voltage and the ground
electrodes

12.1m
2.2 a ± 15%
720 ns
140 mm
200 mm
6 mm
12 mm

Figure 3. Photograph of the discharge unit.

Magnetic switch

An Fe amorphous AC 10 ( TDK Ltd. Co.) was chosen as
the core material of the magnetic switch owing to its high
magnetic flux density swing (2.1 T) and low cost. The
relative unsaturated and saturated permeabilities of the
core are 2.0 and 2000, respectively. The parameters of the
magnetic switch are summarized in Table 3.

TABLE3
Parameters of the magnetic switch

Number of turns 1
Outer radius of the magnetic core 230 mm
Inner radius of the magnetic core 130 mm
Axial height of the core in the magnetic switch 384 mm
(eight cores used with h=48 mm)
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Since the power loss of Fe amorphous core is 15-times
larger than Co amorphous, the temperature rise caused
by the magnetic core losses is a key problem at a higher
repetition rate. The core comprises 8 smaller subcores. In
order to remove heat from the core, each subcore is wound
from a 22 um thick, 48 mm wide amorphous ribbon and a
4 |im thick, 52 mm wide PET film with a heat-transfer
coefficient of 200 W/m2K. The saturated switch inductance
was estimated to be 110 nH.

Pulse transformer

To generate a square-wave pulse, we must design a
pulse transformer with a low stray capacitance and
leakage inductance. The core comprises 3 subcores, which
is the same core used in the magnetic switch. The
primary and secondary windings of the pulse transformer
comprise one turn and fifteen turns, respectively. The
leakage inductance and stray capacitance that were
referred to regarding the high-voltage side were estimated
to be 17.5 mH and 134 pF, respectively.

Performance Test

A preliminary test of the discharge unit was performed
in order to confirm the performance of this modulator.
Figure 5 shows the test circuit. The impedance of the
dummy load was set at 412 ii.

Figure 5. Test circuit.

Output waveform

After the primary capacitor was charged to 81 kV, a gap
switch for an initial switch was triggered to charge the
PFL. The input and output voltage waveforms were
measured by high-voltage dividers. Figure 6 shows the
output voltage waveform.

A pulse with a peak voltage of 550 kV and a width of 714 ns
was successfully generated. Although a 440 ns flat-top
with ± 0.9% satisfies the requirement, a rise time (10-90%)
of 165 ns is slightly longer than the expected value.
Further investigations are necessary to obtain a shorter
rise time.

Power efficiency and losses

The power efficiency of the modulator is very important
for the application of a large-scale modulator system. The
power efficiency of the modulator in this experiment was
estimated form the input power at the primary capacitor
and output power at the dummy load. The result was 83%.
The power losses of the modulator were mainly due to
magnetic core losses, as well as resistive and Joule losses
of the PFL. These losses under this condition could be
calculated, and are summarized in Figure 7. The
calculated power efficiency was 84% from an initial stored
energy of 1/2CV2= 554 Joules; there was good agreement
between the calculation and the experiment.

Figure 7. Energy losses of the modulator.

Conclusions

We have developed a compact X-band klystron
modulator for the JLC using a PFL, a pulse transformer
and a magnetic switch. From performance tests, this
modulator should enable us to generate an output pulse
with a peak voltage of 550 kV, a pulse length (flat-top) of
440 ns and a rise time of 165 ns for a dummy load with an
impedance of 412 £}. We also found that the power
efficiency of the modulator is approximately 83%.
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Abstract

The KEK positron generator focusing system has been
upgraded since FY 1990 and completed this spring. The
strength of the solenoidal fields was doubled. We analyzed the
improved performance of the positron yield by a detailed
simulation of the particle motion in the focusing system. A
preliminary result of a study on the change of the energy
distribution of the positrons upon the rf accelerating phase is
also described.

TABLE 1
Typical positron beam in operation

Charge per pulse (number)
positron generator exit
2.5-GeV linac exit

Conversion rate (e+/e"GeV)
positron generator exit
2.5-GeV linac exit

2-nsbeam

<x 108e+>
160 pC (10)
70 pC (4.4)

4.2%
1.8%

40-nsbeam

<x 108e+>
960 pC (60)
250 pC (16)

6%
1.5%

Introduction

The KEK positron generator consists of a high current
(~10A) electron linac, a positron radiator (8.2 mm thick
tantalum), a focusing system with a solenoidal magnetic field,
an e~/e+ separator to eliminate electrons for accurate beam
current measurement, and a beam transport system with
quadrupole. (See Fig. 1).

The details of the positron generator and its recent
improvements are described elsewhere [1][2][3]. The focusing
system is a quarter-wave-transformer (QWT) type, comprising
a strong magnetic field supplied by a short pulsed coil and a
long solenoidal field extending over 8 meters of the
accelerating sections. In the upgrade, (1) the strength and the
length of the pulsed coil field were improved from 10 kG x 76
mm to 20 kG x 45 mm and (2) the solenoid field from 2 kG x
4 m to 4 kG x 8 m. Their field profiles are shown in Fig.2. A
typical performance of the positron generator after the upgrade
is tabulated in Table 1.

Though positrons are copiously produced in the radiator,
only a small fraction of them can be accelerated because of the
smaller transverse acceptance and the narrow band nature of the
energy acceptance of the QWT system. The focusing system of
the KEK positron generator was upgraded by doubling the
magnetic field strength to make its acceptance larger. We have
already estimated from a simple discussion of the acceptance
[2][3], how much the positron yield would be improved by the
upgrade. It was based on the assumptions that the form of the
field distribution was idealistic; the actual distribution is not
so uniform, however. Furthermore, the distribution in the
transverse phase space and in the energy distribution of the
positrons produced in the radiator was not considered and
assumed uniform. A detailed simulation including these effects
was necessary to obtain a more precise estimation. We
performed simulations of the positron production in the
radiator with the EGS4 [4] and of the particle motion in the
magnetic field by tracing trajectories of the positrons.

250-MeVe"UNAC J L250-MeV e+LINAC 2.5-GeV LINAC

Fig.l Lay out of the KEK positron generator: G is the
electron gun; SHB, a subharmonic buncher; PB, a
prebuncher; B, a buncher; ACC, a regular accelerator
section; R, a positron radiator; P, a pulsed solenoid;
S, a uniform solenoid; K, a klystron; D, e+/e-
separator.
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The positron yield has estimated with the simulation. The
simulation is also useful to study the influence of the variation
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of the parameters of the focusing system on the beam quality
of the positrons. The dependence of the energy spread upon the
rf accelerating phase was studied with the simulation and
compared with the measurement

Particle simulation

We generated a sample of the kinematic information (the
positions, angles and energies ) of the positrons emerging
from the radiator using the EGS4 (Electron Gamma Shower)
code. In the calculation, we assumed that electrons impinge
uniformly within a 1.0 mm radius on the radiator with
energies of 250 MeV and that their transverse momenta are
negligible. Positrons whose kinetic energies smaller than 1.0
MeV were neglected to save the calculation time. This was
irrelevant to the result of the yield estimation since the energy
acceptance of the focusing system is higher as shown below.

In order to simulate particle motion in the magnetic field,
the trajectories of the positrons were traced by a numerical
integration of the relativistic equations of motion,

d

the radiator. It should be noticed that the electron beam size
was not an r.m.s. value but radius of the uniform distribution.
To obtain the r.m.s value, a factor of 1/V2 should be
multiplied to the radius of the unform distribution.

c diet)
The kinematic information generated with the EGS4 were used
as initial conditions of the particles. The particles were started
at the radiator and traced up to the exit of the solenoidal field.
As for the magnetic field, the calculation includes the axial and
radial magnetic field derived with the first order paraxial
approximation from the measured field distribution on the
central axis as

rdB2(0,z)
Br(r,z)~ *- ,

2 dz

Bz(.r,z)-Bz(0,z).
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Fig.3 Positron lateral dimension vs Electron beam size

It showed that positrons have an intrinsic spread of about
1 mm even if electrons have no radial spread. It is due to the
interaction in the radiator. The actual lateral spread is naturally
larger than the intrinsic value, since the impinging electrons
have finite spread. The radius of the electron beam on the
radiator was assumed to be 1 mm for a sample used in the
particle simulation. It produces the positron beam with a
radius of 1.5 mm just behind the radiator. The transverse
emittance of the positrons was estimated from the distribution
in the transverse phase space shown in Fig. 4. The r.m.s.
emittance was evaluated to be e = 1.30 7tMeV/c cm.

An axial symmetry of the magnetic field was assumed. The
axial electric field was assumed a sine wave and the radial
component was neglected. The strength of the accelerating field
was assumed to be 10 MeV/m at the crest of the phase.
Coulomb interaction between the particles was neglected. The
particles were proceeded in a time step of cAt = 5 mm and
checked in each step if they went outside of the aperture of the
accelerating structure (20 mm in diameter).

Positron yield

The yield of the positrons depends on the transverse
emittancc and the energy distribution of the positrons produced
in the radiator as well as on the transverse and energy
acceptance of the focusing system. The transverse emittance of
the positrons produced in the radiator was estimated with the
EGS4. It was given by the area of the spread of the positions
and the transverse momenta of them. The lateral dimensions of
the positrons are dependent on the those of the impinging
electrons on the radiator. Figure 3 shows the dependence for
our radiator. The positron lateral dimension was a r.m.s. radius
calculated from the distribution of the positrons emerged from

Acctpt&nca (pruent),

- Accapl&nc*
(b«for* th* upgr»di)

|

-0.4 -0.2 0 0.2 0.4

Position X (cm)

Fig.4 Emittance Plot of the positron just behind the radiator

The transverse acceptances of the focusing systems were
estimated from the distribution of the positrons which passed
through the system. They were evaluated from the r.m.s.
emittance of them to be e = 0.13 rcMeV/c cm and 0.21
7iMeV/c cm for the focusing systems before and after the
upgrade. The dotted and solid ellipses in the Fig. 4 show the
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region of the acceptances of them at the radiator. The QWT
system has narrow band of the energy acceptance restricted by
the condition of the matching [5]. The curves in Fig. 5 show
the energy acceptance of the positrons which can pass through
the system. The acceptance has two peaks corresponding to the
rc/2 matching and 3TI/2 matching.

1250 -

£ 750

estimated by fitting the gaussian curve to the data. The width
is minimum when the phase is slightly shifted beside the
crest. It is supposed to cause a bunching due to phase slippage.
A simulation study on the effect was performed using a sample
used for the yield estimation. The particle motion in the
transport system after the solenoid was not simulated, however
the energy gain was taken into account. The result is shown in
Fig.6. The longitudinal beam extent of the positron at the
radiator was assumed to be 6 mm in full width. It corresponds
to about 20 degree in the rf phase. The resolution of the
analyzing system was taken into account in the simulation.
The result of the simulation agreed well with the measurement

0 10 20 30 40

Positron energy at the radiator (Mev)

Fig.5 Energy distribution of the positron at the radiator

The yield of the positrons was estimated from the fraction
of the positrons passed through the system. We had a sample
of 64488 positrons generated from 100000 electrons with the
EGS4. In the particle simulation for the focusing system, the
numbers of particles survived were 1420 and 2829 for the old
and the new focusing system, respectively. A factor of the
improvement of the positron yield was estimated to be 2.0. In
the previous report [2][3], the factor has estimated to be 2.4
with a simple discussion of the acceptances. According to a
previous measurement of the positron charges, the normalized
positron yield n e+/n e - /E e - was about 4.2 %/GeV [1]. It was
measured at the end of the positron generator, since the
electrons from the radiator were eliminated there. While, it was
1.7%/GeV in the recent measurement. A factor of the
improvement was 2.5. The agreement of the result of the
simulation with the measurement was not complete. The loss
of the positrons in the transport system up to the end of the
generator should be considered to make a more precise
comparison.

Energy spectra

We obtained an interesting data in a beam study. A change
of the energy distribution (the mean value and the width) of the
positrons upon the rf accelerating phase in the solenoidal
magnetic field region was studied. The phase was not changed
in the region after the solenoid. In order to obtain the
distribution, we carefully measured the positron beam current
in analyzing its energy with a energy defining slit and a
bending magnet at the end of the positron generator linac. The
beam energy was around 250 MeV there and the energy
resolution of the analyzing system was roughly (8E/E) ~
0.3%. The observed dependence of the energy spread upon the
accelerating phase is shown in Fig.6. The energy spread was
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Fig.6 Dependence of a energy spread upon the rf accelerating
phase
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Abstract

The SSC RFQ accelerates a 25 mA, 7 to 35 us, 10 Hz H"
beam from 30 keV to 2.5 MeV. The RFQ requires 280 kW of
RF power at 427.617 MHz to establish the RFQ accelerating
field, plus an additional 63 kW for beam loading. The
requirements [I] on phase and amplitude control are 0.5° and
0.5% during the beam pulse. A description of the RFQ RF
system is given, and the results of operation into a test cavity
with simulated beam loading are presented.

Introduction

The SSC RFQ is required to accelerate a 30 keV H"
beam to 2.5 MeV. The beam, at the exit of the RFQ, has a
25 mA, 7- 35 jis-long macropulse, with a repetition rate of 10
Hz. The RFQ uses a 100 (is-long RF pulse to establish its
accelerating fields. The 100 |is RF pulse length allows ample
time for cavity filling and field settling, so that the very
stringent RF field control requirements of 0.5% of amplitude
and 0.5° of phase can be maintained. The RF system consists
of a 600 kW high power RF amplifier at 427.617 MHz, a
Low Level RF control system (LLRF), and a supervisory
control system.

600 kW RF Amplifier

The 600 kW RFQ amplifier was built as a joint
development effort with Los Alamos National Laboratory
(LANL) AT Division, and is based upon an earlier LANL
design for a 300 kW amplifier. The amplifier output, 600 kW
for 100 ps at 427.617 MHz with a repetition rate of 10 Hz,
was specified to provide sufficient power output to establish
the RFQ accelerating field (280 kW), enough beam power for
up to 50 mA (125 kW), and to provide for distribution losses,
control range, and a safety margin.

The RFQ amplifier consists of three stages: The first
stage is a solid state amplifier with 48 dB of gain. This is
followed by an intermediate or driver stage, which uses a triode
(Eimac 8938), and has 15 dB of gain. The output stage of the
amplifier uses a tetrode (Burle 4616), and has 14 dB of gain.
The overall bandwidth of the amplifier is 300 kHz. The
controls for the amplifier use a Programmable Logic
Controller (PLC) that is connected to the RF supervisory
control system via a serial link. The amplifier has been tested
to full power, and performs to specification.

LLRF and Supervisory Control System

The LLRF and Supervisory Control systems were built
on a collaborative effort with LANL - AT Division, and are
based upon the system developed for the GTA [2,3]. The
LLRF system is VXI based, and uses an I & Q detection
system. The cavity sample signal is downconverted to 20
MHz, where a vector demodulator performs I & Q detection.
The I & Q signals are each input into a PID controller, where
a comparison with the I & Q set points are made. Vector
modulators are used to produce 20 MHz feedback signals from
the output of the PID controllers. An upconverter returns the
signal to 427.617 MHz for the RFQ amplifier input. The
Supervisory Control system for both the LLRF and the RFQ
amplifier is based on the EPICS control system. The control
system uses a two tier client-server architecture. The system
uses a UNIX platform for the user interface, and a VME/VXI-
based real time kernel for data acquisition and control.

Experimental Configuration

In order to test the RFQ RF system an RF cavity with
a Q of 4000 was used. This Q is similar to the expected
loaded Q of the SSC RFQ. The RF test cavity cannot handle
high power, so the RF amplifier output is attenuated by 60 dB
to produce a nominal 29 dBm power level input for the test
cavity. Beam loading corresponding to a 25 mA beam (22.5
%) is provided by using a separate low power amplifier phased
180° from the RFQ amplifier. The beam pulse simulated in
these tests was a square pulse, 40 \is long. The tests consisted
of measuring the maximum variation of the cavity phase and
amplitude during the beam pulse. This includes the beam
loading transition response of the cavity and RF system. A
feedforward signal was used to produce the minimum
amplitude and phase variations. The test set up is shown in
Figure 1.

Results

The cavity phase and amplitudes are shown in Figures
2-4, for the following conditions. Figure 2 illustrates the
cavity field without simulated beam loading. Phase and
amplitude control, after cavity filling and settling, is 0.1° and
0.1 %, respectively. Figure 3 illustrates the cavity field with
simulated beam loading, with feedback control from the LLRF
system only. The maximum cavity amplitude variation is 2.8
%, and is outside the 0.5 % performance specification for 4
US. The cavity phase remains within the 0.5° performance
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produced a maximum cavity amplitude variation of 0.4% and

TEST SET-UK FOR ItKQ RF SYSTEM
IBf iKTnncts 417*11 Mint

THREE PORT CAVITY SIMULATOR

Q—^ »=£-

MULTI - PORT SAMPLER

BEAM SIMULATOR

Figure 1. Experimental test set up for RFQ RF system.
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Abstract

At the University of Maryland we are explor-
ing the feasibility of gyroklystrons as RF sources
for future colliders. To this end, we have de-
veloped a 9.85 GHz tube which produces 1 /is
pulses in excess of 27 MW at a saturated effi-
ciency of 32% and a gain of 37 dB. The beam
energy and current are 430 kV and 150-200 A,
respectively. In this paper, we summarize our
progress to date and describe our plans for fu-
ture experiments that should culminate in am-
plifier outputs in excess of 100 MW.

Introduction

An international effort is underway to develop
amplifiers in the 10-30 GHz range with peak
powers in excess of 100 MW for driving future
multi-TeV electron positron colliders [1]. At the
University of Maryland, we are concentrating on
the use of gyrotron amplifiers to achieve the re-
quired parameters. To date, we have constructed
and tested a preliminary system which was de-
signed to produce 30 MW near 10 GHz [2].

In our experimental facility, a 1-2 fis, 500 kV,
line-type modulator provides the required beam
power. A resistive divider provides the inter-
mediate voltage required for the double-anode
magnetron injection gun (MIG). The MIG is de-
signed to have an axial velocity spread under 7%
at the nominal current of 160 A with an average
perpendicular to parallel velocity ratio of a =
1.5. The design magnetic field is 0.565 T in the
circuit region.

An schematic of the circuit region for a two-
cavity tube is shown in Fig. 1. The downtaper is
lined with lossy dielectrics, which are indicated

'This work was supported by the U.S. Department
Energy.

in black. The tapered ceramics are a non-porous
mix of 20% SiC in 80% BeO. The other ceram-
ics are made in-house from carbon-impregnated
alumino-silicate. Most of the drift tube is also
lined with lossy ceramics to suppress instabil-
ities. Power is injected from a 2 /xs, 100 kW
magnetron through a slit in the radial wall into
the input cavity. Control over the quality factor
(Q) in the input cavity is obtained from losses
in a thin ceramic ring placed against the side-
wall. The output cavity Q is predominantly due
to diffractive losses from the cavity's output lip.
The Q factors have spanned the range 125-500 in
the various tubes, but the resonant frequencies
have always been derived from TEoi modes at
9.85 GHz.

Experimental Results

A total of six two-cavity and four three-cavity
gyroklystron tubes have been tested. A sum-
mary of the progress toward achieving high peak
power is shown in Fig. 2. The saturated gain at
each power level is also indicated. The first two
tubes were plagued by a multitude of instabilities
and had signal gains less than 0 dB. These results
occurred at a beam voltage of 183 kV, a current
of 55 A, and a velocity ratio of a w 0.45. The
instabilities could be classified into four groups.
Modes in the first class existed mainly in the
output waveguide in frequency ranges where the
window was a good reflector and were suppressed
by amplifier operation. The second class existed
in the output waveguide adjacent to the output
cavity and were suppressed in Tubes 4 and be-
yond by a linear wall taper. Whole tube modes
comprised the third class and had their energy
mainly in the drift tube with reflections provided
by the cavities. The final mode class included in-
stabilities in the downtaper. Instabilities in
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classes 3 and 4 were the most troublesome and
usually involved modes with one azimuthal vari-
ation.

Tubes 3 and beyond incorporated a downta-
per and drift tube with sufficient attenuation to
allow significant beam power. Tube 4 produced
peak powers near 2.7 MW with a 427 kV, 130 A
beam in a constant magnetic field of 0.537 T.
Maximum efficiency was approximately 5%.

The final order of magnitude increase in power
was achieved with Tube 5, which had additional
loss in the downtaper and a higher Q in the out-
put cavity (224). The primary performance in-
crease came not from the circuit modifications
but rather from the introduction of magnetic
field tapering [3]. A careful search of parameter
space showed that the optimal input cavity field
was 0.545 T while the best output cavity perfor-
mance occurred at 0.474 T. The beam voltage
and current were 425 kV and 150 A, respectively.
The simulated velocity ratio was a ss 0.98 in the
output cavity and varied adiabatically with the
magnetic field. The efficiency at the maximum
was 31% and the gain exceeded 26 dB.

The three-cavity tubes had a tunable penulti-
mate cavity whose Q (~270) was defined solely
by an alumino-silicate ring on the outer wall.
The output cavity Q in Tubes 7 and 8 were 200
and 350, respectively. The power performance
of the two- and three-cavity tubes was similar
at the 15% tapered field profile. The gain was
typically improved, with a maximum saturated
gain of 50 dB occurring at an operating point
that produced 21 MW. Optimal performance oc-
curred, however, when a 33% decrease in the
output cavity magnetic field was introduced. A
maximum peak power of 27 MW was obtained
with an efficiency of 32%.

The final three-cavity tubes employed consid-
erably longer output cavities in an attempt to
explore the extraction mechanism, but no im-
provement in power was observed.

Future Experiments

With the success of the intermediate experi-
ment, we are now contemplating our approach
to a 100+ MW device. The high power require-
ment places several constraints on the electron

gun and the microwave circuit. To produce a
higher power MIG, we must either increase the
beam voltage, increase the peak electric field in
the gun, enlarge the average beam radius, or de-
crease the applied magnetic field [4]. The new
microwave circuit must continue to be stable to
spurious modes, provide inter-cavity isolation,
and dissipate a fair amount of average power.
Our options will be explored by performing cold
test studies, constructing and testing additional
tubes with the existing beam parameters, and
designing MIGs and microwave circuits for 300-
100 MW beams. Many configurations are being
studied (e.g. Ref. 5). One such approach is de-
tailed below.

One way to lower the magnetic field is to in-
ject at the fundamental and extract at the second
harmonic. We are testing this concept by replac-
ing the output cavity of Tube 6 with a 19.7 GHz
TE02 cavity (Fig. 3). A small cavity radius (r =
1.709 cm, I = 4.254 cm) insures that the TE0 ]

cannot exist at 9.85 GHz. Adiabatic wall tran-
sitions are used to minimize mode conversion to
the TEOi at 19.7 GHz. A cold cavity design code
indicates that the power flowing into the drift
tube is 50 dB lower than the power extracted at
the end of the system. Simulations of amplifier
stability and operation have been performed as-
suming the nominal experimental beam parame-
ters. The design quality factor of 700 exceeds the
start oscillation requirement for magnetic fields
above 0.545 T. Efficiencies of at least 25% have
been predicted by the large signal code. The out-
put cavity has been constructed and cold tested
and we have just begun amplifier studies.

A second tube is planned which has a shorter,
stable output cavity. It also has a 4 mm diam-
eter coaxial insert, which will increase isolation
between cavities. In the downtaper, the insert
radius will be increased and lossy dielectrics will
be added in an attempt to further suppress class
4 modes. This should result in a higher attain-
able velocity ratio which our large-signal code
predicts will translate into better efficiency.

If the initial second harmonic experiment is
successful, we intend to scale it to the 100 MW+
level by increasing the beam current. This will
require a larger guiding center radius and a coax-
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Figure 2. Summary of tube peak power per-
formance.

ial insert to maintain drift-tube isolation. We
have been studying design scenarios from 10 to
20 GHz; an X-Band design is discussed below.

A schematic for a system that utilizes a TEoi
input cavity and a second harmonic, 11.424 GHz
TE02 output cavity is shown in Fig. 4. Tentative
parameters include a magnetic field of 3.28 kG, a
coaxial drift tube with an 18 cm length, and an
inner(outer) radius of 1.6(3.9) cm. Scaling the
current beam from 200 A to 600 A requires a
three-fold increase in guiding center radius. The
inner conductor will be supported at the end of
the beam dump and will include lossy ceramics
to enhance stability. The output cavity radius is
selected to preclude fundamental TEoi operation
but may have to be increased if spurious modes
become a problem. Initial large-signal modeling
has predicted efficiencies above 27%; we expect
this value to increase significantly when the de-
sign is optimized.

A single-anode MIG which provides the re-
quired beam parameters has been designed [6].
The average cathode radius is 7.13 cm and has
an average half-angle of 46°. The magnetic field
compression is 7.55 at a = 1.5. The peak electric
field is less than 90 kV/cm on the cathode and
30 kV/cm on the anode. The nominal current is
only 26% of the space-charge limiting value. The
design can operate over an 800 A range with a ve-
locity spread below 10% due to the laminar flow
of electrons throughout much of the gun. This
extended range will facilitate the study of high
efficiency amplification in the 100+ MW regime.
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Abstract

At the University of Maryland we have ex-
amined an X-Band TEoi mode three-cavity
gyroklystron circuit that includes a tunable
buncher cavity. The system parameters are: 425
kV, 100-200 A, pulse length ~ 1 ps, operating
frequency 9.85 GHz, and a beam alpha, v±/vz,
in the range 0.7 - 1.0. This circuit produced a
maximum power of 27 MW at 32% efficiency and
a gain of 36 dB. We will summarize the major
results of the three-cavity systems, including re-
cent output cavity configurations that were to
affect the post-cavity interaction.

Introduction

We are developing a three-cavity gyroklystron
to show the feasibility of this device as an RF
driver for future advanced linear accelerators.1

For these accelerators to achieve energies in the
TeV range, over a thousand phase locked drivers
will be required. For this reason, achieving
high gain will be important and may require
gyroklystrons with three or more cavities. Our
early work focused on two-cavity gyroklystrons
which gave promising results.2"6 In this paper
we will present the results of our three-cavity
studies.7'8

A schematic diagram showing the major com-
ponents of the system appears in Fig. 1 and the
microwave circuit appears in Fig. 2. The mag-
netron injection gun (MIG) is designed to give
optimum beam quality at 500 kV for 160 A and
a velocity ratio a = U_L/*>|| = 1-5. Our modulator
produces pulses with 1 fis fiat-top and we typi-
cally operate at 1 Hz rep-rate. Eight d.c. water-
cooled pancake coils produces the axial magnetic

'This work is supported by the U.S. Department of
Energy.

guide-field. These coils are powered by four sep-
arate power supplies so that we can adjust the
magnetic compression of the beam and vary the
magnetic field taper across the circuit. This sys-
tem can operate up to 6.5 kG at the circuit.

The important features of the circuit, Fig. 2,
are the remotely tunable buncher cavity and the
lossy dielectrics. To tune the cavity we insert two
metal rods (OD = 5.1 mm) from opposite sides
of the cavity. The tip of the rods travels from the
outer wall of the cavity to within 5 mm of the
drift tube radius. Most of the 120 MHz of tun-
ability occurs when the probes are extended well
into the cavity. The lossy dielectrics are placed
on the outer wall of the cavities to suppress un-
wanted modes and in the drift regions to damp
unwanted oscillations and to provide isolation for
the cavities.

Input power for the gyroklystron is supplied
by a 100 kW pulsed magnetron capable of pro-
ducing 2 [is pulses. Forward and reverse power
are monitored. Coupling varied from 20% to 50%
depending on beam parameters.

Experimental Results

The three-cavity tubes had three distinct de-
partures from the two-cavity designs.3"6 The
first departure, of course, was the introduction
of the tunable buncher cavity whose Q (~270)
was defined solely by an alumino-silicate ring on
the outer wall. The second change was to use ex-
clusively alumino-silicate in the drift tubes and
downtaper. The TEn attenuation was always
superior to their non-porous counterparts, the
TEoi attenuation was adequate for cavity isola-
tion at 9.85 GHz, and no outgassing problems
were observed. The third difference was to use a
lossy dielectric on the radial wall of the input
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cavity to achieve a Q of 250 and to modify the
coupling slit.

All of the three cavity tubes had at least two
distinct operating regimes controlled by the mag-
netic field taper. Figure 3 shows the axial vari-
ation of the magnetic guide field for these two
regimes. The tapers which optimize each of
the operating regimes vary slightly from tube to
tube, so we give the range of tapers used. The
steep taper has a 30-32% decrease and a field of
0.458 T in the output cavity, and the weak taper
has a decrease of 17-22% and a field of 0.453-
0.490 T in the output cavity. The two regimes
were also affected differently by increased load
reflections.

The primary difference in the four tubes ex-
amined is the geometry of the output cavities.
Figure 4 shows the output cavity cross-section of
each of the tubes. Tube 1, with a diffractive out-
put cavity Q of 200, operated well at high input
power, producing 23 MW at 27% efficiency and
31 dB gain. At low input power, instabilities lim-
ited operation to lower a or lower beam power.
This prevented operation at high gain and high
power. We also observed that the tube produced
higher power when operated with the calorime-
ter (2% reflection) as opposed to the anechoic
chamber (< 0.1% reflection).

We suspected that the downtaper instabilities
observed in Tube 1 were suppressed with higher
input power and thus we significantly increased
the attenuation in the downtaper in Tube 2. We
also suspected that the enhanced operation with
a more reflective load indicated that a higher Q
in the output cavity was necessary. At our op-
timum beam power (425 kV and 205 A) Tube 1
was operating at 5% of start oscillation current
in the output cavity so we also increased the out-
put cavity Q from 200 to 350 in Tube 2. With
these changes Tube 2 achieved 50 dB saturated
gain at 20 MW, and 36 dB at the high power
point of 27 MW where the efficiency was 32%.
The tube was able to operate stably with input
power as low as 200 watts.

Ongoing numerical modeling of this device
which considers only cavity modes has shown ef-
ficiencies from 21% to 38% depending on how
the beam loading affects the cavity Qs and the

value of the pitch angle. The theoretical results9

are not consistent with the beam a predicted
by the gun code.10 Concerned that some of the
interaction was occurring after the output cav-
ity we decided to increase the length of the out-
put cavity. The cavity could be lengthened while
keeping the same operating frequency, either by
reducing the radius, Tube 3, or by going to the
second axial harmonic, TEoi2> Tube 4. We also
included a probe in the radial wall of the output
cavity in Tubes 3 and 4 to directly monitor the
cavity interaction.

For Tube 3, with an output cavity Q of 465,
the best power and gain occurred at the same
operating point and were 22 MW and 44 dB, re-
spectively. In the weak taper regime the uncali-
brated probe signal was directly proportional to
the measurement made in the anechoic chamber.
This suggests that the weak taper corresponds to
an interaction in the output cavity. The probe
indicated that for a strong taper the interaction
occurs outside the output cavity.

The output cavity in Tube 4, Q ~ 700, had the
same radius as both Tubes 1 and 2 and an output
cavity lip thickness the same as Tube 2. The cav-
ity length, which was almost twice that of Tubes
1 and 2, was intended for operation in the TE012
mode. The long length of the cavity caused the
TEon and similar lower order modes with one
axial variation to have high Q, and hence low
start oscillation currents (< 10 A). To suppress
these modes, a thin ring of lossy dielectric was
placed on the axial mid-plane of the cavity. Cold
tests showed that this ring did not affect the Q
of the TE012 mode while substantially reducing
the Q of all single axial variation modes. As in
Tube 3, Tube 4 also displayed two regimes of op-
eration as regards magnetic field taper. Tube 4
has a maximum output power of 22 MW.

In summary, at 425 kV, as expected from their
similar designs, Tubes 1 and 2 have similar oper-
ation characteristics. The increased Q in Tube 2
allows it to operate slightly better in the current
regime of 100-200 A. Tube 3 has similar perfor-
mance properties at high currents, ~ 200 A, but
has substantially reduced performance for cur-
rents 100-180 A. Below 100 A, where large al-
phas could be achieved, the tube free-oscillated
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at the operating frequency. Tube 4, which had
the longest output cavity, had significantly lower
efficiency than Tubes 1 and 2 throughout the en-
tire current regime of 100-200 A. This tube op-
erated better at lower voltages. The three cav-
ity circuit has achieved similar results in power
and efficiency as the two cavity circuit and has
produced substantially higher gain. Questions
still remain as to the lack of agreement between
our theoretical modeling and the experimental
results.
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ABSTRACT

Experimental results of rf breakdown at 470 MHz and field
emission measurement with copper, titanium, niobium and
SiC>2 coated copper are presented. The results show that
the SiC>2 thin films (400 - 1000 nm) can greatly reduce field
emission.

INTRODUCTION

High accelerating gradients are required by future demands
such as TeV electron linear collider and acceleration of very
short life time particles. RF breakdown and field emission
are major factors which impose the limits on the maximum
field and affect the operation of high gradient accelerators.
In this paper the experimental results of the research on
increasing rf breakdown and reducing field emission are
reported.

PRINCIPLE OF MEASUREMENT

The test setup shown in Figure 1 has been introduced
elsewhere[l]. The maximum electric field in the cavity was
determined by two methods: power loss and x-ray spec-
trum. The power loss method determines the maximum
electric field by the expression:

Jmax,exp = Emax,theo
exp

QtheoPtheo

1/2

(1)

where EmaX|theo> Qtheo and Ptheo are the theoretical max-
imum electric field, Q factor and corresponding dissipated
power as calculated by SUPERFISH, and Qexp and Pexp

are the experimental values.
The high energy end of the x-ray spectrum corresponds

to the amplitude of the rf voltage in the gap. The maxi-
mum electric field can be determined by dividing the volt-
age amplitude with gap length. The fields measured by
this method and the rf power measurement are used to
check each other. The integrated intensity of the x-rays
between the energy eVo and eV can be used to determine
the current of the field emitted electrons by the following
expression[2]:

where C is a constant, Z is atomic number of the elec-
trode material, fi is the solid angle from the point radia-
tion source to the detector, a is a numerical variable which
is close to 1, a is arcsin(V/Vo), I is the field emitted cur-
rent averaged over the time when the rf voltage drops from
the maximum Vo to a chosen value V, t is the life time of
the measurement and eVo is high energy end of the x-ray
spectrum. Ijnt can be obtained by calculating the area be-
tween the high energy end and the chosen energy eV in the
real x-ray intensity spectrum taken by the detector.

T. _ (-7 /
47T

(2)

Fig. 1 RF and x-ray measurement system.

EXPERIMENTAL RESULTS

The rf breakdown field of metal electrodes is defined as
the field level at which the rate of the anomalous reflected
signals exceeds 1 per 100000 pulses. At such electric field
levels the cavity can still be operated normally. The de-
structive breakdown field level can be 10-20 MV/m higher
than this definition. The breakdown fields are 156 MV/m
for copper electrodes, 154 MV/m for niobium electrodes
and 155 MV/m for titanium electrodes at pulse length
of 11 fis and repetition rate of 250 pulses per second.
These breakdown fields are about 7.5 times Kilpatrick
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limit. With pulse length of 9 (is and repetition rate of 50
pulses per second, the breakdown field for niobium elec-
trode is 187 MV/m which is about 9 times the Kipatrick
limit.

The breakdown fields versus various pulse lengths are
plotted in Figure 2 and 3. The breakdown fields of copper
do not change when the pulse lengths change from 9 /is to
13 fxs. For pulse lengths longer than 13 (is the breakdown
fields of copper decrease with increase of pulse lengths.
The breakdown fields of niobium do not decrease up to 32
/is, then decrease slightly with increase of pulse lengths.
When repetition rates are less than 200 pulses per second
the breakdown fields of both copper and niobium do not
depend on the repetition rate. At repetition rate of 250
pulses per second the breakdown fields of copper and nio-
bium decrease slightly.
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SiO2. The reason for this definition is that after this first
breakdown the field emission mainly comes from the pure
copper, therefore it is unable to determine the real cause
of the further breakdown. The results of breakdown field
are plotted in Figure 4. The macroscopic breakdown fields
vary from 96 MV/m to 156 MV/m. The sample CS6002
was tested up to field of 156 MV/m without breakdown,
so the breakdown field of sample CS6002 may be higher
than 156 MV/m. However, the anomalous reflected signals
existed at high field and did not decrease with increase
of the time. Three pairs of samples were first tested up
to 80-100 MV/m (below their breakdown field), then the
cavity was opened, and the sample surfaces were visually
checked to ensure there was no breakdown happened. Af-
terwards these samples were tested again up to breakdown.
One pair of samples were kept in ordinary atmosphere for
seven months after such a visual check and tested again.
The sample showed good repeatability until the breakdown
occurred at 102 MV/m.
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Fig. 4 Breakdown field of SiC>2 coated copper.

24 32 40
PULSE LENGTH pi
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The rf breakdown field of SiC>2 coated copper is defined
as the field level at which the first drastic increase of the
anomalous reflected signals occurs. This field level may be
lower than the intrinsic breakdown field level of defect-free
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Fig. 5 Field emission current.

The field emission currents at various field levels are
plotted in Figure 5. The data show that the field emission
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are greatly reduced by the S1O2 coating: the field emission
from all SiC>2 coated samples are lower than that from pure
copper, niobium and titanium samples. After breakdown
the field emission increased drastically. The field emis-
sion of sample CS4002 at low field level (74 MV/m) was
measured after first destructive breakdown at 110 MV/m
which generated only one breakdown spot. The emission
was at the same level as that of pure copper.

DISCUSSION

Effect of Pulse Length on RF Breakdown Field
According to dc experimental results with short pulses

(5 ns - 4 /is) and the explosive emission model [3], The
following relation exists:

Pn =
c6

dp/dT
(3)

where j is the current density, a is a material related con-
stant, c is the specific heat, 6 is the density, p is the re-
sistivity, dp/dT is the thermal coefficient of the resistivity
and p = dp/dT x T is assumed. Expression 3 can not be
applied directly to rf pulse. It hase been shown[2] that at
470 Mhz, an rf pulse can be simulated by a dc pulse with
the same amplitude and a pulse length equivalent to 1/18
of the rf pulse length as far as the thermal effect concerned.
This dc simulating pulse can be used in expression 3 to cal-
culate the ratio of the breakdown fields at different pulse
lengths by the following equation [2]:

_ ' I
_

where E is breakdown field, j3 is the field enhancement
factor, <j> is the work function and the r is the duration
of the pulse which is the pulse length minus filling time.
The experimental value of /? is 237 for sample CuO3, T\
and T2 are 57.7 and 13.7 fis, E\ and E2 are 130 and 156
MV/m. By using these data, the left side of the equation
6.13 gives a value of 4.20, which is in agreement with the
value of 4.21 of the right side given by T\/T2-

Reduction of Field Emission
The field emission from the S1O2 coated copper is much

lower than that from pure copper. This fact does not sup-
port the non-metallic emission model[4] which has been
used to explain the rf breakdown. This dc theory predicts
that the dc breakdown is initiated in the insulating im-
purities embeded on the surface of the metel electrods.
The field enhancement in dielectrics is due to the move-
ment or accumulation of holes or positive charges produced
by hot electrons and strongly depends on the thickness of
the dielectrics. The mobility of the holes in SiO2 is only
2 x 10-5 cm2V-' in the field range 100 ~ 500 MV/m at
room temperature [5]. In a 470 MHz rf field, since the po-
larity of the field changes in about every nano-second, the

holes are nearly immobile. Therefore the above mentioned
therories may not be applicable to the rf field.

There are several mechanisms which can reduce field
emisson by the SiC>2 coating: the low average field, the
trapping and scattering of the electrons in the SiC>2.

Possible Cause of Breakdown of S1O2
It has been shown[2] that heat induced by dielectric loss

might not be a cause for the breakdown of the silicon diox-
ide in our test.

There are a lot of defects in evaporated silicon dioxide
films and a lot of irregularities on the surface of the copper.
The anomalous increase of field emission at the field prior
to the breakdown field suggests that the breakdowns are
likely to be related to the development of defects and local
field enhancement. The SEM results also suggest that to-
pography of the sample surface played an important role.
On the top of the polishing mark or a microprotrusion
there are several possible mechanisms which can increase
the field emission, and therefore the local heating. First
the local field is geometrically enhanced. Second, the SiO2
films in such regions may have more microcracks and weak
points than in smooth areas. Third, due to the local heat-
ing, the stress on the SiO2 film in these areas is not uni-
form and can create more microcracks which can increase
the field emission, and therefore local heating. Such feed-
back process may finally result in the decomposing of the
SiO2 and the evaporation of the irregularities which blow
out the silicon dioxide film in that region.
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Abstract

Distorted beam profiles produced by slot-coupled electron
linacs have been associated with the quadrupole forces resulting
from the perturbation of cavity fields by the coupling slots.
Calculations indicate that these forces are phase-dependent,
resulting in an increase in the effective emittance of an
accelerated beam having significant phase width. An on-axis
slot-coupled accelerating structure was equipped with a chopper
system to investigate this effect. The results of detailed
measurements of the beam profile as a function of injection
phase are discussed.

Introduction

The coupling slots of on-axis slot-coupled x/2-mode
electron linear accelerator structures have been found to
introduce weak quadrupole fields [1-5], which perturb the
accelerated beam. These fields have been measured using
bead-pull techniques [4] and have been calculated [3,5] using
the MAFIA computer code [6]. The effect on an accelerated
beam has been found to depend on the orientation of the
coupling slots in an accelerator structure.

As we have shown in reference [4], the quadrupole forces
may be expressed in terms of a phase-dependent quadrupole
focusing force

(1)

where <J> is the rf phase as the electron crosses the centre of

the accelerating cavity. UnlessF" = 0 , a beam that is not
well-bunched at the peak accelerating phase will be distorted by
the rf phase-dependence of the quadrupole forces, and the beam
profile will be a superposition of ellipses of varying

eccentricity. T* and V" are calculated to be on the order of
10~4 mm' for a structure having coupling slots rotated by 90°

across the accelerating cells. Y1 and T" can both be reduced
to zero for a P - 1 accelerating structure by aligning the
coupling slots on opposite cavity walls.

A simple experiment comparing an aligned-slot structure
against a rotated-slot structure confirmed that alignment of the
coupling slots reduces the emittance of the accelerated
beam [4]. An electron linac assembled with the coupling slots
rotated 90° across the accelerating cells produced a beam that
was large, cruciform and had an increased divergence. The
beam produced by the aligned-slot structure had a much smaller
divergence and a much smaller profile, although it was not
perfectly round.

Experiment

The current investigation of phase-dependent quadrupole
effects was concentrated on the further improvement of the
emittance of the beam produced by the aligned-slot structure.
A deflecting cavity and aperture were placed on the input end
of the BEDROCS accelerator structure to chop the input
electron beam [4]. The rf drive for the deflecting cavity was
obtained from a -20 dB directional coupler inserted in the
waveguide supplying the accelerator structure. An attenuator
and a phase shifter were placed in the rf drive line for the
deflecting cavity, and the chopped input beam was injected into
the accelerating structure at different phases relative to the
structure rf (see Fig. 1).

RF -20 dB

DEFLECTING
CAVITY

STRUCTURE

Fig. 1 The beam-chopping system used for the study of the
phase-dependence of the beam profile.

The chopper system used produces two beam bunches per
rf cycle, with the bunches separated by 180° of rf phase. With
the deflecting cavity driven at the structure frequency, the
accelerated current has a maximum every 180° of rf phase,
rather than the expected 360°.

The electron gun was a triode type using a Wehnelt
electrode for current control. The gun produced up to 500 mA
of electrons at a cathode voltage of 33 kV. Space-charge
effects in the low-energy electron beam from the gun decreased
the effectiveness of the chopper system. This effect was
eliminated by redesigning the Wehnelt electrode profile to
reduce the gun current to 50 mA at 33 kV. When the
accelerator was operated with the deflecting cavity not driven,
the accelerator output current was roughly 5.0 mA.

The output beam energy was kept at approximately
5.4 MeV. The beam profile was studied at the end of a two-
metre-long evacuated drift pipe attached to the output end of
the accelerator. A 0.08-mm-thick titanium window was
mounted on the end of the beam line, and the films were placed
against the air side of the window. Images of the beam profile
were captured on Far West radiation dosimetry film.
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Electrically-isolated aluminum plates were positioned
behind the beam window and used for measurement of the
accelerated beam current. The plates were connected to an
oscilloscope by coaxial cables. Low noise levels allowed
measurements to an accuracy of ± 1 mV, with a sensitivity of
50 mV/mA collected on the plates.

Low-energy and high-energy components of the beam
current were separated by using stacked plates to stop the
beam. The low-energy component of the beam current was
collected on the first plate, while the high-energy component
passed through the first plate and was collected on the second
plate. Separation of the beam current into more than two
energy components was achieved by varying the thickness of
the first plate.

Results

The current collected at the accelerator output was 5.0 mA
when the deflecting cavity was not driven. To produce a clear
image, the film required exposure to roughly 200 beam pulses.
The beam profile image shown in Fig. 2 was produced by 200

Fig. 2 An image of the profile of the accelerated beam
produced with the deflecting cavity not driven.

beam pulses with the deflecting cavity not operating. The
image has been digitally processed to enhance contrast, and has
been enlarged by a factor of 4 relative to the spot on the film.

The current was roughly 0.8 mA when the deflecting
cavity was driven at the rf phase that produced maximum
accelerated energy and current. An exposure of 2000 pulses
was used when the deflecting cavity was driven. The beam
profile image shown in Fig. 3 was produced by 2000 beam
pulses with the deflecting cavity driven at the rf phase that
produced maximum accelerated energy and current. This
corresponded to a chopper phase shifter reading of 180°. The
image in Fig. 3 has also been enlarged by a factor of 4. The
image has been digitally processed to enhance contrast.

Measurements of the accelerated current were made with
the deflecting cavity not driven and as a function of rf drive
phase with the deflecting cavity driven. The total beam current
was separated into low-energy and high-energy components for
the measurements made with the cavity driven (see Fig. 4).
Note that the accelerated beam current is greatest at the same
phase for all energy components. This would generally be

Fig. 3 An image of the profile of the accelerated beam
produced with the deflecting cavity driven at the rf phase
yielding maximum beam current and energy.
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Fig. 4 Accelerated current produced with the deflecting cavity
driven at various rf phase shifts. The indicated phase
shift is the phase shifter reading.

considered the optimum phase for operation of the chopper
system.

Note that the phase shift in Fig. 4 is the reading of the
phase shifter on the deflecting cavity drive, and is not a phase
measurement relative to the accelerating structure fields.

The current at the middle of the beam bunch produced by
the chopper system is assumed to be equal to the current with
the deflecting cavity not operating. The transmission data can
be used to determine the phase width of the beam bunch
produced by the chopper system. Since the chopper system
produces two beam bunches per rf cycle, the current
accelerated with the deflecting cavity driven, integrated over
360° of rf phase shift and divided by the full width at half
maximum of the beam bunch, should be twice the accelerated
current produced with the deflecting cavity not driven. Thus,
the chopper system produced a beam bunch with a full width
at half maximum of roughly 19° phase.

Consider the image in Fig. 3, which shows an image of a
beam bunch 19° in width accelerated near peak accelerating
phase. A visual comparison with Fig. 2 reveals a horizontal
blurring of the fainter areas of the image. Note that the
deflecting cavity sweeps the electron beam in the horizontal
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plane. Thus, the blurring presumably results from the
increased horizontal divergence of the chopped beam pulses at
the input end of the accelerator structure. The two images in
Fig. 2 and Fig. 3 otherwise appear very similar. In both
Fig. 2 and Fig. 3, the central beam spot appears somewhat
square. This shape was found to be quite reproducible and
independent of the gun optics.

As described above and in references [3] and [4], the
square shape of the central beam spot in Fig. 2 was initially
hypothesized to be due to the superposition of perpendicular
ellipses oriented at 45° from the horizontal, generated by the
effects of phase-dependent quadrupole forces on electrons
accelerated at different rf phase. Due to the short beam bunch
phase width produced by the chopper system, the ellipses were
not expected to appear in the beam profile shown in Fig. 3.
The similarity of the shape of the central beam spot in Fig. 3
implies that the shape is generated by an effect other than
phase-dependent quadrupole forces. The nature of that effect
could not be determined from this investigation.

Figure 5 shows an image of the beam profile produced
with the deflecting cavity drive delayed in phase by 45°
relative to Fig. 3. This corresponds to a chopper phase shifter

Fig. 5 An image of the beam profile with the deflecting cavity
driven at an rf phase delayed 45° relative to that of
Fig. 3. Beam current is reduced by 50%.

reading of 225°. The central beam spot in Fig. 5 appears to
be more symmetric than in Fig. 3, but Fig. 4 shows that the
accelerated current is greatly reduced at this phase. The
reduction in the high-energy component of the beam also shows
that the accelerated beam energy is reduced at this phase.
Thus, the shape of the beam profile is improved, but at the
expense of reduced output beam energy and reduced accelerator
input acceptance.

Given that the beam images were made at the end of a
2-metre drift pipe and that the image in Fig. 5 has been
enlarged by a factor of 4, the small size of the central beam
spot implies a divergence of less than ±0.5 mrad. The lack of
the expected phase dependence for the accelerated beam profile
implies that the quadrupole forces produced by the coupling
slots in the aligned-slot geometry are too small to be observable
in this experiment.

Conclusions

The symmetry and divergence of a bunched electron beam
accelerated by an on-axis slot-coupled linac with coupling slots
aligned across the accelerating cells depend on the phase of
injection of the rf bunch. The profile of the chopped,
accelerated beam cannot be fully explained by a simple model
of time-dependent quadrupole fields. The optimum injection
phase for input acceptance and beam energy, though, is not
necessarily the optimum injection phase for output beam
symmetry and divergence.
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Abstract

The Los Alamos Ground Test Accelerator (GTA) Drift
Tube Linac (DTL) is a ten module assembly of 1-m long
cryogenically cooled accelerating cavities capable of
accelerating a 100-mA H" beam from 2.5 to 24 MeV. Each
module is fabricated from high-conductivity copper and is
operated in the 20-50K range. The DTL is designed for
continuous wave (cw) operation when cooled with
supercritical hydrogen or at 2% duty factor when cooled with
helium.

Fabrication, assembly, and testing of the DTL modules
is progressing well. All peripheral components have been
fabricated and assembled in preparation for installation onto
the DTL modules. The drift tube fabrication incorporating
cryogenically cooled samarium-cobalt quadrupole magnets is
progressing well. DTL module #1 has been assembled,
cryogenically tested for alignment and frequency stability,
high power conditioning completed, and the module installed
onto the GTA beamline. Modules #2-5 are in various stages
of cryogenic testing and high power conditioning. Modules
#6-10 are in various stages of assembly, drift tube alignment,
room temperature tuning, and cryogenic testing.

This paper describes the overall status of the DTL
modules with regards to fabrication, assembly, testing, and
the associated GTA beamline operational schedule.

Introduction

A modular, cryogenically cooled drift tube linac (DTL) is
being fabricated, assembled, and tested at the Los Alamos
National Laboratory as part of the Ground Test Accelerator
(GTA) neutral particle beam program. The drift tube linac
consists of ten, 1 -meter long modules and raises the beam
energy from 2.5 MeV, at the exit from the intertank
matching section (IMS), to 24 MeV after the tenth module.
The DTL operates at 850 MHz and is designed to deliver a
100-mA H" beam at 2% duty factor when cooled with
gaseous helium. Reference 1 provides an overall description
of the DTL system and operating parameters.

Fabrication is completed on all DTL modules and
peripheral components. All peripheral components are
complete and are ready for installation onto the remaining
DTL bodies. Drift tube fabrication is progressing well with
drift tubes through module No. 7 installed and the remainder
in various stages of assembly.

A typical assembled DTL module is shown by Fig. 1
and indicates the complexity of the overall assembly. The
assembly consists of cryogenically cooled components, eg,
dynamic rotary tuners, post-couplers, end walls, drift tubes, a
moveable magnet for steering the beam, and the DTL body.
All are connected to inlet and outlet cryogenic helium
cooling manifolds with 54 flexible stainless steel cryogenic
hoses to supply cooling to the various components.

*Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.

Fig. 1 Assembled DTL Module.

DTL Body Fabrication

Fabrication of a DTL copper body consists of many
steps including, a) annealing of the 1000 pound OFE copper
forgings, b) gun drilling of the cryogenic cooling passages,
c) rough machining the body and lid, d) cleaning, e) brazing
of coolant line fittings and plugs, f) coordinate measuring
machine inspection of the bore and post-coupler holes, and g)
final boring to close tolerance. Process development was
required for many aspects of the copper body production,
including gun drilling of coolant passages, brazing, and
accurate machining of annealed copper. The resulting DTL
bodies are then fitted with thread inserts to facilitate
attachment of all peripheral components without damage to
the soft copper structure.

Peripheral Components

Many peripheral components are required for assembly of
a DTL module. These consist of cryogenically cooled
dynamic rotary tuners, post-couplers, drift tubes, and tank end
walls. Also, a beam steering magnet assembly, drift tube
adjusters, slug tuners, rf monitor loops, attenuating tubes,
tuning bars, cooling manifolds, and cryogenic hose
assemblies are required to completely assemble a DTL
module. Many of these components require brazing,
welding, and close tolerance machining to meet the
operational requirements of the DTL module. Of special
interest are the following components:

Post-couplers. Post-couplers are tuning devices that
align and stabilize the accelerator field. It is a 1/4
wavelength resonator, which when tuned to the tank
frequency, provides the desired transverse stabilizing electric
field for each drift tube in the DTL cavity. The small DTL
cavity diameter relative to the drift tube body diameter
requires that the post-coupler body is machined with an
annular cutout concentric with the center stem to tune it as a
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1/4 wave resonator at the tank resonant frequency. This
allows the center stem to extend beyond the DTL cavity wall
and still provide the localized electric field modification
required near the drift tubes. The tip is rotated to align the
field to the desired distribution and ramp. Rotating the tip
can move the field ± 5 % cell to cell.

Drift Tubes. Drift tube fabrication consists of many
steps to produce a completed drift tube assembly. The basic
process includes machining of the OFE copper components
for the drift tube body, E-beam welding the coolant channel
sleeve and stem, final machining the magnet cavity,
installing the permanent magnet quadrupole and cover plate,
E-beam welding the cover plate, final machining the outside
surface, inspection, and pressure and leak testing. The
completed drift tube has tooling flats machined to very close
tolerances on the outside surface and the stem is accurately
aligned to the drift tube body to allow accurate alignment of
the drift tube in the DTL module.

Flexible Cryogenic Hoses. Commercial flexible
stainless steel cryogenic hoses were obtained with tube stub-
outs on each end for welding fittings. The tubes are pre-bent
to the required angle for custom fitting to the DTL module
during installation. The ends are trimmed, and fittings butt-
welded with a WeldLogic® PA-100C automatic tube welder.
The resultant flexible hose assemblies are helium leak
checked, pressure tested, and installed on the DTL module
between the inlet and outlet cooling manifolds and the
appropriate peripheral components to provide cryogenic
helium coolant to the cooling circuits.

Room Temperature Alignment

The initial installation of the drift tubes provides only a
rough mechanical alignment of the drift lubes within the
DTL body. Since a very close alignment of drift tube
magnetic centers is required for operation of the DTL on the
beamline, a procedure, described by reference 2, using an
electrically pulsed taut-wire is utilized to achieve an
alignment tolerance within a 0.002-in. diameter zone for all
drift tube magnetic centers. The drift tubes are also
positioned very accurately in the axial direction within ±
0.001-inch of their nominal location using a laser
interferometer.

Room Temperature RF Tuning

The cavity rf tuning consists of several operations which
are used to set the cavity frequency. The overall cavity
frequency is set by adjusting the thickness of the tuning bars,
which adjusts the cavity volume to resonate at the proper
frequency. This process uses three sets of aluminum tuning
bars of different thicknesses, alternately, inside the cavity to
determine the effect of tuning bar thickness on cavity
frequency. The frequency and height of the aluminum bars
provides data to generate a curve used to machine the actual
copper bars to the required thickness for final installation into
the cavity. Also, the dynamic tuner paddle frequency shift is
calibrated to determine the available tuning range and set to
mid-range for dynamic tuning capability on the beamline.

The method used to make the electric field measurements
utilizes a beadpull apparatus to perturb the electric field in the
gaps between the drift tubes, whereby a metallic bead on a

monofilament line is pulled through the drift tube centers at a
constant rate. The bead displaces the field in the gaps as it
moves through the cavity. This causes a cavity frequency
shift proportional to the amount of field displaced by the
bead. Monitoring the frequency shift allows the cavity field
to be mapped. The cavity field is then adjusted using this
data from the beadpull measurements by rotating the post-
coupler tips to attain the desired field distribution and drift
tube accelerating ramp gradient. The cavity field stability is
checked by attempting to tilt the field down on one end and
up on the other end by de-tuning the end cells. The field is
then tilted in the opposite direction. The difference in this
tilt comparison indicates the stability.

Coupling of the rf power from the waveguide to the
DTL module is determined and the opening or iris from the
waveguide to the cavity is machined to the required size to
provide the desired rf power coupling.

The cavity Q is proportional to the rf power dissipation
in the cavity from electrical resistivity effects from the cavity
surface and any rf seals. This parameter is measured at room
temperature and at cryogenic temperature so that a
comparison can be made to determine the Q-enhancement at
cryogenic temperature. This provides an indication of the rf
power dissipation that can be expected for operation at
cryogenic temperature.

Final Assembly and Cryogenic Testing

Final assembly consists of several steps, primarily
related to achieving proper cryogenic coolant flow for
operation in the Low Power and High Power cryogenic test
beds and on the beamline. The drift tube cooling circuits are
welded using the WeldLogic® PA-100C automatic tube
welder and the inlet and outlet lines are connected to the
previously installed cooling manifold. All other cooling
lines are installed to the post-couplers, rotary tuners, and
module cooling circuits. Flow orifices are also installed in
each cooling circuit to provide flow equalization and
minimize the use of cryogenic helium. After final assembly,
a pressure test is conducted at 410 psig and a final helium
leak test is made.

Cryogenic Taut-wire Alignment and Steering
Magnet Adjustment. The DTL module is installed into
the Low Power Cryogenic Test Bed (LPCTB) for cryogenic
operation as shown by Fig. 2. A taut-wire alignment
apparatus similar to the initial alignment apparatus, but
modified to operate in vacuum, is installed. Taut-wire
measurements are made at room temperature and atmospheric
pressure to verify the initial alignment. Measurements are
made again at room temperature and vacuum to establish a
baseline for vacuum operation, and again at cryogenic
temperature to determine what effects occur from room
temperature to 20K. Also, the steering magnet movement is
monitored from room temperature to 20K to evaluate the
change in position due to the differential thermal contraction
of the steering magnet mounting arm. The differential
contraction is approximately 0.010-in., and the steering
magnet assembly is shimmed to compensate for this
movement at cryogenic temperature. Ref. 3 provides
additional information regarding the testing setup and results.

Cryogenic Tuning. Cryogenic tuning is also con-
ducted in the LPCTB. Following disassembly of the taut-
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wire alignment apparatus, the cryogenic beadpull apparatus is
installed into the vacuum vessel. The beadpull is used to
make an electric field distribution measurement at room
temperature and again under vacuum to check out
equipment

Fig. 2 DTL Module Installed in the LPCTB.

and verify the initial field determination made in the tuning
laboratory. Measurements are made again at 20K to evaluate
the cavity frequency and to operate the rotary tuner through
its dynamic tuning range. Also, the cavity Q is measured to
determine the Q-enhancement between room temperature and
20K.

Cryogenic Hi-Power Conditioning. High
power conditioning of a DTL module is a process in which
the rf power level and pulse length are increased to effectively
"process" the surface of the waveguide and DTL cavity to
reduce and/or eliminate multipacting and high-voltage
breakdown. It is believed that as the power level is increased,
progressive stages of surface outgasing and secondary electron
emission are reduced, thus enabling eventual achievement of
the desired operating conditions. High power conditioning
has progressed very well through DTL module #3. Figure 3

Fig. 3 DTL Module Installed in the HPCTB.

Summary

shows a DTL module installed in the High Power Cryogenic
Test Bed (HPCTB) for high power conditioning. Ref. 4
provides more detail regarding the conditioning process and
results.

The DTL subsystem of the GTA project has overcome
many technical obstacles related to the fabrication, assembly,
and testing of the modules. Currently the production of these
modules is proceeding smoothly and should provide
operational DTL modules as required by the GTA schedule.
Cryogenic alignment checkout and high power rf
conditioning is planned for all modules before installation
onto the GTA beamline. This testing is also proceeding on
schedule and is providing modules ready for assembly on the
GTA beamline for future beamline experiments.

The initial offline testing of the first DTL module
produced cryogenic operational results well within the
required performance specifications for operation on the GTA
beamline. This module was then assembled on the GTA
beamline for characterization and beam transport testswith the
othr beamline components, including the injector, radio-
frequency quadrupole (RFQ), and the intertank matching
section (IMS).
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Abstract

Radiotherapy using proton beams of energies of order
200MeV is now accepted as a feasible cancer treatment
technique whose widespread use has so far been limited
by the high costs of proposed facilities. AEA Technology
have identified a low-cost solution using a linear
accelerator to boost existing hospital cyclotrons. The
present project status and the design of the booster linear
accelerator are discussed.

Introduction

Approximately 1 million new cancer patients
worldwide are referred annually for conventional
radiotherapy using X-rays, but a major limiting factor is
the potential for damage to surrounding healthy tissue for
tumours located close to critical organs or radio-sensitive
body tissues. A significant advance, originally used as
early as 1955, is to use a beam of energetic (~ 200MeV)
protons to provide the radiation dose. Protons deliver the
dose at a relatively uniform low level until they have lost
a significant fraction of their energy, at which point the
dose increases reaching a sharp peak close to the end of
the proton range. The exact position of this Bragg peak
in dose can be controlled by steering or collimating the
proton beam for transverse movement and by modifying
the impact proton energy for longitudinal movement. This
allows fine control of the dose distribution and
significantly reduces the potential for damage to
surrounding tissues. Over 10000 patients have now been
treated by this method, and for a number of tumours
dramatic improvements in success rates have been clearly
demonstrated. Despite the obvious advantages inherent in
treating tumours with less damage to surrounding tissue,
proton therapy has only been adopted on a clinical basis
at a very small number of centres worldwide due to the
very high cost (typically > £10M) required for a dedicated
high energy clinical facility. AEA Technology propose to
investigate the novel idea of using linear accelerators to
boost the energy of existing medical cyclotrons (of which
there are an estimated 24 suitable devices throughout the
world). This will provide the required high energy proton
therapy facilities at a suitably reduced cost

Accelerator Options

The requirement for high energy proton therapy is to
construct a hospital-based accelerator capable of

providing a 200MeV H* beam of 10-30nA averaged over
a 30-60 second treatment time. Variation in beam energy
using the accelerator is an advantage, but energy
degradation using foils is possible for fixed energy
machines. Table 1 summarises the status of possible
accelerator options for high energy proton facilities, from
which it can be seen that no option is fully satisfactory,
and all options suffer from high cost for installation into
hospitals.

TABLE 1
Proton Therapy Accelerator Options

Option

Cyclotron

Superconducting
Cyclotron

Synchrotron

t.iTmc

Sutui

• Compact
• Technology well proven
• High operating power
• Energy not variable
• High cost

• Low operating power
• Technology not proven
• Long down times
• High con

• Compact
• Medium operating power
• Energy variable
• Proven designs - too low current
• High current design not proven
• High cost

• Technology well proven
• Medium average power
• High current/low emittance
• Long length
• Energy step variable
• High cost

AEA Technology have proposed the novel solution of
adding a booster linac to an existing hospital low energy
(62.5MeV) cyclotron used for low energy proton therapy.
The resultant 200MeV accelerator is very cost-effective as
the first third of the acceleration is already in existence,
together with the considerable hospital infrastructure
required for proton therapy. Present (rough) estimates
suggest a cost of order £5M ($10M) for production of a
200MeV two room treatment facility equipped with static
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horizontal and vertical beams.

Proposed Booster Linear Accelerator

AEA Technology have formed a European partnership
to design, fabricate and test a booster linac at
Clatterbridge Hospital (Department of Oncology) in the
UK. Figure 1 shows a schematic of the proposed device.

A 1.28 GHz SCCL will bunch and accelerate the
beam from an existing Scanditronix MC60 cyclotron that
will be modified to produce a lOOuA pulsed (approx
lOusec) beam. Table 2 shows the input and output
specifications for the linac.

62.5 MeV
Proton

Therapy

Existing
Switch
Magnet

Linear Accelerator Tanks

Scattering
Systems

and
Patients

Existing
Cyclotron Control

System

Fig.l Schematic of the Proposed Clatterbridge
200 MeV Proton Therapy facility

TABLE 2
Clatterbridge Booster Linac Specification

Input Beam

Output
Beam

Accelerator

Energy
Current
Emittance
(4RMS UN)

Energy
Average Current

(per RF pulse)
Average Current

(per Treatment)

Type
Frequency
Capture Efficiency
Synchronous Phase
Kilpatrick Factor
Duty Cycle

62.5MeV
lOOuA
9.3 Jttnm mrad

20QMeV

25uA

25nA

SCCL
1.284GHz
20%
-30«
1.35
0.1%

The specification shown applies to the initial baseline
design used to demonstrate the feasibility of the proposed
application. The main aim of this initial design is to
verify whether such a booster linac can meet the design
objectives of total length and peak RF power of less than
20 metres and 20MW (ie. 20kW average) respectively
with the aim of using a single 20MW klystron.

Given the low beam current produced by the
cyclotron, space charge effects for the linac will be
negligible. The first key issue for the linac design is
therefore the high input emittance. Modelling at Culham
therefore began using the approach adopted by
Wangler [1] to examine the periodic focusing structure.
Assuming a FODO structure of acceptance twice the input
emittance and transverse phase advance of 70° and using
a Fourier representation of the focusing lattice the
maximum beam radius was calculated as a function of the
number of SCCL cells per tank for 62.5, 100, ISO and
200MeV beam energy. For this initial linac physics
design it is assumed that minimisation of the cavity length
and power is the main design objective, and so a low
linac bore radius of 10mm has been adopted. The lattice
analysis therefore shows that an average of 22 cells will
be allowable per tank. (During the detailed design phase,
once the costs of RF splitters and bridge couplers are
available, the bore radius will be further reduced where
possible to improve the shunt impedance).

SUPERFISH modelling was then carried out on the
MJN 33 MHz PC-compatible computer at Culham to
model 62.5, 100, 150 and 200MeV cavities.

TABLE 3
SUPERFISH Results

Q

T

Z(Mii/m)

ZTI(Mfl/m)

B../E.

1/2 cavity
Power (W)

(E.= lMVAn)

62.5
MeV

0.381

13790

0.810

51.1

33.5

4.00

397.2

100
MeV

0.413

16311

0.832

62.9

43.5

3.95

397.5

150
MeV

0.429

18250

0.848

71.8

51.6

4.02

41X0

200
MeV

0.441

19462

0.855

77.2

56.4

4.02

428.0

Table 3 shows the resultant values for the gap to cell
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length ratio, cavity Q, transit time factor, shunt
impedance, field ratio and half-cavity power. The initial
design is based upon that of Chang et al [2] with an
85mm tank radius, 20° nose angle and 2.5mm/5mm nose
radii (see Fig.2). At each energy the gap length was
varied to achieve the desired resonant frequency.

85mm

(PX/4) - 3.5mm
Radius

6mm Radius

5mm Radius

2.5mm Radius

g/2

-3.5mm Web
Spacing

A 10mm Bore
f Radius

Fig. 2 Generic SCCL Cavity Geometry

Using polynomial fits to the derived values for
focusing lattice parameters, half cavity power, Eo and T,
the linac parameters shown in Table 4 have been derived
assuming 15% power loss in the side cells and the bridge
couplers and (3(JX/2) spacing between tanks.

TABLE 4
Linac Parameters

Total Energy Gain
Linac Power (SUPERFISH)
Linac Length (SUPERFISH)
No of Cells
No of Tanks
Approx Total Intertank Length
Appro* Side Cell/
Bridge Coupler Power

TOTAL LENGTH
TOTAL POWER

137.5MeV
3O.8MW
17.5m
323
16
2.4m

4.6MW

19.9m
35.4MW

The length is slightly lower than the 20m limit
allowed, whilst the power is much higher than the 20MW
target The use of two 20MW klystrons will therefore be
required.

Conclusions

The analysis proves that it is feasible to design a linac
capable of producing an output beam of the properties
required for proton therapy using a cyclotron as a pre-
accelerator. The resultant linac is 20m long and will
require an RF power of 35.4MW (assuming power losses
in the side cells and bridge couplers of 15%).

The design proposed, however, is only an initial
feasibility study. Further physics design is now required
to:

(a) further optimise the cell geometry of Figure 2 to
increase shunt impedance at low energies.

(b) examine phase ramping and/or pre-bunching as
a means of increasing the capture efficiency.
This will lower activation levels in the linac and
lower the required duty cycle, but increase both
the length and the power consumption.

(c) perform the trade-off between bore radius and
number of tanks.

(d) look at switching off individual tanks as a means
of varying the output energy.

The initial design feasibility study is now largely
complete. UK Government funding is now awaited to
lead to a prototype test at Clatterbridge Hospital in late
1995.

References

[1] T P Wangler "Space Charge Limits in Linear
Accelerators", Los Alamos note LA-8388 (1980).

[2] C R Chang, R Bhandari, W Funk, D Raparia and J
Watson "Design Studies of SSC Coupled Cavity
Linac", IEEE Particle Accelerator Conference p.2993
(1991)

400



CA9700169
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Abstract

In the new design of the SSC CCL, the total number
of bridge coupler has increased from 50 to 63, and their
maximum length increased from 37.2 to 46.1 cm. Choos-
ing a bridge coupler that gives maximum coupling, mini-
mum power flow phase shift and fabrication cost becomes
important. The conventional TM010 single cavity bridge
coupler used in LAMPF and FERMILAB will have se-
vere mode mixing problem when the bridge length is over
30 cm, and the coupling is very weak. Three types of
bridge coupler have been proposed: (1) TM012 single cav-
ity bridge coupler1; (2) electrically coupled multi-cavity
bridge coupler and (3) magnetically coupled multi-cavity
bridge coupler2. This paper presents both MAFIA simu-
lations and cold model tests results. Each bridge coupler
has its unique characteristics with advantages and disad-
vantages, but all three are superior to the conventional
bridge coupler.

I. INTRODUCTION

A good bridge coupler should have the following fea-
tures: (1) zero power flow phase shift; (2) large group ve-
locity; (3) small power dissipation; (4) easy tuning and (5)
low fabrication cost. High order modes mixing into the
pass band and small group velocity will cause power flow
phase shift and tuning difficulties. The goal for the new
bridge couplers should be (1) avoid modes other than the
operating modes getting into the pass band; (2) providing
strong inter-cell coupling to increasing the group velocity.
We will compare the performance of the three types of
bridge coupler using these two criteria. The primary tool
used for this study is MAFIA.

II. SINGLE CAVITY BRIDGE COUPLERS

One advantage of single cavity bridge couplers is a re-
duction in the effective cell count in the CCL cavity chain
thereby increases the mode spacing to the nearest modes in
long structures. Also the fabrication cost of a single cavity
bridge coupler should be lower and its vacuum properties
should be better. Fig. 1 shows the geometry of a typical
TM012 bridge coupler. It is almost the same as that of the
TM010 type except its diameter is bigger so that it is the
TM012 mode that is operating at the right frequency.

Figure 1: Geometry of TM012 Bridge Coupler

'Operated by the Universities Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC35-
89ER40486

If the effect of coupling slots is ignored, it is a pure
cylinder and the operating frequency for the TMOln
mode can be written as /oin = y/f£io + (^c)3> w n e r e

/oio = POIC/2TTR is the TM010 mode frequency and k —
n/2L),Tid3c- The group velocity is v3 = df/dk = kc2/fo\n-
For n = 2, Lbridgt = 40 cm and f012 = 1282.851 MHz,
we have f3g = vjc = 0.58, which is very big. For TM010
bridge coupler, we have n = 0 so v} = 0. Perturbation
by the coupling slots gives the TM010 bridge a non-zero
group velocity, but as its length get longer, the effect of
the coupling slots and the group velocity become smaller.
The field distribution in a TM010 bridge coupler is almost
uniform so the entire cavity wall will dissipate power. The
field in a TM012 bridge coupler, on the other hand, has a
sinusoidal variation with two "nodes", so power dissipation
should be less.

We have made numerous MAFIA simulations on TM012
bridge couplers of different lengths (thus different diame-
ters). For short bridge cavities (L/D < 1), mode mixing
is not a problem and the TM012 type should be the best
candidate. For long bridge cavities (L/D 3> 1), modes
are distributed close to each other and mode mixing is
always a concern. A cold model of Liridgt — 40 cm and
Dtridgt — 22 cm (which is considered long) was made. Two
slug tuners on the end walls provide tuning of the TMOln
modes. Here we can only summarize the simulation and
measurement results. MAFIA shows that some modes in
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Figure 2: Bigenmodet of bridge cavity with L=40 cm and D=22 cm.
Coupling cavity can couple to many of these modes

Figure 3: Geometry of Electric Coupled Bridge Coupler

the TM012 bridge cavity are neither pure TE nor pure
TM, but are hybrid modes that are difficult to identify.
Also the coupling cavity under the bridge coupler can cou-
ple to many neighboring modes in the bridge cavity (Fig.
2). This makes the bridge coupler difficult to tune. The
mode distribution measured in the cold model agrees quite
well with MAFIA results. The nearest mode to the operat-
ing mode is identified as the TE113 mode and is about 60
MHz above the operating mode. This should be far enough
and we should not have mode mixing for this particular set
of dimensions. However, in the cold model measurements
we have not been able to obtain a zero power flow phase
shift. The cause of non-zero power flow phase shift is not
known and additional studies are needed. It is believed
that this bridge coupler can be made to work, but requires
some tuning.

III. MULTI-CAVITY BRIDGE COUPLERS

The main advantage of the multi-cavity bridge coupler
is that a long cavity is divided into N+l short cavities
and the high order modes are distributed far from the pass
band. Operating at T/2 mode, the structure is very sta-
ble. Only (N+2)/2 cavities dissipate power; the other N/2
cavities are unexcited. Figs. 3 and 5 show the geometry of
an electrically (E-bridge coupler) and a magnetically (B-
bridge coupler) coupled bridge coupler. They are both five
cell disc-loaded wave guides, except one is coupled by the E
field through the center apertures and the other is coupled
by the B field through the coupling slots near the edge of
the discs.

The three middle cavities can be considered as a part
of a singly periodic structure. With N + l cells the dis-
persion relation is fn = faj \Jl + Kx cos[nir/JV], where
n = 0,1,2, ...N is the mode number and K\ is the near-
est neighbor coupling. The T /2 mode group velocity is
then 03 = v,/c - ^KiLiridgt/NX. For fixed frequency

VS APEIRTXJRE KABXWS

S

4.5
Aperture Radios (cm)

Figure 4: TM010 and T E l l l Frequencies vs Aperture Radius

and LiTid,t, (3, oc Ki. If #1=12%, N+l=5, and /T / 2

= 1282.851 MHz, then @g - 0.11, which is reasonably large.
For E-bridge coupler, Ki can be increased by increasing
the center aperture radius. The Ki of the E-bridge is lim-
ited by the fact that TEl l l modes may get into the pass
band if the apertures are too big. For our longest bridge
coupler (Lcav=9 cm), Fig. 5 shows how TEl l l pass band
frequencies change with aperture radius (MAFIA results).
It can be seen that the maximum K\ is limited to about
8%, if we want to keep TEl l l mode out of the pass band.

For B-bridge coupler, Ki can be increased by increasing
the slot length (the slot length has a first order effect on
K\ while the slot width only has a second order effect).
The main factor that limits the Ki value for B-bridge is
the second nearest neighbor coupling Jfj. A large |JCj| will
cause asymmetric dispersion curve and reduce the group
velocity of the x/2 mode. Without affecting Ku \Ki\ can
be reduced by rotating the adjacent disc by 90" so that the
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Figure 5: Geometry of Magnetic Coupled Bridge Coupler
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Figure 6: 0, w/2, n and slot mode frequencies vi Slot Center Angle

coupling slots on adjacent discs do not directly "see" each
other. If the length of the coupling slots becomes so long
that the center angle 9 exceeds 90°, then part of the slot
will still directly see each other and the \K2\ will increase
drastically. Also if the coupling slots are too long, the
frequencies of high order modes excited by coupling slots
may become low enough and get into the pass band. Thus
the center angle 8 should always be less than 90", in fact
we found 9 w 60° is a good choice for our bridge couplers.
It gives sufficiently large Ki ( Ki ss 13% for the shortest
bridge and Ki as 10% for the longest bridge), |Jf3| is not
too big and the frequencies of slot excited modes are at
least 100 MHz above the top of the pass band (Fig. 6).
The other high order modes are even farther away.

For B-bridge coupler, the open area of the slots is very
small compared to the area of the disc. The advantage
is that the high order modes are far away from the op-
erating mode because each effective cell length is short.

Group velocity
Mode Mixing
Power Dissp.
Fab. Cost
Vacuum

TM012
1
3
3
1
1

E-Bridge
3
2
2
2
2

B-Bridge
2
1
1
3
3

Table 1: l=beit of the three, 2=iecond of the three, 3=worst of the
three

The disadvantage is that the vacuum property for such a
closed structure will not be as good as an open structure.
The E-bridge coupler, on the other hand, has quite large
openings on the apertures. The vacuum will be better but
the TE111 modes could be a problem. The second nearest
neighbor coupling never seems to be a problem for elec-
tric coupled structure. Even for very large apertures, the
dispersion curve is always very symmetric (Fig. 4).

As stated early, in a five-cell bridge coupler, only three
cells (# 1, # 3 and # 5) are excited. The coupling be-
tween end cells (# 1, # 5) and the coupling cells under the
bridge coupler can be about 12% - 14%, which is twice the
coupling between the accelerating cell and coupling cell.
The field level in the excited cells of the bridge coupler is
therefore about half as that in the accelerating cell and
the power dissipation is about 1/4 (each accelerating cell
has about the same volume as a bridge cell). The power
dissipation of one five cell bridge coupler is therefore about
3/4 of one accelerating cell, which is very small.

IV. COMPARISON

The TM012 bridge coupler has the highest group ve-
locity among the three. The vacuum should be the best
and fabrication cost should be the lowest. It should be
the idea candidate for short bridge couplers. However, for
long bridge couplers, mode mixing still can be a problem
and additional studies are needed. The multicavity bridge
coupler is more suitable for long structures. The E-bridge
and B-bridge are very similar. The B-bridge is least sub-
ject to mode mixing and can provide stronger coupling and
higher group velocity; but the E-bridge has better vacuum
and is slightly easier to fabricate. The fabrication cost
for a multicavity bridge coupler is higher, but the tuning
should be easier and power dissipation should be lower.
This comparison is summarized in Table 1.

V. REFERENCES

[1] D. Swenson, et at, " Studies of TM012 Bridge Coupler",
these proceedings.

[2] C. G. Yao, et al, u A Novel Bridge Coupler for SSC
Coupled Cavity Linac" , these proceedings.
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Abstract

An accelerator complex has recently been designed at
LBL as part of an Infrared Free Electron Laser facility in
support of a proposed Chemical Dynamics Research
Laboratory. We will outline the choice of parameters and
design philosophy, which are strongly driven by the demand
of reliable and spectrally stable operation of the FEL for very
special scientific experiments. The design is based on a 500
MHz recirculating superconducting electron linac with
highest energy reach of about 60 MeV. The accelerator is
injected with beams prepared by a specially designed gun-
buncher system and incorporates a near-isochronous and
achromatic recirculation line tunable over a wide range of
beam energies. The stability issues considered to arrive at the
specific design will be outlined.

1. Introduction

This paper provides a brief description of a recent design
of a superconducting linac-based system as part of an infrared
free-electron laser (IRFEL) for the proposed Chemical
Dynamics Research Laboratory (CDRL) at LBL [1]. The
heart of the system is a driver based on a 500 MHz
superconducting radio-frequency (SCRF) linac, with
recirculation loops. The primary motivation for adopting this
approach is to meet the user requirement on wavelength
stability equal to or better than one part in 104

; which is
difficult to meet with a previously carried-out design based on
the room temperature RF technology [2]. In addition, the CW
mode of operation of the SCRF allows delivery of
considerably higher average output power and flexible pulse
formats that permit simultaneous multi-user operation.

The major parameters of the new CDRL-FEL are
summarized in Table 1. The FEL is planned to be installed in
a basement vault of the CDRL building, to be constructed
adjacent to the Advanced Light Source (ALS) facility at LBL.
The IR pulses from the FEL can be synchronized with the UV
and soft x-ray pulses from ALS, and also other conventional
laser pulses proposed for the CDRL. The layout of the SCRF
linac-FEL system in the vault of the CDRL building is shown
in Fig. 1.

We summarize the linac-FEL system in section 2.
Section 3 is devoted to issues of stability, the stringent
requirements of which led to the choice of SCRF for the
CDRL-FEL. We close with words on present activities and
outlook in section 4.

2. Linac-FEL System

The accelerator system starts from the injector consisting
of a gun, bunchers and an energy slit. The electrons are
produced in a conventional thermionic electron gun. The gun
produces electron pulses with a duration of 1.5 ns, at an
average current of 1.6 A (2.5 nC of charge). The pulses are
squeezed into 33 ps, 30 A bunches by a sequence of three
bunchers operating at frequencies of 61, 171 and 500 MHz.
The first two bunchers operate at room temperature. The 500
MHz buncher is a 4-cell SCRF cavity in which the beam is
bunched and accelerated to about 6 MeV. Before the main
accelerator, a chicane with high-power energy slit is installed
to remove the low energy tail on the bunches.

The main accelerator section consists of two SCRF
accelerating modules in which the beam is accelerated to
about 30 MeV. Each accelerating module is a dual cavity
(4-cells per cavity) structure similar to that developed at
DESY for the HERA project [3]. Several manufactures
currently produce superconducting cavities, and most will
guarantee performance at 5-6 MV/m and a Qo of 2 x 109,
which will satisfy our requirements for 5.25 MV/m and Qo =
2 x 109. We choose 4.5°K as the operating temperature for
the SCRF cavities. A standard, 600 W helium refrigerator
provides a sufficient reserve capacity and safety margin.

The 30 MeV beam is then recirculated by a beam
transport section for a second pass through the accelerator
section for further acceleration to -55 MeV. The magnetic
optics of the beam transport in the recirculation loop and in
the path from the linac exit to the undulator must satisfy
various constraints: It must be isochronous and achromatic to
preserve the bunch structure. The achromatic correction must
be sufficient to avoid significant beam motion while the beam
energy changes by ± 1% for rapid wavelength tuning. The
transfer matrix around the loop must be unity to suppress the
beam break-up instability. The transverse profile of the
electron beam need to be matched to the transverse profile of
the FEL optical beam, etc. Our design meets all of these
requirements [4].

The electron beam interacts with the undulator magnetic
field in the FEL optical cavity to generate coherent radiation.
The FEL design must provide wide wavelength coverage
while minimizing operational interruptions. At a fixed
electron energy, the wavelength can be tuned between A.min

This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Materials Sciences
Division, of the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.
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= 2.28 Xmjn by varying the magnet gap from 23 to
36 mm. The entire wavelength range from 3 to 50 ^m can be
covered by operating the accelerator at four different
energies, 55.3 MeV, 39.1 MeV, 27.7 MeV and 19.6 MeV. By
changing the electron beam energy by ± 1 %, the wavelength
can also be tuned by ± 2% in a fast tuning mode.

We have carried out extensive calculations to determine
various characteristics of CDRL-FEL, including the power,
spectral characteristics, stability, etc. [1]. The spectrum will
be transform-limited by shortening the length of the optical
cavity from that required for synchronization with electron
pulses. Taking into account various efficiency factors, the
FEL will deliver 100 ^J per pulse of optical energy to
experimental area. Since ease of tuning is a high priority for
the CDRL-FEL, an essential feature of the design is an
outcoupling scheme that covers the widest possible range of
wavelengths. We adopted a hole-coupling approach after an
extensive study of its performance [5].

The design of the concrete shielding, high power beam
dumps and the cryogenic system have been given careful
engineering considerations.

3. Stability Issues

The major stability issues are associated with the
coherent collective stability of the high average current
electron beam and the FEL wavelength stability arising from
electron energy fluctuations in the superconducting linac.

We have studied various coherent beam instabilities
including ones associated with the recirculation, and
determined that the instability thresholds are safely above the
operating current of 2 x 12 mA for the CDRL-FEL. The
threshold for the HOM instability is about 1 A for HOM
couplers designed at DESY. Requiring the transverse transfer
matrix of the recirculation loop to be an identity, the threshold
of the transverse regenerative beam break-up instability is
found to be about 340 mA [6].

Our choice of superconducting RF structure is driven by
the wavelength stability requirement of one part in 104, which
translates to a required electron relative energy fluctuation of
less than 5 x 10"5. The selection of a low-frequency (500
MHz) structure, based on standing-wave superconducting
cavities is a result of a thorough and careful consideration of
this issue. Standing-Wave structures usually allow better
control, compared with travelling-wave structures or
waveguides. The choice of a superconducting, rather than
room-temperature, structure was based on considerations of
electron beam energy stability: Continuous-Wave (CW)
operation of SC cavities allows more time for feedback
control, as well as a higher feedback loop gain over a
narrower bandwidth, and hence assures better stability. The
frequency choice of the accelerator was again based
predominantly on stability considerations: Low frequencies
imply large transverse dimensions and a greater cavity
volume. Thus, the cavity stores more energy, relative to the
beam, and wake-field effects arising from the proximity of
metallic boundaries to the beam are minimized — both of

which improve stability. The cost penalty due to larger
structures is not significant for superconducting cavities.

We have carefully evaluated various fluctuations in the
accelerator system (e.g. beam loading fluctuations in the RF
structures, etc.). The detailed analysis [1] demonstrated to us
the need for SCRF as well as determined that our specific
design satisfies the stability requirements for 'fast' and 'slow'
fluctuations relative to the cavity response time.

4. Outlook

To date, the LBL CDRL-IRFEL represents a careful and
detailed design, the first of its kind, of a free electron laser as
a dedicated user facility with the issues of reliability, stability
and specific experimental needs given the highest priority.
We have jointly initiated several experimental programs in
support of the IRFEL design effort. These are the LBL-
Stanford collaboration on development of novel diagnostics
for FEL optical pulses [7], the Stanford-LBL-TRW-BNL
collaboration on optimization of SC cavities for FEL [8], an
experimental study of hole-coupling and resonator modes [9]
in the Optics Laboratory of the Exploratory Studies Group at
LBL and an emerging collaboration with CEBAF on IRFEL
studies at the front-end of the CEBAF accelerator complex.
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Table 1: MAJOR CDRL-FEL PARAMETERS

Electron Beam
Energy
Micropulse charge
Micropulse length (FWHM)
Micropulse rep. rate
Normalized rms emittance
Energy spread (FWHM)

SCR Cavity
Frequency
Ace. gradient
R/Q
Qo
Q L

Undulator
Construction
period length
Number of periods
Bore diameter
Magnet gap
Range of K

Optical Cavity
Length
Raleigh length
Coupling scheme
Total loss
Coupling efficiency

PEL Output
Wavelength range
Pulse energy
Av. Power
Bandwidth
Wavelength stability
Intensity stability

55MeV
1-2 nC
33 ps
6.1 MHz
11 mm-mr
0.35% at 55 MeV

500 MHz
5.25 MV/m
125 Q/m
2xlO9

lxlO6

SmCo-Steel Hybrid
5 cm
40
21mm
23 mm
0.9-2.1

24.6 m
l m
Hole coupling
10%
50%

3-50 urn
100 nJ at 55 MeV
600W
Transform-limited (0.1% at 10 Jim)

Fig. 1: Layout of IRFEL inside the Vault of the CDRL Building.
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CA9700171
SYMMETRICAL DOUBLE INPUT COUPLER DEVELOPMENT"

H. Deruyter, H. Hoag, K. Ko and C.-K. Ng
Stanford Linear Accelerator Center

Stanford University, Stanford, CA 94309

Abstract

RF power is usually transmitted into an accelerator
section from a rectangular waveguide through a single cou-
pling iris. This arrangement introduces phase and ampli-
tude asymmetries into the coupler fields with which the
beam interacts. Field distortion can be reduced by ma-
chining an offset into the cavity wall opposite the iris.
However, the compensation is imperfect. In this paper
we describe the development and testing of a double input
coupler which is completely symmetric about a vertical
plane through the beam axis. Two identical irises are used
on opposite sides of the coupler cavity. These are fed in-
phase by signals from a Magic Tee power divider. Each
iris transmits one half of the total power flow. Coupler di-
mensions for an X-Band model have been optimized using
MAFIA and conventional low-power matching techniques.
The coupler has been built into a 30-cavity test accelerator
section and operated up to 85 MV/m with no evidence of
breakdown.

Introduction

The most commonly used method of feeding RF power
from a rectangular waveguide into a cylindrical disk-loaded
accelerator structure is to couple into the first (coupler)
cavity of the structure through a single iris in its outer
wall. The geometry of this coupling design is obviously
asymmetric with respect to the beam axis of the accel-
erator structure, and it is no surprise that it gives rise
to serious phase and amplitude asymmetries in the cou-
pler cavity fields. The amplitude asymmetry, which causes
beam bunch-spreading, can be reduced by a factor of 100
or more by offsetting the coupler cavity with respect to
the beam axis [1]. However, such an offset does not reduce
the phase asymmetry, which causes a net deflection of the
beam.

It would appear that a good solution to the problems
is to symmetrize the transverse geometry by feeding equal
RF power through two identical irises on opposite sides of
the coupler cavity, as shown in Fig. l(a). The drive from
the klystron is split into two signals of equal amplitude
and phase, using a well-balanced and matched Magic Tee.
These signals propagate around two 180° H-plane waveg-
uide bends having the same length and attenuation, and
then enter the coupler cavity through two matched irises,
as shown in Fig. l(b).

IRISES

WAVEGUIDE FEEDS COUPLER

( a ) ( b )

Fig. 1 Schematics of RF power input to coupler.

Coupler fabrication and test

Fig. 2 Coupler components.

* Work supported by Department of Energy contract
DE-AC03-76SF00515.

Fig. 3 Cold-test assembly.
Coupler components are shown in Fig. 2. The coupler

cavity, coupling irises and rectangular waveguide tapers
are machined into one block of copper. An end-plate with
a beam aperture is brazed onto one side, and cups form-
ing the accelerator structure are brazed onto the other side.
Fig. 3 shows a complete cold-test assembly being measured
on a network analyzer. The accelerator cups are stacked
unbrazed, and tuning screws are used to set the correct
phase advance per cavity. The couplers are matched by
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iteratively modifying the coupling iris width and the cou-
pling cavity diameter, following the procedure described
by Westbrook [2],

The coupler design has been incorporated into a 30-
cavity constant impedance X-Band accelerator section. To
date, this has been run up to an input power of 73 MW,
corresponding to a gradient of 85 MV/ra in the input cou-
pler, with no evidence of RF breakdown [3].

The MAFIA s imulat ion model

The MAFIA code [4] is used to model the double in-
put coupler. A 7-cavity accelerator section is considered
which includes the input and output coupler cavities. Such
a geometry is necessary in order to simulate traveling wave
propagation. Two symmetry planes through the beam axis
are used at which the magnetic boundary conditions are
imposed. As a result only modes in the lowest passband
(m=0) can propagate. The dimensions of the standard cav-
ity yield 11.42 GHz at the 2TT/3 phase advance. The cou-
plers are loaded by WR90 waveguides through irises. The
waveguide endplanes are treated as ports through which
power can flow in and out of the structure. The MAFIA
geometry is shown in Fig. 4.

Fig. 4 MAFIA geometry for a 7-cavity traveling wave
section.

MAFIA de t e rmina t ion of S p a r a m e t e r s

In order to evaluate the reflection and transmission
properties of the structure, MAFIA simulates the problem
in the time domain. Power is fed continuously at the in-
put port in the TEi0 mode with a given frequency, starting
with a smooth initial rise and reaching 1 watt at flat-top.
The simulation extends over several filling times of the
structure until steady-state is reached. The reflection and
transmission due to the structure are handled by special
boundary conditions at the waveguide ports which corre-
spond essentially to matched loads. At the input (output)
port, the complex amplitude of the reflected (transmitted)
dominant TEi0 mode is followed in time. Figs. 5a and 5b
show their respective time histories. These results are for
the case when the couplers are well matched. It is seen

that the transmission (normalized to the input power) is
close to unity. The reflected wave shows an initial tran-
sient which is caused by the finite rise time in the driving
pulse. At long times, the reflection reduces to a negligible
amount. The time averages of the amplitudes yield the S
parameters. Ir this well-matched case, 511 is found to be
only 0.0025 at a frequency of 11.426 GHz, corresponding
to a VSWRof 1.005.

Time [ns]

Fig. 5a Amplitude of transmitted wave versus time.

Time [nsj

Fig. 5b Amplitude of reflected wave versus time.

Opt imiza t ion of coupler dimensions

The crucial dimensions of the coupler cavity to be de-
termined for good match to the waveguide feed are those
of the coupling iris and the cavity diameter. The optimiza-
tion of these dimensions is achieved iteratively by carrying
out MAFIA simulations in parallel with low-power match-
ing experiments. For a set of coupler dimensions, MAFIA
is used to explore the effect on matching as each of the im-
portant dimensions is varied, a change that is much easier
to implemen. on the computer than on hardware models.
In a way, the simulation serves as a guide towards finding
the optimal geometry once a good initial guess is taken.
When such an optimum is found, the actual coupler is ma-
chined to those dimensions and cold-tests are performed.
Since there is always an error in the numerical geometry
because of finite mesh effect, further tuning adjustments
may be nece.;sary to obtain the best match. Figs. 6a and
6b show the comparison between MAFIA results and cold-
test data for the best matched case. In both cases, the
VSWRs display a minimum at around the structure fre-
quency of 11.424 GHz.
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and exits through the output waveguide port. The mode
pattern characteristic of the 2TT/3 phase advance can be
recognized in the linac section.

((GHz)

Fig. 6a MAFIA results of VSWR versus frequency.
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Fig. 6b Cold-test data of VSWR versus frequency.

Amplitude and phase asymmetries
in coupler fields

To find the amplitude and phase asymmetries in the
coupler fields, MAFIA records the field time histories on
opposite sides of the input coupler beam aperture (radius
ra) in the plane of the beam axis and the waveguide feed.
The computed asymmetries in this plane for a single input
coupler with imperfect offset correction are shown in Fig. 7.
The asymmetries in the same plane for the double input
coupler are zero.

Time [nsj

Fig. 7 Amplitude and phase asymmetries in a single input
coupler cavity.

When the coupler is matched, close to all of the power
is transmitted, setting up a traveling wave in the structure.
Since MAFIA integrates the fields in time, the propagation
of the traveling wave can be followed. Fig. 8 shows a se-
quence of snapshots of the electric field taken over a wave
period at steady-state. The input waveguide is to the left
and it can be seen that the wave travels from left to right

Period

0.00

0.29

0.71

11M 1.00

Fig. 8 Propagation of a traveling wave through the cou-
plers and the accelerator structure.

Conclusion

The feasibility of a symmetrical double coupler to
transfer power between a rectangular waveguide and a
disk-loaded waveguide accelerator has been demonstrated
by MAFIA simulation and analysis, by low-power RF test-
ing and optimization, and by very high-power testing in
a short X-B ind accelerator section. The advantages of
the design are seen to be the provision of very good field
symmetry, which is important for reducing transverse field
mode excitation in linear collider machines, and the halv-
ing of power flow through each iris, which increases the
coupler power-handling capacity.
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BEAM LOADING COMPENSATION WITH VARIABLE GROUP VELOCITY*

Z. D. Farkas
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

Abstract
Consider a section with linearly variable group veloc-

ity and a beam pulse shorter than the section fill time.
Choose the current amplitude so that the gradient of the
last bunch equals the gradient of the first bunch. For beam
pulses less than about 15% of fill time, the voltage devia-
tion during the beam pulse is small, but as the pulse width
increases the voltage deviation also increases. We show
that by decreasing the output to input group velocity ra-
tio, we can reduce the first order voltage deviation, and
that we can remove the remaining second-order voltage de-
viation by linearly decreasing the section input power by
a small amount starting at beam injection time. This way
we can increase the beam pulse width to more than half
the fill time, and thereby increase the RF to beam energy
transfer efficiency and the luminosity without increasing
the voltage deviation.

vgo

Tf, T, h

V g 0

ft-82

Figure 1. Variable group velocity section.

Introduction
Consider the section shown in Fig. 1, of length L, in

which the group velocity varies linearly with distance z
according to

Vg(z) = VgO{\ + gz/L) = vgo{l + mz) = vg0 + v'gz , (1)
having an output-to-input velocity ratio

h = v r/v O = 1 + O = 1 + mL (2)
The propagation time to position z is given by [1]

i - f' ^ = JL ln(!-t-gZ/^) /gs
JO Vg{z) Vg0

If z = L, then r = Tj and
9

•g)/g] •
Substitute for vg0 and obtain

In (1 + gz/L)
t = It —;—77——;— , z = L (4)

We will derive the expressions for RF and beam induced
gradients.

* Work supported by Department of Energy contract DE-
AC03-76SF00515.

RF Induced Section Gradient

The accelerating field as a function z is [2]

E(z) =

Vr = Vrm Vrn =

vgo(l + mz)

Here s is the elastance/m and Ta is the TW time constant.
The RF induced voltage as a function of time starting at
the beginning of the input RF pulse, Vr, is obtained [2] by
integrating E(z) from zero to z and then substituting t for
z. It can be expressed as the product of, the steady state
voltage of a lossless constant impedance section, Vrm, and
a normalized voltage, Vrni that depends only on h,Ta,t,
and Tf.

[**'T' - I)/(XlsJg~hJl\
(6)

T = Tj/Ta, z i = 0 . 5 - ( r / l n f c ) . (7)
Define the section efficiency [2], r), = Vr

2
n(7)). Thus the

steady state voltage

Vrf = ^/n.sPoTfL . (8)
For a CZ section, Vrn reduces to the expression given by
Wilson [3] and for a CG section Vrn it reduces to the
expression given by Wang [4],

To obtain the section gradient, Er divide Vr by the
section length L.

Er(t) = Vr(t)/L = yJsP0Tj/L x Vrn(t) = Erm x Vrn(t) .

(9)

Beam Induced Section Gradient
For a given DC current amplitude Io, the time

dependent beam induced voltage, Vj, can also be expressed
as the product of the steady state voltage of a lossless
constant impedance section, Vjm, and a normalized time
dependent beam induced voltage, V&n, that depends only
on h,Ta,t, and Tf.

Vh = Vhm x Vhn = {sl0TfL/A) x Vbn . (10)

Vjn was derived by Wilson [5] and is given by

Tj = - l n h / 2 r , g = h - 1 = e~2r>T - 1 .

V h T { rn5
Here t starts when the beam is injected. Making the
appropriate substitutions, this reduces to the expressions
for Vin, obtained by Wilson [3] and Wang [4]. The beam
induced section gradient Et, is Vj, divided by the section
length L.

Et(t) = (sI.Tf /4) x Vbn{t) = Eim x Vin(t) . (12)
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100

Figure 2. RF and beam induced (dash) gradients and voltage
deviation versus time.

Charge and Voltage Deviation
For a given beam pulse width and a given input

power or loaded gradient, we choose a current that makes
the gradient at the end of the beam pulse equal to the
gradient at the beginning of the beam pulse. In between
the beginning and end of the beam pulse, the beam induced
gradient (wakefield) is nearly neutralized by the increase in
the RF induced gradient. Inject the beam at Ti = T) — Tb.
The change in RF induced voltage during Tb is

= Er(T})-Er(Ti) = (13)

Choose Po so that for any beam pulse width, the gradient
at injection time, Er{Ti), equals a fixed value, £,-. Hence,

and AE = (14)

The loaded gradient and the voltage deviation during the
pulse, are, respectively,
E,(t) = Er(t) - Eb(t - T{) , dE/E = (E,(t) - E{) /Ei .

(15)
To make the gradient of the last bunch equal to that of
the first bunch, equate AE to Eb(Tb) and solve for the
equalizing current,

4AE
° " sT,Vbn(Tb) ~ Vrn(Ti)sT}Vbn(Tb) ' U ° j

Use this Io for calclating the beam induced gradient as a
function of time. The charge per pulse, the charge per
bunch and the RF to beam energy conversion efficiency,
are, respectively

qp - I0Tb , qb = l0At , T)rb = EiLqp/(P0Tf) .
(17)

The beam energy is
Bt = EiLITb = EiL(qb /At) Tb .

Let £'r/=Steady state unloaded gradient, Pt=RF input
power, and Ti=RF input power pulse width. Then, the
RF pulse energy and the RF to beam transfer efficiency,
are, respectively,

The luminosity varies as q\, Tb and as the pulse repetition
rate fr. Thus

Lum oc q2
h Tb fr a (q2

bTb Pa) /PkTk . (19)
We assume that the averge RF power is given, hence the
luminosity is proportional to a parameter

Lun = (qlTt) /PkT, . (20)
The RF induced gradient, Er(t), the beam induced gradi-
ents plus the gradient at injection time, Eb(t - TA + Et
and the fractional voltage variation, dE/E, where £ is the
gradient at injection time TJ and at the end of the beam
pulse, all as functions of time, are plotted in Figs. 2, for
r = 0.505, for several beam pulse widths. We used the
NLCTA parameters: L = 1.8 m, T} = 100 ns, Ta =
198.0 ns, s = 815 V/pc/m E{ = 50 MV/m. The charge
per bunch, the efficiency, and the luminosity increase with
increased pulse width as does the voltage deviation. If the
beam pulse is much shorter than the fill time, the voltage
deviation is low. But it increases rapidly as the beam pulse
becomes a large fraction of the section fill time. Decreas-
ing h reduces the voltage variation.

Plots of Pk, Erb and Lun, as a function of h, with
r = 0.505, Tin — 0.25, are shown in Fig. 3. Plots of qp, qb)
and dE/E, also as a function of h, are shown in Fig. 4.
Plots of Pk, Erb and Lun, as a function of Tj,n, are shown
Fig. 5, for a CG section. Plots of qp, qb, and dE/E, also
as a function of Tbn, are shown Figure 6. The luminosity
increases as the beam pulse width increases, as does the
peak power and voltage deviation. The increase in peak
power is the price we pay for the higher beam loading, but
we can reduce the voltage deviation to zero.

Short pulse BLC with Modulation
We can reduce the voltage deviation by linearly

decreasing the section input field, that is the square root
of the RF input power, Eg, by a small amount starting
at beam injection time. The effect of the modulation
is illustrated in Fig. 7 which shows, as a function of
Tbn the RF and the beam induced gradients with and
without modulation. It is simpler to phase modulate. The
equivalent phase variation is cos 4>{t) = Et{i). The cost is
a small increase in RF power resulting in a small decrease
in luminosity.

Beam loading compensation with modulation for a
long pulse equal to or greater than the fill time, is reported
on at this conference [6], The accelerator section is
pre-filled with a linearly increasing field prior to beam
injection. The fractional initial input field, i.e. Pm,
determines the ratio of the steady state gradient to the
injection time gradient. We choose the current, hence
the charge per bunch, so that, unlike for the short pulse,
the steady state loaded gradient equals the gradient at
injection time. The input field profile, the RF and beam
induced gradients and the voltage deviation, all as a
function of Tbn, are shown in Fig. 8. Also shown are the
same plots for a beam loading compensated short pulse
whoose duration was chosen to yield the same luminosity
as that of the long pulse. Table 1 compares the parameters
of the short pulse with that of the long pulse. The
RF energy per pulse and the beam energy per pulse for
the short beam pulse case are slightly less than half the
corresponding values for the long pulse case. This is an
advantage because there are limits on the klystron output
energy and on the beam energy. Also the shorter pulse is
less suceptible to beam break up. The increase in fr for
the shorter pulse does not effect beam breakup.
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Figure 3. Peak power,
Pk, RF to beam energy
transfer efficiency, £,-(,,
Luminosity, Lun-

Figure 4. Charge per
pulse, charge per bunch
(dotdash) and voltage de-
viation (dash).
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Figure 6. Charge per
pulse, charge per bunch
(dotdash) and voltage de-
viation (dash).

Table 1. Comparison of short and long pulse parame-
ters. Equal Luminosities.

Pk Erf Rft Be

MW M V / m W s Ws % 1010 Lu

1.00 169

0.34 149

2.00 169

0.40 171

69

65

69

70

33.9 10.3

15.0 4.00

50.9 20.7

17.1 5.35

30.5

26.6

40.6

31.1

1.01

1.14

1.01

1.30

2.99 70.5

2.96 10.0

3.98 70.5

3.93 12.5

Conclusion
We derived the Beam Loading parameters for a

linearly variable group velocity section with arbitrary
output to input group velocity ratio, for a beam pulse
shorter than the fill time. We showed that, for any beam
pulse width, as the output to input velocity ratio decreases
the voltage deviaton also decreases. Moreover, the voltage

Figure 7. RF and beam induced (dash) gradients and voltage
deviation, with and without modulation, versus time divided
by fill time.
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Figure 8. RF and beam induced (dash) gradients and voltage
deviation (dotdash) versus time divided by fill time, for a long
and a short pulse with equal luminosities.

deviation can be reduced to zero with modest modulation
(decrease) of the input field during the beam pulse. The
smaller h and Tjn, the smaller the percentage modulation.
We compared short pulse with long pulse modulation and
showed that the RF energy per pulse and the beam energy
per pulse for the short beam pulse case are slightly less
than half of the corresponding values for the long beam
pulse case and therfore the short pulse is disireable for high
gradient accelerators.
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FUNNELING OF LOW ENERGY ION BEAMSX

W. Barth, A. Schempp
Institut fur Angewandte Phvsik, J.W. Goethe- Universitat, D - 6000 Frankfurt 11, Germany

Abstract

Funnel ing is a way of increasing the bright-
ness of ion beams by filling all buckets of a
rf-accelerator and using the higher current
transport capability at higher energies. Funnel
systems have been proposed e.g. for HIIF type
drivers and spallation neutron sources. Results of
numerical simulations and funneling experiments
at Frankfurt will be reported, where a set up
with a 50 keV proton beam and a rf deflector is
investigated to study especially emittance growth
effects in funneling lines.

Introduction

The idea of funneling two or more beams
together is an important way to reduce the cost
and complexity of accelerators designed to
produce intense beams with high brightness. In
principle the ion beams e.g. from two identical
low - frequency structures are funneled into a
single high frequency accelerator in such a way
that every bucket of the high-frequency
accelerating field is filled. For a simple two
channel line the two beams have to be bunched
and accelerated in identical rf-accelerators at
the frequency fo. with a phase shift of 180
degrees between them (Fig. 1.).

2fc

fo

Fig. 1. P r i n c i p l e of a two c h a n n e l Tunne l ing l ine .

A perfect funneling line doubles the beam
current and the transverse brightness at twice the
frequency without any emittance growth.
Applications of funneling could include accele-
rators for heavy ion inertia! fusion (HIIF) or
SNQ-type accelerators [ l ] .

Funneling in a RFQ-like structure is a
possibility for beam merging at low energies [2],
while for high energies it can be done with
discrete elements [3,4,51.

Because of the experimental difficulties in
building to identical accelerators, we investi-
gated funnel structures at first in a different
way: one bunched ion beam is divided in two
displaced beams with 180° phaseshift and half
repetition frequency. Most of the physics issues,
which arise in a real funnel section, are
investigable, e.g. the design and operating of the
rf deflector - the neuralgic point of every funnel
- can be optimized. Furthermore we can use the
defunnel line itself as an injection system for a
funnel experiment, because the two output beams
of the defunnel line have all the required
properties.

Field Calculations

The deflector is a plate capacitor of length
L symmetrically placed around the z-axis (the
axis of the injection accelerator) with a time
varying electric field: E x ( t ) = A sin (tot - cp). If
we neglect fringing fields at first, the electric
field inside the deflector has only a homogenous
and time-dependent x - component. Besides the
peak deflecting amplitude A, such an ideal
deflector is described by its length L, the
frequency w and the phase tp.

Considering fringing fields (x - component),
A is replaced by a term A(z), which depends on
z. We used a version of the SLAC166 simulation
code [6,7] to calculate the potential ®(x,z) in
the deflector. From this the electric field
component E x (z) on axis is obtained.

20

[cm]

Supported by BMFT under contr.no. 06 0F186I

Fig. 2. The de f l ec t ing field c o m p o n e n t E x (x .z) (a) , the
c o r r e s p o n d i n g long i tud ina l field c o m p o n e n t E z (x .z) (b).
and E z for a pa r t i c l e in the c e n t e r of an adjacent
b u n c h (c).

In a next step the dependence of Ex on x and
also the accelerating or decelerating field com-
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ponent Ez(x,z) was investigated. For that purpose
we used the complete potential grid calculated
by SLAC166.The field components were obtained
by using the actual coordinates (xact. Zact) of
the particle (an example is shown in Fig. 2). This
is done for every particle in the multiparticle
simulations.

Experimental set up

solenoid rf-deflector emittance
measurement
device

Fig. 3. The e x p e r i m e n t a l set up of the d e f u n n e l l ine .

f (MHz)
Voltage (kV)
Rp - value (kn)
Qo - value
Tin (keV)
Tou t (keV)
Aperture (mm)
Modulation
<PS (° )
fnt (°)
Length (cm)
Cell number (2X)
^nax < m A )
Displacement (mm)

S C R - R F Q
5 0
9 max.
1 8 0
4 500
6 .5
50
6 - 4.5
1.16 - 1.88
60 - 30
4 5
5 5
32
4 . 2
-

R F - Defl.
2 5
4 0
2 9 0
8 50
50
50
42 or 2 8 - 4 8
-
-
-
10 or 16
0.5 or 1
-

25

Tab. 1. The parameters of the riefunnel experiment.

The experimental set up of the defunnel
line is shown in Fig. 3. The injection system of
the defunnel element consists of a plasma beam
ion source [8], an extraction system, and a Split
Coaxial-RFQ with rod electrodes [9].

With hydrogen operation the plasma beam
ion source supplies a proton fraction of 90% at a
max. beam current of 6 mA. The ions were
extracted with an accel/decel - system at an
extraction voltage of 6.5 keV. We used a
solenoidal lense [10] to match the ion source
beam to the SCR-RFQ (50MHz, 6.5-50keV).

In the adjacent defunnel element (25 MHz)
the beam was divided into parallel beams. The
deflector is part of a helix - A/4 - resonator. Thus
the cavity of the deflector can be very small.

For beam diagnostic we used faradaycups
(beam current, bunchstructure), an emittance

measurement device [11] and an analysing
magnet for energy spectra. The parameters of
the defunnel system are summarized in Tab. 1.

Experimental results

The horizontal displacement x from the
z-axis, the angle x' and the horizontal emittance
growth were measured as a function of the
relative rf-phase. Fig. 4. shows (x,x') for all
possible rf-phases. The agreement between
measurement and simulations is excellent. The
beam deflection scales with deflection voltage as
expected. The application of the $X- and the
(3X/2 - electrodes is efficient to get two parallel
beams behind the defunnel element (x' = 0). A
maximum of displacement (at the same deflector
voltage) was obtained by the special
(3X - electrodes.

. 15(1

[mm ]
40

F i g . 4 . \.\ a s a f u n c t i o n of t h e r e l a t i v e r f - p h a s e tp.

1

• la P>/sloping
• la pX/I
0 1= 3X

-

0 * '

ISO
4* irtd

360

Fig. 5. The emittance growth as a function of the
relative rf-phase '-p at a beam current I of 0.1 mA.
The deflector voltage is the same as in Fig. 4.
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The emittance growth (Fig.5) shows a
dependence on the relative rf-phase which is
determined by the asymmetric field distribution
inside the rf deflector. The special 3* -geometry
is excellent suited to minimize emittance growth
behind the deflector. With the rf deflector set to
the optimized phase (90° for min. average
emittance growth) the measured displacement
between the centers of the beams was 20 mm at
a deflection voltage of 40 kV.

In Fig.6a comparison between the calculated
and measured x,x' - emittance for the two output
beams is shown. There are two effects which are
confirmed by the experiment: an offset in angle,
which depends on the rf voltage (but independent
on rf-phase) and moreover a rotation of the
emittance, which is deflected to the right side.
Both can be explained by the asymmetric field
distribution. As an example Fig.7 shows a
3d - represantation of the x,x'- emittance at
deflector voltage of 20 kV.

x [mrarij

100

-100

100

-100

0 kV i

O kV !

1

20 kV i

20 kV !

40 kV ]

""i --yt'pe*

j 40 kv i

1 ^
x L10 m m m / d i v j

Fig. 6. The x.x - e m i t t a n c e as a func t ion of the def lec tor
vol tage. The r e s u l t s of the s i m u l a t i o n s a r e shown on ihe
top, those of the e x p e r i m e n t s on the bottom (1=1.2 niA).

120

I [*]

-120

I [*]
2 0 0

S - 200

Fig. 7. The 3d x.x -emittance at a deflector voltage of
20 kV. On the left: Ax' = 0 (I = 3X). on the right: Axmax
(I - pX/sloping). The beam current I is 1.2 mA.

The bunchlength depends on the relative rf-
phase as seen in Fig.8. Because of the short total
length one gets the smallest bunchlength for the
deflector with [3X/2 - electrodes.

Fig. 9 illustrates the difference of neighbouring
bunches. The beam which is deflected to the left
side is very well bunched, in contrast the other
one is debunched. The value of the deflecting
component of the rf-field is nearly independent

on the direction. But the longitudinal field
component Ez(x,z), as seen in Fig. 2, shows a
significant difference for a bunch deflected to the
left or to the right side.

25 -

Fig. 8. The bunchlength as a function of the relative
rf-phase (1=1.2 mA). same rf voltage as in Fig. 4.

Al [20m/div]

F i g . 9. T h e b u n c h s t r u c t u r e of a d r i f t i n g b e a m (a ) , a b e a m
d e f l e c t e d to t h e le f t s i d e (b) ( r i g h t s i d e ( c ) ) . T h e rf
v o l t a g e is 20 k V (l = p > . / 2 ; A x m a x ) : 1=1.2 m A .

The experiment show, that one can study
critical points of funnel systems with this
defunnel experiment. The dependence of beam
deflection, horizontal emittance growth and
bunchstructure on deflection amplitude and
relative rf-phase, as well as effects of
asymmetries were predicted by the simulations.
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Abstract

A new high current injector (HSI) for all ions up
to uranium is planned at GSI [1,2]. The Radio
Frequency Quadrupole (RFQ) accelerator can provide
low energy, high current beams at low charge states
(U2+) at an operating frequency of 27 MHz. Results of
particle dynamics calculations and structure
development for a prototype of the first part of the
HSI-RFQ are presented together with results of rf-
measurements.

Introduction

The GSI upgrading program [3,4] consists of the
new heavy ion synchrotron SIS, the experimental
storage ring ESR and two new injectors, a high charge
state injector HLI and a high current injector HSI.
With these new components and the UNILAC it is
possible to accelerate all elements up to uranium to
energies above 1 GeV/u. Fig. 1 shows the plan view of
the extended GSI accelerator facility. The SIS and the
ESR are operational now for more than a year.

mm 4
C 50 :

Hioh Current Low Current
Infector Injector

Transfer Beamline
UNILAC - SIS

UNILAC

of the UNILAC at an energy of 1.4 MeV/u without
stripping. This injector is designed for a beam current
of 5 nA at a duty cycle of up to 50 %.

The HSI is designed to fill the SIS up to the space
charge limit, and will accept e.g. U2+ beams with
currents as high as 25 mA at low initial particle
energies of 2.2 keV/u. It operates at 27 MHz (Wideroe
frequency) at a duty cycle of 1 %. A gas stripper at
216 keV/u produces a reasonable fraction of the
necessary charge state of U10+ for acceleration in the
second Wideroe part of the UNILAC. The second gas
stripper at 1.4 MeV/u between the Wideroe and the
Alvarez part provides the U28+ beam for
postacceleration and injection into the SIS.

The Spiral RFQ

A 4 Rod RFQ structure with spiral shaped
supports (spiral length 1180 mm, heigth 450 mm) as
developed in Frankfurt is well suited to built a
compact RFQ accelerator [8] operating at the same
frequency of 27 MHz as the GSI Wideroe. Fig. 2 shows
a scheme of the spiral structure.

Fig. 1 Plan view of the extended GSI accelerator facilities Fig. 2 Scheme of the spiral structure

The new HLI [5] injector, for the nuclear physics
research program at the UNILAC, is also succesfully
working now. It consists of a combination of an ECR
ion source, a 4 Rod RFQ [6] and an IH-structure [7],
both operating at a frequency of 108.5 MHz. The HLI
enables direct injection of U28+ into the Alvarez part

* supported by the BMFT and the GSI

The whole HSI-RFQ will have an overall length of
about 35 m to reach an ion velocity corresponding to
an accelerator voltage of 26 MV. To achieve the space
charge limit of 0.2 mA times the ratio mass over
charge state the electrode voltage has to be 180 kV. A
short test resonator [9] of 1 m length has been
operated with even higher voltages.
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Spiral RFQ Prototype

A 4 m prototype of the 4 Rod Spiral RFQ, with
220 cells, which covers the crucial low energy part of
the HSI-RFQ, where the dc beam is converted into a
bunched beam, has been built both for rf- and beam-
tests. Fig. 3 shows the beam dynamics layout for an
RFQ consisting of 550 cells, corresponding to a length
of 20.5 m and a final energy of 130 keV/u. Fig. 5
shows an example from PARMTEQ calculations [10]
for this RFQ, which were done for the design current
of 25 mA and show that the beam formation takes
mainly place in the first part of the RFQ. Therefore
the short prototype can give already relevant
information from beam measurements.

P R O T O T Y P E 2 7 U I I Z H 1 G M C U R R F - N 1 H t A V Y I O N R F Q V S

1

1

2 0 keV/j

Fig. 3 Beam dynamics layout

120 keV/u

ayv ( •/.)
I - 2 8 m A Iout=25mA

igjaiSgniiaffliiaai

>i. * >i. - * >i. . i . "

' cell number'

Fig. 4 Longitudinal beam behaviour along the RFQ

In table 1 the main parameters of the prototype
RFQ are listed.

TABLE 1
Main Parameters of the RFQ Prototype

f 27.1[MHz]

cells 231

Tin 2.2(keV/u]

< P , -90 to -39[ " ]

m 1-1.458

c i n ( n o r m ) O.37r[mm m r a d ]

u.i 1.51 A/C [kV]

length

spirals

3,95(m]

20

1 7 - 8 [ k e V / u ]

7 .0 -6 .02[mm]

l>r[mm mrad]

0 .23 A/$[mA]

130

For the prototype RFQ a rectangular vacuum
chamber, made of aluminium, has been chosen. Fig. 5
shows a view of the prototype RFQ.

Fig. 5 View of the RFQ prototype

Alignment of the prototype

The big lids of the rectangular vacuum chamber
simplify the mounting and adjustment of the RFQ
structure. The spiral supports are installed on a copper
ground plate and aligned with an opto-mechanical
system. For the reason of manufacturing each 4 m
electrode consists of 21 pieces. For a high stability
they are fixed and brazed on ten electrode carriers
each about 100 mm long. The gap distance between
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the electrodes is adjusted by washers with the
alignment-system, too. The precision of the electrode
alignment is better than 1/10 mm, that means an error
less than 3 % of the aperture radius. Fig. 6 shows the
results of the electrode alignement.

25
0

-25

25
0

-25

25
0

-25

2b -
0

-25 -

0 2

length/n

Fig. 6 Measured electrode alignment

Rf-Measurements

The measured Q-value of the prototype is
Q = 4200. This is, compared with the sparking test
resonator, an enhancement of 30 % due to the
enlargement of the square length of the spiral supports
from 25 mm to 45 mm. A low level measurement of
the shunt impedance yields Rp = 500 kQm. For a good
beam quality it is important to get a constant field
distribution along the beam axis. The field distribution
can be changed by detuning of rf-cells with tuning
plates. Fig. 7 shows a field distribution measurement
of the RFQ prototype without any correction. The
maximum deviation is less than 2 %.

. 6 -

• -

2 -

0 -

- 2 •

_ ^ _

- 6 -

- 8 -

Fig. 7

0 1 2 3

length/m

Field distribution along the RFQ prototype

Status and Schedule

The vacuum tests are finished. The rf-matching
has been done and the resonator is now in the
conditioning phase. First high power tests and beam
tests with He+ at an electrode voltage of only 6 kV are
planned for September in our institute. If these
experiments are finished, the RFQ will be operated at
the high current injector test stand at GSI with Xe+

and U2+ at an electrode voltage up to 180 kV.
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POB500 Batavia, Illinois 60510

A b s t r a c t

Improved methods of manufacture and tuning
were developed for Side-Coupled Accelerator
Structures (SCS) for the Fermilab Linac Upgrade.
With available CNC machines and numerical
calculation programs, it was possible to machine
cavities to a calculated shape with predictable
accuracy. Minimal tuning was required after brazing.
This paper summarizes the parameters measured at
certain steps of the manufacturing process.

I n t r o d u c t i o n

Twenty-eight accelerating sections were
manufactured for the Fermilab Linac Upgrade. The
Sixteen accelerating cells of each section are of equal
(3. The ft, hence length of accelerating cell increases
for each section. Accelerating cells are connected via
coupling slots through a coupling cell. Four sections,
connected with bridge couplers, are mounted on a
single girder. Each Girder, powered by a kystron,
constitutes one of seven modules that will accelerate
Linac beam from 116 Mev to 400 Mev. Also, there is
a 16 cell and a 4 cell matching section at 116 Mev
and a 4 cell debuncher at 400 Mev, a total of 31
sections. Accelerating cell spacing CL= pX/2 which is
the half RF wavelength spacing varies from 3.349 to
5.233 cm over the range of accelerating sections

In each section all accelerating cells, coupling
cells and slots are the same End accelerating cells
are terminated with a bridge coupler cell at both
ends or a bridge coupler cell and terminating cell at
each end All internal segments are identical
accelerating half cells.

A slot in the accelerating cells with the coupling
cell brazed on the outside diameter provides coupling
from one accelerating cell to the next. The coupling
constant k1 is adjusted by depth of the slot
(determined by the center to center spacing between

*Work Supported by the US Department of Energy
under Contract No. DE-AC02-76CH03000.

the accelerating and coupling cavities) Mechanical
considerations for the structure fabrication are
detailed in Ref. 1

A standard five parameter model is used to
describe the dispersion of the field modes in the
passband. An adequate model description is given in
Ref. 2. Final tuning of the structure makes use of the
fact that all accelerating cells are tuned to a
frequency « i and all side coupling cells are tuned to a
frequency o2. Three coupling constants, Ki,K2,and
K3 complete the model. Because of the existance of
probes and shorts when actually measuring the cells,
the frequencies are not the same as the values
calculated by the dispersion equation. Details of the
tuning procedures have been covered in Ref. 3&4.

This paper considers only the section tuning.
Tuning of the completed module consisting of four
sections and three bridge couplers is covered in
Ref.5&6.

SUPERFISH (SF) Frequency

Prior to slotting the half cell segments they are tuned
to a SF Goal frequency considerably higher that the
operating 805 MHz. The mechanics of the coupling
slot and a second coupling constant K2 lower the SF
frequency to slightly below 805 MHz. Initially the
correct SF frequency was determined by making
aluminum models of segments at several modules.
Initial values for SF Goal were determined by a curve
fit of the models. As production proceded corrections
were made to continuously update the SF Goal curve.
Fig. 1 is a plot of SF Goal and the manufactured SF
average frequency as a function of the cell spacing
CL. The discontinuity in the curve at 4.400 cm
(section 4-1) is a result of adjusting the nominal
center to center spacing of the coupling and
accelerating cells from 7.264 to 7.188 inches, this
was done because the coupling constant K1, measured
after slotting to the desired frequency, was drifting
downward with increasing cell length, Fig.2.

419



Stacking Order

High and low frequency half cells are paired in a
stacking order to best equalize the interior
accelerating cells. The goal was to have frequencies
within ± 30 KHz. Fig.3 shows the Min-Max spread of
the half cells before stacking and full cells after they
were stacked in pairs.

Slot t ing

The coupling slot was made using a cutter arc
identical to the inside radius of the coupling cell. The
depth of the slot determines both the coupling K1 and
the final frequency of the stacked cells. Once the SF
frequency was machined, the final frequency and
coupling K1 were not independent of each other. The
target n/2 frequency for the section was 804.900
MHz. This allowed sufficient range to raise all cells
while equalizing their frequencies as the section was
tuned to 805.000 MHz. The n/2 frequency before and
after brazing and after tuning are shown in Fig.4.
Values of K1 were previously shown in Fig. 2.

Stop Band

The stop band was adjusted high for stability and
because the coupling cells shift down in frequency
under vacuum. An additional slow drift of the coupling
cells is expected over time. Fig. 5 shows the stop band
at atmospheric pressure and at vacuum. All
measurements are corrected for vacuum at 25 Deg.C.
The difference in the two curves is attributed to the
mechanical deflection of the coupling cells under
vacuum.

measured parts could be shipped across country and
brazed with little shift in the structure tuning
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Dispersion Parameters

After tuning the sections, all modes were
measured and the five parameters of our model were

calculated. G)landtt>2 are plotted in Fig. 6. K1, K2 and

K3 are plotted in Fig. 7.

Conclusions

A rather straight forward method of tuning and
fabricating Side Coupled Sections was developed. By
constant comparing of manufactured parts with
models and adjusting SF frequencies as production
progressed desired tuning and coupling could be
controlled. Production did not require measurments at
the machining location and so several vendors could
be manufacturing parts at the same time. Stacked and

SF Goal
5F Machined

CL. Call Kngth (cm.)

Fig. 1. Comparison of SF Goal and Machined Frequency
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Fig. 2. Production Coupling K1 Vs CL

O H u M n Hrti C«H
• Uax-Mm Pared Cell

•••ooo-t <?-

CL. Call length (cm.)

P i g . 3 . AM Maohinod C « l l Fr«qu«ocy Spread

CL. Oil Lcngih (cm.|

F ig , 4 . - ii Frequency va CL

Slop 6*nd (Ai()
Stop Band (Var*

I .

oio o- •• • • *
: o
: O O : 0 0

..*.. * . . . . • . .

CL, Oi l Length (ca)

Figure 5. Stop Band vs CL

CL, Call Length (cm)

Fig. 6. Cell Frequency Calculated From
Dispersion Measurements.
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Fig. 7. Coupling Constants Calculated
From Dispersion Measurements.
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Introduction
As a portion of the Tevatron Collider Upgrade

program, the Linac Upgrade will increase the energy
of the existing 200Mev linac to 400Mev in order to
reduce beam emittance degradation in booster. This
project provides for the replacement of the last four
linac drift-tube tanks with seven side-coupled cavity
modules which are more efficient and will operate at
high accelerating gradient (8MV/M). Each module is
composed of four accelerating sections connected
with three bridge couplers and is driven by a 1 2MW,
805 MHz Klystron RF power supply. Sixteen
accelerating cells (main cell) and fifteen coupling
cells (side cell) are brazed into an accelerating
section. (Fig.1)

In October 1990 the first 805 MHz side-coupled
cavity module started to be tuned, till March 1992
almost one and a half year all seven modules were
fabricated, tuned and tested with high full power
(about 11 MW) and put into the tunnel for further
test. The results indicated that the requirements for
satisfactory beam dynamics were met. The 7T/2
mode of each section and the TM010 mode of the

individual bridge coupler agreed within 2KHz of the
module accelerating mode, the accelerating cell
frequency was tuned within ± 5KHz and the section
stopband were 50-100KHz under vacuum. The main
cell rms field deviation was <1% within any section
except module 2 section 3 (<1.3%) and the section
average rms field deviation was < 1 % except module
1 (<1.5%). The Phase shift from section to section
were tuned to <1°. The coupling between waveguide
and cavity was tuned match with 30 ma beam loading.

Operating mode and field flatness
The module tuning mainly is to tune the bridge

coupler, the bridge coupler has its own modes, it is
desirable that TM010 mode of the individual bridge
coupler agrees within 2KHz of the module
accelerating mode. Around the TMn,n mode there

are four modes,TE lu TE l l l x

which may has some effection for operating. It is also
desirable all these modes are out of the section

*Work supported by the U.S. Department of
l-nergy under contract No.Dl--AC02-7(>CI 103000.

' 010

TM011 and TEU 2 v ,

passband, if possible, to make the nearest lower
mode "symmetrical" with the nearest higher mode
about the ix/2 mode by tuning the post at the rear of
the bridge coupler. If any of the above modes enters
in the section passband, it will perturb the cavity
operation.

The bridge coupler for the FNAL Linac are 3A/2
long, the length of the bridge couplers are from 35cm
to 55cm. It is shorter comparing with LAMPF
structures, all these modes were out of the section
passband, only first module's TE l l l xwas too closed
the edge of the passband. The center post interacts
strongly with T E l l n modes but only weakly with
TM 0 1 n modes. One may can use it to move
TE ] ] l xdown to make "symmetrical" with TM 0 ] , , but
after module 2 the T E u l x was too low to make
"symmetry" by adjusting center post penetration.
Infact the center post was not necessary for moving
the bridge coupler modes because it was considered t
if the mode was out of the section passband it's
perturbation on the field was negligible, but it can be
used for trimming. The phase shift between sections
was compensated by tuning bridge coupling cell.

Before the section was put onto the girder, the
7r/2 mode was tuned at 850 MHz corrected with

vacuum and 25 C. Since it was done at different time
and werther, after all sections were put on it with
water cooling, it was found there was < 10KHz
defference between sections. (LAMPF the 7T/2 mode
of the tanks were made to fall in the range 805.000
±0.010 MHz). In our case it is impossible to make
minimun energy in both attached bridge coupling cells
if the section 7T/2 modes were defferent. If it was
happen, it would be retimed into <2KHz. One can get
the defference of the 7r/2 mode frequency between
sections by tuning minimun energy (field) of
operating mode in the bridge coupling cell. Fig.2
shown the minimun energy (field) of the operating
mode in the end coupling cell and bridge coupling cell
of the module 5 after final tuning.
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The end post was not only for tuning bridge
coupler TM010 mode equal to the 7T/2 mode of the

section (like LAMPF), but also for balance the
average field of sections. While one tuned bridge
coupler TM010, the beadpull was done to check field

flatness, several iterations were needed. One can
change center post penetration to slightly change
TM010 but field flatness. When tuning the four-
section module, each pair of sections coupled with a
bridge coupler was tuned first. If two pair TT/2
modes were defferent more than 2KHz, retuned it.
Fig.3 shown the field (E2 ) flatness of the module 5.

Mode dispersion and stooband
For coupled resonator module of double periodic

accelerator section with nearest neighbor and next
nearest neighbor coupling the theoritical analy
indicated the dispersion relation is

&2cos2cp = ( l-cof/co2

Table 1, The section stopband of the module 2

Here k^l^,!^ are nearest, main cell to main cell,
and side cell to side cell coupling constant. w,,002

are main cell and side cell resonal frequency, Cp is
mode phase shift from cell to cell. When k2 = ki=0 the
dispersion relation have two similar branches with a
stopband between (0, and (02. If <S)l = W2, the
stopband is zero, be defined confluence , two
branches are connected and antisymmetric with TT/2
mode, the modes spacing are equal. It results in an
increased mode specing around the operating mode
and a non-zero slope of the dispersion curves at this
mode, therefore the non-zero group velocity
obtained. If k2 * k^ k2tk^*0 the accelerating cell
and the coupling cell resonal frequencies are
Wfl = COj l^j\ ~ ^ andlOfc = W 2 / ^ l - k^ ,the stopband
AtO =Wa - C06 and two branches are not

antisymmetric, their widthes are defferent. In our
case the widthes were about 15.5-16.5MHz and
23.5-24.5 MHz respectively from module 1 to
module 7. The mode spacing below operating point
was smaller than that of above operating point,
therefore the stopband calculated by mode spacing
was higher than reality, only when k2, k^ are very
small or equal, it is true. If possible it is better to
get the stopband by measuring C0flandt0fr. Table 1

shown the section stopband of the module 2, it
indicated that the stopband calculated with mode
spacing was about 100 KHz higher

stop-
band
(KHz)

section#
nearest modes
modes fit at Air
modes fit at Vac
used (0a CO,,.Air

1
402
322
88.7
321

2
404
337

100

290

3
421
336
84.5
354

4

409
343
87.6
336

Under vacuum the coupling cell was squeezed,
Unmoved down about 280-110KHz from the section
1 of the module 1 to the section 4 of the module 7,
but (0fl only changed a few KHz (<5KHz) so the
stopband moved dowm too. In our case it was easy to
tune the stopband to near zero, but the plus stopband
could compensate field error caused by frequency
error of the main cell and it tend to move in negative
direction over a period time, so it was tuned 50-
100KHz under vacuum.

The module composed with four sections and three
bridges attached, three sets additional modes added
in between the section modes spacing, these modes
distribution mainly depend of the frequency of the
bridge coupling cell, especialy the nearest operating
modes strongly depend on two center bridge coupling
cell frequencies, if one only used these modes to
decide the module stopband, it was mistake. But
normally it was tuned to close the section stopband if
phase shift between sections was met. Fig. 4 shown
the effection of the bridge coupling cell frequency to
modes distribution.

Phase shift between sections
The change in phase between sections was

measured as the drive point was switch from one end
of the linac unit to the other. For two side bridge
couplers (attached section 1-2 and section 3-4),
adjusting the coupling cell frequency can easily make
phase shift within 1 °, two coupling cells and bridge
coupler phase shift compensated each other. How
compensation was not cared, two coupling cell
frequencies might be big defferent, but it is better to
keep each side uniform. For the center bridge coupler
the change in phase was measured as the drive point
was at waveguide too, the phase shift conpensation
were not only from section to section but waveguide
to sections. It was found that when upstream coupling
cell frequency changed, the change in phase drived at
waveguide and down stream had same direction, It
drived at upstream had oppsite direction with much
more sensitive, vice verse. Before the phase shift
tuning one had to mersure phase shift with defferent
drive way and recorded the data to decide the tuning
strategy. Since any tuning would effect phase so it
would be done at last step. Finally all of the phase
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shift were tuned within 1°. Table 2 shown the phase
shift in the module 7.

Table 2, The phase shift of the section to section
of the module 7
Bridge coupler*
drive at up Stream
drive at down Str.
drive at waveguide
Phase shift (degree)

1-2
86.3
86.4

0.1

2-3
173.8-.9
173.8-.9
173.9

0.1

3-4
179.1
178.7-179.2

0.5
As it was said above, after phase shift tuned the

bridge coupling cell frequency was remeasured, for
the module 6 and 7 the results shown in table 3.

Table 3, Bridge coupling cell frequencies (MHz)
after phase shift tuned
module# section 1 -2 section 2-3

826.315 828.577
section 3-4

821.587 822.014
832.293 832.255 825.925 826.057 833.090 833.051

829.120 829.378

It indicated that the longer the bridge coupler was
the higher the frequency of the bridge coupling cell
needed and the center bridge coupling cell frequency
was lower than that of sides, becurse of waveguide
coupled. It also shown that the frequencies of two
side cells attached same bridge coupler were very
close. The frequency of the center mode of the
system composed of the bridge coupler and two
coupling cells with main cell shorted in the module
was slowly increase from upstream to down stream
in the module and from first module to last one.

Coupling of the waveguide to cavities
The coupling coefficient of a transmission line to a

resonant cavity is given by |3 = QdlQext

1/(2; = I/O, + l / a , • p(VSWR) = Z/Zo = (3 .
p - 1

reflect coefficient T =
P + l

A slot was cut in the center bridge coupler to
match the power feed via the waveguide for 30ma
beam loading. There was a director on the waveguide
for measuring forward and revers power to check
the coupling coefficient. Compared with QQ and Qx ,

one can know if there was under or over coupling.
The slot interacts fairly strongely with center bridge
coupler tuning, especially TM010 mode frequency, so

the tuning of match had to be done before the post
welded, after the post welded only small adjust was
possible, the center post could be used as trimming.
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Abstract

A design for a superconducting niobium slow-wave
accelerating structure has been explored that may have
performance and cost advantages over existing technology.
The option considered is an array of pairs of quarter-wave
coaxial-line resonant cavities, the two elements of each pair
strongly coupled through a short superconducting transmis-
sion line. In the Iinac formed by such an array, each paired
structure is independently phased. A disadvantage of two-
gap slow wave structures is that each cavity relatively short,
so that a large number of independently-phased elements is
required for a linac. Increasing the number of drift-tubes
per cavity reduces the number of independently-phased ele-
ments, but at the cost of reducing the range of useful veloci-
ty acceptance for each element. Coupling two cavities splits
the accelerating rf eigenmode into two resonant modes each
of which covers a portion of the full velocity acceptance
range of the original, single cavity mode. Using both of
these resonant modes makes feasible the use of coupled
cavity pairs for a linac with little loss in velocity acceptance.

Introduction

This paper reports a design for a superconducting
accelerating structure to be employed in a heavy-ion booster
linac for the 16UD pelletron electrostatic accelerator at the
Nuclear Science Center in New Delhi, India.

Several recent heavy-ion booster linac projects employ
superconducting quarter-wave coaxial-line (QWCL) resonant
cavities [1 - 6]. The QWCL geometry is characterized by
excellent mechanical stability and broad velocity acceptance.
Also, QWCL resonators made with superconducting
niobium have achieved very high accelerating gradients [5].

A disadvantage of the QWCL geometry, however, is that
the single-drift-tube, two gap structure is short, and a
relatively large number of independently controlled resona-
tors is required to form a useful linac.

The present project is aimed at developing a high-
performance structure based on the QWCL geometry, with
the design focussed on reducing construction costs and
maximizing operational simplicity and stability.

This development is being performed at Argonne National
Laboratory as a collaboration with the Nuclear Science
Center, New Delhi, India.

+ Nuclear Science Center, New Delhi, India

Resonant Cavity Design

As a design starting point, we consider a 100 MHz, two-
gap structure optimized for particle velocity 6 = v/c = .08,
which provides a good match for all ions of A < 100 from
the New Delhi tandem accelerator. A two-gap structure has
a large enough range of velocity acceptance that a single
resonator geometry will suffice for the entire booster linac,
as presently envisioned.

We also consider the possibility of strongly coupling
pairs of QWCL cavities to see if a forming a hybrid multi-
gap structure could combine some of the advantages of two-
gap and many-gap cavities. The object is to reduce the
number of resonator rf drive and control systems required,
and also the number of transmission lines from room-
temperature rf power sources to helium temperature
resonant cavities.

In what follows, we first discuss the design of a simple
two-gap resonator, intended to be usable as a stand-alone
structure, then discuss the characteristics of a coupled pair
of such cavities, and finally a design for a superconducting
coupling device.

Quarter-wave Coaxial-line Cavity

We choose to form the cavities entirely of pure niobium,
rather than employ a bonded niobium-copper composite as
in the resonant cavities used in the ATLAS linac and several
other accelerators. This decision was taken primarily
because of the cost of forming and welding the composite
material, and particularly because the cost is increased by
the relatively large number of two-gap cavities required.

The cost of high-purity niobium is not negligible, so that
an important design consideration is to keep the niobium
wall thickness small, yet still achieve good mechanical
stability [7].

A coupled pair of QWCR resonators of the geometry
chosen is shown in Fig. 1. The electrodynamic and mechan-
ical properties are discussed in detail in following sections,
we wish here to consider a single QWCL resonant cavity,
one-half of the coupled pair, and note the following features:

1. The high-voltage end of the coaxial line consists of a
relatively large diameter section which capacitively loads the
quarter-wave line and shortens the cavity nearly 20 cm. This
is done both to reduce the size of the resonant cavity, and
to improve mechanical stability, which decreases rapidly with
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Fig. 1. Coupled pair of 100 MHz quarter-wave coaxial-line
resonant cavities. The shaded region shows the
volume occupied by liquid helium.

increasing length of the coaxial line. By using a cylindrically
symmetric drift tube, large capacitive loading can be
obtained while keeping the peak surface electric field low.

2. The niobium cavity is closely-jacketed in a vessel of
stainless steel, which will contain the liquid helium required
to cool the superconducting structure. This design will
permit an array of cavities to operate in a cryostat with the
beam-line and cryogenic vacuums being one common
system. Such an arrangement is almost universally used in
superconducting heavy-ion linacs, because it facilitates the
large number of connections to room temperature required
to operate an array of independently-phased resonant
cavities. A small amount of niobium-stainless bonded

composite material will be used to provide welding transi-
tions where beam ports and coupling ports penetrate the
stainless steel jacket.

3. A pneumatic tuner is incorporated into the bottom end
face of the resonant cavity and will consist of a three-section
niobium bellows. The end face will move about 3 mm with
1 atm of internal pressure, and provide a tuning range of
approximately 100 KHz, substantially more than required for
single cavity operation, but which is essential, as is discussed
below, for operating the cavities as coupled pairs.

Coupled Cavities

Coupling a pair of QWCL cavities creates a structure in
which the two lowest-frequency rf eigenmodes consist of the
fundamental rf eigenmode in each of the independent
cavities, the two of which can be either in phase (which we
term the anti-symmetric mode of the coupled structure) or
n radians out of phase (the symmetric mode).

Figure 2 shows the transit-time-factor (TTF) as a
function of particle velocity 6 (the velocity acceptance
characteristic), both for a single QWCL cavity and also for
a coupled pair of such cavities. The TTF is normalized to
unity for an energy gain of twice the peak rf voltage
summed over the drift-tubes traversed by the charged
particle.

If we compare the TTF curve for a single resonator with
the symmetric mode of the coupled pair, we are simply
comparing a two-gap and a four-gap accelerating structure,
and with the obvious conclusion that the velocity acceptance
of a two-gap structure is substantially broader than for a
four-gap structure.

If, however, we permit the coupled pair to operate in
either the symmetric or anti-symmetric mode, we can obtain
a velocity acceptance curve which is the envelope of the
curves for both pair modes shown in Fig. 2, and obtain a
velocity acceptance which is essentially as broad as for each

0 02 0 04 0 06 0 0a 010 012 014 016 Oia 0 20

Fig. 2. Energy gain as a function of particle velocity 6 = v/c
for single and paired QWCL resonators. Details of the
various curves are discussed in the text.
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of the short, two-gap structures constituting the pair.

The symmetric and anti-symmetric modes are, however,
at two different frequencies, so that employing both modes
in a linac requires that the coupled pair be tunable over a
sufficient range that either mode can be made coincident
with the linac rf clock.

The two modes are split by an amount proportional to
the coupling between the resonators, which has a minimum
value determined by the requirement that the coupled
cavities operate stably as a single unit. In the present
design, we require that the relative amplitude of the rf fields
in the two cavities remain constant to better than 1 part in
103 in the presence of fluctuations in the eigenfrequencies
of the two resonators caused by microphonic acoustic excita-
tion. At this level, fluctuations in the rf field will cause no
appreciable increase in longitudinal emittance of the beam
for the application considered.

The coupler shown in Figure 1 consists of a loop,
connected to a flange that demountably joins the coupling
port on each paired cavity. The loop extends into the
(primarily magnetic) rf field of each cavity as shown.
Coupler parameters are discussed in the next section.

Room Temperature Model

The QWCL resonant geometry has been modeled in
copper (using a 3 mm wall thickness) to allow measurement
of the mechanical properties of the design. Fundamental
parameters for a single QWCL resonator (1/2 of a pair) at
a nominal accelerating gradient of 1 MV/m are:

Resonant Frequency
Synchronous Velocity
Drift Tube Voltage
Energy content
Peak Magnetic Field
Peak Electric Field
Geometric factor QR

95 MHz
0.081 c
253 KV
0.116 J
108 G
3.9 MV/m
18

Mechanical properties of the model were also observed.
Microphonic induced rf eigenfrequency fluctuations were
less than 10 Hz peak-peak under ambient conditions typical
for the existing ATLAS linac. The observed level of
sensitivity to microphonics is about a factor of five less than
for the existing ATLAS split-ring resonators and shows the
mechanical stability of the design to be excellent.

The coupler shown in Fig. 1 provides sufficient coupling
to split the symmetric and antisymmetric modes by 50 KHz.
This coupling is more than a factor of five stronger than
needed to stabilize for the microphonic effects observed.
Measured rf magnetic fields at the coupling ports indicate
that rf losses in a demountable joint to the coupler will be
acceptable at accelerating gradients of more than 6 MV/m

[8]. It should be noted that the coupler must be supercond-
ucting: the rf current in the coupling loop will be 65 am-
peres at an accelerating gradient of 1 MV/m, making losses
in a copper structure unacceptable.

Discussion and Conclusions

An additional feature of the coupled pair structure,
when as in the present design both elements can be inde-
pendently tuned, is that the field level in the two halves can
be independently varied over a substantial range. This
possibility may be of value in permitting each element can
undergo independent high-filed conditioning, and also each
element can be independently operated at its maximum
achievable field level.

A major issue which can be resolved only by testing a
superconducting prototype is the nature and severity of
multipacting in the cylindrically symmetric cavity. Also,
determining the practicality of using both modes of a
coupled pair will require a series of tests of the paired
structures.

Construction of a prototype cavity pair is currently in
progress with the first cold tests expected within the next
year.
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This is the specimen abstract that J.A. Hulbert, Chalk River,
prepared for the guidance of authors who submitted abstracts for
papers presented at the 1992 LINAC Conference:

HTSC PROTON LINEAR ACCELERATOR

Arnold B. Cou and Xi-You Zheng
Linear Accelerator Development Group

Far-North Accelerator Corporation
Ookpik, NWT Z9Y OSO CANADA

A study on the operation of superconducting accelerators north of the Arctic Circle has shown
that the use of yttrium-barium-copper-oxide cavity coating makes operation possible without
refrigeration for at least two months of the year. We have used a disk-and-washer structure with
the disk shape modified to the form of an Inouk skinning knife. The 135-degree blade shape
encourages melting ice to drip clear of the beam and the T-shaped handle permits assembly in
the open-air laboratory while wearing fur mitts. Traditional methods are used to form the cavity
segments from soapstone, which are then coated with the superconductor powder using walrus
blubber as an adhesive. The coating is heated over a seal oil lamp and left outside for two days
to set, before polishing with polar bear skin. Cavity segments are bonded together using
bitumen deposits gathered from the sea-shore. Our DEW-line-surplus rf amplifier is still
operating reliably now that the ceramic insulators have been replaced with whale-bone.
Excessive auroral displays this year reduced useful beam time to 40% of the sub-Tc period
(arctic night). The novel vacuum pumping system for this machine uses an Inuvik cryopump.
The system is filled with steam on Midsummer Day and sealed with bitumen. On January 4th
we regularly reach a pressure of less than 107 kPa. The 12-month pump cycle is causing some
maintenance problems.

We acknowledge support of a grant from Yttrium Corporation of Patagonia.
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DESIGN FOR A SUPERCONDUCTING NIOBIUM RFQ STRUCTURE

K. W. Shepard, W. L. Kennedy, and L. Sagalovsky
Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60438-4843 USA CA9700178

Abstract

This paper reports a design for a niobium supercon-
ducting RFQ operating at 192 Mhz. The structure is of the
rod and post type, novel in that each of four rods is support-
ed by two posts oriented radially with respect to the beam
axis. Although the geometry has four-fold rotation symme-
try, the dipole-quadrupole mode splitting is large, giving
good mechanical tolerances. The simplicity of the geometry
enables designing for good mechanical stability while
minimizing tooling costs for fabrication with niobium.
Results of MAFIA numerical modeling, measurements on
a copper model, and plans for a beam test are discussed.

Introduction

Although cw electric fields exceeding 100 MV/ra have
been achieved in a superconducting niobium RFQ structure,
the structure tested had vanes only 6.5 cm long, and was not
suitable for accelerating beam [1]. While several possible
superconducting RFQ accelerating structures have been pro-
posed [2, 3], neither high gradients nor adequate mechanical
stability have been reported.

The RFQ design presented here is intended as a next
development step for the niobium short-vane RFQ, and has
the following goals:

1. See if high accelerating fields can be obtained in a
superconducting RFQ structure of useful length (50 cm).

2. Be designed to permit testing with beam at the ATLAS
heavy-ion facility.

3. Be sufficiently mechanically stable to permit cost-effective
operation in low-beam-current applications. This is a most
important requirement, since phase-stabilization of superco-
nducting structures in low-current applications can be
expensive and difficult [4, 5].

The potential for testing with an ATLAS heavy-ion
beam provides great flexibility [6]. The velocity profile, and
the vane modulation, can be specified without knowing
precisely what electric field gradients can be achieved, since
the charge-to-mass ratio Q/A of a test beam can be varied
over a substantial range, from 1/10 to 1/2. A test area is
available in which a bunched beam of velocity as low as .02
c can be made available. To permit such testing, the
entrance velocity of the structure is chosen to be 0.02 c, and
the

operating frequency to be the 16th harmonic of the ATLAS
bunching frequency, or 194 MHz.

The Resonator Geometry

Figure 1 shows the resonator geometry chosen.
Although the structure has four-fold rotational symmetry, as
is shown below, the dipole-quadrupole mode separation is
large, yielding good mechanical tolerances. The mode
separation results from the large electric-field coupling
between the longitudinal rods or vanes, the inductive
coupling between the radial posts being relatively weak in
this geometry.

The four-fold symmetric rod and post geometry has
several advantages for construction of a superconducting
niobium RFQ:

1. The good mechanical tolerances are compatible with the
need to heavily chemically polish the niobium surface, with
resulting uncertainties of tens of microns in the final
position of the interior cavity surfaces.

2. The cost of tooling and fabricating in niobium are mini-
mized by the simplicity of the structure, which can be
formed by joining eight simple "T" sections.

Fig. 1 194 MHz, four-fold symmetric rod and post struc-
ture. The vanes or rods are 50 cm long. The relatively
large diameter of the rods is not only practical in a superc-
onducting structure, but desirable for good mechanical stability.
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3. Since peak surface field, rather than shunt impedance, is
the primary design constraint for superconducting niobium
structures, the rod and post structure can assume massive
proportions, providing excellent mechanical stability.

Vane Design

The design goal is to match an ATLAS 238U24+ beam
on the optimistic assumption that surface fields as high as
were obtained in the earlier short vane tests can be repeated
in the larger RFQ structure. If the superconducting struc-
ture is limited to lower surface fields, it will be matched to
(lighter ion) beams of higher Q/A, so that a beam test at
ATLAS would be possible for a range of possible accelerat-
ing gradients.

With the above considerations giving the starting point
for the design, we assume the following parameters:

Frequency
Vane Voltage
Entrance velocity
Transverse Emittance
Longitudinal Emittance
Minimum aperture (radius)

194 MHz
200 KV
60 = 0.02
ex = IOTT mm-mrad
ez = 40TT KeV-nsec
3mm

The vane modulation is chosen to yield as high an accelerat-
ing gradient as is consistent with good longitudinal and
transverse focussing, and the requirement to maintain a low
peak surface electric field. Some parameters of the result-
ing design are:

Modulation factor 2.34
Synchronous Phase -30°
Number of cells 24
Overall Length 50 cm
Peak surface electric field 120 MV/m
Mean Accelerating Gradient 8 MV/m

It should be noted that the above accelerating gradients do
not represent the expected performance for the supercondu-
cting structure, but are the upper limit of possible perfor-
mance which could still be tested with beam at ATLAS. A
gradient of half the above values would represent exception-
al performance for a cw RFQ.

Resonator Modeling

Structure design has been based on numerical modeling
using the MAFIA code. Key parameters have been checked
by measuring the properties of a room-temperature model
resonator (with unmodulated vanes). The model resonator
is of slightly larger OD and lower frequency than the
planned superconducting niobium structure shown in Fig 1.
It is, however, sufficiently close to the final version to show
qualitatively the electromagnetic and mechanical properties
of the design and is the version discussed below.

Eigenfrequencies

The lowest electromagnetic modes of the structure were
calculated and measured as:

Mode

Quadrupole

Dipole

MAFIA Result Model Measurement

160 MHz

179
179

158 MHz

179
179

Although within the bandwidth of the normally con-
ducting model the two dipole modes are degenerate, they
will surely be distinct in the superconducting resonator. The
dipole-quadrupole mode separation is ample, and insures
broad mechanical tolerances for the structure, simplifying
construction in niobium.

Mechanical Stability

A high-degree of mechanical stability is particularly
desirable for low-beam-current applications of the device
because of the difficulty of stabilizing the rf phase of high-Q
superconducting resonators in the presence of microphonic-
induced-excitation of mechanical vibrational modes of the
cavities.

This difficulty is best quantified as the reactive power
capability required of the resonator rf tuning system, given
by

where 5f is the p-p eigenfrequency jitter, and Urf is the total
rf electromagnetic energy in the resonant cavity. The
present fast-tuning system for ATLAS operates at a typical
capacity of P reac t = 10 KVA, with a maximum capacity of 30
KVA.

The electromagnetic field energy for the quadrupole
mode of the copper model structure was calculated by
MAFIA and checked by bead-pull frequency-perturbation
measurements as: Urf = 2.6 Joules for a vane voltage Vvane

= 100 KV (the voltage between adjacent vanes is twice this
value).

The mechanical stability exhibited by the copper model
is excellent. Under conditions typical for operation of
superconducting resonators for the ATLAS linac, ambient
microphonic-induced rf eigenfrequency jitter was less than
50 Hz, peak-to-peak. In previous development, the micro-
phonic behaviour of room temperature models has been a
good indicator of on-line behaviour for superconducting
resonant cavities in the ATLAS linac.

This observed level of vibration is within the capacity of
the existing phase-stabilization system for Vvane < 300 KV,
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well beyond any performance expectation for the supercond-
ucting RFQ.

Field Flatness and Surface Fields

MAFIA results indicate that variation of the rf voltage
along any vane or rod due to inductive voltage drop is less
than 3%. The variation is small and can be accommodated
by slight variations in the cell length along the modulated
vanes.

The peak surface electric field, occurring at the vane
tips, is estimated to be 60 MV/m for Vvane = 100 KV.

The peak surface magnetic field Bmax , calculated by
MAFIA, occurs at the junction between rods and posts, and
Bmax = 5 9 0 8 a u s s f o r Vvane = 1 0 ° K V " T h i s v a l u e i s

calculated for a junction of two simple cylinders at right
angles. The final design will shape this junction to reduce
the peak by 10-15%. Even so, the surface magnetic field
may be the performance limitation for this structure.
Superconducting heavy-ion structures currently in use in the
ATLAS linac have frequently operated at Bm a x > 700 gauss
do not routinely operate cw at Bm a x > 1000 gauss [7].

Conclusions and Future Plans

A rod and post RFQ geometry with fourfold rotational
symmetry has very good electromagnetic and mechanical
properties for implementation as a superconducting RFQ
structure.

Questions which can be resolved only by testing a
superconducting device are:

1. Can the high electric surface fields (> 100 MV/m)
obtained in a short niobium RFQ be repeated in a structure
of useful length?

2. Do multipacting phenomena in such a structure
present severe operational problems?

Work is currently in progress to construct and test the
superconducting device described above as a collaboration
between Argonne National Laboratory and AccSys Technol-
ogy Inc.* (through the U. S. Department of Energy SBIR
program).
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ELECTRON BEAM TRANSPORT FOR THE LBL IR-FEL*

John Staples, John Edighoffer and Kwang-Je Kim
Lawrence Berkeley Laboratory

One Cyclotron Road
Berkeley, California 94720

Abstract

The infrared free-electron laser (IR-FEL) proposed by
LBL as part of the Combustion Dynamics Research Labora-
tory (CDRL) consists of a multiple-pass accelerator with
superconducting cavities supplying a 55 MeV 12 mA beam
to an undulator within a 24 meter optical cavity. Future
options include deceleration through the same cavities for
energy recovery and reducing the power in the beam dump.
The electron transport system from the injector through the
cavities and undulator must satisfy conditions of high order
achromaticity, isochronicity, unity first-order transport matrix
around the recirculation loop, variable betatron match into
the undulator, ease of operation and economical implementa-
tion. This paper will present a workable solution that
satisfies these requirements.

Introduction

The LBL IR-FEL serves the chemical sciences com-
munity by providing a X = 3-50 urn beam with up to 600
watts of optical power. Two 500-MHz superconducting
accelerator (SCA) cavities in a recirculating configuration
provide an energy range of 20 to 55 MeV in a 40-pole, 2-
meter undulator with a 5 cm period. Light generated within
the 24.6 meter optical cavity has a frequency stability of 1
part in 104 due in part to the c.w. operation of the SCA.

transfer matrix around the loop is set to unity to reduce the
tendency to transverse regenerative beam breakup in the
SCA. Figure 1 shows the overall configuration of com-
ponents in the shielding vault.

The bunch structure of the injector is preserved and a
1 % momentum variation for rapid wavelength tuning must be
accommodated, requiring the 180° arcs to be both achromatic
and isochronous with third-order corrections to avoid
significant transverse beam motion in the undulator.

The beam is focused to a waist in the center of each
SCA structure to minimize coupling to the r.f. fringe field.
The 180° arcs accommodate beam centroid monitors (strip-
lines, e.g.) to monitor relative momentum shifts to a resolu-
tion of one part in 105 for active accelerator r.f. amplitude
control.

A magnetic bunch compressor is included after the
injector to provide some control of the bunch length and will
also contain an energy defining slit to remove a low-energy
tail from the beam.

Design Parameters

The requirements can be summarized as follows:

• The c.w. superconducting injector supplies a 6 MeV beam
with e"ms = 30 n mm-mrad with a 4% FWHM

Figure 1. Overall Configuration of Components in Shielding Vault

The electron beam transport system takes the beam
from the 6 MeV superconducting cavity injector through the
two SCA sections in a two-pass recirculating configuration,
through the undulator and to a high-power beam dump. Each
SCA section adds up to 12 MeV to the beam which can reach
55 MeV in two-pass operation, with 6 MeV provided by the
injector. The orbit length is be a multiple of pX and the

* This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials Sci-
ences Division, of the U.S. Department of Energy under
contract number DE-AC03-76SFOOO98.

AP IP, plus a long low-energy tail which is subsequently
removed.

• A magnetic bunch compressor and energy slit follow the
injector, removing any low energy tail more than 100 keV
below the nominal 6 MeV, or about 20% of the current.

• Two 12-MeV 500 MHz SCA structures accelerate the
beam at <ps - 90° resulting in a AP IP of approximately
0.8% FWHM at 30 MeV.

• The beam will be recirculated through two 180° arcs and
further accelerated to 55 MeV. An additional long
wavelength undulator may be included in the 30 MeV
return line at a future time.
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The 180° arcs are achromatic and approximately isochro-
nous. The chromatic correction limits the transverse or
angular displacements to no more than 10% of the ellipse
parameters for momentum changes of up to 1%.

The path length around the recirculating orbit must be an
integer multipole /M to satisfy the microtron condition.

The transfer matrix of the recirculating loop is unity to
avoid transverse beam breakup.

The vertical beam betatron amplitude at the undulator fty

is varied over 0.33-0.73 meters as the gap spacing is
changed with /Jv constant at 1 meter.

The 6, 30 and 55 MeV beams will be physically separated
as soon as possible before and after the SCA sections and
directed through their own transport channels.

The 180° arcs will include diagnostic equipment (strip-
lines, e.g.) to monitor relative momentum shifts to a preci-
sion of one part in 105.

With beam power expected to top one-half megawatt at 55
MeV, the aperture will be at least 5a throughout the entire
beam line.

The energy spread of the beam into the undulator at 55
MeV is 0.4% FWHM, and 2% after the undulator.

Full power beam dumps will be provided at 6 MeV for
SCA tuning, and at full energy after the undulator.

The design will allow deceleration back down to 6 MeV to
be added at a later time, saving r.f. power and activation of
the high-energy beam dump.

The overall size is constrained by clearance for the optical
cavity and dewars, and by the 7 meter vault width.

SCA 1

• Transport line to the beam dumps

Figure 2 shows the configuration of magnetic elements
in the beam transport system. The 6 MeV beam enters the
combiner through an achromatic dogleg and is accelerated
through the two SCA cavities to 18-30 MeV. The separator
at the end of the SCA section directs the 6 MeV beam
through the first 180° arc, the return line and the second 180°
arc for a second pass through the accelerating cavities. The
beam, now at an energy of 30 MeV, is separated from the 6
MeV beam, directed around the larger arc and to the undula-
tor.

The optical axis of the undulator is translated 22.7 cm
over from the exit of the 180° arc to provide clearance for the
FEL cavity mirrors and their supports. The beam emerging
from the undulator is achromatically translated 33.9 cm to
pass around the mirror and directed to the beam dump.

The Arcs. Three arcs are provided, two symmetric units for
the 30 MeV first pass and a 55 MeV arc which brings the
beam to the undulator. Each arc is symmetric about its mid-
point. The 30 MeV arc spans 2.35 meters and comprises 7
identical dipoles, 4 families of quadrupoles and one family of
sextupoles. Seven dipoles helps achieve sufficient third order
correction.

Each arc is achromatic and nearly isochronous to
preserve beam emittance and bunch length and to allow a 1 %
fast energy tuning. To compensate the slight nonisochronism
in the beam separators and the offset of the undulator optical
axis from the exit position of the high energy 180° arc, an
equal negative value of nonisochronism is introduced in each
of the 180° arcs.

SCA 2

FEL

Figure 2. Configuration of Magnetic Elements in the Beam Transport System.

Transport Line Configuration

The beam line is implemented in modules, each pro-
viding a specialized task. These modules include:

• 180° achromatic, isochronous arc, corrected to second
order

• Transport lines between the SCA sections and the 180°
arcs

• Transport line from the 180° arc to the undulator

• Beam separators at the end of the SCA sections

• Energy slit and magnetic compressor at the exit of the 6
MeV injector

The achromatism of the arcs is corrected to second
order by a pair of sextupoles straddling the central bending
magnet. This correction also reduces the third order
chromatic aberration significantly so that the beam displace-
ment and angular error is held to within 10% of the ellipse
parameters for momentum offsets of up to ±1.5%.

Focusing keeps Px below 1 meter over most of the arc,
with dispersion TJX peaking at 0.5 meter for stripline beam
centroid monitors. Each 30 MeV arc is mechanically mov-
able as a unit to trim the path length around the first loop to
preserve the microtron condition.

The Transport Sections To and From the Arcs. The beam
is matched from the accelerator section, through the beam
separators into the 30 and 55 MeV arcs each by a pair of qua-
drupole doublets. After the first 30° arc, the beam is
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transported to the second 30 MeV 180° arc by a symmetric
arrangement of quadrupole doublets (triplet at the symmetry
point). The 30 MeV beam return path is reserved for a future
second undulator and optical cavity.

The beam from the 55 MeV 180° arc is matched into
the undulator by an arrangement of five quadrupoles and an
achromatic four-dipole dogleg. The total transfer matrix
around the 30 MeV loop is unity to suppress regenerative
beam breakup in the SCA sections. The phase advance
around the 30 MeV loop is a multiple of 2n and the betatron
amplitudes j5x and /3y are adjusted to the optimal value of 6
meters in the middle of each SCA cavity.

The Final Partial Arc. The 55 MeV beam from the undula-
tor is translated 33.9 cm from the optic axis by four identical
dipoles in an achromatic four-bend dogleg similar to the 6
MeV injection offset.

The Beam Separators. The beam separator is the most
complex element in the electron beam transport system. It
must separate the orbits of the 6 MeV beam from those of the
6+AE and the 6+2AE, where AE, the energy gain through
the two SCA cavities, ranges up to 24 MeV. The separators
divide three beams of adjustable energy into three fixed
offset beam lines. The nominal 30 and 55 MeV beams have
a 5CT stay-clear plus at least 1 cm magnetic septum width for
further bending. The betatron function at the separators is
about 12 meters in both planes, and the normalized rms emit-
tance is 30;r mm-mrad.

la)
Complete nominal sepa-aloi aesigr

Figure 3. Separator Configurations: (a) Fully Loaded,
(b) at Entrance and (c) Exit Ends of SCA.

Figure 3(a) shows the design of a complete device,
which may be used in the future if deceleration and energy
recovery is implemented. This device separates the 6 MeV
beams from the other two, whose maximum energies are 30
and 55 MeV, and minimum energies are 18 and 30 MeV.
Figures 3(b) and 3(c) show partial designs which are used at
the entrance and exit of the accelerating section. Starting at

the cavity and working outward, the first magnet group
separates the 6 MeV injected beam, returning the 30 and 55
MeV beams to the axis, and the second set separates the 30
and 55 MeV beams, returning the 55 MeV beam to the axis.
With a constant 6 MeV injection energy, the orbits of the two
high energy beams are maintained outside of the separators
for varying SCA energy gain with no mechanical motions
required.

The 55 MeV beam is directed to the larger 180° arc
and the 30 MeV beam is offset 19.8 cm toward the inside of
the ring and directed to the smaller 180° arc. The worst-case
separation of the two high energy beams is 4.2 cm in the mid-
dle of the second group of four dipoles when the SCA is
operating at a 24 MeV energy gain. The two 180° arcs are
identical, so the offset provided for the 30 MeV beam at each
end of the SCA section must also be the same.

The bumps and doglegs are achromatic but not iso-
chronous. An equal and opposite non-isochronism is intro-
duced in the 180° arcs to provide an isochronous transport to
the ring symmetry points. To preserve symmetry and to
allow for the future energy recovery option, the separators
are kept symmetric on each side of the SCA section.

Energy Slit and Magnetic Compressor. The 4-magnet
translation for the 6 MeV beam also serves as a magnetic
energy compressor and energy selection slit. The m56 matrix
element for the translation will be set by the final choice of
geometry at about 0.4 cm/%Ap Ip, and the dispersion r\x is on
the order of 0.33 meters where the matched beam amplitude
Px is about 0.55 meters.

Transport System to the Beam Dumps. The beam is tran-
sported to the beam dumps by an achromatic four bend
dogleg, two sets of doublets and a beam scanner. With an
average power of 650 kW at the highest energy and current,
the beam must be spread over an area of at least 80 cm2 at the
dump. Raster scanning is probably the best solution, which
avoids the precise steering problems and long transverse dis-
tribution tails associated with quadrupole or higher multipole
beam spreaders. A scanning failure monitor is required to
protect the target.

Inventory of Magnetic Elements. The dipoles are all short,
typically 10 cm long, with modest fields and less than a 2 cm
gap. The quadrupoles are typically 10 cm long with modest
gradients less than 15 T/cm. Fifty-three quadrupoles in 33
families, and 49 dipoles in 8 families are required exclusive
of the beam transport system from the injector and to the
beam dumps.

Future Expandability. The design of the beam allows addi-
tion of a second undulator in the 30 MeV return line, adjacent
to the installed one. In addition, the beam line configuration
easily allows inclusion of an energy recovery deceleration
option by adding one more 55 MeV 180° arc and decelerat-
ing the beam back down to 6 MeV, saving r.f. power and
reducing the beam dump power and energy.

Reference
An Infrared Free-Electron-Laser for the Chemical Dynamics
Research Laboratory Design Report, PUB-5335, Lawrence
Berkeley Laboratory, April 1992
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Abstract

The long range transverse wake field must be damped by
two order of magnitude at the next bunch in a multi bunch
operation for Japan Linear Collider(JLC). The wake field in
a detuned structure was investigated by an equivalent circuit
model. It was found from this calculation that the wake field
can be damped by two order of magnitude in a structure over
a train of 20 bunches. If several structures with slightly
different frequencies are taken into account, the wake field
can be damped by two order of magnitude in a train of even a
hundred bunches.

Introduction

To achieve a luminosity of a few times 1034cm^sec1 in
TeV region, a multi bunch operation of a few tens bunches
with a bunch spacing of 1.4 nsec is planning in the JLQ1]. In
this operation, the emittance growth due to the long range
transverse wake field in an X-band main linac becomes a
serious problem. To suppress this growth, the long range
transverse wake field must be damped by two order of
magnitude at the next bunch compared with the amount
excited by the preceding bunch. There are two kinds of
possible structures for suppressing the wake field. One of
them is called damped structure^], where the wake field is
extracted from the structure before the next bunch arrival by
connecting wave guides to outer wall of a cell. Another is
called detuned structured], where the wake field can be
cancelled by spreading the frequency of the relevant mode of
each cell in a structure. The later structure is the theme of this
paper.

The detuned structure consists of a hundred of
accelerating cells. The dimension of a cell differs slightly
from those of the adjacent cell. It is difficult to calculate the
wake field of this type of structure by such a code as
TBCI[4], due to the limitation of the mesh and the CPU time.
On the other hand, the coupling from cell to cell is not so
large and a coupled resonator model can be a good
approximation to this system. For example such models have
been used to date as a single chain circuit without
coupling[3,5], a single chain of coupled circuit[6,7,8] and a
double chain of coupled circuit[7].

The mode that causes the largest long rang transverse
wake field is the lowest dipole mode [10]. An analysis based
on a single chain of coupled circuit gives us a fairly good
estimation[6,7,8]. However, the detailed analysis should be
performed including the coupling or mixing of second dipole
mode[9J. In this paper, the lowest two dipole modes were
described by a double chain of coupled circuit. Based on this

model, some design considerations were studied and
discussed in this paper.

Equivalent circuit model

As mentioned in the introduction, the severest transverse
wake field is the lowest dipole mode in which TMllO-like
field and TElll-like are mixed. It is a good approximation
to express this characteristics of the mode as the mixing of
the two kinds of modes and to describe by the double chain of
coupled circuit modcl[7]. This circuit model and its equation
are shown in Fig.l and the following equation[7],
respectively.

In this equation, the matrices [M], [C], [K] are evaluated from
the coupling between cells, the Q value and the resonant
frequency without coupling, where these parameters were
calculated by using URMEL[10]. On the other hand, the
eigen value co and the eigen vector [x] that express the
current in the circuit correspond to the resonant frequency
and the intensity of the field of a mode, respectively.

The wake field was calculated from the cigen vector and
the eigen value as follows. First, the loss parameter of the
mode was calculated by integrating the field in a cell
calculated by URMEL and being multiplied by the
corresponding component of the eigen vector. Then the wake
field can be calculated by superposing the loss parameter
multiplied by a factor sin(au). This formalization will be
described in detail[l 1].

TMllO-like

Fig.l Double chain of coupled circuit.

Results

In the following, the results for various detuned
structures were described. The Q value is fixed to that of the
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7r-mode which makes the analysis almost lossless. The
frequency distribution was made by changing only the beam
hole radius and the disk thickness was fixed.

Frequency distribution
The damping pattern of the wake field can be roughly

estimated from Fourier transform of the frequency
distribution in the structure! 12]. In order to damp the wake
field below 1% at the next bunch, the standard deviation of of
the Gaussian distribution should be larger then 0.35 GHz.

The distribution of a real structure will be truncated
Gaussian instead of the Gaussian due to a finite number of
the cells. To optimize the parameter of truncated Gaussian
distribution with 150 cells, the wake field was calculated as a
function of the full width Af and standard deviation erf. An
effective beam hole radius for short range wake field ( in
proportion to a'^-S ) is set 0.16X, where the center frequency
becomes 15.6 GHz.

Maximum wake field from next bunch to 20th bunch was
calculated and shown in Fig.2. If the full width is larger than
1.5 GHz, the wake field can be damped below 1%. In this
case, the af does not contribute much. Smaller af makes the
distribution closer to Gaussian. However af should be larger
than 0.35 GHz as stated above. From these consideration, af
of 0.35 GHz and Af of 1.7 GHz were chosen as a proper
parameter in this paper. The wake field in this parameter is
shown in Fig.3.
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Fig. 2 Maximum wake field between second and 20th bunch
versus the parameters of frequency distribution.
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Fig.3 Wake field with af=3.5 GHz and Af=1.7 GHz.

Coupler cells
Since the coupler cells has a RF feed ports, its higher

order mode frequency and Q value are different from those of
the normal cell. If we assume a double feed coupler cell, the

lowest dipole mode frequency which does not couple to those
feeds will be about 5 percent higher than normal cell. Fig. 4
shows the poor cancellation of the wake field during several
nano second, though still keeping less than 1% level,
meaning no severe effect but only about 2/number of cells.
On the other hand, the frequency of the mode which couples
to RF feed port might be very close to that of the normal cell.
However, in this case the extracted field can be reflected back
at some reflection coefficient. This effect on wake field was
found small since little change of the wake field was
observed when the boundary condition of the end cell was
changed from electric short to magnetic short.

10 15 20
Time [nsec]

Fig. 4 Wake field in a structure with coupler cell's frequency
5% higher.

Fabrication error
The deterioration of the damping due to the fabrication

error of each cell frequency was evaluated assuming the error
distribution to be Gaussian with its standard deviation a and
truncated at ±3a. The damping below 1% can be achieved if
a is less then 1x10'^. Since the present target precision of
frequency for manufacturing an X-band structure for JLC is ±
a few times 10"*, the requirement of damping below 1% is
satisfied as shown in Fig. 5.

1014

0 5 10 15 20 25
Time [nsec]

Fig. 5. Wake field in the structure with fabrication error with
its standard deviation a and truncated at ±3a.

Combination of structure
A multi bunch operation of a hundred bunches in a train

became recently one of possible parameter of JLC[1]. It is
difficult to damp the wake field below 1% over such a bunch
train by a single detuned structure as shown in Fig. 6 which
shows the later part of Fig. 3. It is because the wake field is
recovered at the time which is roughly inverse of the
frequency spacing with large loss factors. If the same
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frequency distribution can be made with larger number of
cells, the recurrence time will be longer. It seems possible to
make the effective number of cells in a structure constant by
simply incorporating several independent structures with the
same frequency distribution but slightly different mean
frequencies. Actually, the wake field can be damped over the
long train by four structures as shown in Fig. 7.

50 100 150
Time [nsec]

Fig. 6 Wake field by one detuned structure.

50 100 150
Time [nsec]

Fig. 7 Wake field by four structures.

Accelerating field

The accelerating field was calculated in the detuned
structure treated in previous section. To make a Gaussian
distribution of standard deviation of 0.35 GHz and full width
of 1.7 GHz in a structure, the beam hole radius is changed
from 5.1 mm at the input cell to 3.2 mm at the output cell. In
this situation, the accelerating field was shown in Fig. 8. The
accelerating field changes rapidly near input and output
region.

The filling time and the attenuation parameter are 125
nsec and 0.69, respectively. Then the required power for
accelerating gradient of 100 MV/m without beam loading is
213 MW.

50 100
Cell Number

Fig. 8 Accelerating field of a detuned structure

Conclusion

The wake field can be damped by two order of
magnitude over 20 bunches in a detuned structure with a
proper frequency distribution. The wake field can be damped
by two order of magnitude over a hundred bunches by
incorporating several such structures.
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Abstract

For tests of the LANL 805MHz seven cell superconduct-
ing cavity[l], we are developing a variable coaxial rf power
coupler. Its Qex% will be variable over a range from 105 to
1012. It will operate nominally at 3kW CW and lOOkW
peak for high power processing. The coupler consists of
a 3 inch driveline and window, a 3.45 inch T supported
by a A/4 shorted stub followed by a step transition to a
2 inch coupler port. A ~ 6.6 Ohm impedance choke joint
located at the step transition allows the large center con-
ductor travel necessary for the Qext variation. The folded
choke joint is located at a standing wave current node to
keep its excitation below the multipacting level even at
high power levels. A low contact-pressure sliding rf seal
prevents arcing at the choke joints current node during its
filling time.

Introduction

Low power CW testing and high peak power condition-
ing of the 7 cell LANL 805MHz superconducting cavity
requires a well matched coaxial coupler with a coupling
probe travel of ~11.5cm to achieve a Qtx\ variation from
105 to 1012. Figure 1 shows a simplified sketch of the cho-
sen shorted T design. The drive line and window are 3
inches O.D.. The straight through portion of the T is 3.45
inches O.D. It is shorted on one end near A/4 from the T
midpoint. On the other end, a step transition to a 2 inch
coaxial line provides a convenient place for a choke joint for
the movable center conductor (coarse Crosshatch). Arcing
at the current node of the choke during the rf filling time
is prevented by a low contact pressure rf seal. A welded
bellows (fine Crosshatch) provides a vacuum seal between
the movable rf probe and the coupler body. It is not ex-
posed to any rf fields. The figure shows the drive line with
a simple illustration of a detachable rf window.

Choke Joint and Step Transition

The 7 cell cavity will operate overcoupled at a Qext of
~ 5 x 107. To achieve the design goal of 15MV/m, ~3kW of
CW forward power will be required at a cavity power dissi-
pation of ~280W. The step transition (i.e. the choke joint)

CAVITY COUPLER

WINDOW

INPUT

T T H O K E
JOINT

HORT

'Work supported by the US Department of Energy, High Energy
and Nuclear Physics Office.

BELLOWS
COUPLING
ADJUST

Figure 1: Simplified T Coupler

will be located at a minimum current point of the rf drive
line's CW standing wave to minimize its excitation, which
corresponds to a traveling wave of ~280W. For the chosen
choke joint impedance of ~6.6 Ohms (with a frequency-
gap product of ~l,030 MHz-cm) CW multipacting in the
choke line can occur only if the rf drive line's standing
wave current minimum amplitude corresponds to a trav-
eling wave in the range of 2kW to lOkW, well above the
expected 280W. During high peak power pulsed process-
ing, only a small fraction of the choke line has the proper
excitation for multipacting for the part of the cavity fill-
ing time when the drive line is undercoupled. Once the
drive line becomes overcoupled no multipacting is possible.
Because of the fast risetimes during pulsed conditioning,
multipacting is not considered serious. For a VSWR of
1.01, the choke joint's bandwidth is ~2% or 16 MHz. A
low power model of the coupler, choke joint and step tran-
sition has been built so that dimensions can be determined
experimentally. The step transition from the 3.45 inch line
to the 2 inch line must be tuned for a match at the operat-
ing frequency by adjusting the longitudinal distance from
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the center coax step to the outer coax step. Preliminary
measurements of the tuned model step indicate that the
step transitions 1.05 VSWR bandwidth is ~40MHz or 5%
with the step distance being approximately the calculated
value. Model measurements of the choke joint bandwidth
will be made.

Shorted T Matching

A standard T used as a straight through line is symmet-
ric and the adjustable shorted side line provides a match.
Because of the field distortions in the vicinity of the T
junction used as a right angle drive line, the T has to be
modeled as a junction of three 50 Ohm lines with stray in-
ductances and capacitances. The values of these stray re-
actances change with frequency because the T dimensions
are a considerable fraction of a wavelength at 805MHz.
Even though a Time Domain Reflectometer (TDR) mea-
surement excites higher order modes in the T section, it
nevertheless has enough information that an equivalent cir-
cuit of the junction can be constructed but values of the
stray reactances cannot be determined accurately enough.
An example of the TDR measurement is shown in Figure 2
for an unmatched T with short. The positive bump is the
stray inductive reactance. The stray capacitive reactances
are seen in Figure 2 as a single negative bump. Figure 3
shows the location of the equivalent circuit reactances ob-
tained from the TDR measurements. The stray inductance
in series with the input port is easily locally compensated
for by increasing the center conductor diameter at the stray
inductance position. The stray capacitances are, however,
almost impossible to compensate for locally because the
center conductor diameter cannot be decreased (because
of the internal folded choke line and the moveable coupler
center probe ). The outer conductor diameter is difficult
to increase because of mechanical considerations near the
location of the stray capacitance.

Even though there are many ways to match the T glob-
ally, the method chosen increases the center conductor size
near the stray series inductance using a collar to not only
locally reduce the inductance but also provide capacitance
at an adjustable position that is electrically near A/4 from
the stray capacitances. The tuning procedure that gives a
low T VSWR of <1.01, consists of:

• An oversize collar is placed near the position of
the stray inductance, its rough size is determined
from TDR measurements to give a stray capacitance
roughly equal to the two stray capacitances in the
other legs of the T. (The final collar size will be chosen
from cold model measurements.)

• The collar is moved until the VSWR for the T is min-
imized at a frequency determined by the length of the
shorted port.

• The length of the shorted port is trimmed to move the
frequency of the VSWR minimum closer to the room
temperature compensated frequency of 802.21MHz.
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Figure 2: TDR View of Mismatches
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451



• The collar is positioned to minimize the VSWR again
and the new frequency compared to the desired value.

• The above process is repeated in small length changes
of the shorted port until the VSWR minimum oc-
curs at the desired room temperature frequency of
802.21MHz.

We are in the process of tuning the low power model
T , choke joint, and step transition to determine the final
dimensions of the high power device.

Conclusion

Calculations and preliminary model measurements in-
dicate that our coaxial right angle shorted T coupler with
choke joint and step transition to a 2 inch coupler port will
be relatively easy to tune for a VSWR <1.01. It will also
give us a very large range of Qtxt adjustment without us-
ing bellows exposed to rf, using only low contact pressure
rf seals, and with manageable or non-existent multipacting
problems. Tuning of the coupler model is well on the way
to completion. High power tests of the coupler are planned
for the near future.
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Abstract

In order to achieve the high luminosities required for a B-
factory,1 the average currents required in the two rings are 1
ampere for the high energy ring and 2 amperes for the low
energy ring. With such high currents the impedances of the
rings must be very low. The reasons will be given for
choosing superconducting RF cavities for this purpose and the
methods used to obtain the required damping of the higher
order modes will also be described. Prototype 1/3 scale and full
scale superconducting cavities have been built and tested and
the results of these tests will be given.

Introduction

In the design of a B-factory,2 electron positron collider, or
any high current storage ring, the following arguments may be
made. The use of superconducting RF cavities has the obvious
advantage of saving the ohmic heating power required to
maintain the RF Fields in the cavities. This, however, is not
the compelling argument for the use of superconducting
cavities. This ohmic heating power is generally far less than
the power required by the beam to make up for the synchrotron
radiation losses. The compelling argument is that when
superconducting cavities are used, the accelerating field (5-10
MV/m), can be increased well above the CW field possible in
copper cavities (1-2 MV/m). Because higher gradients can be
used, the number of accelerating cavities can be decreased as
long as the beam required RF power per cavity does not exceed
the capabilities of the input couplers and windows. The main
contribution to the beam impedance usually comes from the
cavities and is proportional to the number of cavities.
Moreover superconducting cavities can have larger beam holes
further reducing the impedance. Therefore, because there are
fewer cavities of lower impedance, the threshold current for
beam instabilities is increased. Thus the higher order mode
damping requirement on the cavities is decreased and the
feedback requirement on the beam is decreased, if not
eliminated.

Comparison of Impedances

In a normal copper accelerating cavity it is desirable to
have the R/Q as high as possible in order to maximize the
accelerating voltage for a given power dissipation. In a

superconducting cavity this requirement no longer exists and
the impedance of the cell can be made much lower. A
comparison in the shapes of the normal cells used in CESR
and the superconducting cells proposed for the B-factory is
shown (see Fig. 1).

Copper
Stpraoe Ring
Cell Shape

K (HOM only).
R/Q (fundamental) =

• 0.34 V/pc
265 n/cell

Super conducting
B-Factorv Cell

Shape

0.11 V/pc
89 n/cell

RMS bunch length .1 .0 cm

Fig. 1 Comparison of Cell Shapes

As can be seen the overall parasitic mode loss factor as
determined by TBCI3 has been reduced by a factor of 3 over the
CESR shape. Another major advantage provided by the new
shape is that the impedance of the most dangerous HOMs have
been reduced by large factors as compared to the typical shape
of a NC cavity. The following graph compares the R/Q of the
NC shape with the CESR-B SC cell shape for the most
dangerous monopole and dipole modes (see Fig. 2).
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Fig. 2 R/Q vs. Frequency for both Cavity Shapes
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Proposed Accelerating Cavity

A sketch of the accelerating cavity system is shown below
(see Fig. 3).4 Because of the very large input power per cell, a
waveguide input coupler has been chosen. The beam pipe on
both sides of the cavity are very large (240 mm diameter) with
the result that all longitudinal HOMs will propagate in the
beam pipe. This allows us to absorb HOM power and damp
HOM modes at room temperature outside the cavity. The
"fluted" beam tube shape is to take care of the propagation of
the T M u o and the T E m modes which are cut off in the
round beam tube. This scheme proposed by Kageyama at
KEK, reduces the cutoff frequency of the transverse modes
without changing the cutoff of the longitudinal modes.

SUPERFISH, URMEL and URMEL-T calculations have
been made of the cell for the fundamental mode as well as the
higher order modes. MAFIA calculations have been made to
verify the propagation of the TMno and T E m modes down
the fluted beam tube, the wakefield losses in the fluted beam

tube, and also to calculate the electric and magnetic fields
present around the tongue of the "Sceszi" input coupler. The
length of the tongue has been adjusted to give a Qext for the
input waveguide of 2.0xl05. At this value and at the planned
excitation level the peak surface electric field in the vicinity of
the coupler will be 6.5 MV/meter and the peak surface
magnetic field will be 152 Oersteds.

We received one prototype niobium cavity and one copper
cavity, complete with waveguide couplers from Dornier.
Cornell manufactured the copper and niobium fluted beam
tube. When the chemistry was completed at Dornier and the
niobium cavity was delivered, the final assembly and tests
took place at Cornell.

In addition to this effort we completed a 1/3 scale model of
this cavity to operate at 1500 MHz. This model is complete in
all details including the waveguide input coupler and the fluted
beam tube.

Wwagukfe
Coupling Iris

GO mm

HOM Absaptkxi
R«9k>n

Fig. 3 Proposed Accelerating Cavity System

Cavity Test Results

The 1500 MHz model was tested at 2 K. The coupling was
found to be very near the desired value of Qext=2-0* 10^. After
sufficient chemical cleaning of the cavity the test results gave
the desired 25 MV/m, peak surface fields at the desired Qo
value of more than io".

This year the 500 MHz cavity was tested at Cornell after
rinsing with Methanol and final assembly. Again the coupling
was measured and found to be very near the desired value of
Qext=20* 10^. The results of the first test are shown (see Fig.
4). These results, which gave an accelerating field of more than
9 MV/meter and a Qo value of ~ 10^ were extremely
encouraging.

It is planned to do additional chemical cleaning at Cornell
for further tests.

Fig. 4 Q vs. E a c c for B Cell Test
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Ferrite HOM Loads

As mentioned above, all of the higher mode power is
transmitted out the beam tubes of the cavity where it may be
absorbed at room temperature. This will be done with specially
designed Ferrite lined beam tubes at both ends of each
accelerating cavity.^ Because the modes are propagating, these
modes can be damped in a 15 cm long beam tube section of
TT2 Ferrite6 such that the Q values of all the higher order
modes are below 200, and most are below 100.7 The
microwave losses of Ferrite have been found to be > 104 times
higher than copper at ~ 1 GHz, and to decrease by a factor of
10 at 10 GHz. The tolerance of a similar Ferrite to withstand
high power RF has been tested up to 10 watts/cm2 in sheets
1/8 " thick. Its vacuum properties appear promising. Bonding
techniques are under development and RF measurements have
been made on 1/6 scale models.

In order to calculate the mode damping in the final cavity,
detailed measurements are being made of the material
properties of the ferrite, \i', ji", e' and e". These measured
properties are then used in SEAFISH,8 a complex version of
SUPERFISH to calculate the Qs of the various HOMs as well
as in AMOS9 to calculate the impedance the ferrite presents
directly to the beam.

Measurements have also been made on a full size prototype
at low power using the 500 MHz copper cavity manufactured
by Dornier. The results of these measurements are summarized
in the graph of Q vs. frequency (see Fig 5). As can be seen,
the Q of most of the modes is decreased below 100 and in
almost all cases below 200. The few modes with larger Q
values have R/Q < 1 Q/cell.
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Fig. 5 Q vs. Frequency for Damped Cavity

Cryostat Development

In order to accomplish a beam test of the B-factory
accelerating cavity in CESR, we are designing a horizontal test
cryostat that will serve as a prototype of the final design10.
The design is made challenging by the very large beam tube at
each end of the cavity and by the very large waveguide
delivering power to the cavity. The incorporation of heat
exchangers on the waveguide between 4.2 K and 77 K is
planned in order to minimize the heat leak to helium.

Preliminary estimates are that we can keep the static heat
loss to the helium to less than 30 watts per cavity.

On the prototype cavity/cryostat the beam tube flanges and
waveguides will be attached with indium seals. The design
goal for overall cavity length including HOM dampers, a gate
valve at each end and sliding joint between cavities is < 2.1
m. In addition there will be tapers at each end to match to the
rest of the machine. 24 cm diameter sliding joint and gate
valves are under development.

Crab Cavity

In addition to the SC accelerating system required for a B-
factory, there is also an RF system required to transversely
kick the bunches in order to compensate for the finite crossing
angle (12 mr) proposed for the two beams11. This crossing
angle would cause harmful coupling between the synchrotron
and betatron motion. By rotating the bunches before collision
("crabbing") so they collide head on, and then rotating them
back, so they pass through the arcs normally, this dangerous
coupling can be avoided.

Calculations show that a transverse kick of 2 MV is
required. A design has been achieved the provides this
transverse gradient in a single cell SC cavity operating in the
TMj io mode at 500 MHz with a peak surface electric field of
25 MV/m, the same as in the accelerating cavities.

A 1/3 scale prototype of such a cavity has been tested to
the required fields. Systems for damping all of the HOM's and
LOM's (the crabbing mode is not the lowest frequency mode)
have been devised and have been tested at room temperature.
This work is more fully described elsewhere.12 These damping
schemes will be tested in a 1/3 scale SC cavity now under
construction.
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Abstract

A Jl/2-mode standing-wave linac of an Annular Coupled Structure
(ACS) has been developed for the 1-GeV proton linac of the Japanese
Hadron Project (JHP). This ACS has four coupling slots between
accelerating and coupling cells in order to overcome difficulties in
putting the ACS to practical use. Two prototypes of a four-slot ACS
if- 1296MHz, j3=v/c=0.8) have been constructed and tested: one with a
staggered slot-orientation from cell to cell; and the other with a uniform
one. The staggered configuration has the following advantages over the
uniform one: the former gives a larger coupling constant and a larger
shunt impedance than the latter with the same size of coupling slot. Both
models have been conditioned up to the design input RF power.
Concerning distortion of the accelerating field caused by the coupling
slots, the four-slot ACS gives a distortion-free accelerating field around
the beam axis, while a Side-Coupled Structure (SCS) cavity gives an
accelerating field mixed with a TE111 -like mode.

Introduction

We have been carrying out the R&D on a four-slot ACS [1,2] as a
promising candidate for the high-P coupled-cavity structure of the JHP
1 -GeV proton linac. In an ACS linac, accelerating cells and non-excited
annular coupling cells are alternately located. It is the annular coupling
cell that typifies the RF properties of the ACS. An annular cavity has
higher order modes (HOM's), such as TM110 and TM210, near the
coupling mode, TM010. It makes the coupling mode of ACS easily
affected by breakdown of the axial symmetry caused by opening
coupling slots. This RF property had prevented the ACS from being put
to practical use.

First, we studied on two-slot ACS cavities with the computer code
MAFIA. Two-slot ACS cavities have the following problems [1,3-5]:
• For the uniform slot-orientation from cell to cell, the TM110 mode of
the annular coupling cell comes close to the TM010 coupling mode as
the coupling constant becomes larger, and finally enters the accelerating
passband.
• For the staggered slot-orientation, the rc/2 accelerating mode excites a
TM210-like mode in the coupling cell, which reduces the shunt
impedance.
Both problems arise from an axial asymmetry caused by opening two
slots. One way to restore the axial symmetry is to increase the number
of slots and to reduce the individual slot size. In order to study the
possibility of a multi-slot ACS, we made four-slot and eight-slot cold
models at S-band and measured their RF properties. We obtained the
following results [1]:
• With the four-slot configuration, the axial symmetry can be sufficiently
restored to suppress mode mixing between the coupling mode and the
TM110orTM210mode.
• With the eight-slot configuration, no improvements were found,
compared with the four-slot configuration.
• The total arc length of the slots, which is defined by the arc length of
the individual slot multiplied by the number of slots, increases when the
number of coupling slots increases from four to eight.
The structural strength and thermal conductivity of the ACS became
poor as the total arc length of slots was increased. Therefore, the four-
slot configuration was a practical choice to develop a high-power model
of the ACS as the next step.

It should be noted that the side-coupled structure (SCS) [6] is well
known as an efficient Tt/2 coupled-cavity structure and has been used in
several linacs. The shunt impedance of the SCS is higher than that of the
four-slot ACS by about 5%. Why should we develop the ACS while an

efficient SCS is already available? Is it only for an academic interest?
No. The reason is as follows: For future high-brightness linacs, we need
an accelerating structure that never deteriorates the beam quality and has
reasonable efficiency. For example, a HOM-free accelerating structure
will be necessary for a linear collider operated with multiple bunches and
heavy individual bunch loading. On the other hand, the distortion of the
accelerating field, itself, due to coupling slots or coupler ports becomes
a serious problem in high-brightness linacs [7], The accelerating mode
mixed with a dipole mode would kick the beam in a transverse direction.
Recently, we have found by numerical simulations that the ordinary slot
configuration of the SCS tilts the axis of the TM010 accelerating field
from the beam axis. This kind of field distortion may affect the beam
quality in an SCS linac. Therefore, developing another coupled-cavity
structure with a distortion-free accelerating field is indispensable for
future high-brightness linacs. That motivated us to carry out the R&D of
the four-slot ACS.

High-Power Models of ACS

Structure and RF Properties Two types of four-slot ACS cavities
were constructed for high-power tests: one had the staggered slot-
orientation (S type [2]) from cell to cell to reduce the second nearest-
neighbor coupling between accelerating cells; the other had the uniform
slot-orientation (U type). Table 1 gives the design parameters for the
high-power model.

Figure 1 is a cutaway view showing the four-slot ACS cav ity of type-
S, where the slot-orientation is rotated 45 degrees from segment to
segment. The shape of the accelerating cell was optimized to give a high
shunt impedance, and the cross section of the annular cavity like a ridged
waveguide is also optimized to make the outer diameter of the ACS
cavity as small as possible. Four coupling slots were bored at the wall
between the accelerating and coupling cells. The edge at each side of the
coupling slot was tapered so as to increase the magnetic coupling. From
Table 1, the average power dissipation per accelerating cell amounts to
about 800 W. In order to reduce the thermal detunig during high-duty
operation, cooling-water circuits (Fig. 1) were adopted, by which the

TABLE 1
Design Parameters for the ACS high-power models

frequency
0(=v/c)
accelerating gradient (EoT)
shunt impedance (ZP)
peak RF power
RF pulse width
repetition rate

1296 MHz
0.78
3.6 MV/m
80% of 54 Mii/m
27 kW / accelerating cell
600 ns
50 Hz

COUPLING CAVITY

COUPLING SLOT

COOLING CRCUITS

Fig. 1 A Cutaway view of the four-slot ACS of type-S. The slot-
orientation is rotated 45 degrees from segment to segment.
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nosecone region can be directly cooled [8]. The segments were machined
from oxygen-free copper (OFC) using a super-precision lathe and a
milling machine. Before brazing, individual cells were tuned to the
design frequency within ±100 kHz by fine machining. After all of the
machining was completed, the segments were stacked and brazed
together in a vacuum furnace to form the ACS cavity.

Table 2 gives a few RF parameters of the u/2 accelerating mode
measured for the S-type ACS cavity, together with the theoretical values
calculated using SUPERFISH. The shunt impedance is reduced by 22%
compared with the theoretical value. This reduction 22% consists of two
parts: a reduction of 4% coming from surface imperfections of the cavity
wall; the remaining 18% is due to the coupling slots. For the U-type ACS
cavity, the measured Q value was 1.8X104. This value is 75% of the
theoretical value and lower by 4% than the Q value of the S-type cavity.

Table 3 gives the coupling constants k and k& for the S-type and U-
type cavities, the slot sizes of which are the same. The parameter k is the
nearest-neighbor coupling, and k& is the second nearest-neighborcoupling
between accelerating cells. As expected from the staggered slot-
orientation, the S-type cavity gives a smaller value of k& than the U-type
cavity does. For the nearest-neighbor coupling, the S-type cavity gives
a larger value.

From the results of the RF measurements, the staggered slot-
orientation is preferable to the uniform one.

TABLE 2
RF Parameters of the jt/2 Accelerating Mode for the S-type ACS

Q
R{ZP)

measured theoretical
1.9 x 10" 2.4 xlO4

42 Mii/m 54 Mii/m

TABLE 3
Coupling Constants for the S-type and U-type ACS Cavities

typeS
type U

k kA

5.6 x l O 2 4 .4 x l O 4

4.5 x 1 0 2 -6.7 x 1 0 3

k : the nearest-neighbor coupling
kA : the second nearest-neighbor coupling between accelerating cells

High-power Tests Figure 2 is a picture of the setup for high-power
tests. A schematic drawing of the setup is shown in Fig. 3. Two five-cell
ACS cavities are coupled by a bridge coupler with a disk-loaded
structure [9]. The bridge coupler has an iris port at the central cell,
through which RF power is fed, and is also equipped with three tuning
plungers to perform cavity tuning.

A series of high-power tests were carried out with two setups: a pair
of S-type ACS cavities coupled by the bridge coupler (setup SS) and a
combination of S-type and U-type ACS cavities (setup SU).

The first high-power test was performed with setup SS at a low duty
factor of 0.2% (200 u.s, 10 Hz) [2]. The cavity was conditioned up to the
design peak power of 300 kW in about 10 hours without experiencing
any problems.

The second high-power test was carried out with the same setup in
the following way:
(1) At aduty factor of 1.5% (300 u.s, 50 Hz), the cavity was conditioned
up to a peak power of 500 kW. The cavity was then continuously
operated at 450 kW for 18 hours.
(2) At a low duty factor of 0.1% (100 u.s, 10 Hz), the cavity was
conditioned up to a peak power of 600 kW and continuously operated at
this power level for 12 hours.
Figure 4 shows the data concerning the thermal detuning vs. the input RF
peak power, measured from the tuner position during test (1). The data
shows good agreement with a thermal-analysis prediction (solid line) [8]
using the computer code ISAS2. After test (2), the field-emission current
from the nosecone regions was noticeably reduced to about one third.

The third high-power test was performed with setup SU. That was
the first test for the U-type ACS cavity. The cavity was conditioned up
to a peak power of 600 kW at a low duty factor of 0.2% (200 |is, 10 Hz)
without experiencing any problems. After this test, the Pulse Forming
Network (PFN) of the klystron modulator was upgraded so that RF
pulses with a flat top of 500 u.s became available at 50 Hz. Then, the final
high-power test was carried out at aduty factor of 2.5% (500 |is, 50 Hz)
up to the design peak power of 300 kW.

Fig. 2 A photo of the setup for high-power tests.

Fig. 3 A schematic drawing of the setup for high-power tests.
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MAFIA

Fig. 5 A three-dimensional geometry of an SCS cavity

TM010 TE111

Fig. 6 A schematic drawing showing how the accelerating field is
distorted in an SCS cavity.

Field Distortion of Accelerating Mode

We have analyzed the distortion of the accelerating field caused by
coupling slots for an SCS cavity and a four-slot ACS cavity with a
staggered slot-orientation. The analyses were carried out using MAFIA
in the following way:
• First, the electromagnetic fields of the accelerating mode were calculated
for a coupled-cavity structure.
• Second, the electromagnetic fields of the accelerating mode were
calculated for an axially symmetric single cell without coupling slots.
• Finally, the field distortion was obtained by subtracting the
electromagnetic-field data for the single cell from those for the coupled-
cavity structure.

From the numerical simulations, we have found that the slot
configuration of the SCS causes the axis of the TM010 accelerating
mode to tilt from the beam axis. In an ordinary SCS Iinac, an accelerating
cell has an adjacent coupling cell mounted on the top and another
coupling cell attached to the bottom, as shown in Fig. 5. This slot
configuration is asymmetric with respect to the horizontal plane including
the beam axis. The field distortion is caused by the way that theTMOlO
mode is mixed with a TE-dipole mode (TE111). That is schematically
shown in Fig. 6. We calculated how much the tilted accelerating field in
the SCS kicks the beam in a transverse direction during the period in
which the beam goes through an accelerating cell. Figure 7 shows the
ratio of the transverse kick to the longitudinal acceleration as a function
of the coupling constant (£). The data point at k = 0 is for the axially
symmetric single cell without slots. It can be considered that a non-zero
value of ~5xlO~4 at k = 0 comes from numerical errors. At k = 0.05, the
ratio becomes 8xl0"3, which is not negligible. Fortunately, the direction
of the transverse kick is reversed when the beam goes through the next
accelerating cell. Therefore, the transverse kicks are canceled out if the
number of accelerating cells in the SCS linac is an even number.
However, we should notice that this counterbalance is assured only
when there are no errors in the field amplitude or phase and the beam
dynamics remains linear.

For the four-slot ACS of type-S, the accelerating mode is distorted
in the way that theTMOl 0 mode is mixed with aTE-octupole mode. The
field strength of the octupole component is negligibly small around the
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Fig. 7 The ratio of the transverse kick to the longitudinal acceleration
for each accelerating cell in an SCS linac is plotted as a function
of the coupling constat k, compared with that in a four-slot ACS
(type-S) linac.

beam axis. Figure 7 shows that the amount of the transverse kick in an
ACS cavity with a coupling constant of 0.045 is almost equal to zero
within the accuracy of the numerical simulation.

Conclusion

Two prototype four-slot ACS's have been constructed and tested:
type-S with a staggered slot-orientation and rype-U with a uniform one.
Both types have been conditioned at a duty factor of 2.5% (500p.s, 50Hz)
up to the design RF peak power, and at a low duty factor of 0.2% (200)j.s,
lOHz) up to a peak power twice as large as the design value. Concerning
the Jt/2 accelerating mode, type-S gives a larger coupling constant by
about 25%, and a larger shunt impedance by about 4%, compared with
rype-U with the same size of coupling slot.

Numerical simulations using MAFIA were carried out for SCS and
ACS cavities to analyze distortion of the accelerating field caused by
coupling slots:
• The ordinary slot-configuration of the SCS causes the accelerating
field to tilt from the beam axis. In an SCS cavity with a coupling constant
of 0.05, the ratio of the transverse kick to the longitudinal acceleration
amounts to 8xl03 .
• On the other hand, a four-slot ACS cavity (type-S) with a coupling
conslat of 0.045 gives an distortion-free accelerating field that is almost
axially symmetric around the beam axis.

The four-slot ACS that has reasonable efficiency is promising as an
accelerating structure for high-brightness linacs.
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Abstract

Our FXR linear induction accelerator produces a 2 KA,
17 MeV electron beam of 60 ns duration. The beam is focused on
a tantalum target to produce x-rays for radiography. The FWHM
spot size of the focused beam is currently 2.2 mm. We strive to
reduce the spot size by 30% by improving the field characteristics
of focusing solenoids housed in each of 50 induction cells along
the beamline. Tilts in the magnetic axis of the existing solenoids
range up to 12 mrad (0.7 degrees). We are building new solenoid
assemblies which include ferromagnetic homogenizer rings.
These dramatically reduce field errors. A field tilt of under
0.5 mrad has been achieved.

Mechanical alignment of the rings is critical. We developed a
novel construction method in which the rings are wound with
4 mil thick Si-Fe ribbon into grooves on an aluminum cylinder. The
cylinder then becomes the winding mandrel for the focus solenoids.
This forms a more accurate and compact assembly than the standard
practice of pressing individual solid rings onto a tube.

Overall Design

An ideal focus solenoid would only produce a magnetic field
along its axis. Real solenoids also produce transverse field compo-
nents which kick the beam off-axis. These fields are caused by
imprecisions in the practical winding of large conductor water
cooled coils, by misalignment of the coils in the beamline, and by
the coil leads [1 ]. Our strategy is to replace each existing solenoid
in the FXR accelerator with the new solenoid assembly diagramed
in Figure 1. The assembly consists of three parts:

Bifilar-Wound Water Cooled Solenoid Coil

A bifilar-wound coil has two advantages over more conven-
tional coils. Due to inherent symmetries, it produces smaller
transverse fields. It is also easier to cool, because the cooling
channels are approximately one-half as long. Since the complete
solenoid assembly must fit into the same space as an existing
solenoid, the bifilar coils are 20% smaller, but must produce the
same field. They generate more heat and require more cooling.
Reference [1] discusses multifilar coils in depth.

Homogenizer Ring Assembly

Any transverse fields which are generated by the coils are
reduced by as much as 1 Ox by the ferromagnetic homogenizer

leads

* Currently at SSC Laboratory, mail stop 1040, 2550 Beckley Mead
Ave., Dallas, TX 75237.

Homogenizer rings

Figure 1: Cutaway sketch of an FXR solenoid assembly showing the
location of the three major components.

rings [2]. The rings are so effective that their precise mechani-
cal alignment becomes crucial. Rather than attempt to align
individual solid rings to the coil axis, we machine grooves
into an aluminum cylinder and wind ferromagnetic ribbon
into the grooves to form the rings. All of the rings become a
single precision part which can be aligned as a unit. This
homogenizer ring design is the truly innovative part of the
design and will be described in more detail in the remainder
of this report.

Printed Circuit Steering Coils

Steering coils in each assembly correct any remaining field
misalignment. The coils consist of 10 mil thick copper traces
plated and etched on 5 mil Kapton polyimide film. They produce
a maximum steering field of 730 G-cm. The homogenizer rings

459



nearly double the field from these coils by providing an easy
return path for the steering flux.

Homogenizer Ring Design

The homogenizer ring concept is simple. A series of ferromag-
netic, high permeability rings fit along the axis inside a solenoid.
Any transverse magnetic flux generated by the coil preferentially
travels through the highly permeable rings and is shunted around

E-2

Figure 2: Homogenizer ring assembly used in the final design.

the beam area at the coil axis. The axial field is not shunted by the
rings because of the airspaces between them. A picture of our ring
assembly is shown in Figure 2.

Figure 1 defines parameters w (ring width), d (ring radial
depth), and 1 (center-to-center ring spacing), which characterize
a homogenizer ring design. Other dimensions of the rings are
fixed by the coil size. Our choice of w, d and 1 involved a trade-
off between the following considerations:

Reduction of Transverse Fields

The primary function of a homogenizer ring design is to attenu-
ate transverse fields. The rings form a magnetic shield. From
shielding theory we know that thick rings (large d) with small gaps
(w/1 approaching 1) will make the best shield. We performed a
series of experiments to determine the best ring geometry for our
application. Rings were fitted inside an existing FXR focus sole-
noid which had an uncorrected field tilt of 4 mrad. Field tilt is
defined as the angle between the transverse field and the axial field.

Figure 3 shows the effect of 0.05" wide rings made from
annealed pure iron ribbon. 5 mil thick ribbon was wound to a depth
of 0.1" into grooves in a Lucite cylinder. With w/d = 0.5, the rings
were in the shape of a washer. A 3x attenuation of transverse field
was achieved with a ring spacing of 0.25" (w/1 = 0.2).

We did another test series on rings wound from 0.1875" wide
oriented silicon steel (Si-Fe) ribbon. This is the same 4 mil thick
material we are using in our final design. Data for rings with
d = 0.15" (w/d = 1.25) is shown in Figure 4. As field tilts
approached 0.5 mrad we began to reach the signal-to-noise limit

E-3
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Figure 3: Reduction of field tilt by pure iron homogenizer rings at
various center-to-center spacings, I. w = 0.05" and d = 0.1".
z = 0 at the center of the solenoid.
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Figure 4: Reduction of field tilt by oriented Si-Fe homogenizer rings at
various center-to-center spacings, 1. w = 0.1875" and
d = 0.15".

of our testing apparatus. We achieved a better than lOx tilt
reduction with rings spaced at 0.5" (w/1 = 0.375).

A more subtle shielding question is whether many small rings
are preferable to several large rings with the same w/1 ratio. Our
measurements of the FXR solenoid indicated that the transverse
field it generated could change in radial direction by more than 10
degrees per inch along the coil axis. By decreasing the ring
spacing along the axis, we get a more localized shielding effect
to counteract this variation.
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Minimum Effect on Axial Field

Even greater reductions in transverse fields would result with
w/1 approaching 1. However, as the air gap between rings is
reduced, more axial flux is shunted through the rings and the
focus field in the beam region decreases. We performed com-
puter-generated 2D magnetic field simulations to assess this
effect and saw little difficulty for w/1 < 0.5. Nor did we see any
detectable degradation of axial field during our experiments.

Proper Field Levels Within Rings

Close spacing of the rings also increases the axial field within
the rings, which could saturate the ring material. Although the
cross field characteristics of the ring materials were unknown, we
wanted to avoid saturation. We performed computer simulations
which showed that tubular rings (w/d > 1) concentrate more axial
field inside than washer shapes (w/d < 1). Our final design calls
for w/d = 1.25 and a maximum central focus field of 2.5 KG. This
would place a 7 KG axial field within the rings, which is well
below their saturation induction.

Circumferential fields within the rings must also be consid-
ered. These fields result from the transverse fluxes shunted by the
rings. A low reluctance path for these fluxes should be main-
tained. This means that the ring material should exhibit high
permeability at the field levels of operation. A low coercivity
material has the advantage of providing high permeability even
at low field levels. This is desirable. We want the rings to shield
effectively even small transverse fields.

Using a low coercivity ring material has the additional advan-
tage of minimizing remnant fluxes which can sometimes add to
the transverse fields generated by the coil. We saw this effect
when we made some rings from a material which was much too
hard magnetically. Degaussing coils could be added to the ring
assembly, but we felt the added complexity was not warranted.
The coercivity of the Si-Fe ring material is low enough that wedid
not detect remnant fields during testing.

The effective permeability of the rings is enhanced by avoid-
ing ring cross sections (wxd) which are too large. Smaller rings
require smaller transverse fields to bias them into their high
permeability range where they shield more effectively. Obvi-
ously, the ring cross section must be kept large enough to avoid
saturation.

Space Available For Rings

In our application, where we had a fixed space for the coil
assemblies, the radial depth, d, of the rings was critical. The
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Figure 5: Field tilt from our new solenoid assembly compared to an
existing FXR focus solenoid.

maximum we found we could tolerate was d - 0.15". The
solenoid coil was wound directly onto the ring assembly.

Our final homogenizer ring design uses 32 Si-Fe rings with
w = 0.1875", d = 0.15", and 1 = 0.5".

Performance

Figure 5 shows the measured field tilt from one of our new focus
solenoid assemblies. The solenoid was producing an axial field of a
little over 1 KG at the time, and the steering coils were not energized.
A tilt of 0.5 mrad was achieved. Installation of the assemblies into
FXR has begun and we expect completion by April 1994.
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Abstract

Presented are the general description of the SSC linac and
the plans for commissioning. Sections of the linac are
installed, tested, and beam commissioned in a serial approach.
A specialized set of diagnostics is used to characterize the beam
through each section. In addition to the standard diagnostic set,
plans call for the use of a bunch shape monitor and x-ray
spectrometer. Streak camera and digital imaging diagnostics
will be developed. The commissioning plan is folded into the
general linac project schedule to show the relation between
delivery, staging, installation, conditioning, and actual
commissioning with beam. These plans form the basis for
coordination between the various organizations responsible for
different elements of the linac including the technical
components, infrastructure, and temporary staging and
operation facilities.

Introduction

The SSC linac accelerates H' ions to an energy of
600 MeV and delivers them to the Low Energy Booster, a
11.1 GeV synchrotron. A cascade of two more synchrotrons
into the two main, counter rotating collider rings bring the
protons to an energy of 20 TeV for collisions in the
interaction regions. The SSC accelerator complex is described
in the Conceptual Design report [1]. The major elements of
the linac are an ion source, a 428 MHz Radio Frequency
Quadrupole (RFQ), a 428 MHz Drift-Tube Linac (DTL), and a
1283 MHz Coupled-Cavity Linac (CCL). Fig. 1 shows a
simple representation of the linac. Besides providing beam for
the collider, the linac will also provide test beams and protons
for the cancer therapy center.

The linac design current is 25 mA H" with a pulse
structure of up to 10 Hz and a variable length from 2 u.sec to
35 usec, depending on the intended use. Additional variations
in energy and average intensity will be required for the
proposed cancer therapy facility. The normalized, RMS,
transverse emittance of the beam will be less than 0.3 n mm-
mrad. The longitudinal emittance is expected to be =7.0 x 10~7

eV-sec. One of the greatest challenges for the SSC linac is the
goal of better than 98.9% reliability. Details of the linac are
described in several papers and poster sessions presented at this
conference [2-8].

The commissioning of the SSC linac starts with the
commissioning of each major subsystem of the linac, then
integrates the subsystems, and finally brings beam through the

* Operated by the University Research Association, Inc.
for the U.S. Department of Energy, under contract No. DE-
AC35-89ER40486.

accelerator sections. Commissioning must be coordinated with
installation and rf conditioning activities to meet schedule
requirements. Acceptance Test Plans are used as a method to
define the commissioning process. In addition an experimental
plan of linac measurements and parameterizations will be
generated to define the beam commissioning phase of tuming-
on the linac.

Process of Commissioning

Plans call for commissioning the linac in sections. A
section typically consists of a major rf structure or ion source,
and its downstream transport. The sections are:
1) ion source and low energy transport,
2) RFQ,
3) RFQ-DTL matching section,
4) DTL tank 1,
5) DTL tank 2,
6) DTL tank 3,
7) DTL tank 4 and DTL-CCL matching section,
8) CCL module l.and
9) CCL modules 2-9 and transports to the LEB.
To facilitate installation, a shield wall is located in the region
where CCL module 2 will eventually be placed. Upstream of
the wall, the ion source, RFQ, DTL tanks 1-4, and CCL
module 1 are each installed, RF conditioned, and
commissioned with beam. Simultaneously, downstream of the
wall, CCL modules 3-9 and the transport lines to the LEB are
installed and RF conditioned. After CCL module 1 is
commissioned, the wall is removed and CCL module 2 is
installed and RF conditioned. Then the remainder of the linac,
from CCL module 2 to the LEB, is commissioned with beam.
The schedule for commissioning is shown in Fig. 2.

There is a general order for the installation and
commissioning of each section. Once commissioning of an
upstream section of linac has been complete, installation and
alignment of the next section begin. After the major rf,
vacuum, controls, and diagnostics systems are installed they
are tested. Tests include interlock checks, controls lest, leak
checks, and functional tests. In the testing process, the
subsystems are turned on for the first time and operated. Once
the subsystem is operated in a stand alone configuration it is
integrated into the system and the computer controls tested. A
major part of the process is conditioning rf systems to hold
voltage. This process is described for the RFQ at this
conference [9). After the rf conditioning is complete, the
section is ready for first beam.

Beam commissioning is done in a two pass process. In
the first pass the gross features of the linac section are
investigated with the beam. Transmission is measured and
optimized at low currents. Magnet polarities are checked by
changing the strength and observing the behavior of the beam.
Beam instrumentation and display codes are checked with beam
and investigated for reproducibility. After the first pass.
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Fig. 1 Representation of SSCL linac: The Radio Frequency Quadrupole, 4 Drift-Tube Linac modules, and 9 Coupled-Cavity
Linac modules are each powered by one Klystron. Coupled-Cavity Linac Modules are 8 tanks connected by bridge couplers.
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Fig. 2 Commissioning schedule for SSC linac
Commissioning begins at the Central Facility in Waxahachie
where the ion source, low energy transport, RFQ, and RFQ to
DTL matching section are commissioned. Commissioning
continues in the tunnel after it is ready for occupancy in July,
1993. Commissioning is complete and the linac is ready to
deliver beam to the LEB in April, 1995.

corrections are made to the system as needed. At this point the
section of linac has been proven to work.

The second pass of beam commissioning begins to address
the fine details of reliability and beam parameterization of the
linac section. The transmission of the section is mapped out as
a function of the variable input parameters to determine the
acceptance or at least establish lower limits on the acceptance.
Steering studies are done to determine the strength and range of
the steering elements and to confirm the transformation
between the steering elements and measuring device. The
transverse tune is measured as a function of lens strengths.
Time dependence, sensitivity, and tune optimization are
studied. Both longitudinal and transverse phase space are
investigated. These studies are used to confirm that the design
parameters of the linac can be met and to indicate the direction
for further development.

Commissioning is the first part of the process to develop
reliability. The first effort is to get all equipment on-line and
working. Some beam can be delivered in the first pass through
the section. The system is then developed to the point where
stable beam can be delivered for periods long enough to
complete beam physics studies. As the operating period of the
linac section is increased, system life-time studies can be done
in parallel with beam physics studies. A standard set of set
points and measurements is developed for reproducibility
studies and the beam is often measured at these set-points to
establish the degree of reproducibility. Reliability to some

minimum level must be established in any one section before
proceeding to commission the next section of linac.

Diagnostics

To commission the sections of the linac as they are
installed, a diagnostic cart is used at the end of each section.
The general concept is similar to the diagnostic plate used at
Los Alamos to commission the Ground Test Accelerator [10].
The diagnostic cart is on wheels and can easily be moved along
the linac tunnel as the linac is assembled. The cart consists of
a stand, alignment adjustments, vacuum vessel, ports, and
diagnostics. The system is designed to support a large number
of varied beam measurement activities. It is large, portable,
and has its own vacuum system.

The set of commissioning diagnostics comprises an
emiuance measurement unit, wire scanners, position monitors,
current monitors, harps, and Faraday cups. Similar
components to be permanently installed in the beam line are
being designed to fit into a standard size beam box. The
emiuance measurement unit is a slit and collector type. The
harp and emittance measurement unit collector both have 128
wires for high resolution. The position monitor is a micro-
strip giving longitudinal phase as well as transverse position
information. The wire scanner has three wires, one x, one y,
and one wire diagonal to x and y. The third wire is used to
detect cross coupling and is only used in areas where cross
coupling might be expected to occur. Three wire scanners in
series along the beam line can be used to reconstruct the RMS
emittance and Courant-Snyder parameters and compare them to
slit and collector results. Diagnostics are specified to have a
bandwidth to 10 MHz where possible such that time dependent
transients can be observed [11].

Basic longitudinal information is determined by phase
measurements along the beam line using the micro-strip beam
position monitors. The change in the phase of the beam at two
points along the beam line is measured as a function of the rf
phase, rf amplitude, and input energy. The resulting
dependence is compared to theory. These measurements are
used in either the At [12] or least squares [13] procedures to set
the phase and amplitude of the rf structures. A third technique
[14] is used where the phase information cannot be accurately
measured with capacitive pick-up monitors. This method uses
an absorber that stops low energy particles. Transmission
through the absorber is measured as a function of rf phase of
the upstream rf structure. Results are compared with
PARMILA [15] simulations to determine phase and amplitude
of the rf tanks and input bunchers. This method also gives
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rough information about longitudinal phase spread of the
beam.

In addition to the standard set of diagnostics, a suite of
special diagnostics is used during the commissioning stage.
This includes a spectrometer, an x-ray detector, and optical
diagnostics. The spectrometer is used at the end of the RFQ to
separate full-energy transmission from transmission of off-
energy beam. The spectrometer can also be used to measure the
energy spectrum of the beam out of the RFQ. An elastic
scattering experiment is planned to determine the absolute
energy of the beam out of the RFQ and to calibrate the
spectrometer. The energy of elastically scattered protons are
measured at a well defined angle using a Si detector. The
kinematics of the scattering process from the thin foil
determines the energy of the input particles. A high purity Ge
detector is used to measure x-rays produced by the rf structures.
The x-ray detector is used as an indirect vane voltage and gap
voltage measurement for the RFQ and bunchers respectively.

Optical diagnostics will be developed as a non-intercepting
method of measuring the transverse phase space of the beam.
Streak cameras also may be used to measure time dependent
and longitudinal beam characteristics. The digitized output is
analyzed to reconstruct the beam phase space distribution. This
activity is in the research and development phase and will be
carried out as lime permits during commissioning. The optical
diagnostic techniques developed for the linac have important
applications in the higher energy synchrotrons.

A bunch shape monitor [16,17] has been procured from
the Institute for Nuclear Research in Moscow. The first model
is a copy of their original design modified for 428 MHz
operation. Three other units will be designed to fit in a
standard size beam box and to operate at 1283 MHz. The
bunch shape monitors are expected to have better than 9 psec
resolution. They can be used to derive the RMS longitudinal
properties of the beam in a manner analogous to wire scanners
in the transverse plane.

The commissioning diagnostics will not be available after
commissioning. The short transport sections between
accelerator sections preclude installation of a full set of
diagnostics between each module. The short transport is
important to minimize emittance growth for low energy, space
charge dominated beams. The results of the full set of
commissioning diagnostics must be correlated with the limited
set of standard diagnostics. The reproducibility of the standard
diagnostics is also to be determined. Given particular results
from the standard diagnostics, one should be able to predict the
beam as measured on the full set of commissioning
diagnostics over the full operating range of the linac.

During the initial stages of commissioning, plans call for
control of the diagnostics with a VXI located processor. This
processor drives the hardware and takes data at the lowest level.
The data is then shipped to a higher level control processor for
analysis and display. Once the system moves to the tunnel, the
higher level processor will be associated with control from a
temporary control room. Applications codes, data bases, and
analysis codes must be written for all the diagnostics systems
before they can efficiently be used in commissioning.

Conclusion

After commissioning of each section, the section will
have passed the acceptance test plan. To be accepted, each

module must meet a minimum performance level in terms of
transmission, emittance, stability, and reliability. The
minimum performance level is sufficient to achieve the
necessary level of acceptance for commissioning of the next
section of the accelerator. These parameters are measured by a
sophisticated set of transverse and longitudinal diagnostics.

When the linac commissioning is complete, the output
beam should be sufficiently bright and reliable to commission
the LEB. As the LEB and subsequent accelerators of the SSC
complex are being commissioned, work on the linac will
continue to develop it to full design specifications. It is
important during the commissioning stage to gain enough
information with the full set of commissioning diagnostics to
be able to develop the machine after commissioning.
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Abstract

A multipactor discharge takes place in the accelerating
tanks of the the Moscow meson factory linac. The RF-
power level, the place and the characteristics of the dis-
charge were determined basing on the experimental results
and the computer simulation. The results of the investiga-
tion are given.

1 INTRODUCTION
The multipactor discharge, which occurs at certain levels
of the RF electric field, is the frequent problem in the RF
cavities and accelerating structures. The influence of the
discharge may be so strong that it becomes impossible to
reach a desired level of accelerating field. Accelerating sys-
tem of the Moscow meson factory (MMF) linac consists of
5 drift tube cavities (intial part of linac, 0.75-=-100 MeV)
and 27 tanks of high energy part of linac (100^600 MeV).
Every high energy part tank consists of four accelerating
disk and washer cavities connected with three bridge cou-
plers. In the begining of high power testing of the tanks the
multipactor discharge takes place in the tanks and electro-
magnetic field pulses break down. When the discharge be-
gins the vacuum in the tanks deteriorates and the attempts
"to jump" over the discharge diapason are not successful
because of vacuum blocking system. In the process of sur-
face conditioning the intensity of the discharge decreases,
the vacuum becomes better and the level of RF power may
be gradualy increased. After this increasing the discharge
begins again. Also there was supposition that the multi-
pactor discharge occurs in the cavities of the initial part
of linac. The question of a place and a character of the
discharge is intresting for design of accelerating systems
analogous with MMF one.

2 BASIC RELATIONS

For the discharge parameter determination we used the
analytical relations. The analytical estimations were then
checked by computer simulation and compared with exper-
imental data.

Let us consider a system of two flat electrodes with a
distance d between them. An equation of electron motion

in uniform electric field is

dx
-

eU
— (i)

where x - an electron coordinate, e and m - its charge and
mass, U - an amplitude of applied alternative voltage, w
- frequency of the voltage, <f> - an initial fase of electron
motion from a surface of an electrod. Further in our con-
sideration we will mean a "mean" electron with the most
probable initial velocity Vo.

When the certain relations between the initial fase 4>,
the distance d, the amplitude U and frequency of oscilla-
tion w are fulfiled, the primary electron reaches the oppo-
site elctrod after n halfperiods of RF field oscillations with
the velocity Vjt, which is sufficient for the secondary elec-
tron generation. If the coefficient of secondary emission is
greater than 1, the periodical repetition of this process cre-
ates a stationary electron bunch, which oscillates between
the electrodes synchronously with the RF electric field [1],

From the decision of equation (1) we can obtain a con-
dition for periodical motion of the "mean" electron:

= l - ( 2 n - l ) 7 r y 0 / W
(2n- (2)

where Uo [V] = 2.26 • 102(/ • d)2 [MHz • cm}2, and also a
finite velocity of the electron at the drift angle (2n — l)-7r.

(3)

Experimental investigations of the multipactor discharge
shows [1,2], that at the value of fd > 300 (that is truth
in our case) we may neglect the initial velocity Vo in for-
mula (2). Taking into acccount that the initial fase may be
equal to 0i- <t>max at Vo = 0, we may obtain from (2) the
estimations of the boundaries of the dinamic diapason of
the electric field strength in which the drift angle is equal
to (2n- 1)TT:

(4)

Electron gets a maximal finite velosity - velosity of col-
lision - at zero initial fase. Let the most probable initial
velosity of secondary electrons is 0.13 • 107 m/s ( 5 eV)
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and let the diapason of finite velocities, in wnich the coef-
ficient of secondary emission for copper is greater than 1,
is 0.42 • 107 -=- 5.89 • 107 m/s (50 eV -=- 10 keV) [3]. Then
we can obtain from (3) the diapason of the electric field
strength in which the electron gets required velosity:

[V/cm] = 3.26*/ [MHz • cm]
in [V/cm] = 0.164*7 [MHz • cm]. (5)

It is clear that these diapasons (4) and (5) must overlap
for the multipactoring discharge can exist.

3 MULTIPACTORING IN THE MMF
ACCELERATING SYSTEM

The discharges occured in the cavities with drift tubes dur-
ing RF power conditioning. There was supposition that
these discharges are multipactoring. In fact, the condi-
tions for existing of a multipactor discharge with n=l be-
tween drift tubes are fulfiled in the cavities #1 and #2
and with n = 2-̂ 5 in all five cavities of the initial part of
the linac. The discharge with n=l is the most probable,
because a current density of discharge decreases as n2 and
the discharges with n > 5 are not practically observed [4].
But the character of the experimentally observed disharges
does not prove this supposition.

Differing from the drift tube cavities the picture of the
multipactor discharge in the high energy part tanks is very
typical and stable. The discharges take place in the con-
tinuous diapason of RF pulse power which changes from
time to time even for the same tank, but the average dia-
pason is 40-r200 kW for all tanks. The equality of the RF
pulse power diapason of multipactoring for all tanks and
its continuity are important features.

The supposition that the multipactoring arises inside the
cells of the DAW ( in accelerating gaps in the first place )
contradicts to three facts :

1. At the operating frequency of high energy part of linac
991 MHz the upper boundary of a multipactoring is £J,a l

= 10 kV/cm. The dinamic conditions of the discharges
with n > 2 satysfy this boundary : for example, E%in =
6.4 kV/cm for n = 2 and the first accelerating gap d = 2.6
cm of the first tank. But the gap in the fifth tank is larger
by factor 2 and the multipactoring could not be observed
beginning from this tank, because E° ~ d.

2. Pulse power in a tank is P =aE , where E is an
average electric field strength in a tank, a = 1.33 • 107

Wm2/V2 for the first tank. So, the upper level of RF
power at which E = E^ax is equal to 14 kW. No mul-
tipactor discharge with any n can arise above this level.
This level is much less than the experimental upper power
level of multipactoring.

3. The computer simulation of an electron motion in
a accelerating gap with a real distributon of electric field
[5] shows that the existence of radial components of field
leads to an instability of the motion. The initial fases of the
electrons correspond to defocusing direction of the radial
components. The curvature radii of the drift tube "noses"

are small ( about 3 mm) and the electrons because their
displacement miss the "noses" and strike the conical sur-
faces of the drift tubes in the best case or travel inside
them in the worse one. In result : a) the electrons get ad-
ditional shift of fase and go out from the stable fase interval
0 -7- 4>max\ b) the most probable direction of the secondary
electron motion is perpendicular to the conical surface of
the drift tube and the displacement of the electron is in-
creased. After two-three oscillations an electron with any
initial conditions leaves the accelerating gap.

These facts forced to search for more suitable places in
the tanks for multipactoring. It was found that such places
are the transitions between halfcells of DAW cavities and
the bridge couplers. The transitions are the same for all
tanks and represent approximately the parts of rectangular
waveguide with the sizes 2.5x170x210 cm. The standing
wave ffioi is exited in the transitions, so a longitudinal-
uniform electric field exists in the gaps with d=2.5 cm.

The electric filed strength amplitude in the transitions
is approximately equal to the average electric field on the
axis of the tanks. This relation gives a simple expression
for estimation of RF pulse power level at which the multi-
pactoring can arise in the transition:

— (Emax/Enom) Pn (6)

where EnOm and Pnom - nominal calculated values.
Basing on this formula the multipactor discharges with

n = 2-f4 can exist at pulse power diapason 10-f-70 kW. But
the diapason for every n is very narrow - not more than
3 kW. The only explanation of the very broad and con-
tinuos experimental multipactor diapason (40 -f- 2QQkW)
is the drift of multipactoring area during the increasing
of power level from the center of the transition to its pe-
riphery, where the multipactoring conditions begin to be
fulfiled due to sinusoidal distribution of the electric field.
For example, at the power level in the tank of 70 kW the
conditions for discharge with n = 2 are fulfilled in the cen-
ter of the transition; at the power level of 200 kW the
conditions for n = 2 exist on a kind of circle, where the
equality sin(irx/l)sin(7ry/A) = (70/200)1/2 is truth ( 1 is a
width of transition, \ - a wave length). This is about 4-5
cm from the wall of transition. The drift of the discharge
area also explains the renewal of multipactoring after in-
creasing of RF power level - the discharge begins on a new
place, where a surface is not conditioned yet. The equality
of the multipactoring RF power diapasons for all tanks are
in agreement with the identity of the transitions.

The low current density of the discharges with n > 2
is compensated obviously by the big area, where the dis-
charge takes place.

4 CONCLUSION

On the base of analytical estimations, computer simula-
tion and experimental data it was concluded that the mul-
tipactor discharge does not take place in the DAW cavities
of the high energy part of MMF linac. It was found that
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the multipactoring takes place in the transitions between
the DAW cavities and the bridge couplers. In this case
the broad and continuos experimental RF power diapason
of multipactoring is explained by the drift of the multi-
pactoring area from center to periphery of the transitions
during the RF power level increasing and the equality of
the multipactoring RF power diapasons for all tanks is in
agreement with the identity of the transitions.
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Abstract

Perturbation techniques are commonly used for measuring
electric and magnetic field distributions in resonant structures.
A field measurement system has been assembled using a
Hewlett Packard Model 8753C Network Analyzer interfaced
via an HPIB Bus to a personal computer to form an accurate,
rapid and very flexible system for data acquisition, control,
and analysis of such measurements. Characterization of long
linac structures (up to 3 m) is accomplished in about three
minutes, minimizing thermal drift effects. This paper
describes the system, its application and its extension to
applications such as confirming the presence of weak, off-axis
quadrupole fields in an on-axis coupled linac.

Introduction

Characterization of electric and magnetic field distributions
in resonant structures is commonly accomplished using the
"beadpull" technique. A piece of material (often spherical) of
known dielectric and magnetic properties is passed through the
resonant structure and the variation of resonant frequency is
measured as a function of the "bead" position. The influence
of the dielectric perturber on the resonant frequency of the
structure is proportional to the square of the relative field
strength at the position of the bead [1].

Traditional methods of measuring this frequency variation
include phase-locked loop and frequency-modulation
techniques. However, the apparatus described here measures
the resonant frequency directly for a discrete set of field
locations along the bead path. A network analyzer drives the
resonant structure with a periodic, swept-frequency pulse
while the bead passes through the structure. The advanced
features of the 8753C network analyzer enable it to measure
the resonant frequency in as little as 150 ms. In addition,
computer control enhances system flexibility, allowing the
same generic measurement technique to be applied quickly and
without difficulty to a host of related experiments, three of
which are described in this paper.

Description of Measurement Apparatus

The present measurement system evolved from the
apparatus and control codes assembled to study the dielectric
properties of materials [2]. The system consists of a Hewlett
Packard Network Analyzer model 8753C, an IBM PC XT or
AT with HPIB interface, and a small synchronous motor.

Figure 1 illustrates a setup for a typical beadpull, in this
case in a Radio Frequency Quadrupole (RFQ) structure. The
perturber is initially located outside of the cavity, and is
supported on a monofilament line which is selected for its
good strength-to-weight ratio and low perturbation
contribution. The network analyzer is then fully configured
by the PC and the "bead out" resonant frequency is measured
(using the built-in resonant-peak-finding capabilities of the
analyzer) and set as a reference frequency in the analyzer. At
this point, the analyzer is switched to phase-measurement
mode and the reference phase is arbitrarily set to zero. The
bead is moved at a constant speed through the cavity and the
analyzer determines the resonant frequency by determining the
frequency at the zero degree phase shift for the selected
number of positions of the bead. Measurements with this
technique yield a resonant frequency with a typical
reproducibility of ± 150 Hz on a resonance having a
bandwidth (3 dB points) of 500 kHz; i.e., a resonant
frequency reproducibility of 0.03% of bandwidth. This
implies that a 1 % accuracy on field amplitude measurements
can be achieved using a perturbation of less than 10% of
cavity bandwidth.

The difference in frequency from the established reference
is transferred to the PC and logged, along with the time of
each measurement. This data set is then analyzed off-line to
determine the field distributions in the cavity, and can be
output to a plotter or printer. There is no direct indicator of
position, and position references are therefore taken from
salient features in the frequency-shift plot.

The data acquisition code running on the PC is written in
QuickBASIC [3] and communication with the network

Perturber
Perturber

Motor Drive

Drive Pick-up

8753C Network Analyzer HPIB Bus IBM PC-XTIAT

Fig. 1 Apparatus layout.
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analyzer over the HPIB Bus is achieved using the HPIB
interface software module supplied by Hewlett Packard with
their HPIB interface card [4]. This software presents one
problem: data transfers to the PC are done in single-precision
real format, causing significant data truncation under some
conditions. Our measurement technique bypasses this
problem, however, by using the analyzer in a frequency
difference mode.

All HPIB interface overhead (handshaking, arbitration,
etc.) is transparent to the programmer, allowing short code
structures comprised of simple command-response sequences.
The data is not displayed deliberately, to maintain the code
simplicity. The beadpull program output file is loaded into an
analysis code in MathCAD [5], where reasonable calculation,
display, and plotting/printing facilities abound.

Examples of Resonant Cavity Field Measurements

Axial Fields in an On-Axis-Coupled Electron Linac

The on-axis electric fields of a multicell, three metre-long
1.3 GHz electron accelerating structure, built by AECL, have
been characterized with this measurement system. Beadpulls
on the graded-beta sub-section and the power-coupling sub-
section of the structure are shown in Fig. 2. With the
analyzer doing a frequency determination every 150 ms, and
at a beadpull speed chosen to give a measurement every one
mm, the data in each plot was acquired in 90 seconds.

100

• 
F

ie c

£ 100
s

Cndea Bets Oil

!\1\ A A A if
0 60

fdvw YJCell

0
0 Position in StructLTG Segment (cm) 6 0

Fig. 2 Graded-beta and coupling sections of linac.

Quadrupole Harmonics in Coupled Cavity Linac Cells

Recently, it has been suggested [6] that, in on-axis-coupled
multi-cell linac structures, coupling-slot orientation may
influence the beam shape and focusing via quadrupole spatial
harmonics induced by the coupling slots. MAFIA analysis [7]
predicts that these fields are present and that they are of the
order of 10"3 to 10"4 times the magnitude of the accelerating
field. It is very difficult to measure such weak field
components with traditional perturbation techniques and a new
approach has been attempted. A two vane propeller-like

dielectric perturber was located in the coupling cells of an on-
axis coupled structure and was rotated about the beam axis.
The structure had been assembled with the "conventional"
coupling-slot orientation which creates the maximum
quadrupole field component. The beadpull code and hardware
were modified to turn the perturber with a small dc stepping
motor (1.8 degrees per step). Rudimentary step control was
effected by switching individual motor phases via the PC
parallel port and a power-driver translation board. Resonant
frequency measurements were taken at 3.6 degree increments
over six full revolutions. Figure 3 shows the mainly
quadrupole nature of the field over two complete rotations.
The presence of the fields, at the levels expected, was
confirmed without difficulty [8].

0.00001

df/f

Quadrupole Fields

180 360 540
Degrees of Rotation from Start

Fig. 3 Quadrupole field measurement.

RFQ Azimuthal and Longitudinal Field Measurements

This measurement system has been used to simplify
structure tuning and field levelling on RFQ1 [9], which has
recently had its vanes replaced to increase the beam energy
from 600 keV to 1.25 MeV [10]. For these measurements a
metal perturber was inserted a fixed distance through the
cavity wall successively in each quadrant through symmetric
holes located along the length of the structure. In each case,
the frequency shift produced was measured relative to the
cavity frequency without the perturber. By doing so, a good
comparison of azimuthal field symmetry is obtained, along
with some indications of longitudinal symmetry. Figure 4
shows the normalized field strengths obtained for a tuning
change (a single vane movement in this case). Effects are
seen in all four quadrants.

Access for this test method is not available over the total
length of the structure, so an automated beadpull was
performed on one quadrant. In an RFQ, the electric field
undergoes a sinusoidal variation in the region of the modulated
vane tips. This variation is localized in the tip region and is
not important when characterizing longitudinal vane-to-vane
voltage distributions. The field on the shoulder of the vane is
not influenced by tip profiles. The fields are purely azimuthal
and reflect local vane-to-vane voltages. Hence, the beadpull
was done as illustrated in Fig. 1.

The beadpull results, displaying field distributions along
the length of the RFQ, are shown in Fig. 5. Measurements
were made at 1600 points along the 1.5 m structure in 190
seconds. The three small dips in the plot are due to 3.18 cm
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Fig. 4 Azimuthal field measurements in an RFQ.

flat sections, machined into the shoulder of the vane, separated
by 98.6 cm. These sections are used as reference sites during
telescopic vane alignment. While affecting the localized field
to a small extent (<3%), these flats have no effect on the
axial field and conveniently provide a solid position calibration
for the beadpull.
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Fig. 5 RFQ longitudinal field distribution.

Summary

The flexibility of control and sophisticated data analysis
features of the HP 8753C Network Analyzer combine to
simplify field measurements immensely. In addition, the
phase measurement technique, made feasible by the stability
of this instrument, yields good qualitative data for comparison
of tuning changes in rf structures.

[8]

[9]

[10]
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Abstract

The transverse dynamics of a nonrelativistic, mismatched, one-
dimensional sheet beam propagating through a continuous, linear
focusing channel is investigated. The investigation is based on the
Fokker-Planck equation in which the relaxation rate and diffusion
coefficient are calculated from a simple model of turbulence resulting
from charge redistribution.

Introduction

This paper concerns the dynamics of transverse emittance growth
for nonrelativistic space-charge-dominated beams in continuous,
linear focusing channels. Mismatches in both the density profile and
root-mean-square (rms) beam size [1,2] contribute to the emittance
growth. A mismatched beam carries excess total energy which can
be thermalized if nonlinear forces, instabilities, and/or collisions are
present. The resultant heating generates emittance growth, and the
magnitude of the possible emittance growth can be calculated from
the excess total energy [2J.

The earliest evolutionary stage after the beam enters the focusing
channel is marked by charge redistribution. In a zero-temperature
beam, the trajectories of the individual beam particles do not cross,
and laminar flow is present. However, if the initial density profile
gradually falls to zero at the beam edge, then laminar flow will cease
very quickly, at about one-quarter of a plasma period after injection,
at which time particle trajectories originating in that part of the beam
with the lowest initial density will cross [3J. The termination of
laminar flow is marked by nonlinearity in the form of discontinuous
shock-like behavior associated with wave-breaking in phase space and
the onset of irreversible dynamics [3,4]. The charge-redistribution
phase in a warm beam terminates similarly [3].

While the charge-redistribution phase lends itself to simple
analysis, the subsequent evolution is more complicated. Yet, an
understanding of this evolution is essential because it will dominate
during almost the entire transport of real beams. To date, this
problem has been investigated by way of both direct experimentation
[5,6] and computational N-body simulations [1,7,8]. These
investigations have provided an accurate picture of the dynamics for
the special cases considered, but they have not provided a synthesized
account of the underlying physics. The purpose of the present paper
is to integrate the essential physics into a single formalism
reproducing the salient dynamical features revealed in prior
investigations.

Formulation of the Problem

During the charge-redistribution phase, the beam evolves toward
a density profile which is nearly uniform, particularly if the beam is
strongly dominated by space charge. If this nearly uniform beam is
mismatched to the transport channel, it carries free energy available
for thermalization. The shock-like behavior and wave breaking in

"Work supported by the U.S. Department of Energy under contract
W-31-109-ENG-38, by the U.S. Army Strategic Defense Command,
and by the Office of Naval Research.

phase space ending this phase are nonlinear phenomena which may
trigger strong, localized turbulent fluctuations. Resonant coupling
between beam particles and the turbulence provides a mechanism for
converting free energy, now contained in the turbulent fluctuations,
into heat. In strong turbulence the heating will occur very rapidly,
on a time scale of the order of a plasma period [9]. Because
thermalization occurs at the expense of the energy contained in the
turbulent fluctuations, the turbulence also weakens on the same time
scale.

Beam particles slow down by colliding with turbulent fluctuations
of the mean electric field. This anomalous resistivity also occurs on
a time scale of the order of a plasma period in strong turbulence.

The associated average collision frequency is then — g~* m n\J, times
larger than in a quiescent plasma [9], where n is the number density
and Xp is the Debye length. In space-charge-dominated beams g"1

is large and collective effects appear. In weak turbulence the average

collision frequency is ~ gsa times smaller than in strong turbulence.
Scattering off turbulent fluctuations is considered to impart white

noise on particle trajectories, thereby establishing a Markov process
resulting in Brownian motion. The scattering creates dynamical
friction and diffusion, causing relaxation to occur on a time scale
which evolves from short to long as the turbulence dissipates.
Heating and relaxation of the beam eject a fraction of the particles
into large-amplitude orbits causing a halo to form with associated
emittance growth. Because the relaxation time can be very short,
these processes can occur during beam transport.

These considerations motivate using the Fokker-Planck equation
for the evolution of a coarse-grained distribution function in the
phase space of a single beam particle. We letW( x, u,t; j j , u^dxdu
denote the probability of finding a particle with position x and
velocity u in the range (x, x+dx), (u,u+du), respectively, at time
t given it started at (J^, i^) at r=0. The Fokker-Planck equation is

ZZ+ K«V VV+AT'V VV= 0V • ( W H ) + / 3 _ V . 2 W , (1)
dt m

where K is the net force per unit mass m, /3 is the relaxation rate,
k is Boltzmann's constant, and T is the temperature. The net force
is the superposition of the focusing force and the space-charge force
found from the potentials if and *, , respectively, and thus

tf= - l v , ( * + # , ) , (2)
m J

where q is the particle charge. According to Poisson's equation, • ,
is given by

^ i j ^ j ^ X ^ ) , (3)
where N is the total line density, eo is the permittivity of free space,

and W(jf,, î ,) is the single-particle distribution function at /=0.
The temperature will generally depend both on position and time.

However, if the turbulence is initially strong enough to induce rapid
heating and relaxation, and if most of the beam particles scatter off
the strong fluctuations, then to a reasonable approximation the beam
may be regarded as isothermal with an increasing temperature which
saturates as the turbulence weakens. Letting /3, denote the relaxation
rate in the presence of strong turbulence, we adopt an exponential
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model of turbulent heating:
T\0 = r . + (To - 7 . ) exp(-0,/) . (4)

Starting from temperature To, the beam strives to reach a Maxwell-
Boltzmann distribution with temperature T^.

To obtain a self-consistent solution, one must solve eqs. (l)-(3)
simultaneously using eq. (4) to represent turbulent heating. For
mathematical simplicity we treat a one-dimensional (ID) sheet beam

centered on the focusing-channel axis with a focusing force -ma>2x.
We pick a particular beam cross-section and calculate its properties
as it moves down the transport channel. Our treatment is easily
generalized to higher dimensions, and the qualitative features of the
results should be insensitive to the dimensionality.

Analytic Solution with Harmonic-Oscillator Orbits

Assuming {}<&, to be a constant in eq. (1) associated with weak
residual turbulence, and using a harmonic-oscillator model of the
particle orbits, we can solve the problem in closed form with

standard methods [10]. We take -ma^x to be the net restoring
force, where t>iK is the particles' orbital frequency. This assumed
force replaces Poisson's equation, and thus self-consistency is
sacrificed. However, the approach is instructive because it leads to
simple results exhibiting many of the prominent features of self-
consistent solutions discussed below. Moreover, the resulting
distribution function may be used to calculate any of the moments of
x and u in terms of elementary functions.

In the limit of instantaneous heating (/3,-»oo ), the rms beam size

a = <x2> "2 andemittance e = [ <*2> <«2> - (xu)>2]"2, normalized

to their values at r=0, are respectively found to be

(5)

_tL-cos2<v-l +_^.sin2ay
4a)* ^»

where « ? - « ] ! - / F M , TJT0 = (aai ajdj ta?, and a0, «„ am,t,
are values at J = 0, / - » » , respectively. The ratios <J,»/a0 ande^lt0

can be determined from force-balance and energy-conservation
arguments [2]. Example plots of a and t appear in Pig. l(a).
Using a constant relaxation rate /3 results in the rise time of the
emittance being determined by /3, even with instantaneous heating
from the initially strong turbulence.

Self-Consistent Numerical Solution

We solve eqs. (l)-(3) self-consistently by decomposing the single-

particle distribution function into complete sets of orthonormal
polynomials [11]. For the ID sheet beam a natural choice for both
coordinate and velocity space is the set of ID quantum mechanical
harmonic-oscillator eigenfunctions:

(7)

where c"(0 are time-dependent coefficients, o>0 is a reference
frequency, and H. are Hermite polynomials. By symmetry, the

coefficients c" for which m+n is odd are zero. Moments of special
interest are the number density and rms beam size and emittance,
which are respectively given by

n(x,t) (10)

(11)

• (12)

Integrating n(x,t) over all values of x must always yield N;

consequently, we must have c°(t) = 1 for all t .
If turbulence is initially strong enough to cause rapid heating and

relaxation, and if most particles scatter significantly off the electric-
field fluctuations as they orbit, then to a reasonable approximation
the relaxation rate may be considered a function of time only. The
turbulence is expected to pass rapidly from strong to weak, so we use
eq. (4) for turbulent heating and, as before, we let fi<(is be a
constant in eq. (1) to represent persistent weak turbulence.

Upon substituting for W(x,u,t) in eqs. (l)-(3) and using the

orthonormality of <j>j and ^4 along with the recurrence relations for

Hi, we obtain the following infinite system of coupled differential

equations for the coefficients c" :

where the dot denotes differentiation with respect to

is the plasma frequency; and

in which

(14)

(15)

(16)

, Y\ti+{q-p)l2\Y[\-n+(q+p)l2\Y[n-(q-p)l2\
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This infinite system of coupled differential equations is equivalent to
the coupled Fokker-Planck and Poisson equations. The second-to-last
term in eq. (13) originates from the linear focusing force, and the last
term originates from the nonlinear space-charge force.

Upon truncating the system at m =M and n=N, it can be solved

by standard numerical integration [12]. We set A/ = 4, N=3 to allow

for two time-dependent coefficients c0, cjj in eq. (10) for the density.
This is sufficient to represent the underlying physics and establish a
first approximation to the numerical solution; however, the accuracy
can be improved as desired by continuously increasing M, N until
essentially no change is seen in the results. Our truncation leaves
nine equations with nine unknown coefficients. They are solved for
a beam which is initially Maxwellian in velocity space with a

Gaussian density profile of standard deviation a\ = \ / 2/1(0); the initial

conditions are c"(f=0) =«„,„.

Example plots of a and e in a self-consistent calculation appear
in Fig. l(b). Though the details of these curves differ from those of
the analytic solution [Fig. l(a)], the qualitative features are similar.
In particular the relaxation rate 0, assumed here to be constant,
determines the rise time of the emittance. Plots of the corresponding
density profile are depicted in Fig. 2. As the beam relaxes, more
and more particles are injected into high-amplitude orbits.
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Fig. 1. RMS beam size and emittance, normalized to t=0, (a) from

harmonic-oscillator model of particle orbits with (ujwo)
2 = l.5 and

0 = 0.015 in the limit $t-~<» ; (b) calculated self-consistently with

(<J/GJO)2 = 1 .5 , (up/u0)
2 = lA, J3,/<JO=1.O, and /3/<J0=0.015.

Discussion

As described here, the mismatched beam evolves on time scales
short compared to the transit time of the beam through the transport
channel. The associated spread in the density profile may be
problematic if the transport elements have small bore-hole apertures.
For example, in the design of high-current machines for long-term,
continuous-wave operation, radioactivation from beam impingement

0 1 2 3 4 5

Fig. 2. Snapshots of density found with parameters of Fig. l(b).

is a concern. Since the growth in beam size and emittance correlates
to the degree of mismatch [2], the cure involves both reducing
sources of mismatch and increasing the bore-hole sizes.

We based our calculations on a simple model of turbulence which
was assumed to be strong initially, causing rapid heating of the beam,
and to dissipate quickly to persistent weak turbulence. The relaxation
rate was taken to be a constant associated with weak turbulence, and
was regarded as a free parameter. Since both the diffusion
coefficient and relaxation rate in the Fokker-Planck equation are
determined by the spectrum of electric-field fluctuations, it would be
interesting to study the time-dependence of the fluctuation spectrum
using N-body simulations. This may lead to more accurate models
of the Fokker-Planck coefficients which could then be readily
incorporated into our self-consistent numerical formulation.
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Abstract

A distribution of deflecting-mode frequencies in the constituent
cavities of a linear accelerator can lead to g-independent damping
of cumulative beam breakup. A probability density for the
deflecting-mode frequencies generates an effective transverse wake
function. The effective wake function can be used to calculate the
transient dynamics of cumulative beam breakup within the framework
of a continuum approximation provided the transverse beam
displacement changes little over the correlation length of the
deflecting-mode frequencies as the beam moves down the linac. We
adopt this approach to show that the damping induced by the effective
wake function causes the rate of approach to the steady state to
depend strongly on the operative probability density for the
deflecting-mode frequencies.

Introduction

In an earlier paper [1], hereafter called Paper 1, we developed
an analytic formalism of cumulative beam breakup (CBBU) in linear
accelerators with periodic beam current. The equation of transverse
motion was expressed using a continuum approximation in which the
discrete kicks in transverse momentum imparted by the cavities are
considered to be smoothed along the linac, and it was solved by
Fourier analysis. We used the formalism to study the role of a
distribution of deflecting-mode frequencies on steady-state CBBU,
showing that the principal effect is the replacement of the single-
mode wake function by an effective wake function which depends
strongly on the assumed probability density of the deflecting-mode
frequencies. The problem of transient CBBU was not investigated in
detail, but we observed that the effective wake function defined in the
context of steady-state CBBU could also be used to study transient
CBBU provided the transverse displacement does not change
significantly over distances comparable to the correlation length of
the deflecting-mode frequencies. Based on this observation, we
reasoned that for deflecting modes with infinite Q the transient
CBBU, and in particular the rate of approach to steady state, would
also depend strongly on the assumed probability density of the
deflecting-mode frequencies, and not just on the frequency spread.

Previous investigations support this reasoning. Colombant and
Lau [2] find an algebraic decay to the steady state with a uniform
probability density of deflecting-mode frequencies. By contrast, a
Lorentzian probability density gives an exponential decay like that
produced by a finite deflecting-mode Q [3]. Gluckstern, Neri, and
Cooper [4,5] investigate transient CBBU for a beam of S-function
bunches in terms of the root-mean-square (rms) frequency spread for
the case that the frequency spread is small compared to the frequency
spread associated with Q. They find a decay which is faster than
exponential. None of these investigators, however, explicitly identify

"Work supported by the U.S. Department of Energy under contract
W-31-109-ENG-38, by the U.S. Army Strategic Defense Command,
and by the Office of Naval Research.

the influence of the shape of the probability density on the rate of
approach to the steady state.

In this paper we calculate explicitly the transient CBBU for both
Gaussian and Lorentzian probability densities of deflecting-mode
frequencies. These calculations illustrate how to apply our formalism
given an arbitrary probability density. In the process, we confirm
our earlier conjecture that the rate of approach to the steady state
depends strongly on the shape of the probability density.

Equation of Transverse Motion

According to Paper 1, the equation of transverse motion for a
coasting beam is

(1)

Here, a is the longitudinal coordinate normalized to the linac length;

t and K represent the CBBU coupling strength and the focusing

strength, respectively; u(a) is the angular frequency of the deflecting

mode distributed according to the probability density/(co) around the

mean frequency «0; f=<V is the time normalized to a)0;

f"(f) s= /({")// is the form factor defined in terms of the beam current

/(f) and the average current / ; and w(f) is the wake function for the
single deflecting mode:

w ( 0 = K(JV~r/2esinf, (2)
where u(J) is the unit step function.

We first average eq. (1) over a length ACT around a:

where

(4)

We assume that the length ACT can be chosen small enough so that
there is no appreciable beam breakup over ACT . We can then replace
x by x and take x out of the second integral in eq. (3). On the
other hand, we assume ACT is large enough so that between a and
CT+ACT the deflecting-mode frequency takes all possible values so that

it can accurately be represented by the probability density J{u>) . In
that case, we have

(5)

where w>(J) is the "effective wake function." In Paper 1 we showed

-r | /<«).
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that, for a symmetric normalized probability density defined as function, the equation for the saddle points 83 is

g(Z) BE Ua7[a)0(Z+l)] where Z a ( w / « 0 ) - l , the effective wake
function is , .,,„ -.,2 4 .. _

(f) . (6) 5? 5 '
(15)

in which g~(Z) is the Fourier transform of g(f)- If these assumptions Upon substituting from eqs. (12) and (13), retaining terms through
are satisfied, then the equation of transverse motion takes the form Q r d e r u a n d l e t t i n g ^ s £ , w e a r e ieft ^ h

(7)

In what follows, we solve eq. (7) for transient CBBU using the
methods of Paper 1.

Gaussian Probability Density

According to eq. (6), the effective wake function corresponding
to a Gaussian probability density of deflecting-mode frequencies with
mean OJ0 and standard deviation Aoj can be written in the form

= »v(f)exp(-af2), (8)

function is

= 0.
(16)

The growth rate is given by r{=Re{f(8t)]; thus, upon solving eq.
(16) for ^ , we can evaluate T from

= Im (17)

Because a distribution of deflecting-mode frequencies will have
in which a = (Aoi)2/2(J2

0. The Fourier transform of the wake 't« greatest influence on long pulses, we restrict our discussion to
long pulses (domains A and B of Paper 1) for which s2 is small. For
these cases, we write tfi in the form

in which
• j : 4 ~4 a

(9)

= e-z'erfc(-iz), Z± , and 0 » j f_L+iZ| .
I 2 2L

where A is given by

A«+J .A 3 - . s 2
2 = 0 .

(18)

(19)

We assume \z±\ > 1 because Jet < 1. Thus, we take [6]

dW
dz

(10)

(11)

Substituting for z± and keeping terms through order a gives

2a-

Upon substituting ^ from eq. (18) into eqs. (16) and (17) and
retaining terms to order a, we find

(20)

• (21)
^ 2*1/5,

A3 2

, 452'/5,

A3

dw

as

i-e2

26 • 24a0. 1+02

(12)

(13)

We consider a direct-current beam generating an impulse
excitation of the wake field, i.e., the beam enters the linac such that
x(0,f) = xo5(f). Results for bunched beams or for other initial
conditions can be gleaned from this case by inspection of Paper 1.
Solving the equation of transverse motion results in an expression for
the transverse displacement *(CT, J) involving an integral over 6. An
analytic expression for the transient CBBU growth rate F valid when
BBU is pronounced is found by evaluating this integral by steepest
descent. The saddle points are calculated by setting f(B) =0, where

Having established the needed formalism here and in Paper 1, we
can now find the saddle points, growth rates, and beam envelopes by
inspection. For each domain they are as follows:

Domain A: 52<51"2 and s2<s2 (weak focusing, weak BBU

coupling, long pulse length); Aoi/o)o < (s2/^,)"3. In terms of the
dimensionless parameter

1/3

(22)

the dominant saddle point and growth rate are, respectively,

J,= 1 + EA e2"* + 4 0 f e-
2wi/i (23a)

/(«) - -it (14)

in which 5, =C/K2 and S2 = to/K^. In terms of the effective wake

(23b)

and the beam envelope (with infinite Q) is given by
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(24)

The exponent reaches its maximum value

at
5 [ 20 j (A<O

(26)

These are the same results found by Gluckstern, Neri, and
Cooper [5] for a beam of 5-function bunches in which case f is
replaced by M<o07, where M is the bunch number, and r is the
bunch period. These authors use a different method of calculation
for which they claim to assume the bandwidth of the frequency
distribution is small compared to the intrinsic bandwidth of the
deflecting mode associated with finite Q [4,5]. However, they have
confirmed the validity of eq. (24) with numerical simulations in the
absence of this assumption. With our method we make no
assumption about the bandwidth of the deflecting mode and have
included the case of infinite Q at the outset.

Domain B: s* •< s2 <t 1 (strongfocusing, moderate BBU coupling,

moderate pulse length); Aw/coo •< ys2. In terms of the dimensionless
parameter

f m, (27)

(28a)

(28b)

the dominant saddle point and growth rate are, respectively,

= 1 + i . l + i . - • * . * •

4£.
1 - .

3£ .

and the beam envelope (for infinite Q) is given by

(29)

The exponent reaches its maximum value

at

Aw
to
K

(30)

(31)

Lorentzian Probability Density

In Paper 1 we show that a Lorentzian probability density of
deflecting-mode frequencies with mean u0 and half-width at half
maximum Au generates an effective wake function with infinite Q
which is identical to the single-mode wake function with finite

Q = bio/2Au. Thus, the beam envelopes found in Paper 1 apply
directly, and for impulse excitation of the wake field, they are:
Domain A:

I*(*.O| = y iE" exp (32)

( ' The exponent reaches its maximum value

33/4

T J5L
Aco

at

Domain B:

The exponent reaches its maximum value

(33)

(34)

(35)

4 Aco
at

i m " 4 Aw

Conclusion

(36)

(37)

We have calculated the transient cumulative beam breakup with
Gaussian and Lorentzian probability densities of deflecting-mode
frequencies. The results for long pulses in the limits of weak and
strong focusing indicate that the Gaussian generates the fastest decay
to the steady state. Specifically, during decay with weak focusing the
exponent behaves like Ff oc -fs" for the Gaussian and likeFf oc - f
for the Lorentzian, and with strong focusing the exponent behaves
like Ff « -f"2 for the Gaussian and again like Ff <* - f for the
Lorentzian. This is caused by the faster decay of the effective wake
function associated with the Gaussian, and confirms our conjecture
that the rate of approach to the steady state depends strongly on the
shape of the probability density. The mathematical expressions for
the locations and magnitudes of the beam-envelope peaks are similar.
The physical meaning of the "bandwidth" Aw is different in the two
cases, however. For the Gaussian it is the standard deviation, and
for the Lorentzian it is the half-width at half maximum.
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Introduction

In a previous note[l] a method was presented for calcu-
lating the longitudinal coupling impedance of an iris in
a beam pipe. In particular we considered a point charge
Q traveling along the z-axis of a beam pipe of radius a,
obtaining the source fields in the frequency domain (time
dependence exp(juit)):

El'Hr,z;k) = Z^Hgfrzik) = ^Le->k*. £'<•' = 0. (1)

We solved two separate problems, each with a simplifying
symmetry, by separating the source fields into a part even
in z (coskz) and odd in z(-jsinkz). The even and odd
problems were then solved by writing the fields as a sum of
outgoing TMon modes in the waveguide region |r| > g/2
and either symmetric or antisymmetric waveguide modes
in the iris region \z\ < g/2,r < b. Matching the boundary
conditions at z — ztg/2 then led to an infinite set of linear
equations for the mode coefficients, and solutions were then
obtained by truncating the resulting matrix equations.

The numerical work which then followed turned out not
to be well convergent. In the present work we construct
an alternate basis vector for the matrix equations, and find
that the numerical implementation is well convergent.

In this paper we outline the new calculation and present
numerical results for the limit a/b — cc, corresponding to
a beam passing through a circular hole in a thick wall.

Matrix Equations

The field components for the even problem (Er is even in
r, E. and He are odd) are written in the waveguide region
(|;| > g/2, 0 < r < a) as

r Q i
Er = — cost.-

AmJ\ (2)

± ?-f

where pm are the zeros of Jo(p). Here

(4)

where the sign of the second term in Eq. (4) is chosen so
that the terms in the sums in Eqs. (2) and (3) correspond
to outgoing waves in the beam pipe. Also, the ± sign
corresponds to z<0. In the iris region ( | ; | < g/2. 0 < r <
6) we similarly write

cos an :

n=\
b ) cos((rng/2)'

ZQHe = ~

+

2irr

jQ

cos(ang/2)7TT- ( 6 )

where
[7)

Matching Er(r,g/2) in the interval 0 < r < a leads to

•Am~ZrJ\\Pm) — / 'mntfn
T l = l

a kg (pmb
— — cos — J o

Pm 2

where

(b/a)pmJi(pn)J0(pmb/a)

Matching He in the region 0 < r < b leads to

Bn ang b"
J—tan-5- -y

Our task is to solve Eqs. (8) and (9) for .4,,, and Bn.
In the earlier report[l] we eliminated Bn and obtain a

linear set of equations for .4m . We now instead eliminate
Am to obtain the matrix equation

n:
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where

= J
4an

PmnPmn'

and

In = a
Jo(pmb/a)Pmn

(12)

(13)

Note that the matrix M is symmetnx in n «—• n'.
The contribution of this source term to the impedance

can be written as an integral of the fields over the surface[2]
at : = ±g/2, 6 < r < a. Although this is directly obtained
in terms of the coefficients ,4m, we use Eq. (8) to express
it in terms of Bn as Zeven = ZQ(UI + u?}, where

2k cos2(kg/2) • ^ Jo(P

and
2kcos(kg/-2) ^

(15)

The quantity «i can be explicitly calculated, and u2

be put into the form

Equation (16) is now in a variational form with respect
to the coefficients Bn, which means that requiring u-, to
be an extremum subject to the variation of fn. leads to
the matrix equation for uo in Eq. (15). For this reason,
truncation of the matrix can be expected to lead to fairly
accurate results for 113. In fact, if we solve Eq. (11) for Bn

by writing

Bn = - cos -r-

our final expression for u? becomes

)""'/»•

ira-
18)

A parallel calculation for the odd problem (Er is odd in
;. E. and Hg are even) leads to Z0ltd = Za(u^ + ?(4), where

_
Jg{Pr>,b/a)

and

(20)

ilere the matrix N is obtained from M by replacing
tan(<rn0/2) by -cot(<rng/2) in Eq. (12). Note that

»1 + U3 =

is independent of g.

(21:

Circular Hole in a Thick Wall
Perpendicular to the Beam Axis

The result for a circular hole in a wall perpendicular to
the beam axis can be obtained by proceeding to the limit
a —» oo in Section 2. In this limit the main contribution to
the sum over m comes from large in, and the sum over m
can be converted to an integral over x — pmb/a, with an
interval dx = lrb/a.

Let us start with ui + t/3 in Eq. (21) which can bo
written as

2Jt6 1
(22)

where xm — pmb/a. In order to obtain convergence as
m —• 00, we rewrite Eq. (22) as

2
+ "3 = -

2Jtfr

The first sum over m can be done explicitly and leads to

2
(24)

The second term in the sum in Eq. (23) now can be
evaluated in the limit m —• 20, leading to

1

which converges satisfactorily at / —• 0 and at /
long as kb ̂  0. In fact, we can show that

« i + u 3 { J-, k.b —

where C = .577 is Euler's constant, iand

j /-K~kb, kb — 3c.

(25)
oc as

(26)

(27)

The calculation of !/•_> and 1x4 proceeds in a similar way.
although here there are no divergent terms as a —• •XJ.

One can show that t/2 and 114 vanish when kb —> 0. This
is confirmed m the numerical calculations where the result
in Eq. (26) appears to be correct for Z(k)/Zo in the limit
it6 —- 0, a/b — OG, independent of g/b.

Numerical Results

We have constructed a numerical program which uses Eqs.
(21), (18) and (20) to explore the dependence of ZfZ0 on
the three parameters kb.y/b and a/b. Results for g = (J
were found to agree with results obtained earlier using a
different analysis and computational procedure.[3]
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In this paper we explore the limit a/b —+ oc numerically.
We find, in agreement with others[4], that the real part of
the impedance becomes infinite. In our numerical work we
therefore calculate R'+jX = Z/Zo - {\ / ir)tn{a / b), which
remains finite as a/b —• oo. The validity of this approach
is shown in Fig. 1 where .ft'and A" are plotted against kb
for g = 0 and for a/b = 1000, 100,25,10. For each value
of a/b there are high frequency oscillations with phase ka.
In our calculations the plotted points are an average over
each such oscillation. Even for a/b as low as 10, R' and A'
differ from the infinite a/b result by less than .02.

In Fig. 2 we plot R" = %(Z/Z0) - (\/n)Cn(ka) and
X for g = 0 in the low frequency region 0 < kb < 2 for
a/b = 1000,100. The results confirm the limits of R" =
C/w = 0.184, and A' = 1/2, implied by Eq. (26).

The dependence on g/b is shown in Figs. 3 and 4 where
R' and X are plotted against kb for a/b = 100 and g/b =
0,0.2, 1, 5. Clearly there is structure related to the value of
g/b. But the results differ from the g — 0 smooth result by
less than .05 over the entire range of kb and this difference
decreases as kb increases.
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Introduction

For an ultrarelativistic (7 ^> 1) particle traveling in a
beam pipe of constant cross-section, the calculation of
the longitudinal/transverse coupling impedance reduces to
two-dimensional calculation of the static fields due to a
monopole/dipole charge or current singularity along the
axis. In this paper, we formulate the general calculation of
coupling impedance and apply it to an elliptical beam pipe.
In particular, we obtain the longitudinal/transverse resis-
tive wall impedance, as well as the longitudinal/transverse
impedance of one or more small holes m the beam pipe.

Longitudinal Coupling Impedance

For a drive beam of current density

J: = I0S{r - xi)6(y - yi)cxp{-jk:) (1)

in the frequency domain, with k = JJ/C, the longitudinal
impedance is defined as

1 [™
*0 J — cv

(/.- /•;.< (2)

where £". is the longitudinal component of the electric field
w h e n X\ — 0 , , i / i = 0 . W e u s e E q . ( 1 ) t o r e w r i t e Z\\(k) a s

1
dv E • .)'.

where the volume integral is over a region which includes
the drive beam.

We now consider two situations. The first, denoted by
t he subscr ip t 1, is t he lossless p ipe , and the second,

no ted by tin1 s u b s c r i p t 2, is t he p ipe wi th wall losses.

t h e n c o n s t r u c t

\I0\-[Z[f\k) + Z\]
U'(k)] = l / n r - ' ^ - ' t f c ) - ^|| "(*••

= - f dv[E-, • / ' + E] • / ] .

de-

We

(4)

"Supported in part by I he Department of Energy.
'Present address. CEBAF. Newport News. VA.

where Z,, (k) is i m a g i n a r y . (I t a c t u a l l y van i shes in t he

u l t r a r e l a t i v i s t i c l im i t . ) Using

J = V x Hi o — j ^ ( E \ 2 . V x E\2 = — jjjfiH\ 2 • ( - T )

E q . ( 4 ) c a n b e c o n v e r t e d i n t o a s u r f a c e i n t e g r a l , l e a d i n g l o

\I0\-Zi{(k) = f dS n [£\ x //* + E\ x i l , } , (6)

where the surface encloses the drive beam. If we choose S'
to be the inside surface of the beam pipe. ;T E\ x //•_. = U.
and we have, for a length of beam pipe /..

(7)

where a is a coordinate tangential to the beam pipe surface
in a plane perpendicular to the axis of the beam pipe.
The form in Eq. (7) i.-> a generalization of a result derived
earlier[l] for a beam pipe of circular cross-section and used
recently by Napoly[2].

We now obtain the result for a resistive wall by express-
ing E: at the wall in terms of Hi,. Specifically we take

E: 2? -kb(\ +j)Z0Hi,/2. (8)

where 6 = (2/kaZu)
]/J is t h e skin d e p t h of t he wall m a t e -

rial whose c o n d u c t i v i t y is a. Here Zu = ( / / / f ) 1 ' " ' = 121)TT

o h m s is t he i m p e d a n c e of free space . Us ing Eq. (8 ) . we

wr i t e the l o n g i t u d i n a l i m p e d a n c e as

<l*\lh,\-

Final ly , Hi, can be o b t a i n e d from t h e so lu t i on of t he

Lap lace (or Foisson) e q u a t i o n in t he two t r a n s v e r s e di-

m e n s i o n s s ince c2d'/d'z' = i:)J/()t' for an ult.rarelat ivistic

par t i c le . Specifically

where

1//1, = Eu, - -v\\,(

. / / ) i s t h e s o l u t i o n <jf

( 1 U J

- 1/1).

with perfectly conducting boundary conditions at
beam pipe wall. Here 11 is a coordinate normal to
beam pipe wall and Ei,, is the electric field normal to
beam pipe surface for the lossless problem.

(11)

t he
the
the
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Transverse Coupling Impedance In the transformed coordinate system. Eq. (19) becomes

The transverse coupling impedance can be analyzed in a ()'<& ()'$
• •, . , . , -,, f l i r ' i , • T ^ " + T ^ r = ~/-i,h^(u - « i < " > ( r - r i ) . ( 2 3 )

s i m i l a r m a n n e r . 11 w e s t a r t w i t h t h e a x i a l d i p o l e d r i v e au~ ov-

w h e r e i / i , i ' i a r e r e l a t e d t o . v \ . t / \ b y E q s . ( 2 0 ) a n d ( 2 1 ) .

J . = I0Hy)exp(-jkz){t(x - * , ) - /> (* + - n ) ] , ( 1 2 ) W e w r l" ' t h e s o h l " o n l o Ktl (**) a4<]

t h e t r a n s v e r s e i m p e d a n c e in t h e x - d i r e c t i o n c a n b e e x - $ ( „ , „ ) = / o ( u ) + y / n ( u ) c o s „ , , + V ^ ffn(u) s i n Tlll< (24)
p r e s s e d a s t h e l i m i t for s m a l l Xi o f , i L- '

g (I*) — / rf-iJlLgjkz (13) where/ n( ty) turns out to be proportional to cosh/it/cos m î
2fc/oxi J_O0 dx and <7n(«) turns out to be proportional to sinh ni/sin ni ' i .

For the longitudinal impedance, we use
where oE./ox is evaluated for x = y = 0. But we can also
write the derivative of E. at the origin as 1 l)<i> ]0 Qo(v)

\HU\ = - — — = ^--TTV (25)

( 1 4 )

3 x 2^ i where t he m e t r i c /i(i !) is given by

for van i sh ing ly s m a l l xi. T h u s we have / | ( ( : ) _ ^ ^ , , 1 , - ' „„ + s m - ' r ) i / - ' (2(5)

^x(fc) = " JTT^ I dz[Et[ri,0.z) and where
Aklox\ J_.x ^

(15) Q u ( r ) = l + 2 V ( - 1 ) ' " C 7 2
) " " . (27)

*-^ cosh 2>»
U s i n g t h e v a l u e o f J m E q . ( 1 2 ) , w e c a n t h e r e f o r e w r i t e

I n t h i s w a y f i n d

ii Z , , 'll>
i n a n a l o g y w i t h E q . ( 3 ) . A s b e f o r e , t h e v o l u m e i n t e g r a l
i n E q . ( 1 6 ) c a n b e w r i t t e n a s a s u r f a c e i n t e g r a l , a n d w e w h e r e " = kL/2* l s t h < > l ' « ' - " ' " i i i c " l " " 1 > t l - ; t » ( l « 1 " ' 1 1

o b t a i n . , .-.¥ , v , , . ,

/

s n i l i uu / QQ{V)(IV

dsElH-u, (17) G°^=-*Tj0 [ s i l l l l=U(1 + s in= „]./:••
where we must now use the fields corresponding to the I n a s j n l j ] a r w a y w e obtain the transverse impedance
dipole configuration in Eq. (12). Finally, we use Eq. (8)
to o b t a i n Z\r,y(k) _ / - ( 1 + j)b (; ^

/
Zo '27rl>:i TJJ

f / s | / / i , | - . (18)
where

Beam Pipe of Elliptical Cross Section 6 ' i r v ( i / ( l ) = — / vr^-^ -,
\x ./,, [ s in l r (/„ + s i i r c ] ' / -

T h e Poisson e q u a t i o n for t h e e l ec t ros t a t i c po t en t i a l of a , . . . .
In th i s ca.se we have

line cha rge of dens i ty A loca ted at x = i ' i ,« / = ,(/i is

>>U

(31

= 2/1<n g i , ( r ) 2 V ( i ) ( 2 » i + 1 ) 7 l ? l ! •
(19) ^ c o s h ( 2 m + 1)!/,,

where A/<o can be w r i t t e n in t e r m s of t he dr ive currnt as , _ ^--> . lyn,., ,^ s m ( 2 ; n + 1 )c
A/t Zl W e t r a n s f o r m to el l ip t ic c o o r d i n a t e s defined y ^' i h ( 2 + l )A/to = Zola- We transform to elliptic coordinates defined y ^—' s i n h ( 2 ) i i + l ) » o
b y

i - c cosh II cos r (20) ^ :° ' u n o chosen a normalizatioii such thai (<\:,(y~) -
( 7 i r ( \ x ) = f i ' i ^ f x ) = 1. r e p r o d u c i n g t h e we l l k n o w n re-

y - c s i n h « s i i i r (21) s u | t s for a n r c u | a r b e a m p ipe .

where t h e b e a m p ipe is an ell ipse of m a j o r axis 2o , m i n o r A S ^ P 1 ' o f tll(< "H'l'i-Tic;)! values ol O',,. ( / , , . < ,\y i» piv-
axis 26 wi th sen ted in Fig. 1 a.s a funct ion of q = (a — 6 ) / ( « + 6). T h e

values for q — 1 corresj iond to para l le l p l a t e s , a n d a re in
a = c cosh !/0 . b = c s i n h no . f" = a 2 - 6". (22) a g r e e m e n t wi th resu l t s o b t a i n e d by o t h e r s .
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Coupling Impedance of Holes in the
Beam Pipe

We start with Eqs. (7) and (17) and assume that the
dimensions of the hole are small compared with the wave-
length. In this case, the coupling integral

L I dsEzH'i3 = dS n-E x // , , (34)

written here as an integral over the interior aperture of
the hole, can be expressed in terms of the inside electric
polarizability, \ , n , and inside magnetic susceptibility, i/'m,
of the hole as

U'.n - \i (35)

We have here assumed that the field outside the beam
pipe can be ignored. A more complete discussion of the
inside and outside polarizability and susceptibility is given
elsewhere, including numerical results for a circular hole in
a wall of finite thickness[4].

Once v'iri and \ t n are known, the impedance can be
calculated from \His\- along the beam pipe wall. For the
longitudinal coupling impedance, \Hy,\ is proportional to

Qo(v) in Eq. (27) for an elliptical beam pipe, where r
is the azimuthal coordinate of the hole. For the trans-
verse coupling impedance the corresponding quantities are
Q\r,\y(v) in Eqs. (32) and (33).The impedances of well
separated holes (by at least a few hole diameters) can be
added to each other, since the surface integral in Eq. (34)
extends over all holes.
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Abstract

The paper presents the details of the physics design of the
RFQ-DTL matching section of the SSCL linac. The 2.5 MeV
H" beam from the RFQ is matched into the acceptance of the
70 MeV Drift Tube Linac (DTL). For a nominal beam of 27.5
mA with a normalised (r.m.s.) transverse emittance of 0.2
mm.mrad. an emittance growth of about 5% is estimated at the
end of the DTL. The behavior of the system with respect to
the various type of beams and its sensitivity to fabrication and
alignment errors has been analysed. A steering mechanism to
align or position the beam anywhere within the acceptance of
the DTL is also briefly explained.

Introduction

The SSCL linac is designed to give a 600 MeV H" beam
having an adjustable pulse width from 7 to 35 )isec and a
repetition rate anywhere from 1 Hz to 10 Hz [1]. The nominal
beam at the end of the RFQ will have an energy of 2.5 MeV
and a beam current of 27.5 mA. Theoretically this beam is
expected to have a normalised transverse emittancc (r.m.s.) of
0.2 mm.mrad. The phase space of the beam at this end is
shown in Fig. la. The goal is to match this beam to the
acceptance of the DTL, the phase space of which is shown in
fig.lb. The Twiss parameter (3 for the transverse planes is in
units of mm/mrad and for the longitudinal plane is in
deg./keV. This goal for matching is to be achieved with the
following objectives. Firstly, the design should exhibit a
minimum acceptable emittance growth. Secondly, it should
have enough built in flexibility and versatility to
accommodate some minimum permissible changes expected in
the beam and its parameters. Thirdly, there shouild be a
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Fig. 1 The phase space and the Twiss parameters.

provision for incorporating some minimum necessary
diagnostics, for observing and studying the beam behavior.
The paper describes the salient features of the design procedure
worked out for the RFQ-DTL matching section and reports the
results

Design Approach

The six dimensional phase space of the beam is
completely defined by its six Twiss parameters. The approach
is based on finding the optimum solutions to the six variables
to satisfy the six constraints, consisting of these six Twiss
parameters. Matching of aXj px , a y , and fjy, the four Twiss
parameters in the transverse planes, is designed to be taken
care of by the four quadrupole magnets whereas the two
buncher cavities take care of the longitudinal Twiss parameters
a z and pz . The magnetic field gradients of the quads and the
voltages of the cavities are the six variables for which the
optimum solutions are sought. The drift spaces between the
quads and the lengths are kept fixed for a given solution. To
restrict the solutions to meaningful practical values, the quad
gradients are confined to a maximum value of 100 Tesla per
meter and the voltage for the cavities is kept within a
maximum value of 200 kV. To keep the emittance growth
within the permissible limit of about 5% for the nominal
beam, every effort is made to keep the matching section as
short as possible. But at the same time for understanding and
getting the complete picture of the beam, enough space has
been provided to accommodate minimum necessary beam
diagnostic devices. Based on the reasoning given above, in
Fig. 2 is shown the conceptual scheme. The Q's denote the
position of the quads having lengths as L's. The D's are the
drift spaces between them. The G's denote the position of the

RFO OTL

01 02 03 04

Cl

H-
02 03

G2

D4 05

LI L2 L3 L4

Fig. 2 The schematic of the matching section.

RF gaps. The design is worked out and analysed by using the
computer codes, TRACE 3D [2], PARMILA [3] and
TRANSPORT [4].

*Operated by the University Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC35-
89ER40486.
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in MV. EG1 and EG2 give the percentage emittance growth at
the end of the matching section and the DTL respectively. All
the sets give almost the same emittance growth but the fifth
set is the optimum one. The cavity voltages and the quad
gradients are not only much lower than the specified limits
but are also lowest among the five sets. This set has been

8.600 nrn Honz, JO.O Deg

, m.um .1 M.<iuiaan; PWHI

Vert

Resul ts

The detailed beam dynamics studies were carried out to
check for the beam matching and the emiltance growth. About
40 systems were studied and analysed. Table 1 gives the set of
five design systems which not only gave perfect matching but
also the results of which are close to the required limit of 5%
for the emittance growth.

TABLE 1
Emittance Growth and the Design Parameters

D QP VBC EG1 EG2
50, 90, 70, 90, 50 38, 38, 38, 38 0.14, 0.15 2.5 4.5

-88.1, 88.4
-94.0, 86.8

65. 90, 100, 90, 65 40, 35, 35, 40 0.14, 0.15 2.8 5.3
-75.7,85.8
-90.2,76.8

8 0 , 9 0 , 8 0 , 9 0 , 8 0 40,35,35.40 0.13,0.14 3.9 5.3
-66.5, 85.0
-88.0, 68.9

50,90,100,50,90 40,35,35,40 0.15,0.16 2.2 5.2
-88.4, 98.2
-98.5, 96.8

80,90, 80,90,80 40,40,40,40 0.13,0.14 4.2 5.3
-66.5, 74.0
-76.9, 69.0

Fig. 3 The rms beam envelope through the matching section
In Table 1, D stands for the spacings as explained in T h e b c a m p h a s c s p a c c c o r T e s p o n d s t o the end of the

Fig. 2. QP denotes the quad parameters. The first row under
QP gives the lengths of the quads and the next two rows
denote quad gradients. VBC is the voltage on bunchcr cavities
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Fig. 4 The beam envelope in x plane, the energy spread and the phase width variation as a function of cell no. in the DTL.
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chosen as the final design for the matching section. Fig. 3
shows the matched TRACE 3D envelope for this beam and
phase space at the end of the matching section. Fig. 4 shows
the beam behavior right up to the end of the DTL. In Fig. 5
is shown the beam phase space in the two transverse planes at
the end of the DTL. These are computed by using PARMILA.
The particle distribution at the input of the matching section
is generated through PARMTEQ [5].

U23C ,

. 50

Fig. 5 Phase spaces in the transverse planes, at the end of
the DTL.

The design has been checked for beams having
characteristics quite different from those of the nominal beam
and gives satisfactory results. For a 50 mA, 0.2 mm.mrad
beam, the emittance growth at the end of the DTL is
estimated as 7.7%. whereas for 30 mA, 0.1 mm.mrad, the
growth is 12%. The system can also handle beams having
twice the emittance of nominal beam. In this case the beam
envelope is about 1.5 times larger but exhibits a very low
emittance growth of 0.7%. A variation of about ± 40% in
the input Twiss parameters can also be accomodaled by this
design with no adverse effect on the emittance. Even beams
having approximately ten times the phase space density of the
nominal beam can also be tackled and matched perfectly but
will have an emiltance growth of about 45%, at the end of the
DTL.

Error Analysis

The effect of positional errors of quads and cavities, the
errors in quad gradients, cavity voltage and phase etc. have
been analysed in detail. To maintain the cmittancc growth
within the tolerable level of 5%, it looks quite essential to
maintain the accuracy in positioning of the quads in the
transverse planes to ± 0.1 mm and ± 1 degree. The gradient
should be held within ±0.5% of the designed value. The
positional errors in the case of the cavities are not as severe as
in quads. An error of about ± 1 mm and tilt and yaw of about
2 degrees can be tolerated. However, voltage and phase of the
cavity should be held within ± 0.5% and ± 1 degrees
respectively.

Beam Steering/Beam Alignment

In this case, the aim was to position the pencil beam
anywhere inside the acceptance ellipse of the first DTL
magnet, which is estimated approximately as 8 mm by 30
mrad. The scheme employed here uses the horizontal focussing
quads for steering in the horizontal plane whereas the vertical
focussing quads do the same job in the vertical plane. For a
displacement of ± 2 mm, the beam can be steered anywhere
inside the acceptance ellipse. This scheme has the advantage
that the steering actions in the two planes are decoupled. This

is a desirable feature and should serve as a good tool in tuning
and aligning the beam.

Fig. 6 shows the mechanical layout of this section, which
is in the process of being finalised. The system consists of
four variable field permanent magnet quads (VFPMQ) and two
double gap buncher cavities, spaced as per the design detail of
set no. 5 in Table 1. To get the full information of the beam,
various diagnostic devices like beam position monitors,
toroids, emitiance measurement gear, wire scanner etc. are
positioned at various locations.

YFPMO

BPM

TOROI 0

NtoGNET

BPM

Fig. 6 The mechanical layout of the matching section

Conclusions

The design meets the matching requirements for the
beams expected from the system. Emittance growth for the
nominal beam is within 5%. The beam can be aligned and
steered anywhere within the acceptance area of the DTL.
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Abstract
In induction accelerators proposed for heavy-ion fusion,

the ion beam is usually confined longitudinally by an ax-
ial electric field tailored to balance the space-charge field.
Since generating such electric field "ears" is costly and im-
precise, it is important to know how frequently the ears
must be applied and what errors in the waveform are tol-
erable. For practical parameters, cell breakdown is found
to impose the principal limit on the spacing of the accel-
eration modules applying the ear field. Also, it is demon-
strated that ear fields may be approximated in several ways
by discrete field steps with little impairment of the longi-
tudinal confinement.

I. Introduction

Unlike radio-frequency accelerators, induction acceler-
ators normally provide no longitudinal confinement of a
beam. Consequently, in applications, such as drivers for
heavy-ion fusion (HIF), that require high current densities,
induction accelerators must provide auxiliary confinement
to prevent unacceptable lengthening of pulses during ac-
celeration. The usual method proposed for longitudinal
confinement is to apply appropriately chosen electric-field
spikes at the beam ends that balance the space-charge force
by slowing the beam head and accelerating the tail. To ex-
actly balance space charge, these field "ears" would have
to be applied continually, and it is shown later that the
required ear field in that case would be

* • " * - » * : (1)

where /j is the beam current, /3c is the beam axial velocity,
T is the time a beam slice arrives at some specified position
s along the accelerator, and g is an inductance-like factor
depending on the beam geometry. In fact, the ear field is
only expected to be applied in selected induction modules,
referred to here as "ear cells". If the ear field is applied
only across cell gaps with a total length Lg in a lattice of
N periods, than the field in Eq. (1) must be increased by
a factor of 2NL/Lg, where L is the half-lattice period.

The two methods have been suggested for generating
ear fields. Pulse-forming lines (PFLs), which are trans-
mission lines "tuned" by lumped circuit elements, give an
accelerating field with a smooth time variation, but they
offer limited control over the pulse shape. Due to the finite
response time of the circuite elements, the output signal of
a PFL typically cuts off the high-frequency components of
the desired signal. Also, since PFLs either synthesize the
ear voltage as part of a periodic waveform or obtain it by

The research was performed under the auspices of the U. S Depart-
ment of Energy by Lawrence Livermore National Laboratory under Con-
tract No. W-7405-ENG-48.
a. Present address: Lawrence Berkeley Laboratory, Berkeley, CA

differentiating a square pulse, this approach is quite ineffi-
cient. A more flexible and efficient method for generating
ear fields is to use banks of field-effect transistors (FETs).
A group of FETs can be switched in series to generate a
voltage step, and the output of many such banks, appropri-
ately staggered in time, can be combined in an inductive
adder to produce a staircase approximation to the ideal
ear voltage. Since FET-controlled pulsers are much more
costly than ordinary induction pulsers, it is important to
know how frequently the ear fields must be applied to be
effective. Also, effects of using a staircase approximation
to the ideal ear voltage should be determined.

In this paper, the effects of ear fields on a HIF pulse are
studied using a fast-running envelope code CIRCE, which
has been described elsewhere [1,2]. We first present an an-
alytic expression for the ear fields and briefly indicate how
they are calculated in CIRCE. The effects of applying ideal
ear fields at widely spaced ear cells are then summarized,
and the consequences of approximating the ear fields by
FETs are discussed.

II. Ear Model

As discussed in Ref. [2], the beam longitudinal dynam-
ics is modeled in CIRCE by treating slices of the beam
as Lagrangian fluid elements. This approach implicitly as-
sumes that the beam has a negligible longitudinal temper-
ature and that the slices remain approximately collinear.
An approximate /? equation is obtained by retaining only
the electrostatic force in the single-particle motion equa-
tions and averaging the axial component over the beam
cross-section. For a beam in a straight lattice with an ion
mass M and charge state q, we obtain

qe
ds pMc2 (Eext + Eb). (2)

Here, the average external electric field Eext is approxi-
mated by the voltage across accelerating modules divided
by the gap length, and the field due to the presence of the
beam is found to be approximately

(3)[dr \/32c2

where R is the beam-pipe radius, and g is given by

• I n
a + b

(4)

In deriving the beam field, the radial electrostatic field is
assumed to vary over a much shorter scale length than Et,,
and the continuity equation is used to convert derivatives
with respect to s into r derivatives. Combining Eqs. (2)
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and (3), we obtain an equation for
the time derivative of /j//?2c2:

in terms of Eext and

-b w

The first term in Eq. (5) accounts for the beam space
charge, while the second, usually much smaller, represents
the induced electric field associated with beam acceleration
and has no effect on the beam length. The ear field that
balances the space charge force is then given by

dr (6)

where we have inserted the previously mentioned gap-oc-
cupancy factor. Typically, the denominator in the leading
factor of Eq. (6) may be approximated by unity, so the
expression reduces to Eq. (1) in the limit of continuous
acceleration.

For calculation, we use Eq. (6) to generate a table
of ideal ear-field values on a fine time grid centered at
the beam midpoint. Field values may be obtained by lin-
ear interpolation between tabulated values when model-
ing smoothly varying ear fields, or the values may be re-
placed by an appropriate stairstep waveform to model the
field expected from FETs. For an even number of voltage
steps 27V,, specified by the user, the size of field steps AEt
is chosen so that the maximum electric field excursion of
the approximate waveform exceeds that of the ideal sig-
nal by about one step, ensuring that the beam ends are
sufficiently confined. The timings of the field steps are
tabulated by stepping through the ear-field values and cal-
culating by linear interpolation the times at which the ideal
field approximately equals (n -I- ̂ )AEZ, for integer n. The
stairstep waveform can then be constructed by increasing
the electric field by AEZ at the tabulated step times. Alter-
nately, either TV, separate waveforms with steps occuring
in antisymmetric pairs or 2/V, waveforms with single steps
can be generated to model FET switching without an in-
ductive adder. This step algorithm clearly is appropriate
only for ear fields that are monotone nondecreasing, but
this constraint is normally satisfied for HIF beams.

III. Results

Since we are interested in effects of ear-cell spacing and
waveform nonidealities, we choose here to model a straight
lattice resembling that of a HIF driver but with none of the
complications of a realistic design. The beam used in the
calculations consists of singly charged 200 amu ions with
an initial energy of 1 GeV, an initial duration of 0.750 ps,
and a total charge of 90 /iC, making the peak current about
132 A. The current is taken to be constant over the central
60% of the pulse, and the normalized emittance is taken to
be 1 x 10~5 m-rad, making the beam strongly space-charge
dominant. The lattice consists of 1.6 T quadrupole dou-
blets with 30% occupancy and one accelerating cell per 2.9
m half-lattice period. The main differences between this
model lattice and that for a linear HIF driver are that the
53 kV/m acceleration gradient is lower, the lattice parame-
ters do not change with increasing beam energy, and there

Fig. 1 Beam quantities as functions of arrival time r
for ideal voltage ears applied at every induction
cell: (a) beam 0 = v/c; (b) beam current / j .

Fig. 2 Beam quantities as functions of r for ideal
field ears applied at one induction cells every
8 periods: (a) /?; (b) Ih.

is no beam compression. Also, there are no magnet errors
or initial mismatches.

When the pulse is accelerated for about 3.7 km through
this lattice in the absence of ear fields, the beam space
charge causes the beam to lengthen by a factor of 3.2 and
develop a 2% velocity tilt from head to tail. In contrast,
when an ear field calculated from Eq. (6) is added to the
constant accelerating field in each induction cell, the beam
duration remains constant within 2%, and variations in
0 along the beam are kept to about ±0.05%. Plots of
0 and 7* as functions of the arrival time r at the end of
the lattice are shown in Fig. 1. The small ripple seen in
It, results from space-charge waves launched at the beam
ends, and the pronounced 0 variation near the beam mid-
point comes from the axial electric fields associated with
the beam density ripple. Space-charge waves are iniated
near the ends because the same ear field is used in all cells,
whereas Eq. (6) indicates that the ear field should in fact
decrease somewhat as 0 increases. The resulting ripples
are found in longer CIRCE runs to produce progressively
shorter-wavelength fluctuations due to interference, but in
a real beam, we would expect to see the wave energy ther-
malize and increase the beam longitudinal emittance.

Increasing the spacing between ear cells in this lattice
makes little change in longitudinal confinement. For the
case shown in Fig. 2, with the ideal ear field applied in one
induction cell every eight full periods, the change in length.
amounting to about 0.4%, is too small to be visible. The
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Fig. 3 Beam quantities as functions of r for a 20-step
approximation of ideal ears applied at one induc-
tion cell every 8 periods: (a) j3\ (b) !>,.

most obvious consequence of the wider spacing in this case
is the apparent overcompensation for space charge near the
beam ends, which is due to the velocity kick imposed at the
previous ear cell not having fully relaxed at the end of the
lattice. In addition, there is a some initial fluctuation in
the beam duration with s due to the more poorly matched
ear fields and consequently somewhat enhanced genera-
tion of space-charge waves. These changes are exaggerated
when the ear-cell spacing is increased to one ear cell per 16
lattice periods, but they still constitute minor changes of
basically good longitudinal confinement. Apparently, lon-
gitudinal confinement remains effective and non-disruptive
so long as the ear fields are applied frequently compared
with the characteristic time for beam expansion.

The principal limit on the spacing of ear cells in these
cases arrises from insulator breakdown in the induction
cells. Current insulator technology limits electic fields to
less than about 5 x 106 V/m, with certain exotic mate-
rials tolerating up to 107 V/m. For a given cell voltage,
the electric field may be reduced by enlarging the gap,
but this approach is limited by the increasing cell accep-
tance for wakefields, which enhances growth of the beam
break-up instability. Balancing these limitations, reason-
able values for the gap size lie in the range of 2 - 4 cm, and
for the computational example, we use 3.5 cm. When the
ear fields are imposed in every cell, the maximum ear-field
magnitude for the example, occuring at the beam ends,
is about 2.5 x 106 V/m, and when the ears are applied
in one cell every eight periods, this maximum field ampli-
tude increases to 4.0 x 107 V/m. Unless the beam-current
rise and fall times are lengthened, which would reduce the
driver efficiency, the ear fields must be applied in this case
at least once every four periods to avoid breakdown. This
constraint becomes progressively tighter as the beam is ac-
celerated to 10 GeV due to the increasing compression and
correspondingly shorter current rise times.

Approximating the ear field by a series of steps in ef-
fect introduces a small mismatch at the front and back of
each step. Since the ions at the bottom of each step are
accelerated less than the ions immediately behind them
at the top of the step, an increase in beam density is ex-
pected near each step, resulting in low-amplitude space-
charge waves. The simulations suggest that these waves
are not seriously detrimental so long as five or more steps
are used to approximate each ear, or ten to represent the

Fig. 4 Beam quantities as functions of r for a 20-step
approximation of ideal ears with pairs of anti-
symmetric steps applied in 10 successive induction
cells every 8 periods: (a) j3\ (b) h-

full ear field. As an illustration, Fig. 3 shows the final 3
and 7j, as functions of r for a case using ten-steps per ear
and one ear-cell every eight periods. When the plots are
compared with Fig. 2, the principal difference is the addi-
tion of high-frequency ripple to both quantities. For this
case, as well as for the case with five steps per ear, thermal-
ization of this ripple would make a small contribution to
the expected longitudinal emittance. However, when fewer
than five steps are used to approximate each ear, the am-
plitude of space-charge waves increases substantially and
is clearly unacceptable for three steps per ear.

The effect of imposing field steps in different cells is
illustrated in Fig. 4. The beam and fields used for that
figure are identical to those in Fig. 3 except that field steps
are imposed in antisymmetric pairs in the acceleration cells
of five successive lattice periods, with the field pattern be-
ing repeated every eight periods. Comparing Figs. 3 and
4, we see that the level of short-wavelength variations in 13
and It is somewhat reduced, and the incomplete relaxation
of/? at the head and tail is effectively eliminated. This later
effect is expected, because the beam ends receive a series of
small kicks rather than infrequent large kicks and therefore
are never displaced far from equilibrium. The order that
the field steps are applied appears to be unimportant. Re-
versing or scrambling the order that the pairs of steps are
applied changes the details of the short-wavelength vari-
ations but not their average amplitude, and applying the
field steps singly rather than in pairs is likewise found to
make a negligible difference. Besides being somewhat less
disruptive, this approach of applying the ear-field steps in
separate cells has the obvious advantage of reducing the
field stress in any cell and thereby avoiding breakdown. In
a HIF driver using induction cells, distributed ears of this
sort are likely to be the only practical method for longitu-
dinal confinement of the beam.
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Abstract

A longitudinal beam drift expansion and compression
experiment has been conducted in the electron beam transport
facility at the University of Maryland to study the longitudinal
beam physics of space-charge dominated beams. The
experimental configuration and preliminary experimental
results are presented in this paper.

Introduction

Space-charge dominated beams are used in many practical
applications, such as heavy ion inertia! fusion, FELs, nuclear
waste transmutation, and microwave tubes. The physics of
space-charge dominated beam is not yet fully understood. Our
systematic study is aimed at a better understanding, comparison
with simulation codes, and improvement of the design schemes.

The transverse dynamics of space-charge dominated beams
has been studied extensively at U. of Md. Electron Beam
Transport Experiment. Excellent agreement with theory,
experiment and simulation has been achieved [1]. Longitudinal
drift expansion and compression experiments of electron
bunches have been initiated to study the longitudinal beam
dynamics for space-charge dominated beams.

Longitudinal Beam Physics

The typical beam parameters in this experiment are 2.5
keV energy, 40 mA current and low intrinsic energy spread 0.1
eV, i.e. a relatively cold beam. In this regime a one-
dimensional fluid model consisting of the continuity and force
equations can be employed. Since the beam length is ten times
larger than the tube diameter the "long wavelength"
approximation [2] can be applied to calculate the space-charge
forces.

For a parabolic line charge density with an initially
uniform or linear velocity, the longitudinal beam dynamics can
be described by a longitudinal envelope equation, which can be
more generally derived from the Vlasov equation [3]. With the
proper initial conditions, the linear velocity and parabolic
density distributions are preserved in the expansion and
compression processes. Since the longitudinal emittance is
negligible compared with the space-charge force the envelope
equation can be written as

d2z 2gI p (0) Z.

ds 2 p 3 l Z2 2Z2

p m m
p l Z 2Z
p o m m , (1)

where 2Zm is the bunch length, s is the drift distance, Ip(0) and
2Z; are the initial peak current and bunch length, respectively,

Io=17xlO3 Amps for electrons, and g is the geometry factor of
order unity that depends on the transverse beam radius. With a
linear initial velocity tilt the relation between the normalized
parabolic bunch width and the drifting distance can be obtained
by integrating Eq. (1) as

•\ZH V e - i + in(Ve"
(2)

z 2 zm
where 0 = 1 + —l— C, = -~- with Z\ being determined

by the initial velocity tilt.
For an initial uniform velocity and line charge density the

fluid equations can be solved analytically by the characteristic
method [4]. The current at the beam edges can be expressed as

I - I j O - | ) 2 0 < t < x m

where x =
3c.s

egl .

47teovom,
I; is the initial

beam current, cs is the wave velocity, and v0 is the beam frame
velocity.

However, this solution is not valid for a beam with an
initial velocity tilt. The analysis of the rectangular drift
compression must heavily rely on numerical simulations. A
PIC code called SHIFT Z, developed by I. Haber of NRL will
be run to simulate this experiment.

Experimental setup

The configuration of the experiment, shown in Fig. 1,
includes an injector, a periodic focusing channel and a
diagnostic system.

The electron beam injector consists of a variable-pcrveance
electron gun, an induction acceleration module, and three
matching lenses [5]. The beam parameters can be varied in the
range of up to 10 keV in energy, a few hundred milliamperes in
current, and 5-100 ns in pulse duration. The longitudinal beam
profiles can be made either rectangular or parabolic by varying
the grid pulse shape of the gun. An initial velocity tilt can be
imparted to the beam by the time-varying induction acceleration
field.
The channel is 5-meter long and consists of a periodic array of
36 solenoid lenses. Due to the variation of beam energy the
phase advance will vary along the beam pulse, and the beam can
only be matched radially at one position within the pulse
(usually the center). To prevent transverse instability and beam

* Research Supported by the U.S. Department of Energy.
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Fig. 1. Experimental configuration.

loss, we operate at a zero current phase advance per period of
less than 90° for all electrons.

Five fast beam wall current monitors with a bandwidth up
to 2 GHz are located along the channel. Three time-resolved
beam energy analyzers are installed in the first, third and last
diagnostic chambers. In addition, a beam image system is
available, which includes a movable fluorescent screen, a CCD
camera and a Macintosh II computer to investigate the average
transverse behavior.

Measurement results

The current measurement for both expansion and
compression experiments are made at five different locations
along the channel and shown in Fig. 2 and 3, respectively.
From the fitting of these waveforms the beam width, the peak
current and the beam center can be obtained. This data gives
the average beam velocity and energy. Matching it with the
induction gap voltage one can calculate the initial velocity tilt
imparted by the induction gap acceleration. The comparison of
the experimental results to the results of Eq.(2) is plotted in
Fig. 4. The g factor is determined from the K-V radial
envelope calculations of the different beam currents and by
averaging along the channel and along the beam as well. One
obtains essentially the same picture as for transverse free
expansion of a space-charge dominated beam.
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Fig. 3. Beam waveforms for drift compression.
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Fig. 4. Normalized bunch width vs. drift distance for parabolic

bunches where the solid curves represant theory and
the circles experiment.

The space-charge force tilts the velocity profile continually
such that the front half electrons gain energy while the
backhalf ones lose energy. Without the initial tilt the bunch
width and the peak current continue to increase and decrease,
respectively. With the initial tilt, bunch compression takes
place. However, the repulsive space-charge force tends to resist

Fig. 2. Beam current waveforms for drift expansion.
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Fig. 5. Beam waveforms for drift expansion.
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Fig. 6 Beam waveforms for drift compression.
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Fig. 7. Leading edge of first waveform in Fig. 5. the solid
curve represants theory and the circles experiment.

it. Eventually, the waist is reached where the initial tilt is
removed. After that the bunch starts to expand again.

The current waveforms for the expansion and compression
rectangular pulses are shown in Fig. 5 and 6, respectively. In
Fig. 7 and 8, the leading edges of the first and last waveforms
in Fig. 5 are enlarged and fitted with the theoretical curves
generated by Eq. (3).

140

Time (ns)
Fig. 8. Leading edge of last waveform in Fig. 5. the solid

curve represants theory and the circles experiment.

It should be noted that the initial density at the leading
edge is theoretically treated as a step function while the rise
time at the gun is about 0.7 ns, which may cause these slight
differences between the experiment and the calculation. Due to
the extremely strong space charge forces at the edges a strong
wave propagates at 2Cs speed inward and at Cs outward. As a
result the edges significantly spread out. However the center
region remains flat since the space-charge force is absent there.
With an initial tilt the center is easily compressed and the
edges spread out substantially .

Conclusions

The experimental results show the very good agreement
with the envelope description for the parabolic profile and the
wave explanation for the drift expansion of the rectangular one.
It indicates that the "long wave" calculation of space-charge
forces is a fairly good approximation and works well even at
the beam edges. The beam energy will be measured soon to
give a more complete picture of the longitudinal phase space.
A detailed comparison will be made with PIC code simulation
results.
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Abstract

We have modeled gyrotron windows and gyrotron am-
plifier sever structures for TE modes in the 100-150 GHz
range and have computed the reflection and transmission
characteristics from the field data. Good agreement with
frequency domain codes and analytic analysis have been
obtained for some simple geometries. We present results
for realistic structures with lossy coatings and describe im-
plementation of microwave diagnostics.

Introduction

The use of high-power microwaves to heat the plasma
in an MFE reactor at the electron-cyclotron resonance
can yield a number of benefits, including bulk-heating and
preionization of the plasma, reaction startup, and insta-
bility suppression. The use of electron-cyclotron heating
(ECH) in tokamak and stellerator reactors has been stud-
ied in many significant MFE experiments, including C-mod
at MIT and DIII-D at General Atomics in the U.S.; Com-
pass at Culham, England; T-10 at the Kurchatov Institute,
Russia; and the Heliotron at Nagoya, Japan.

Operating parameters of interest for ECH applications
include frequencies in the 140-250 GHz range and output
power in the vicinity of 1 MW per bottle [1]. Currently,
the fixed-frequency, mm-wave source available for use in
the 1 MW range is the gyrotron. Understanding of the
microwave properties of high-average-power RF structures
is crucial to the design of gyrotron tubes and amplifier de-
vices. Dissipation of the RF (ohmic loss) and excessive
mode conversion are often limiting factors in the perfor-
mance and robustness of the overall device. These issues
and others pertaining to mm-wave devices may be investi-
gated using time domain EM field codes [2]. An advantage
of simulation in the time domain is that EM characteris-
tics may be obtained over a wide bandwidth from a single
calculation. Excitation of the frequencies of interest may
be obtained by launching modulated pulses driven by mag-
netic currents. A general field code such as AMOS [3] may
be used to launch the prescribed modes at the frequency
or frequencies of interest to examine mm-wave component
performance by exact numerical integration of the Maxwell
equations.

Mode Launching

Gyrotron oscillators operate with whispering gallery
(WG) modes (radial mode number >> axial mode num-
ber). Thus, most of the RF is distributed near the beam-

* Work performed under the auspices of the U. S.
Department of Energy by LLNL under contract W-7405-
ENG-48.

pipe wall. As the mode propagates near the window, the
modes couple into the perturbation in the wall, leading to
mode conversion. To model gyrotron components requires
the launching of transverse electric (TEn<m) modes. This
may be accomplished by driving magnetic currents over
the beampipe aperture.

In order to describe the location of the TE drive-
nodes, we rewrite the EM time dependent curl equations

«_ _ „ » * - * .
in the integral form

18 • di= [ I (08+e— + J.\ • dA

f

(2)

(3)

(4)

K source components are co-located with H field com-
ponents on the Yee lattice [4]. Referring to figure 1 and
equation 4, one can see that driving the Kr component of
the magnetic current will excite the proper Hr, Hz and
Ej, fields. Similarly, K^ currents excite Er, and H^, field
components. Ez induced by Kj, and Kr cancels out.

Fig. 1. TE Drive-Node Location on the Yee Lattice.

The proper spatial variation of magnetic currents re-
quired to obtain propagating WG TE22,2 modes are the
Bessel function J22{x) out to the second zero, and its
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derivative J^^x) which directly drive K4, and Kr, respec-
tively. The amplitude distribution in time, can be a mod-
ulated pulse to obtain the required frequency content.

vious section.
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Fig. 2. Launching TE22,2 Whispering Gallery Mode - Spa-
tial and Temporal Magnetic Drive Function.

Field diagnostics for computing the voltage standing
wave ratio (VSWR) were incorporated into AMOS by sam-
pling electric fields at "numerical" probes and computing
the VSWR directly from the field values. If 7{}(t)\ de-
notes the forward Fourier transform, then the VSWR may
be computed from the field data by first computing the
reflection coefficient (no mode conversion)

- J10 -V (5)

where etmp(t) is the sampled electric field on the "down-
stream" side of the window and pmod{t) is the modulated
pulse in time. The VSWR is computed according to the
definition VSWR = (1.0 + T)/(1.0 - T).

High-Power RF Window Analysis

Presently, gyrotrons operate in the 100-150 GHz and
~1 MW regime. Future performance requirements will in-
crease power levels to the multi-megawatt range with fre-
quencies approaching 250 GHz. In this scenario, several
gyrotron components will be placed under severe mechan-
ical and thermal stress. Until now, less demanding per-
formance constraints have rendered non-ideal component
effects less important. However, understanding these ef-
fects is now critical to the operation of the device. We
now examine high-order mode scattering caused by vari-
ous RF window geometries at the exit of the gyrotron. The
VSWR associated with the window can be determined over
a broad spectrum of frequencies using data from a single
time-domain run using the technique described in the pre-
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Fig. 3. VSWR for idealized 110 GHz bandpass, RF win-
dow compared to theory.

In Figure 3, we find good agreement between AMOS
and analytic values [5] for the VSWR of a three-layer RF
window. The gyrotron window geometry includes a beam-
pipe radius of 5.08 cm with the longitudinal extent of the
window at 0.443 cm. The window material has eT = 9.387
and the dielectric cooling fluid has er = 1.797. A small
difference between the AMOS and frequency code results
is evident, caused by a minor variation in window ele-
ment thicknesses resulting from the use of a regular grid
in AMOS.

3.80

000 20.00 10.00 5000

Radius (m) x 10~

Fig. 4. Radial Field Profile at Varying Longitudinal Loca-
tion for Realistic Gyrotron RF Window Structures.

The gyrotron window structure is grown from a sap-
phire crystal. These microwave components are often quite
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expensive and difficult to fabricate, and more realistic win-
dow geometries cannot be easily treated analytically. In
figure 4, a realistic window structure with the "coolant
reservoir" is modeled. Compared to the idealized window,
the electric fields near axis highlight coupling to modes
through the RF window near the beampipe wall. At the
multi-megawatt range, this amount of RF may be signifi-
cant. However, the exact level of power per mode awaits
further analysis.

Gyrotron Amplifier Sever
We performed a second set of calculations in which

wave propagation through a microwave sever - a device for
stopping or absorbing microwave energy while allowing a
charged particle beam to pass undisturbed - is examined.
Of interest is the understanding of the absorption in the
lossy dielectric insert (see Figure 5) for a variety of lossy
RF mixtures. The beampipe radius is 0.95 mm - operat-
ing near cutoff. As before, TEu modes were launched by
driving magnetic currents at the sever aperture. The ma-
terial conductivity characteristics for 5 berrylia mixtures
were obtained from the available experimental data at 12
GHz. Two materials, berrylia 80/20 and berrylia 60/40
are representative. The dielectric constant K' for berrylia
60/40 and 80/20 were 49.54 and 17.81 and the loss tangent
0.72 and 0.22, respectively [6].
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Fig. 5. Sever Performance for Berrylia 60/40 and 80/20.

AMOS predicted ~40 dB attenuation for a 95-GHz, TEu
mode propagating toward the sever for the berrylia 60/40
mixture. In comparison, unacceptably low RF absorption
characteristics for the other berrylia mixtures (Figure 5)
was evident. In the limit, when the conductivity is large
(berrylia 60/40), the relevant diameter is not that of the
beampipe but instead it is the diameter inside the sever
section. With cutoff given by Ac = 27ra/1.84, a TEX1

mode at 95 GHz is well below cutoff, and the fields will
be attenuated. This set of calculations can be repeated
when updated berrylia measurements in the ~100 GHz
range is available (MIT). For the previous class of mod-
eling problem, we plan to examine simulation issues such
as the launching of waveguide modes near cutoff. Fur-
ther, the taper of the lossy section was initially limited to

minimum of 5 degrees because of numerical limitations of
a shallow-angle staircasing of the mesh. The conforming
mesh algorithm in CG-AMOS [7] will allow exact bound-
ary representation, and thus any shallow taper.

Conclusions
We have applied time-domain field codes to the anal-

ysis of mm-wave components. The proper TE modes may
be launched in a beampipe by use of the dual K term
(magnetic current) in the Faraday-Maxwell equation. TM
modes may be launched using the similar dual technique.
In the future we plan to use conforming grid codes to model
output couplers. Some of the future work will also involve
the use of unstructured meshes to simulate the important
aspects of high-bandwidth RF window by detailed model-
ing of curved window surfaces and materials. We will also
implement the diagnostics that will derive mode informa-
tion directly from the field data.
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Abstract

We are developing a two-dimensional, time-
dependent computer code for the simulation of trans-
verse instabilities in support of relativistic klystron-
two beam accelerator research at LLNL. The code
addresses transient effects as well as both cumulative
and regenerative beam breakup modes. Although
designed specifically for the transport of high current
(kA) beams through traveling-wave structures, it is
applicable to devices consisting of multiple combina-
tions of standing-wave, traveling-wave, and induction
accelerator structures. In this paper we compare code
simulations to analytical solutions for the case where
there is no rf coupling between cavities, to theoretical
scaling parameters for coupled cavity structures, and to
experimental data involving beam breakup in the two
traveling-wave output structure of our microwave
generator.

Introduction

The beam breakup (BBU) instability, a form of
pulse shortening, has been observed in particle acceler-
ators and high-power klystrons. This instability
arises from the excitation of higher order resonant
modes within various structures along the beamline.
The high-power microwave program at LLNL has
observed BBU in the SL4/TW relativistic klystron1

and in the Choppertron microwave generator.^
Transient phenomena during the short beam pulses
associated with these devices complicates the
analysis of the BBU mechanism. Significant
theoretical work has been accomplished on BBU since
it was first observed in 1957/58 including analytical
solutions for cumulative BBU3 and scaling parameters4

for regenerative BBU. However, to account for
realistic beam conditions and transient effects on BBU
growth in complex high-power microwave generator
structures, it is necessary to use numerical methods.

Description of BBU Code

The BBU Code advances slices of a beam through
a series of resonant cavities which comprise the
microwave generator structure. The code has the

The work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract W-7405-ENG-48.
^Lawrence Berkeley Laboratory, Berkeley, CA 94720

following features:
1. dipole fields for azimuthally symmetric cavities
2. self-consistent beam-cavity interaction
3. treatment of cumulative and regenerative BBU
4. time-dependent cavity excitation

The basic equations used are the single particle
equations of motion in the x and y direction, and the
coupled circuit equations governing cavity excitation.
Assuming a single cavity mode is dominant, let the x-
polarization of the electric field in the n t h cavity be
given by

E,(?,t) = fH(t)fn(?)etot, (1)
where 4n denotes an eigenmode with eigenfrequency
con. Here co denotes a characteristic frequency of the
device assumed near the transverse instability reso-
nance. It is possible to show that the excitation ampli-
tudes fn are governed by the following circuit equations

(
Qn I

KJT
(2)

'n 3t
where Qn denotes the quality factor of the n t h cavity,
Kn±: denotes coupling of the n and n±l cavities, I is the
current, x is the transverse displacement of the beam's
centroid in the x direction from the center line, <t> is a
phase advance, and Zx denotes the transverse
impedance. A second circuit equation is used for the y-
polarization. The last term in equation (2) assumes the
beam is near the axis.

Comparison With Theory

Numerous checks were made to verify the results
of the code. The checks can be divided into the code
response for cumulative and for regenerative BBU.

Cumulative BBU

For the case of cumulative BBU, comparison can be
made with analytical solutions for specific boundary
conditions. To simulate the effect of cumulative BBU,
seven standing-wave cavities with narrow gaps and
separated by drift spaces were used as the beam line.
The parameters needed for the code were chosen to
match the non-dimensional parameters used in Ref. 3
so that the results could be compared directly. Initial
excitation was similar to a delta function
accomplished by imposing the boundary condition that
at Z = 0, X(0,T) = 1 for 0 < T < 0.2 and zero otherwise. Z,
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X, and T are dimensionless parameters representing
axial distance, transverse beam displacement, and
time, respectively. Shown in Fig. 1 is the spatial
distribution of X(Z,T) and the asymptotic envelope
from an analytic solution. There was excellent
agreement with all four cases presented in Ref. 3.
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Figure 1. Comparison with analytical solution.

Regenerative BBU

Initial checks for the case where the cavities are
electromagnetically coupled were done with no beam
interaction. A large number of cavities were joined
together to form a traveling wave structure. At T = 0
electromagnetic energy stored in the center cavity of
the structure was allowed to propagate. By measuring
the energy in the various cavities as a function of time
it was possible to ascertain the group velocity of the
structure and verify energy conservation (Q = °°).

Final checks involved comparison with scaling
parameters. For a uniform impedance structure, the
threshold current (for infinite buildup time) has been
shown4 for regenerative conditions to vary as

I th - vg (3)

where Vg is the group velocity, rx is the transverse
shunt impedance, Q is the quality factor, and L is the
length of the structure. The dependence of the
threshold current on these parameters was checked
using models of traveling-wave structures similar to
the Choppertron output structure. The threshold
current was defined as the maximum current for which
the stored energy of the structure did not increase after
an initial transient period. As the stored energy grew
or decayed exponentially away from the threshold,
only relatively short runs were needed to determine
the threshold current. The results of these checks are
shown in Fig. 2 and 3. Scaling with Vg is linear over
the values shown in Fig. 2, but differs significantly
from linearity at values above 0.3 c. This variation
from linear behavior at high group velocities appears

to be caused by the finite length of the modeled
structure. If the length of the modeled structure is
increased, the range and linearity of scaling with Vg is
increased. The scaling with r x /Q was in agreement
with theory as evidenced in Fig. 3.

0.3

Figure 2. Threshold current scaling with vg.

Due to the way that parameters are handled in
the code, it was not possible to arbitrarily vary the
length of the structure without changing other
parameters. The most straight forward approach was
to add or subtract cavities from the structure. Results
of this check are shown in Fig. 3 and agree with
theory.
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Figure 3. Threshold current scaling with L and rx /Q.

Analysis of BBU in the Choppertron

The BBU code was used to simulate the growth in
transverse displacement of the beam due to excitation
of higher order modes in the output section of the
Choppertron. The output section consists of two six-
cell, traveling-wave structures with approximately 6
cm of pipe between the two structures. Parameters used
in the code to model the Choppertron are given in
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Table 1. The resonant mode and frequency were chosen
such that the phase velocity is approximately the
speed of light. Fig. 4 shows the beam's displacement
as a function of axial position for two different
currents; one below the threshold for beam loss and the
other above. Fig. 4 is divided into three regions to
represent the two traveling-wave structures and the
connecting pipe. Little growth in displacement is seen
in the first structure, but the small additional
transverse momentum imparted for the higher current
causes sufficient displacement for the beam to be
rapidly driven into the wall of the second structure.
These "snapshot" plots are taken 45 ns into the pulse.
At 420 amperes, the displacement in the second
structure begins to exceed 3 mm (threshold for current
loss) after about 38 ns.

TABLE 1
Modeling Parameters for Choppertron Output

resonant mode
frequency
phase advance
# cells per structure
# structures
cell length
aperture
group velocity
Qwall
r±/Q
current rise time
initial beam offset
beam radius

lower "HEMn branch"
13.6 GHz
142.5° per cell
6
2
0.8754 cm
14 mm
0.12 c
3000
18.33 n/cell
5ns
0.1 mm
4mm
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4. Simulation of Choppertron output section.

Although it is not possible to measure the thresh-
old current for infinite buildup time in the experiment,
the current threshold at which beam loss occurs and
the power extracted from the output section as a
function of current can be measured. By varying the
current used in the code it was possible to determine a
threshold of 400 to 420 amperes at which beam loss
would appear. This value agrees with the experimen-

tally measured value of approximately 400 amperes.
The code also predicted that the power extracted at
the BBU frequency would vary exponentially with the
current, and agreed within a standard deviation of the
experimentally measured growth rate. In contrast, the
power extracted at the primary (TMoio) frequency
varies as the square of the modulated current.

Future Work

A planned improvement for the BBU code is a
more accurate determination of coupling coefficients
between dissimilar structures. We also intend to add
options to allow for acceleration/deacceleration of the
beam and to allow more realistic initial beam
conditions.

Summary

We have developed a code to study the effect of
higher order resonances on transverse beam instabili-
ties in high-power microwave generators. The code
has been successfully checked against theoretical
predictions as well as experimental results. The most
important feature of this code is the ability to analyze
effects of transient behavior associated with the
interaction of the short beam pulse with resonant
cavities. We are using the code to assist with the
design of experiments to be performed at the LLNL
Microwave Source Facility.5
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Abstract

The Choppertron is a high-power, 11.4-GHz
microwave generator driven by a linear induction
accelerator (LIA). Earlier work with the Chopperton
using a 2.5-MV, 1-kA beam demonstrated both high
power and quality (phase and amplitude stability)
microwave pulses. Significant effort was expended on
suppressing pulse shortening caused by excitation of
higher order modes. A new series of experiments are
coming on-line using a 5-MV, 1-kA LIA beam to drive
an upgraded Choppertron. In this paper we review the
performance of the Choppertron at 2.5 MV including
observed pulse shortening and describe the current
status of the experiments. We discuss proposed
experiments including reacceleration, active phase
stabilization, and high-power microwave extraction.

Introduction

The purpose of this paper is to summarize the
results of experiments performed on the Choppertron
and present the planned experimental program at the
LLNL Microwave Source Facility. The design and
operating principles of the Choppertron have been
described in detail elsewhere.1'2 The current modulat-
ing section consists of a 5.7 GHz rf deflecting cavity, a
drift section, and a collimator. The deflection of the
beam across the collimator results in a modulated
current at twice the deflecting cavity frequency and
approximately half the initial dc current. The output
section was designed to allow the testing of different
structures. We have tested four different configuration
of traveling-wave structures (TWS). The rf pulses pro-
duced have demonstrated good phase and amplitude
stability, but we have found it necessary to incorporate
aggressive damping of higher order modes (HOM) in
the output structures to avoid pulse shortening.

Recently additional induction accelerator cells
have been added to the beam line to increase the ini-
tial beam voltage to 5 MV. The increased energy will
allow for an experiment in reacceleration of a modu-
lated beam and the testing of a 400-MW TWS output.

Experimental Results

The experiments can be divided into four phases
corresponding to the different output configurations.

*The work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract W-7405-ENG-48.

Table 1 lists the parameters of the three traveling-
wave structures used in the experiment. The output
configurations consisted of either a single or two TWS's
in series.

TABLE 1
Parameters for the RF Output Structures

Design Parameter
Resonant Frequency
Forward Traveling Mode
# of Active Cavities
Phase Shift per Cavity
Aperture Diameter
Harmonic Group Velocity
Phase/Temp Sensitivity
Output Power (achieved)
Maximum Surface E-Field

at250MW

TW1 &TW2
11.424 GHz

TMoio
6

120°
14 mm
0.167 c

0.09 deg/°C
250 MW

130MV/m

TW3
11.424 GHz

TMoio
4

120°
13 mm
0.13 c

0.11 deg/°C
120 MW

120MV/m

Phase 1: TW1-TW2

The original output section of the Choppertron
consisted of two identical TWS's of six cells each. It
was designed to produce approximately 250 MW rf
pulses from each output structure when driven by a 1-
kA, 3 MV incident electron beam (~ 420 A modulated
current). High rf output powers (combined rf output
power > 400 MW) were achieved, but with narrow
pulse widths. At lower modulated current levels,
reduced power (= 200 MW) full-width pulses could be
generated. The narrow rf pulses corresponded to short-
ening of the current pulse exiting the Choppertron
indicating beam-wall intercept, or beam breakup
(BBU) in the experiment. See Fig. 4 for an example of
BBU. Also associated with the shorten rf pulse was an
exponential increase in power in the 13.2-14.7 GHz
frequency band. Computer simulations^ support the
concept that this pulse shortening phenomena was due
to excitation of higher order modes in the TWS's.

Phase 2: TW1

To determine the severity of the transverse insta-
bility leading to BBU, the second TWS was removed
and the experiment repeated with a single output
structure. In this configuration, input currents up to the
design maximum of 1 kA and transmitted currents of 650
A, exhibited no pulse shortening. Full width rf pulses
of > 150 MW were easily attained. Phase and ampli-
tude measurements of an rf output pulse for this
configuration are shown in Fig. 1 and 2. The 200-MHz
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oscillation in the phase variation is assumed to be
noise and was present in the absence of the rf pulse. As
illustrated in the figures, both phase and amplitude
variations were small.

10

n
3
co

|

u
inn

Pu,

20 30
Time (ns)

Figure 1. Phase variation of the rf output pulse.

50

S3
o 124 MW± 2% for 30 ns

40 50

Time (ns)
Figure 2. RF output pulse corresponding to Fig. 1.

During this and later phases of the experiment,
the spectral content of the rf pulses and beam was
measured. Table 2 list the resonances associated with
transverse modes which were measured. The HEMn
modes^ (see Fig. 3) are associated with the traveling-
wave structures. The drift tube resonance modes are
associated with resonances in the interconnecting beam
line sections, "trapped" by an impedance mismatch at
the ends of these sections.

Phase 3: TW3

A third traveling-wave output structure was
constructed by the Haimson Research Corporation
with a HOM de-Q-ing circuit for broadband damping
built into the first two cells of the six cell device.*
This structure when inserted into the experiment in
place of TW1 produced extremely stable, full-width rf
pulses. However, the maximum power level was only
about 120 MW. The reduced power level could possibly

be attributed to the aggressive de-Q-ing and/or
increased difficulty of beam transport through the
smaller aperture. The effectiveness of the HOM
damping was obvious by contrasting the spectrum of
TW3 with TW1:

a. For TW3 only multiples of the drive frequency
were detected in the beam induced fields in the drift
section after the output structures. For TW1 all the
resonances were present in these induced fields,

b. Without modulator drive only one frequency
was detected in the rf spectrum from the main output
waveguide of TW3 while all the transverse resonances
were noted with TW1.

TABLE 2
Measured Resonances in Choppertron Experiments
Resonant

Mode
HEMn
Upper
Branch

Drift Tube

HEMn
Lower

Branch
18

_ 16

£ 14

t
3 12
01
£

10

8

TWl
GHz

17.91

14.01

13.85
13.67 13.53

13.33
•

HEMn Upper

HEMJJ Lower

TW3
GHz

16.43
16.14

13.78

13.46
13.26

rf/

TW3-TW2
GHz

17.92 17.39
17.25 16.95
16.81 16.32
14.30 14.26
14.14 13.99

13.74
13.86 13.66
13.59 13.48
13.26 13.15

/ vp=0.9c '

i

i

0 7C/3 2 J I / 3 *

Phase Advance per Cell
Figure 3. Dispersion graph for "extended" TWl.

Phase 4: TW3-TW2

For this phase, the experiment was configured
with two output structures, TW3 followed by TW2. It
was felt that the most efficient use of the damped
TW3 was to use it first in the beam line to avoid initial
transverse beam displacements rather than attempting
to control beam motion caused by the undamped TW2.

This configuration allowed the doubling of the
threshold current (= 800 A) at which BBU was
observed compared to Phase 1. Fig. 4 shows two pulses
of a series where the current was approximately at the
threshold for pulse shortening. Minor shot-to-shot
variations would occasionally lead to conditions of
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BBU as shown. This series permitted the definitive
measurement of the resonance associated with the
pulse shortening phenomena. The frequency spectra
corresponding to the current pulses in Fig. 4 exhibited a
resonance at 14.3 GHz, which was identified with the
drift tube resonances, for both wide and narrow pulses.
This resonance was reduced during shortened pulses,
presumably due to lower current. An additional
resonance at 13.6 GHz was present only when the
current pulse was narrow. The 13.6 GHz resonance was
identified with the HEM] j lower branch of the
dispersion curve for TW2 and is near the phase
velocity equal to speed of light crossing (see Fig. 3).

The combined power output for this configuration
was lower than expected. Wide rf pulses up to about
170 MW and narrow pulses up to 230 MW were
attained. The narrow rf pulses were not correlated
with current pulse shortening and appeared to be
caused by electrical arcing in the second TWS.
Inspection of this TWS indicated minor damage from
beam intercept which probably occurred during the
high current experiments exploring the BBU
threshold. The output section also exhibited
discoloration typical of operation at higher than
normal vacuum levels. A current upgrade to the beam
line includes improvements to the vacuum system.

800'

D.

U

•a

600-

400-

200-

Full Pulse

Pulse Shortening Effect

20 80 10040 60
Time (ns)

Figure 4. Normal overlaid with shortened pulses.

Future Choppertron Experiments

Currently the accelerator at the Microwave
Source Facility is being upgraded to 5 MV with current
levels adjustable up to 8 kA. The modulator section of
the Choppertron has been modified for operation at
the higher beam energies and is ready for installation
in the beam line. The upgrade and beam characteriza-
tion is expected to be completed during September 1992
and a new series of experiments based around the
Choppertron started. Planned experiments include:

a. A two output, 5-MV Choppertron. The first out-
put will be TW3 while the second is a modified TW1
with a de-Q-ing circuit built into the first of 7 cells.

Goals are to produce > 400 MW, full-width, high
quality rf pulses and characterize the performance of
the Choppertron for future experiments,

b. The application of a phase control system to
correct repeatable phase variations in the rf output of
the Choppertron,

c. The reacceleration of a modulated beam.
Traveling-wave output structures will be alternated
with induction accelerator cells to test the klystron-
two beam accelerator concept, and

d. Testing of a new 12 cell traveling-wave output
structure designed to produce 400 MW when driven by
420 amperes of modulated current.

Summary

We have completed testing the Choppertron
microwave generator with 2.5-MV, 1-kA beams. We
have produced high power (> 400 MW), but narrow
pulses due to pulse shortening. At lower power levels
(-150 MW) we have produced phase and amplitude
stable pulses. Attempts to suppress HOM induced
pulse shortening have been successful, doubling the
earlier current threshold for BBU and encouraging
additional experimentation with more/longer output
structures.
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Abstract

This paper summarizes the results of the end-to-end
beam dynamics simulations for the SSC linac [1]. A 4D
waterbag distribution of 1000 macroparticles correspond-
ing to 10, 30, and 50 mA beam current with RMS nor-
malized transverse emittance of ex = cy = 0.1 and 0.2 ir
mm-mrad is assumed at the input to the low-energy beam
transport (LEBT). Codes used in these simulations are
TRACE 2D, TRACE 3D, HESQT, SNOW, PARMTEQ,
PARMILA, and CCLDYN.

I. INTRODUCTION

The SSC Linac will deliver a 600 MeV H~ beam with
pulse lengths of 2 to 35 /̂ sec at a nominal current of
25 mA for injection into the low energy booster (LEB)
with transverse normalized rms emittance of < 0.4T
mm-mrad. The linac consists of an ion source (0-35
KeV) [2], a 35 KeV electrostatic low energy beam transport
(LEBT) [3,4], [4], a 2.5 MeV (428 MHz) radio frequency
quadrupole (RFQ) [5], a 70 MeV (428 MHz) drift tube
linac (DTL) [6], and a 600 MeV (1283) MHz coupled cav-
ity linac (CCL) [7]. There are two matching sections, one
between the RFQ and the DTL [8], called Ml, and another
between the DTL and the CCL, called M2. The length of
the linac is about 142 m.

Emittance from the magnetron ion-source is about 0.18
7r mm-mrad for 30 mA and the requirement at the end of
the CCL is 25 mA with an emittance of < 0.3irmm-mrad.
This means that emittance growth budget for the entire
linac is only about 67% ! The purpose of this work was
to see whether we can meet the challenge of preserving
emittance through the linac; and also to see whether this
linac can handle twice the nominal current, to provide an
adequate safety margin and allow future upgrades. Figure
1 is the block diagram of the major components of the linac
with major system parameters and simulated performance
shown. (7oi and cro; are range of zero current transverse
and longitudinal phase advances per focusing period for
the given structure, except for the RFQ. For the RFQ,
these values are given at the exit. En is the peak surface
field in terms of Kilpatrick limit.

4 Vane

1.8 E,

0.4 MW

2.2 m

RG+CG <PMQ)
1.4 E,
4 » 3 M W
24..33m

Side Couplol

1.0 E,

9 x l 5 M W

112.41m

35keV

'Operated by the Universities Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC02-
89EFU0486

Figure 1: SSC linac block diagram.

II. SIMULATIONS

The magnetron source and helical electrostatic quadrupole
(HESQ) LEBT is chosen for the baseline design. We are
also considering an rf-excited volume source and einzel lens
LEBT. End-to-end simulations were done for two source
emittances (0.2 and 0.1 n mm mrad) and for both the
LEBTs with nominal current (25 mA). For 10 and 50
mA beam current, end-to-end simulations were done us-
ing emittance of 0.1 and 0.2 ir mm-mrad and the HESQ
LEBT. A 4D waterbag distribution of 1000 macroparticles
with appropiate beam parameters is assumed at the in-
put of the LEBT. Particle distributions obtained from one
section of the linac were fed to the following section.

For the HESQ, TRACE2D was used to determined the
required voltages for matched beam into the RFQ, then
these voltages were used in the program HESQT. The
SNOW code was run for the einzel lens, and particles co-
ordinate were transform from r r' to x x' and y y'. This
is done by the projecting r, r' coordinates of particles into
x, x' and taking into account the azimuthal velocity Wg
produced by thermal motion of particles [9].

The PARMTEQ code was used to simulate the RFQ.
For one run (nominal current and emittance) the multipole
version of PARMTEQ was run. For other cases standard
PARMTEQ was run. Figure 2 shows beam size, phase and
energy profiles as the beam traverses the RFQ.

Ml has 4 quadrupoles and two bunchers. First, us-
ing Twiss parameters and emittances from PARMTEQ,
TRACE 3D was run to find quadrupole strengths and
buncher voltages for matching the beam into the DTL.
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Figure 2: Beam size, phase, and energy profiles through the RFQ

Then PARMILA was run to push the particles through
Ml.

TRACE 3D runs were made to find out equivalent
quadrupole strengths for hard edge quadrupole corre-
sponding to the permanent magnet quadrupole phase ad-
vance. Intertank quadrupole strengths were also deter-
mined by using TRACE 3D. These values were used in
PARMILA runs to simulate the DTL tanks. Figure 3
shows the beam size, phase and energy profiles as the beam
traverses the DTL.

M2 has a total of 9 electromagnetic quadrupoles and two
buncher tanks (1282.851 MHz). The first six quadrupoles
are paired with the same polarity, providing six 'knobs' for
transverse matching. Two buncher tanks will have 7 and
5 cells respectively providing two 'knobs' for longitudinal
matching. To determine quadrupole strengths and buncher
voltages for matching the beam into the CCL, TRACE-3D
was run. TRACE 3D beam envelopes through M2 is shown
in Figure 4. Again for this region PARMILA was run to
get the particle distribution for the CCL input. At the
input of M2, longitudinal co-ordinates were redefined with
respect to the new frequency of 1282.851 MHz.

To push the particles through the CCL, CCLDYN was
used. Figure 5 shows beam size, phase and energy profiles
as the beam traverses the CCL.

Table 1 shows output normalized rms emittances for
nominal current(25 mA) and for different emittances and
LEBTs. Other end-to-end simulations were done using a
HESQ LEBT for different emittances and currents. Table
2 shows output normalized rms emittances for 10 and 50
mA beam currents for two different emittances.

III. SUMMARY

Simulation results show that in the absence of errors, the
SSC linac can provide a 25 mA beam with normalized rms
emittance of 0.235* mm-mrad for an ion source emittance

Figure 3: Beam size, phase and energy profiles as beam traverses the
DTL

Bfl 2B iSl 30 JL S 33 34 n

Figure 4: TRACE 3D Beam envelope through M2.
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Figure 5: Beam size, phase and energy profiles through the CCL
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Linac
Sec.

HESQ
I (x iz

EINZEL LENS
I €v tz

0.2 Trmm-mrad
IS
LEBT
RFQ
Ml
DTL
M2
CCL

30.
30.
27.
27.
27.
27.
27.

.18

.19

.19

.20

.19

.20

.22

.18

.17

.17

.16

.19

.19

.24

.13

.13

.16

.15

.14

30.
30.
23.
23.
23.
23.
23.

.12

.20

.16

.15

.18

.19

.24

.12

.19

.14

.19

.19

.18

.23

.14

.14

.17

.16

.15
0.1 7r mm-mrad

IS
LEBT
RFQ
Ml
DTL
M2
CCL

30.
30.
28.
28.
28.
28.
28.

.08

.10

.11

.11

.12

.13

.17

.08

.12

.11

.12

.12

.13

.20

.10

.11

.14

.14

.12

30.
30.
26.
26.
26.
26.
26.

.06

.09

.11

.10

.13

.16

.19

.06

.09

.08

.15

.15

.16

.25

.11

.12

.15

.14

.13

Table 1: Output normalized rms emittances. tx, ty are in units of TT
mm-mrad, e, is in units of MeV deg ©427.617 MHz, and I is in units
of mA.

Linac
Sec.

10 mA
I <y 1 e*

50 mA

I l < » ev iz

0.2 7T mm-mrad
IS
LEBT
RFQ
Ml
DTL
M2
CCL

10.
10.
9.7
9.7
9.7
9.7
9.7

.18

.19

.19

.20

.19

.19

.21

.18

.19

.19

.19

.20

.20

.22

.14

.14

.15

.15

.14

50.
50.
45.
45.
45.
45.
45.

.18

.22

.23

.23

.24

.25

.22

.18

.21

.22

.23

.23

.23

.24

.12

.12

.15

.15

.14
0.1 7T mm-mrad

IS
LEBT
RFQ
Ml
DTL
M2
CCL

10.
10.
9.8
9.8
9.8
9.8
9.8

.10

.11

.11

.11

.11

.14

.10

.10

.10

.12

.12

.15

.12

.13

.13

.13

.11

50.
50.
44.
44.
44.
44.
44.

.10

.12

.13

.15

.15

.18

.10

.12

.12

.13

.15

.26

.10

.11

.18

.17

.15

of 0.2 7T mm-mrad and 0.185 ir mm-mrad if source emit-
tance is 0.1 TT mm-mrad.

Authors thank Ken Crandall for his valuable sugges-
tions.
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REDUCING THE FIELD PERTURBATION PRODUCED BY SHIFTED GAPS

IN A DRIFT-TUBE LINAC

K. R. Crandall, AccSys Technology, Inc
and

D. Raparia, Superconducting Super Collider Laboratory*

Abstract

A space of three cell lengths is left between tanks in the
SSC DTL. This space contains two quadrupoles and beam
diagnostic equipment. To compensate for the absence of
longitudinal focusing in this space, the gaps in two end cells
of both neighboring tanks are shifted upstream to produce
a phase shift of as much as 45 degrees. These displacements
of the gaps from the approximate geometrical centers of the
cells cause frequency errors and significant perturbations
in the fields in the vicinity of these cells. Adjusting the
gap widths to get the correct frequency is not sufficient to
reduce the field perturbations. In this paper we describe
the technique used for reducing the field perturbations in
the SSC DTL.

I. INTRODUCTION

In the SSC DTL [1], three cell lengths are left be-
tween tanks. The two inter-tank quadrupoles are variable-
strength permanent-magnet quadrupoles that can be used
for transverse matching. These quadrupoles can also be
deliberately displaced to steer the beam, if necessary.
Beam-diagnostic equipment will be placed between the
quadrupoles. The absence of three acceleration gaps,
which also focus the beam longitudinally, requires addi-
tional longitudinal focusing to be used in order to prevent
a severe longitudinal mismatch. A buncher cavity could
be placed in the middle of the inter-tank space, but this
would take up space and require a separate power source
that would need adjusting to find its correct amplitude
and phase. An alternative is to provide extra longitudinal
focusing in the end cells of the two tanks by shifting the
gaps in these cells. To compensate for the three missing
gaps between tanks in the SSC DTL, the gaps in the two
end cells of each tank were moved to cause a phase shift of
as much as 45 degrees from their nominal values.

It had been assumed that the gaps could be shifted
without significantly affecting either the local resonant fre-
quency or the voltage across the gap. Wrong! Both are
affected, but it takes multi-cell SUPERFISH run to detect
and learn how to compensate for these perturbations. The
magnitude of the field perturbation increases with increas-
ing cell length, and the perturbations are not reduced by
the fact that the rest of the cells in the tank are "normal"

"Operated by the Universities Research Association, Inc. for
the U.S. Department of Energy, under contract No. DE-AC02-
89ER40486

Figure 1: Field lines obtained by running SUPERFISH for the first
four cells in Tank 3 before modifications were made.

cells. The remainder of this paper discusses the various
techniques that we tried for bringing the fields near to
their design values, the changes that were made, and the
results of these changes.

II. FIELD PERTURBATION CAUSED BY SHIFTED GAPS

IN THE SSC DTL

The gaps in the two end cells of the high-energy end of
Tanks 1-3 and in the low-energy end of Tanks 2-4 are all
shifted by as much as 45 degrees in phase. That is, the
length of the drift tubes have been modified so that the "
design particle" arrives at these four gaps when the phase
of the rf is approximately -75 degrees (from peak) rather
than -30 degrees. This makes the half drift tube in the
high-energy end walls longer than normal, and the next-to-
last full drift tube shorter than normal; the half drift tube
in the low-energy end wall is shorter than normal, and the
second full drift tube is longer than normal. The average
(normalized to 1 MV/m) field, Eo, in each cell is listed
in Table 1 for the multi-cell SUPERFISH runs in all four
tanks. It was possible to run 8 cells at end of Tank 1 and at
the beginning of Tank 2, 7 cells at the Tank 2-3 interface,
and 6 cells at the Tank 3-4 interface. The perturbations
are more severe at the high-energy end of the tank than at
the low-energy end of the following tank. The field lines
produced by a SUPERFISH run for the four end cells in
the low-energy end of Tank 3 are shown in Figure 1.

III. STRATEGIES TO CORRECT THE FIELD

PERTURBATIONS

In searching for a successful strategy for correcting the
field perturbations we concentrated on the low-energy end
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Table 1: Relative values of Eo (normalized to 1 MV/m) obtained in
multi-cell SUPERF1SH runs before modifications were made.

Cel l#
1
2
3
4
5
6
7
8
n-7
n-6
n-5
n-4
n-3
n-2
n-1
n

Tank 1

0.916
0.920
0.937
0.951
0.968
0.980
1.055
1.253

Tank 2
0.889
1.029
1.066
1.031
1.010
0.995
0.992
0.987

0.733
0.756
0.805
0.881
0.966
1.186
1.645

Tank 3
0.848
1.066
1.121
1.046
0.998
0.971
0.952

0.498
0.554
0.670
0.848
1.285
2.116

Tank 4
0.784
1.098
1.193
1.045
0.959
0.922

of Tank 2. Of course we wanted to make as few changes
as possible and to impact the design as little as possible.

Strategy # 1. SUPERFISH runs were made for cell 1
and for cell 2 separately , using the full assymetric cell
as defined by PARMILA (with the gaps displaced). The
frequency of these individual cells were found to be low by
5.7 MHz. The gaps in each cell were adjusted to bring the
frequency up to its design values. A SUPERFISH run was
then made for the four end cells. The frequency of the 4-
cell segment was correct, but the field perturbations were
just as bad as in the "unmodified" case.

Strategy # 2. The boundaries of the first three cells
were taken to be at the middle of the drift tubes. The
gap in each of these three cells was adjusted to make each
cell independently resonate at the right frequency. A SU-
PERFISH run for the 4-cell unit also gave the right fre-
quency, and the field pattern looked much better than be-
fore. The values for Eo, obtained by averaging over these
artificial cells, were close to unity. However, the dynam-
ics calculations used by PARMILA assumed that EQ is
constant when averaged over PARMILA cell lengths. In
other words, the voltage across the gap is supposed to be
proportional to the (PARMILA) cell length. The first ar-
tificial cell was about 12.5% shorter than the PARMILA
cell,and the length of the second and third artificial cells
were about 6.25% longer than the PARMILA cells. So the
gap voltages were off by about this much. Actually, the
gap voltage in the first cell was low by about 16% and was
high in the second and third cell by about 8%.

Strategy # 3 . The boundaries of the first two artificial
cells were chosen to make these cells symmetric about the
gap center. This makes the first cell short by 25% and the
second cell long by 25%. The gap in each of these cells was

adjusted to make the cell resonate at the design frequency.
The SUPERFISH run for the 4-cell unit gave the correct
frequency and reasonable looking field lines, but the gap
voltages were quite far off: more than 20% low in the first
cell and about 20% high in the second cell.

Strategy # 4. Instead of adjusting the gap to get the cor-
rect frequency, the first two cells were taken as a unit and
the tank radius was adjusted to get the right frequency. In
this case, the radius was decreased to bring the frequency
up. The frequency of the 4-cell unit was also correct, but
the field perturbations were as bad or worse than in the
unmodified case.

Strategy #5 . The tank wall was moved upstream to
make the first two cells have approximate mirror symmetry
about the center of the drift tube between these two cells.
In this case, the end wall was moved 3 cm. The frequency
of these two cells taken as unit was then 20 MHz low.
The gaps were then adjusted in these cells to make each
cell individually have the right frequency. The two cells
operating together also had the right frequency, and the
fields in the two gaps were essentially the same, as would
be expected from the symmetry of the situation. When
the next two cells were added and the four cells run as a
unit in SUPERFISH, the frequency was right and the gap
voltages were only about 3% high in the two cells and about
3% low in the next two cells.Because the gap lengths had to
be increased in the first two cells, the transit-time factors
in these two cells were lowered by about 5%. When the
transit-time factors are taken into account, the "effective
gap voltages" were closer to their correct values.

IV. RESULT OF ADJUSTMENTS IN SSC DTL

Because strategy #5 was the most successful of those we
tried, we adapted it for the SSC DTL. We moved each end
wall (near the shifted gaps ) and adjusted the gap widths in
the three end cells to get the frequency correct and to min-
imize the field perturbations. It was a trial-and-error pro-
cedure in which we made many 4-cell SUPERFISH runs.
The final modification are listed in Table 2. The symbols
in this table have following meanings: dw is the distance
that a wall moved, a negative value denoting an upstream
move (toward low energy) and LE denoting the wall at the
low-energy end, HE denoting the high energy end; dg is
the change in the gap length, a negative value meaning
that the gap is shortened; n refers to the last cell in each
tank. The values of Eo (normalized to 1 MV/m) obtained
in the multicell SUPERFISH runs after the modifications,
are presented in Table 3. The values given in Tables
1 and 3 are all relative numbers. Take for example the
high-energy end of Tank 2 before modifications. The value
given in Table 1 for EQ at the seventh cell from the end (n-
6) is 0.773 and Eo at the final cell is 1.645 . This does not
mean that the seventh cell is low by 23% and the final cell
is high by 65%, but rather that the field in the final cell is
higher than the field in cell n-6 by 1.645/0.773, or a ratio
of 2.24. While the "after " values are not perfect, they
are a big improvement over the "before" values. Also, the
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Table 2: Modification in SSC DTL to compensate for shifted gaps.

Tank#
dwiE(cm)
dgi(cm)
<fy2(cm)
dg3(cm)

<fyn_2(cm)
dgn -i(cm)
dgn (cm)
dwfjE (cm)

1

-0
-0
-0
-2

.120

.220

.320

.000

2
-2.000

+0.350
+0.287
+0.180

-0.375
-0.375
-0.375
-2.250

3
-2.375
+0.441
+0.436
+0.436

-0.480
-0.600
-0.480
-2.250

4
-2

+0
+0
+0

900
.600
.650
.700

effective values, which take into account the transit-time
factor, are even better because the high fields occur in the
cells in which the gaps have been lengthened, which re-
duces the transit-time factor, and the low fields occur in
the cells in which the gap have been shorted, increasing
the transit-time factor.

The field lines produced by a SUPERFISH run for the
four end cells in the low energy end of Tank 3 after the
modification listed in Table 2 were made are shown in Fig-
ure 2.

V. REFERENCES

[1] D. Raparia, et at, "SSC Drift Tube Linac Design,"
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Figure 2: Field lines obtained by running SUPERFISH for the first
four cells in Tank 3 after modifications were made.

Table 3: Relative values of EQ (normalized to 1 MV/m) obtained in
multi-cell SUPERFISH runs after modifications were made.

Cei l#
1
2
3
4
5
6
7
8
n-7
n-6
n-5
n-4
n-3
n-2
n-1
n

Tank 1

1.017
1.016
1.022
1.018
1.014
0.970
0.971
0.977

Tank 2
1.000
1.026
1.031
0.985
0.987
0.987
0.993
0.994

0.999
1.003
1.010
1.024
0.963
0.984
1.017

Tank 3
1.000
1.028
1.041
0.977
0.981
0.984
0.990

1.016
1.019
1.024
0.958
0.980
1.005

Tank 4
1.017
1.036
1.058
0.959
0.963
0.969
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Abstract

The CEBAF superconducting linac is capable of ac-
celerating electron beams suitable for driving high-power
free-electron lasers. The 45 MeV injector linac with a 6
cm period wiggler can produce kilowatt output powers of
infrared light (3.6-17 urn), while the 400 MeV north linac
can produce ultraviolet light (~ 200 nm) at similar pow-
ers. The FELs require the addition of a high-peak inten-
sity electron source (~ 60 A peak current) and extraction
beam, lines to wigglers with appropriate electron and pho-
ton optics. FEL operation is compatible with simultaneous
baseline CEBAF nuclear physics operation. A design for
a CEBAF-based FEL facility has been developed. The
current status of the FEL project is reported.

Introduction

The CEBAF 4 GeV electron accelerator complex is
proceeding expeditiously toward completion of construc-
tion. The accelerator [1] will include a 45 MeV injector
linac (already operational) and two 400 MeV linacs (one
nearly complete) connected by recirculation arcs to obtain
4 GeV in five recirculations. The linacs will be the highest-
energy, highest-intensity superconducting radio-frequency
(SRF) linacs and will provide unique opportunities for ex-
ploring possible SRF applications.

In particular, SRF linacs may provide superior per-
formance as free-electron laser (FEL) drivers. With small
additions to the CEBAF facility, the 45 MeV injector can
drive an infrared (IR) FEL and the 400 MeV North linac
could drive an ultraviolet (UV) FEL. The FELs could op-
erate simultaneously with baseline CEBAF nuclear physics
beam, without interference, and provide kilowatts of FEL
light, which could be provided to an industrial user facil-
ity. In this paper, we describe the proposed CEBAF FELs,
discuss their required additions, and outline current and
future FEL activities.

Description of the CEBAF FELs

We are proposing the addition of an IR and an UV
FEL to CEBAF. The additions are described in [2,3] and
updated parameter lists for both FELs are shown in
Table 1.

Both FELs require the addition of a high-peak cur-
rent source (120 pC, 2 ps long bunches at 7.485 or 2.495
MHz) [4,5,6]. We propose to insert a new high-current
photoemission source in parallel to the existing NP source
(0.13 pC at 1.5 GHz). The added source-which includes a

'Supported by the Commonwealth of Virginia

photocathode gun, prebuncher and an ~10 MeV quarter-
cryomodule-will produce beam which can be combined in
a chicane with the NP beam for simultaneous acceleration
through the injector. The NP and FEL beams are inde-
pendently phased to permit tunable energy difference.

The IR FEL is driven by 50 MeV FEL bunches from
the CEBAF injector. At the end of the injector linac cry-
omodules, the FEL bunches are separated from the NP
beam in an energy separation chicane and diverted into a
separate transport through the IR wiggler, which is cen-
tered in a 20.026 m optical cavity in the injector tunnel.
The electromagnetic wiggler will be tunable and the IR
FEL will be able to provide 3.6 to 17 fim light at kW
power levels. Third-harmonic operation of the IR FEL
is also possible, and will enable kilowatt power levels at
wavelengths down to 1.2 /xm.

For UV FEL operation both NP and FEL beams pro-
ceed through the injector and north linacs. The FEL and
NP beams will be separately phased so that the FEL beam
will be at 400 MeV at the end of the north linac while the
lowest-energy NP beam is at 445 MeV. Energy separation
in the north spreader magnet diverts the FEL beam into
a transport channel, which carries the FEL beam into the
UV wiggler, which is centered in a 60 m optical cavity
at the end of the north linac tunnel. Tunable UV light
(~ 150-300 nm) at kW levels is obtained.

The beam transports for both FELs are detailed in
[3,7]. The basic components for both FELs (beam trans-
port, wigglers and optical elements) will be placed in avail-
able space in the CEBAF tunnel, displaced from the NP
beam line. The light output from both FELs can be trans-
mitted to ground level and routed to a proposed FEL user
laboratory. Figure 1 shows a schematic view of the CE-
BAF accelerator with the FEL facilities. Locations of the
IR FEL, UV FEL and FEL user laboratory are indicated.
Figure 2 shows expected light output power as a function
of wavelength for the combined IR and U V FEL facility.

FEL Constraints and Features
The FELs are specifically designed for concurrent non-

interfering operation with NP operation. Various beam in-
terference effects, rf power and control constraints, wake-
field effects and beam transport issues have been studied to
insure compatibility [8]. Dedicated FEL operation, during
interruptions in NP operation, will also be possible.

The wiggler design for both FELs is a conventional
electromagnetic one. Wiggler construction in 1.5 m mod-
ules is planned so that modules can be combined for longer
wigglers and adapted for optical klystron operation. The
optical system for the IR FEL would be a near-concentric
cavity. For the high-power UV FEL, a ring-resonator is
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planned; also reflectivity at short wavelengths (A < 200
nm) may be difficult, and require specialized solutions.

Simulations by W. B. Colson and collaborators have
confirmed that the CEBAF FEL parameters will produce
high gain and high power [9,10,11]. The simulations also
confirm the value of the flexibility inherent in the modular
EM wigglers.

Recent Progress and Current Status
The Front End Test for the CEBAF injector has been

completed [1]. It demonstrated that the injector can re-
liably accelerate high-intensity beam to full energy (45
MeV), while maintaining small emittance, short bunch-
length, and small momentum spread. The results confirm
that the injector meets its necessary design goals for NP
operation, and that the injector could be extended to FEL
use. A further commissioning test incorporating most of
the north linac (up to 285 MeV) has been initiated.

A detailed design for the FEL front-end has been de-
veloped. The design includes the combination chicane for
the FEL and NP injectors, and PARMELA simulations
show adequate pulse formation with combination for both
beams [6].

A design for the FEL facility has been produced [3],
which includes the front-end, beam transport design, and
FEL performance simulations. The design was developed
with guidance from the CEBAF Industrial Advisory Board
(IAB). The IAB is composed of representative users from
industrial partners, who insure that the resulting FELs
will produce light of importance to industrial research and
development, and who will contribute to the formation of
the FEL user laboratory.

Development of this hardware is proceeding at a pace
consistent with CEBAF's prime mission and the availabil-
ity of funds. Research and development for the high-peak
intensity source has been initiated, to be followed by wig-
gler and optical cavity development when resources are

available. A FEL user facility has been designed for in-
dustrial research and technology development, and indus-
trial partners have offered $9M in in-kind contribution to
support technology development at this facility. The Com-
monwealth of Virginia has also pledged $5M in matching
funds. A proposal to DOE is pending.

Future Directions
Successful development of the CEBAF FELs will serve

as the basis for the further use of SRF in high-intensity
light sources. At CEBAF, beam from the complete linac
(800 MeV or higher energy) could be used to drive an x
ray FEL. The CEBAF experience will also be used as a
basis for the design and construction of dedicated SRF
FEL facilities for laboratory or industrial applications.
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Figure 1 Proposed IR and UV free electron lasers and user laboratory at CEBAF.
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Figure 2 CEBAF FEL power output vs. wavelength.

Table 1
CEBAF FEL Specifications

Electron kinetic energy (E)
Pulse repetition frequency
Charge/bunch (Q)
Momentum spread (crp/p)
Bunch length (T) (4<T)
Peak current (Ip)
Normalized emittance (en)

b^
Wiggler length (L)

Wiggler wavelength (Ajy)
Number of periods (Nw)
Type
Kim, (maximum)
^rm. (nominal)
Maximum field (BmBX)
Gap (2h)

Rayleigh length (RL)
Optical mode waist (u>o)
Optical cavity length (£c»v)
Output wavelength range (A)
Extended A range (with dedicated use or third harmonic)
Peak power e)
Average power e)

IS
50 MeV
7.485 MHz
120 pC
2 - 1 0 - 3

2 ps
60 A
15 mm-mrad
1.5 m
6 cm
25
electromagnetic
2.14
1.75
0.54 T
10 mm
0.75 m
1.7 mm @ 12.5 /tm
20.026 m
3.6-17 /tm
1.2-25 (tin
60 MW
0.9 kW

UV

400 MeV
2.495 or 7.485 MHz
120 pC
2 - 1 0 - 3

1 ps°)
120 A*>

15 mm-mrad
2-1.5 m to 4-1.5 m
6 cm
50 to 100
electromagnetic
2.14
1.76
0.54 T
10 mm
1.5 m to 3.0 m
0.31 mm @ 200 nm
60.078 m
100-260 nm
100-1860 nm
480 MW
1.2 or 3.6 kW

a) With magnetic bunch compression to 1 ps; without compression T = 2ps, Ir = 60 A
b) <rm = v//3,cn/7
c) Assumes nominal 1/2 N\y efficiency
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P.O. BOX 65, 00044 Frascati (ROMA) ITALY CA9700201

Introduction

Some ten years ago the activity of our laboratory,
historically involved in the field of microtrons, started in the
linac field, stimulated by the need of building a racetrack
microtron.
Since then four small linear accelerators were built in our
laboratory both for a 100 MeV racetrack microtron and for
e- beam processing test of materials [1].
Linac building technology was shared with an italian
industry, "IRVIN Elettronica", which, up to now, has
built both S-band and L-band linacs for industrial
purposes in the power range of 5 MeV, 5 KW and now is
building a self-focusing small linac radiography dedicated
designed by our Lab.
ENEA is also being involved in infrared FEL research and
after the good results of a 2 mm wavelenght FEL driven by
a 2.5 MeV microtron[2], we started the design of a linac for
a FEL facility in the far i.r. devoted to an experiment of
muonic hydrogen spectroscopy in cooperation with
INFN[3].

Linac Development

Linear accelerators developed in our laboratory are
40 cm long standing wave, pi/2, side or on axis coupled
structures working at 2.998 GHz and feeded by a klystron or
a magnetron . We generally fully provided for machining,
tuning and brazing by ourselves. Tuning usually has been
achieved by means of tuning screws fixed to the structure
after the final brazing. A fast tuning method has been
developed consisting in the comparison of the pi/2 mode
frequency of the whole linac to the frequency of the pi/2
mode of the portion of the linac composed by all but the
end cells and excited in the coupling cavities. This
comparison allows a quick closure of the stop band
according to its physical meaning. After, only a more careful
tuning of the end cells has to be done.
Typical values of the characteristics of a linac produced in
our laboratory are those listed in the table below and that
pertain to the racetrack microtron one [4].

Frequency
Number of cells
Q factor
Coupling coef. to
First nei. coupl.
Second nei. coupl

TABLE 1

2 998 GHz
1/2+7+1/2
12000

waveg. 3.5
.04
-.002

5 MeV Linac applications

A 5 MeV on-axis coupled linac was built some years ago
intended primarily for e-beam processing tests. It works at
a typical current of .2 A in 4 us pulses ad a p.r.r. of 50 Hz.
Many applications were performed in these last three
years [5].
•Crosslinking of commercial resins, polymers and heat-

shrinkable materials
•Production of color centers in T1+ doped KC1 crystals for

1.5 -r 1.6 urn wavelenght laser application: a long-term
stability of these color centers has been achieved and a
high production efficiency compared to the gamma rays

irradiation.
•Destruction of polyclorobiphenyls (PCB) in dielectric

oils: a degradation of 99.9% at 20 MRad has been
obtained with opportune Cl- trap consisting of H2
insufflated in the sample emulsioned with water.

Self-focusing radiographk linac

The requests for a compact radiographic accelerator
which has to be used as a portable tool for checking
structures like bridges, are typically:

• 5 MeV as maximum energy
• 400 Rad/m as Dose rate which correspond to a linac

peak current of 130 mA, 4 us at a rep rate of 280 Hz
• a spot size of 2 mm or lower
• weight and size as small as possible.

In order to reduce the weight of the machine an
auto-focusing particle dynamics was developed which
avoids the requirement of the usual focusing bulky
solenoids. This has been achieved by shaping the axial
electric field in the first cell, making it growing slowly in
order to smoothly bunch and shrinking and slightly
accelerating the electrons in it. Indeed in the first
millimeters of the first cavity, where bunching occurs,
some electrons encounter an accelerating and focusing
field and some others a decelerating and defocusing
one, but the resulting radial dispersion is limited
because of the reduced electric field stenght.
Afterwards, when the bunch is formed, which happens
about in the center of the cell, the beam sees a lens
which focuses it at the exit of the first cavity. Moreover
the lenght of the first cavity and the injection energy are
adjusted in order to let the beam pass in the center of
the next cells after the RF peak so to have a father RF
focusing (fig. 1).
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3 4

First cavity dynamics (phi= 17O'-310')

The main parameters of the linear accelerator are reported
in table 2 below:

Injection Energy
Cathode Current
Number of cells
Lenght of cells (mm)
Max Electric Field
RF Power to the Struc
Max Output Energy
Output Current
Energy Spread
Output Beam Radius

TABLE 2
13 KeV
430 mA
8

25,40,45,48,50, 50, 50
28MV/m
990 kW
5MeV
180mA
2.5%
1 mm

u FEL Linac

For the experiment of muonic hydrogen spectroscopy [3]
in course of design in cooperation with INFN a 180 um,
100 ps long FEL pulses are required. These pulses must
be synchronized to the trigger signal produced by the
single u with a delay not greater than 1.5 us. This can be
obtained using as FEL source a 9 MeV RF linac. The
frequency of the RF, however, is linked both to the
micropulse lenght and to the synchronized
operation; indeed utilizing a low RF frequency (for
example 200 MHz) leads easily to a 200 ps microbunch
but the system is no longer triggerable due to the large
filling time of the cavities (20 us). On the contrary a 3
GHz linac can be triggerable (500 ns rise time), but its
micropulse is typically 10 ps long.

GUN
P.B.

L¥Kc~ foeudng 27d' magnet

i-i--CAVITY

L . j BEAM DUMP

Fig.2 u-FEL linac layout

For these reasons we are designing a 3 GHz linac followed
by a magnetic system able to stretch the micropulse making
use of the non isochronous properties of a suitable
achromatic 270° magnet with respect to the energy
spread (fig.2). In table 3 the characteristics of the linac
and the magnetic system are reported.
The results of the preliminary PARMELA calculations
show an increase of the FWHM bunch lenght from 15* to
116°. This spread-phase correlation can be also used to
reduce the final energy spread introducing a cavity after the
magnet which allows a final energy spread of .4 %.

_TABLE 3
Injection Energy 100 keV
Prebuncher voltage 9 kV
Electron final energy 9 MeV

; Linac capture efficiency 70 %
Bunch lenght (FWHM) at linac exit 14ps(15°)
Energy spread (FWHM) at linac exit 3 %
270° magnet bending radius 20 cm
Bunch lenght at magnet exit 107 ps (116°)
Cavity voltage 200 kV i
Energy spread (FWHM) at cavity exij: 0.4 %

In fig. 3 the energy-phase diagram and phase and energy
distributions at the exit of the correcting cavity.

After 270'magnet

J. . V _ ._

. After magnet and cavity

200 300 400

Fig.3
PHASES {dag)

Energy-phase diagram in different point* of the aocelerator

Conclusions

The development in small linac design and construction
performed in ten years of activity at the ENEA Frascati
Center has been briefly described and some interesting
future projects have been evidentiated. In addition some
development in the field of small linear accelerators can
be also stimulated by compact FEL design because a
source of this kind in the wavelenght range below 1 mm
is mature to be designed.
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Abstract

Mere knowledge of tune depression and illumi-
nation of the acceptance is sufficient to estimate
limitations. Evidence comes out of a plain smooth
approximation theory.

Foundations

High current RFQ linacs necessarily begin
with a shaper, an accelerator section almost with-
out modulation. Therefore the corresponding theory
may answer the purpose within a two-dimensional
scope, where transversally hyperbolic quadrupole
boundaries generate the image fields. In [ l ] these
image forces have been explained in detail, some
new results will be discussed in this report. In
smooth approximation equations of motion may be
expressed in a rather general form

jTx 1 0-103 ,
, 2 4 x " 1 - I/I l H

ds max
+ 0.075 x11 + 0.019 x15

c3 + 0.29 x7

. . . ) = 0 (1)

Here x stands for the normalized radial coordinate
with quadrupole aperture R , x = r/R and s for
normalized time s = — cot with radio frequency

f = CO/2TT. The depressed tune shift
approximation given by

c2 _ G l 2el

is in smooth

Maximum beam current is related to zero current
phase advance a according to

max

£ mvR? too 1
2e

Further meanings are I beam current, e/m specific
ion charge, £ dielectric constant and v ion
velocity. Numbers appearing in equ. (l) result from
a field harmonic analysis of the image potential
O within hyperbolic quadrupole boundaries

[1, 2]

O = £
norm

Nv,r cos Ntp

(polar coordinates r, <p). Table I informs on the
A^j. Then realistic field harmonics a correspon-
ding to any given aperture, beam current and par-
ticle velocity follow from

an =
4 i T V " R i

N (2)

Data of table II were determined by numerical in-
tegration of equ. (l). Here the ratio I/I r was

max
raised toward such values, which caused loss of
even one particle out of the matched beam at
given illumination of the acceptance by the beam
emittance. Fig. 1 illustrates typical emittance
behaviour after 4 betatron oscillations (16TT) in
case of I/I . = 0.44. Filamentation is evident
and in particular symbols • correspond to particles,
which initially started at points v in phase space
and should at 16 r. reproduce in the absence of
image forces. Then fig. 2 demonstrates the sensi-
tiveness with respect to beam current.

More detailed studies of beam behaviour have
just started in our institute, where for numerical
computer simulations PARMTEQ [3] had to be
supplemented by proper image field terms. Table
III indicates tendencies. Computations are based
on an RFQ set-up [4] for a 10 keV He^+ beam.
Electrode voltage 2 kV, aperture R = 5 mm and
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frequency f = 16.9 MHz determine a maximum
beam current I = 6.8 mA and tune o = 44.23°
is depressed to o/s = 0.75 by 3 mA. This RFQ is
equipped with a 2 £X radial matcher (without image
forces) and illumination is supposed to be 100 %.
For this first approach only the octupole term a
according to equ. (2) together with table I was in-
volved and all terms associated with the elliptical
beam shape as well as a . a . . . were neglected.
Table III lists particle losses and separates them
into such that are due to the image forces and
such, which are caused by space charge effects
anyhow. Wall effects are evident. Methodical
investigations are in progress and will be re-
ported elsewhere.

Table I
Normalized Field Harmonics in a Quadrupole

A4 = - 0.206 A
A = - 0.296 • 10"' A ,6

= - 0.512
= - 0.997

10"2

Table II
Current Limits, Minimum Tune Depression and

Maximum Emnittance Illumination of Acceptance

Summary

Limitations of minimum tune depression and
maximum illumination due to wall effects must
surely be observed, when a high current RFQ is
taken into consideration. Table II demonstrates
restrictions more or less stringent.

Ilium. %
I 7 Imax
6/0

81
0.44
0.75

64
0.61
0.62

49
0.68
0.57

36
0.76
0.49

25
0.82
0.42

16
0.88
0.35
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Table III
Particle Losses with and without Image Forces

' " m a x

0.44
0.51
0.59
0.66
0.74

Input
behind
matcher

943

907

897

881

849

Output
without
image
fields

869

815

804

762

735

Output
with
image
fields

824

759

747

691

662

Relative loss
due to wall

4.8

6.2

6.4

8.1

8.6
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Fig. 1 Solutions of equ. (l) in phase space after Fig. 2 Behaviour of outer particles for I/I
max

4 betatron oscillations for I/I = 0.44.
maxParticle states * correspond to initial states

0, resp.

0.47 in phase space after 4 betatron oscil-
lations
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ABSTRACT
The accelerating structure for a future linear collider
has to reach a number of goals which are mainly de-
termined by the beam dynamics. Questions of detun-
ing and damping are adressed in order to reduce beam
breakup thresholds in this very long linear accelerator
operating with bunch trains much longer than the filling
time of the structure. On the other hand the reduction
of the linear costs for production and assembly plays a
central role for the development of these travelling wave
sections. Geometric simplicity and easy handling have
to be a dominant feature to reduce machining costs. The
main rf-parameters are reviewed and calculations and
measurements concerning tolerances, tuning and damp-
ing are presented.

1 INTRODUCTION
The accelerating structure for a future linear collider has
to fulfill many requirements, partially influenced by the
tolerable costs per meter but mainly dominated by as-
pects given from the cumulative beam breakup instabil-
ity driven by each section itself. The optimum structure
from our point of view is characterized by:

• a simple geometric design which is easy and cheap
to fabricate with reasonable tolerances (% 10 to

• a design that intrinsically avoids the instability by
detuning, damping or a combination of both.

The rf-properties of S-band sections are well known and
only an overview over the parameters chosen for the
DESY/Darmstadt collider is presented. The first experi-
ence with a couple of test cavities being produced by the
local industry was, that the price drastically increases if
the specified tolerances on the transverse cavity dimen-
sions are below 5/^m where diamond machining and spe-
cial lathes have to be used. The compromise chosen in
our case is to relax the tolerances and first sort the cav-
ities after applying a simple quality control and second

tune the sections by deforming the cavity walls. It is
obvious thai for power consumption reasons the shunt
impedance should be as high as possible and therefore
no degradation due to surface irregularities can be ac-
cepted. Therefore the surface finish has to be less than
300 nm which has been achieved with standard cutting
tools.

2 RF-PARAMETERS

The reasons for choosing the rf parameters given in ta-
ble 1 have already been described elsewhere [1, 2]. Nev-
ertheles it should be emphasized, that the reason for
choosing long accelerating sections (6 m) is the reduced
number of couplers, input windows or valves and a sim-
pler power distribution system. On the other hand, with
longer sections and with a fixed filling time, the average
iris diameters would become to large in order to achieve
the desired shunt impedance. This results in a trade-
off between loss in average shunt impedance using long
rf-sections as well as constructional feasibility versus a
larger number of input and output couplers which pro-
vide other difficulties and costs. Therefore two six meter
long sections per klystron are considered which seems to
be a reasonable compromise. Having in mind a future
energy upgrade by doubling the number of klystrons,
underlines this decision because every section may than
be connected to one klystron.

section length
attenuation
peak power per input
power dissipated per section
iris size
filling time
shunt imped, variation
number of cells
average power per meter

in

neper
MW/pulse
MW/pulse
a/A
nsec
MQ/m

kYV

6
0.57

75
51

1.6-1.3
790

45-61
180

« 1.3

Table 1: Main parameters for I he S-band section.
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3 CELL GEOMETRY

The geometry of a single cell cavity, a so called cup, re-
cently being built is shown in figure 1. The six meter
long disc loaded structure consists of ISO single cups. In
order to provide a constant accelerating gradient along
the waveguide each cell should have a slightly differ-
ent geometric shape. Due to the comparatively simple
geometry of the disc loaded structure the strategy was
to use single cell shapes to be produced easily by con-
ventional machining with reasonable tolerances. The
shape of the cavity itself and of the outside walls are
a compromise between simplicity and mechanical or rf-
requirements. A drawing is presented in fig. 1 and many
details are similar to other designs [4].

• The cells should be machined in one piece to form
cups instead of having a ring and an iris made sep-
arately.

• The cups nest into each other to perform a self
alignment after being assembled and pressed to-
gether.

• The electric contact between two cups is defined by
the copper on copper junction to provide excellent
rf properties (high Q values).

• A round corner with a large radius of 10 mm instead
of a square corner was included at the left hand side
next to the cavity wall and the iris. This asymmet-
ric corner makes the cavity asymmetric with respect
to the middle plane of cell. This effect does not
harm the rf properties but complicates somewhat
the tuning process.

Additionally cells with half a cavity on both sides of
the iris are still under consideration and may have the
advantage of more rigidity and higher symmetry.

The specified tolerances are ±10/im for the most
sensitive dimensions as for the cavity diameter and the
iris diameter This would result in a frequency error of
±420 kHz per cavitv.

A photograph of cells recently being finished is shown
in fig. 2.

Figure'2: Photograph of cells recently produced for
first Test measurements using 6-cell lest stacks.

4 TUNING
In order to relax tolerances for the production of the
single cells, a possibility for every cell must be foreseen
to tune the resonant frequency. Therefore a recess in
the cavity close to the inside wail has to be provided
which allows mechanical deformation of the cavity wall.
In figure 3 a geometry is presented which has been used
to calculate the center shift using a single deformation
with a diameter of 6 mm and a height, of 1 mm in a single
cell (7r-mode).

O O O O O "

o O G O O o •

o O G G G O o
o OOOOOo
OOOOOOG o

oGOOOOOO
ooOOffiOOo
o

Figure 1: Single cell geometry.

'dimple"

Figure. '3: G e o m e t r y which has been used to ca l cu l a t e t he

c o l t e r shift of t he 'I'M 1 1 like d ipo le m o d e in a single

cell d u e to a s ingle d e f o r m a t i o n wi th a d i a m e t e r of 6 m m

a n d a height, of I m m .

Four recesses have to be d i s t r i b u t e d over t he cavi ty
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circumference in order to provide a symmetric deforma-
tion. This will avoid a shift of the electric center of the
cavity compared to the outside wall which is the only
reference to align the cups with respect to the outside
support structure. Such a "dimple", only on one side,
would lead to a center shift about 10/jm, which is pro-
portional to the change in volume, providing a tuning
range of «450 kHz for the accelerating mode. This shift
would lead to an excitation of beam breakup modes al-
though the beam passes the single cavities with respect
to the geometric center. Because the center shift is of
the order of the straightness which has to be achieved
over the 6 m long section it has to be reduced. Hav-
ing symmetric deformations avoids the center shift to a
large extent and is undispensable in our case.

5 TEST RESULTS
For a test stack setup with 6 cells, mechanically clamped
together, rf-measurements have been performed to de-
termine the frequency of the 27r/3-accelerating mode
and the group velocity. The 6-cell cavity is shortened
in the middle of both endcell-irises in order to provide
a periodic boundary condition. The modes which now
can be measured in every passband have a phase advance
between 07r/6 to 5TT/6, whereas the 7r-mode can not be
measured because it would require an open boundary
condition in both end cell irises. A cosine function is
fitted using these six frequencies to calculate the disper-
sion diagram and the group velocity from the derivative
of it. The measured frequency deviates by not more
than 0.016% which is well within the limits of tuning.
The rms maching error one would deduce for a single
cup given by this deviation is of the order of only ±3nm
on the radii but it has to be kept in mind, that the field
distribution of every mode averages over the six cells
which will reduce the effect of a single error.

Dispersion Diagram Accelerating Mode
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velocity is 0.0-1% of c which corresponds to a 0.1 % error.
The dispersion diagram including the measured and cal-
culated frequencies (by MAFIA [3]) are shown in fig. 4.
The q values have been determined roughly by measur-
ing the width of the resonances and are around q = 10000
which is mainly determined by the unsufficient electric
contact of the cell to cell joints which are not. brazed
together yet.

A second set of cavities has been machined on a dif-
ferent lathe, delivering the some order of achievable ma-
chining tolerances but with a systematic difference in
the resonant frequency. In order to perform a quick
quality control a single cup rf measurement has been
developped. The resonant frequencies of the single cups
can be measured with respect, to each other but without
any reference to the 2^/3-mode frequency. In table 2
the rms deviation for I he two sets of cavities is given.
The rms deviation indicates in both cases a fabricational
precision for the single cup production of ±7^m (less for
the second set).

# ofcav.
5
10

rms-dev of fo/ [%]
0.019
0.016

mech. toler. / \m\
±7
±6

figure 4: dispersion diagram of the accelerating mode
passband including the frequencies calculated by mafia.

The difference between design- and measured group

Table 2: Single cell test results
This is just the limit which has been specified for the

first test stacks. The large coupling between the cells
and the the use of the 27r/3 mode reduces the effect of
the single cell error to the limit given before.

6 SUMMARY AND OUTLOOK

The cell geometry is chosen in order to ease the cav-
ity production and reduce processing time. The dimen-
sional tolerances which have been achieved for the first
test cells are well within the limits of what is tolerable
for an S-band accelerating section. By the end of this
year the cup design will be finished and the 180 different
cells for a single 6m long section can be ordered. The
first section, should be ready by the middle of 1993.
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Abstract

Gated field-emitter cathodes have been fabricated on
silicon wafers. Two fabrication approaches have been em-
ployed: a knife-edge array and a porous silicon structure.
The knife-edge array consists of a pattern of knife-edges,
sharpened to ~200 A radius, configured with an insulated
metal gate structure at a gap of ~500 A. The porous
silicon cathode consists of an insulating porous layer, con-
taining pores of ~50 A diameter, densely spaced in the
native silicon, biased for field emission by a thin gate met-
alization on the surface. Emission current density of 20
A/cm2 has been obtained with only 10 V bias. Fabrica-
tion processes and test results will be presented.

Introduction

The gigatron is a design for a compact, efficient mi-
crowave power tube suitable for use as a driver for future
linac colliders [1]. The design concept features three novel
developments: First, a gated field-emitter array is em-
ployed for the cathode, to produce a microwave-modulated
electron beam directly into the vacuum. Second, rather
than the conventional round beam, a ribbon beam geom-
etry is adopted to mitigate limitations from space charge.
Third, a traveling wave coupler is used to obtain optimum
output coupling even with a wide ribbon beam. These fea-
tures make possible a calculated performance suitable for
linear collider requirements[2]: • 18 GHz operating fre-
quency; • 100 MW/m peak power; • >50% efficiency.

The Accelerator Research Laboratory at Texas A&M
University has developed two different technologies for the
gated field-emitter cathode which is the heart of the gi-
gatron. [3] A stripline knife-edge cathode was developed in
which the control gap for modulation is ten times narrower
than the gate/base separation. A porous silicon cathode
was developed, in which ~50 A diameter pores densely
cover a silicon surface. Prototype 1 mm2 cathodes have
achieved 20 A/cm2 peak current for a gate modulation
voltage of only 10 V. These technologies provide ample
performance for gigatron, and are the focus of our current
development.

Gated Reid emission
for microwave cathodes

Field emission occurs when an electron in a conduc-
tor tunnels through the potential barrier at the surface
under the influence of a surface electric field E. The bar-
rier height is the surface work function <j>; the barrier width

is ~ <j>/E. The current density j of field emission is the
classic Fowler-Nordheim response [7]:

j = AE2e-blE
(1)

where A is proportional to the surface density of emitting
sites; and

b =
3 he

3 / 2 (2)

C.S. Spindt et al.[4], H. Gray et al.[5], and W.J.
Orvis et al. [6] have developed microfabrication tech-
niques by which they can prepare planar arrays of gated
field-emitting tips. The gated field-emitter cathode makes
it possible to produce a high-current, fully modulated elec-
tron beam directly from a cathode structure. The per-
formance of a gated tip array for microwave applications
is governed by several key features [8]. First, the emis-
sion current is modulated by applying a d.c. bias and
a microwave signal to the gate-base junction. Second,
the gate-base junction is rendered on a microscopic scale
(~ nm) so that the modulation performance is not lim-
ited by transit time or phase dispersion up to ~ 100 GHz.
Third, because the gate-base separation is narrow, the
junction capacitance is large (~ 1 nF/cm2) and repre-
sents a low reactance for microwave modulation. Fourth,
emission from each tip structure actually originates from
a single microregion (size a~50 A) [9]; emission from the
rest of the tip surface is suppressed by the space charge of
the emitted electrons in the tip/gate region, leading to a
"natural selection" of a single-most-emissive microregion
on each tip.

We have developed two alternative field-emitter ge-
ometries which improve microwave cathode performance
by increasing emitter density and reducing gate capaci-
tence: a stripline knife-edge geometry shown in Fig. 2, and
a porous silicon cathode shown in Fig. 3. Fig. 4 shows the
emission characteristics for a) a molybdenum tip array
fabricated by Spindt, b) a stripline knife-edge cathode,
and c) a 2 fim thick porous SiC>2 cathode fabricated at
Texas AfcM. Table 1 summarizes the values of the several
cathode performance parameters for the three technical
approaches. The values of A/a2 and a • b were derived
from the measured I/V response for the tip array and the
porous SiC>2 cathodes, as discussed above. The values of
A/a2 and a • b for the stripline cathode are estimates ob-
tained by scaling the tip array data for the appropriate
surface density of emitters and surface field enhancement
of the stripline geometry.
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Fig. 1 Gated field-emitter tip array, from Ref 4.

Fig. 2 SEM of stripline knife-edge cathode.

100

sonant Input
coupltr

q"U0« 18 CHi

1-m-long gigatron with 200 kV tube voltage. The last
column presents the gain-bandwidth product of a gigatron
employing each cathode technology.

50 25
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Stripline
Knife-Edge
Array
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Porous SiO2

Mo Tip Array

.06 .08 .10
1/V ••

Fig. 4 Fowler-Nordheim response of tip, knife-
edge, and porous silicon cathodes.

TABLE 1
Modulation Characteristics of
Three Field-Emitter Cathodes

•14plaa«

ou« S10i fat* layer

fe*d
X«y«r

Cathode

tip array [a]
stripline[b]

porous SiO'2
2fim

Afa2

[A/V]
3.3
270

14

a-b
[V]
450
1040

36

bias mod
VDC Vrms

84 9.2
99 6.5

14.3 2.6

C
[nF/cm2]

4.8
2.3

.5

Gf
[THz]

4
16

500

lrla coupling co
waveguide

Fig. 3 Porous SiC>2 cathode structure.

The modulation voltage requirements were calculated
to provide an rms current density of 50 A/cm2 from the
cathode, and a 10:1 ratio of on:off phase current. This
emission would support 100 MW output power from a

[a] Tip #28C-189-8N from Ref. [4], Fig. 4.
[b] A/a2, a-b scaled from case a for tip density

and surface field.
[c] Measured response of lmm2 cathodes.

Porous SiC>2 cathodes

Porous silicon is a remarkable material. When a heav-
ily doped silicon wafer is electrolytically etched in hy-
drofluoric acid, a dense pattern of trunk-like pores are
etched into the surface, with an average pore diameter on
the order of one nanometer. The pattern is very dense:
typically, half of the silicon is removed from the porous
layer. The layer thickness can be controlled by etch time
over a range of 0.1-100 /xm. The pore diameter and the
brachiation of pores can be controlled by process param-
eters (galvanic current density, pH of electrolyte).
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Yue[10] has invented a way of transforming a porous
silicon layer into a field-emission cathode. Following fabri-
cation of a porous silicon layer, it is oxidized by heating in
an oxygen atmosphere. The porous layer has an immense
surface area, and oxidizes to completion very rapidly, leav-
ing the bulk silicon substrate unoxidized. The resulting
material consists of a pattern of channels imbedded in a
dielectric matrix, with a conducting substrate exposed at
the bottom of each channel. The silicon substrate forms
a serrate surface at the base of each channel, and is ob-
served to produce copious field-emission (20 A/cm2 with
10 V modulation) with very low effective work function.

Stripline knife-edge cathode

The stripline knife-edge cathode design is motivated
by the possibility of providing a larger surface density of
emitting regions (see above and ref.[9]) than is possible
with a tip array. In the stripline knife-edge geometry, the
gap between knife-edge cathode and gate can be reduced
to g~500 A. Following Hermannsfeldt's analysis[9], we
would expect that microemitting regions would form on a
spacing along the knife-edge comparable to this gap. For
a gap of 500 A, and a spacing of 5 /im between adjacent
knife-edges, the emitter density should be ~ 5 x 107cm~2.
By comparison, the tip spacing of 9 /im for the tip arrays
of Ref. 4 corresponds to an emitter density ~ 106cm~2;
more recently Spindt has achieved 1.5 • 107cm~2 [11] tip
density. The surface electric field at the knife edge is how-
ever reduced by a factor of ln(g/a) ~ 3 for a given mod-
ulation voltage compared to that in a tip geometry. This
rescaling is reflected in the (estimated) coefficient a-b for
the stripline knife-edge case in Table 1.

It is one thing to postulate an idealized stripline knife-
edge cathode structure, and quite another to build it.[12]
We have recently succeeded in building it. Orientation-
dependent etching is used to produce an array of tall,
rectangular blades on a silicon wafer. Dash etching is
then used to sharpen the top edge of the wafer to a ra-
dius of about 500 A. The etched edge is then oxidized
in an oxygen-flow oven to diffuse oxide into the surface.
The native silicon beneath develops a contour which is
even sharper, with an edge radius of 50-200 A. Once the
oxide is removed by a final etch step (done after deposi-
tion of gate dielectric and metalization), the emitter edge
is exposed. Figure 2 shows the array of sharpened knife-
edges before application of dielectric and metalization lay-
ers. The gate/base dielectric is formed using a spin-on
polyimide. Following planarization, the polyimide film
is hard-baked and then plasma-etched to just expose the
SiO2-coated knife-edges.

The gate metalization is then applied using evapora-
tion. The metalization forms an elevated ridge over each
exposed knife-edge. The metalization is plasma-etched to
just expose the Si02-coated knife-edge. A liquid-phase
SiO2 etch is then used to remove the SiO2 layer, exposing
the sharp Si knife edge and creating a narrow vacuum gap

between the emitter edge and the gate metalization. The
gap is controlled by the oxide thickness, and can be ad-
justed in the range 500-1000 A. The polyimide dielectric
separating the gate and base layers can be fabricated at
any desired thickness up to ~ 10 /im.

Conclusion

We have succeeded for the first time in demonstrat-
ing two viable procedures by which to produces all of the
features which are key to cathode performance:

• large emitter density ~108-1010 cm~2.
• small emitter/gate spacing ~ 500 A.
• large gate/base spacing ~ 6 /im.

Cathode performance to date produces 20 A/cm2 with
10 V modulation, which would provide a gain-bandwidth
product of 500 THz in an ideal gigatron. During the com-
ing year we plan to evaluate 1 mm2 knife-edge cathodes
under modulation up to 3 GHz.
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Abstract

Beam dynamics calculations
find that different initial
phase space distributions
subject to internal space
charge forces and an external
linear focusing force - evolve
to a stationary density.
Properties of the stationary
density are studied via
numerical solutions of the
Vlasov equation for beams with
cylindrically symmetry.

Introduction

A charged particle beam
transport system or linear
accelerator can be approximated
by a linear radial focusing
force when the discrete
magnetic elements (e.g-
quadrupole lenses) are averaged
over in the longitudinal
direction. For a cylindrically
symmetric beam each particle
experiences a radial
acceleration given by the sum
of the internal space charge
force that tend to expand the
beam and the external focusing
force which contains the
expansion

a(z) = KQ{r) - br (l)

where Q(r) is the fraction of
charge per unit length (N)
contained within r (Gauss'law) .

The constant

K = 2Ne'

m
(2)

is related to the beam
perveance; the positive
constant b is the external
focusing strength. The
evolution of the transverse
phase space density function,
f(r,v,t), can be followed by
numerical solutions of the
radial Vlasov equation

df
dt = v

df
dr + a

df
dv

(3)

where v is the radial velocity.
The radial density is

<7(r) = /f dv (4)

Previous calculations ''•*
have shown that the stationary
density has a uniform core, a
skin thickness determined by
the Debye length, and sometimes
a halo. The emittance of the
beam grows during the evolution
of the input beam to the
stationary beam.

Energy Moments

Operator moments of the
phase space distribution are
given by
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< O > = ffo f dv dr . (5)

Three transverse energy moments
of the beam are of interest:

kinetic

KE = (l/2)< v2 >

internal potential

PE = K < Q(r)/r >

external potential

PEX = (b/2) < r2 >

Stable Distributions

For K = 0 (the low current
limit) the phase space density
distribution evolves as
independent particle motion in
a harmonic oscillator external
potential. The stationary
distribution is given by

fo =
(6)

with b = v 2/r 2

Other distributions rotate
about the origin in phase space
without changing shape or
emittance. The period of
rotation is given by T^ =
211/b1'2. During the rotation

AKE = -APEX, APE = 0.

For K > 0 the repulsive
space charge force changes the
shape of f as it evolves. The
stationary distribution can be
approximated as

[ 1 + exp( •)]

(7)

with r Q
2 = K/b and v Q

2 - r1
2/4.

A consistent set of parameters
for K = l , b = 1 is rQ = 1.,
rx

2 = 0.1, v Q
2 = 0.025 .

Fig. 1 shows these two
stationary distributions and
their associated accelerations.
In general stationary phase
space distributions have a
maximum entropy for a given
total energy ' .

Other K > 0 distribution
are found to evolve to the fK

shape but undergo monopole
(breathing mode) vibrations.
See fig. 2. The energies
satisfy

A(KE + PE) = - APEX.

There is some indication
of halo formation at large r.
This may be due to the abrupt
change in the acceleration,
a(r), from near zero in the
core to linear outside the
beam. This nonlinearity acting
on the monopole vibration may
eject particles into the halo
region.

Halo formation and
emittance growth can be avoided
by injecting a stable beam, eq.
(7) , into the focusing channel.
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Fig. 1 Stable radial
distributions for K = 0 and K =
1 and their net accelerations.

time stop - 260

500 6C0

Fig. 2 Evolution of an
i n i t i a l l y g a u s s i a n
distribution. The top figure
shows the approach to the
stationary radial distribution
with a uniform density core.
The acceleration is near zero
in the core, but becomes
nonlinear on the edge of the
beam creating a halo. The
bottom figure shows the
oscillations of the three
energy m o m e n t s with
(approximate) conservation of
the total energy, E.
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ABSTRACT

A demountable S-band single-cavity test fixture designed
to study the influence of surface materials and processing
techniques on microwave field-emission is described. Results
for polycrystalline and single crystal copper (machined/pol-
ished and electro-discharge machined) as well as molybdenum
samples are presented.

INTRODUCTION

Microwave field-emission is detrimental to high gradient
accelerator operation, since it can absorb a significant portion
of the available rf power as well as produce unwanted beam
and x-ray radiation. Moreover, it may induce voltage
breakdown which can interrupt operation and possibly damage
the structure. On the other hand, controlled microwave field-
emission from a metallic cold cathode would make possible a
high current density, low-emittance electron-beam source for
application in high power tubes, accelerators and microwave
switches. Interest in both these aspects has prompted efforts to
understand and develop techniques to control microwave
field-emission (REF: 1,2,3).

This paper describes a demountable, single cavity field-
emission tester which was developed and tested to study the
macroscopic geometrical field-enhancement factor (3 and the
dependence of microwave field-emission on material, surface
finishes, temperature, pulse-width, repetition rate, pressure
level, rf processing, poisoning agents and cavity surface
treatment (including coatings of various materials). The modi-
fied Fowler-Nordheim plots obtained are presented and dis-
cussed. A limited number of results are available at the
present time. The program, however, is continuing and further
results will be reported in future papers.

EXPERIMENTAL SET-UP AND PROCEDURE

Measurements were made in a test fixture consisting of
one-half of a typical high-gradient accelerator cavity, shown in
Figure 1. Field emission of electrons occurs from the outside
radius of the nose surrounding the beam hole, where the
highest voltage gradients exist. Therefore, in this cavity the
nose was made removable, so that the effects of material and

Cooling Coupling
Water Iris;

Matching
Transformer

Thermocouple

Vacuum
Pump

Vacuum
Pump

Field Eimission
Current Collector

Removable
Cavity Nose

Soft Copper
Gasket

Fig. 1 - Schematic of Field Emission Test Cavity.

surface finish could be determined. The test cavity was
clamped to a flat shorting plate at what would be the central
plane of symmetry of a full accelerator cavity. The distance
from the nose tip to the shorting plate is 1.85 cm. Both cavity
and shorting plate were made of oxygen-free high-conductivi-
ty (OFHC) copper and were cooled by circulating water. A
gasket of annealed copper was used as a vacuum and rf seal at
their junction. The field-emission current collector was placed
behind a 0.2 cm diameter, radiused hole in the shorting plate
directly opposite the nose. RF power was introduced into the
cavity through a smoothly radiused coupling iris near the
periphery, matched to standard WR284 waveguide by a two-
step quarter-wave transformer. The test system was isolated
from the pressurized input waveguide by a ceramic disk win-
dow and was maintained at a pressure level of 10 torr by ion
pumps in the input waveguide and through the center hole of
the cavity nose. For each experiment the test nose, a new
gasket, the cavity, and the surface of the shorting plate were
carefully degreased and rinsed with acetone and deionized
water. The parts were then assembled and pumped down to the

10" torr level, which was maintained during a 12-hour bake-
out at 200°C.

With each nose installed, the room-temperature low-pow-
er cavity resonant frequency (~ 2996 MHz), input VSWR
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Fig. 2 - Field Emission Tester RF System and Instrumen-
tation Schematic.

(typically <1.1:1), and cold QQ (9,500-10,000) were measured.

High-power tests were performed with the equipment set-up
shown in Figure 2. Power was generated by a tunable magne-
tron which was isolated from the cavity by a circulator.
Incident and reflected power were measured via calibrated 60
dB directional couplers in the waveguide near the window.
Peak power was varied from 0.2 to 2.0 MW by varying the
magnetic field and anode voltage of the magnetron. RF pulse-
width was 4.5 (isec, and pulse repetition rate was varied
between 100 and 300 pps, yielding an average power level of
0.09 to 2.7 kW. The cooling water which circulated through
the cavity body and the shorting plate was maintained at
40±5°C. Thermocouples were attached to the nose insert and
to the body of the cavity for monitoring the temperature rise
during high-power test. The cavity pressure level was
estimated by measuring the vac-ion pump current. After rf
processing, data were taken at a fixed repetition rate as the
peak power was increased from a low level to just below the
breakdown threshold. Tests were repeated in a 100-200-300
pps repetition rate sequence until stable results indicated that
the surface was well-conditioned.

An automated instrumentation system, incorporating a
Macintosh Ilfx and LabVIEW 2 software, was used for rapid
and accurate data collection and presentation. The system,
shown in Figure 2, automatically collected the required data
and recorded it on the Macintosh via the IEEE-488 Bus and
A/D card. Vac-ion pressure, cavity temperature and nose tem-
perature were monitored through the A/D card.

EXPERIMENTAL RESULTS

Figure 3 shows the typical variation of measured (time-
averaged) field-emission current with the peak rf surface field

(Eo) on a machined, diamond-polished OFHC nose. The
threshold level of Eo for initiating field-emission in an S-band
cavity is about lOOMV/m, while the breakdown threshold
level is about 250MV/m. No hysteresis was observed as Eo
was increased and decreased.

150 200 250

EO(MVAn)

Fig. 3 - Typical Field Emission vs. Electric Field Curve
for a machined, diamond-polished OFHC copper
nose.

Figure 4 shows the detected field-emission current and rf
field waveforms within the test cavity. The field-emission
current rises slowly to its maximum value (1.5^sec), but falls
off very rapidly (0.6nsec).
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Fig. 4 - Field Emission and rf field waveforms.

Figure 5 shows the modified Fowler-Nordheim results for a
machined, diamond-polished OFHC nose as a function of if
processing. The (3 value dropped from an initial value of 58 to
45 after approximately 18 hours of processing. Once the p*
reached a value of 45 additional processing did not seem to
produce further improvement.
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Fig. 5 - Fowler-Nordheim Plots at initial testing and after
18hrs continuous processing. Machined, dia-
mond-polished OFHC copper nose.

At higher field-emission current levels the Q of the cavity de-
creased, due to an increase in the effective beam-loading of
the cavity. This effect can be determined by measuring the re-
flection coefficient at higher power levels. The measured, un-
loaded Q dropped from a low-power value of 9700 to 8500 for
a peak surface field of 230 MV/m. The corresponding power
loss was 0.2 MW compared to the total input power of 1.8
MW.

Figure 6 shows the Fowler-Nordheim results for various
materials and surface finishing techniques. Chemical polishing
can usually minimize, if not eliminate, mechanical defects

Eo 2 5

P =! 49.8! r
Sid Cu (rt>achined) ;

Sld.CutEDM)

Single Crystal Cu

1/EO 10«

Fig 6 - Typical Fowler-Nordheim Curves: Machined, dia-
mond-polished Cu, EDM-Etched Cu, Single
Crystal (EDM-Etched), Molybdenum (machined).

such as burrs and scoring, which are typically left by machin-
ing and subsequent mechanical polishing. However, it usual-
ly enhances the sharp edges at the grain boundaries due to the
relative differences in etch rates of the adjacent, randomly-ori-

ented crystallites. Electro-discharge machining (EDM) can
minimize these effects, as well as the formation of dislocations
caused by machining. Therefore, the use of a single-crystal
material in combination with EDM finishing should produce
the smoothest microscopic surface possible.

The results show that both field-emission current level
and P (-50) are very similar for EDMed and mechanically-
polished copper. The single crystal copper produced a slightly
higher 3 than polycrystalline copper but resulted in reduced
field-emission current (-50% lower at high Eo). Molybdenum
had a high 3 (-83) and higher field-emission current at lower
electric-field levels. The scratched nose (machined copper
purposely scarred) resulted in a high 3 (-77) and the highest
recorded field-emission current.

CONCLUSION

A test system capable of evaluating 3 and field-emission
characteristics of various materials has been successfully de-
veloped and tested. Test results appear to indicate that there is
a lower limit to 3- Improvements to the surface microstructure
by polishing, EDM machining and use of single-crystal copper
provide little improvement beyond the 3 threshold of-50.
Since the geometric field-enhancement can only account for a
3 of approximately 10, the high values of 3 obtained must be
due to other factors. Possible explanations are surface con-
taminants, hot electron emission through a dielectric layer, and
surface polymerization by impinging electrons or x-rays. Fu-
ture tests are planned to explore some of these possibilities.

Conclusions that have been made in this paper are based
on results collected to date and are preliminary.
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Abstract
We report the present status of rf photoinjector and

plane wave transformer (PWT) linac for the production
of 20 MeV/c electron beam. The photoinjector is a l | cell
7r-mode standing wave structure operating at 2.856 GHz P h o t o i n j G C t o r
with photoelectrons generated on a copper cathode by 4
ps long laser pulse at 266 nm. Measurements of the beam
of photoelectrons are underway at various experimental
parameters. The PWT has been tested at low power to
investigate its mode structure. An overview of the system,
latest data, and future directions are presented here.

for free electron lasers and plasma wakefield accelerator ex-
periments. The beamline will be enclosed by 3 feet thick
concrete wall with inside dimension of 10 feet by 30 feet.

Introduction
In recent years, a number of laboratories around the

world are either operating photoinjectors or interested in
building them. Unlike thermionic cathode, photoinjector
requires pulsed power laser as an integral part of the sys-
tem. Despite complexity and high cost of the laser, the
beam quality they provide for free electron laser justifies
the efforts.

In terms of the FEL parameterfl] p ~ Bi = Ip/(jcry),
where Bi, Ip, j , cry are longitudinal brilliance, peak cur-
rent, relativistic factor, and relative energy spread, respec-
tively, the gain length LG ~ l//>, the laser power PL = pPi>,
where Pj is the beam power. Some other requirements are
<r7 < p and beam emittance e < \/4ir where A is the wave-
length of photons out of an FEL.

In the plasma wakefield accelerator (PWFA)[2] situa-
tion, attainable gradient G ~ ?/Ap in the limit <7r,cr7 <<

Ap, where Ap = 2TTVI,/UJP, and uip = y/4ire2riQ/me is the
plasma frequency. In either case, large charge per bunch,
shorter bunch length, and lower emittance of the beam
are required for the better output of the FEL and greater
acceleration by the PWFA. In the Particle Beam Physics
Laboratory at UCLA, a photoinjector generates high peak
current (Ip ~ 200A), low emittance (e^ ~ 4 mm-mrad)
photoelectron beam to drive a compact PWT for 20 MeV
beam energy. This beam of 4 ps pulse length will be used

•This work is supported by DOE Grant DE-FG03-92ER-40493
and ONR-SDIO Grant # NOO0H-9O-J-1952.

The basic feature of our photoinjector is the same as
that of Brookhaven[3]. There are minor modifications to
the basic design: The axial position of the cathode is ad-
justable through a micrometer controlled feedthrough, and
behind its active surface, the cathode has a groove, around
which a beryllium-copper spring is inserted to prevent arc-
ing. Optimal coupling of rf power to the cavity, balancing
of electric field between the half cell and full cell, and fre-
quency tuning are performed by adjustment of cathode
position, tuner and rf probe at each cell. Once the cavity
is under vacuum, the resonance frequency is detuned by
deformation due to atmospheric pressure outside, which is
compensated by raising the cavity temperature. For the
cavity conditioning, a relatively low rf power of less than
one megawatt is applied initially. When the number of arcs
as seen by abrupt increase in reflected rf power is below
one percent of total rf pulses, the rf power level is increased
by a half megawatt. This process continues until few arcs
are observed at a power level slightly above 6 megawatts.
Better conditioning results in less dark current and lower
radiation.

Laser
The laser system starts with a mode locked Coherent

Antares Nd:YAG laser at 1064 nanometer wavelength. The
mode-locker by the same manufacturer outputs 38.08 MHz
of frequency continuously. This frequency is also used as a
seed signal to be multiplied by 75 times to 2.856 GHz for
the RF system. The beam at 1064 nm is passed through
a 2.2 km optical fiber for spectral broadening before it en-
ters a Continuum Nd.Glass regenerative amplifier, which is
pulsed at 5 Hz by Stanford Research DG-535 pulser, which
triggers the RF system simultaneously. The beam from the
amplifier is compressed to 4 ps by a grating pair and fre-
quency doubled twice to the wavelength of 266 nm by two

528



KD*P (potassium dihydrogen phosphate) crystals. This
UV beam is transported to the cathode either via window
at the photoinjector for a 70 degree angle of incidence or
via laser coupling box at 2.5 degrees. The photon energy
at the cathode is about 100 fiJ. Diagnostics include photo-
diode, autocorrellator, spectrometer, and streak camera.

RF System

The RF system consists of low level RF, high power
RF, and modulator that drives the klystron. The oper-
ating frequency of 2.856 GHz is derived from the mode
locker frequency of 38.08 MHz by using a 75 times mul-
tiplier. Output of this multiplier is amplified to 1 watt
cw and, after a power divider, drives a pulsed preamplifier
(51 dB gain and up to 1 kW output power) and a number
of beam position monitors (BPM). This preamplifier by
Pro-Comm consists of one solid state amplifier and three
stages of tuned-cavity triode amplifiers. About 300 watts
of pulsed rf power is fed into an XK-5 klystron for up to 30
MW of final rf power with 2.5 //s pulse length. This power
is divided evenly into two branches by a 3 dB coupler so
that one half of it drives the photoinjector through a vari-
able attenuator and the other one half drives the PWT
through an attenuator and a phase shifter. The phase
shifter sets the phase relationship between the photoinjec-
tor and the PWT, whereas the phase between the RF and
laser is controlled at the low level cw stage of the rf system
by a coaxial phase shifter. Laser pulse and rf waveforms
are monitored by a sampling scope.

PWT Linac

The Plane Wave Transformer[4] is a 7r-mode stand-
ing wave structure, characterized by its higher shunt
impedance with compact size. It is also simple to fabri-
cate and easy to tune. The PWT is an array of washers
along the z-axis in a cylindrical tank. As the rf waves en-
ter the tank, they see the array as a coaxial line and excite
TEM-like mode of standing wave. The washers couple this
mode outside and transform it to a TMo2-like mode in the
space between them, which is the origin of the name. We
tested the prototype at low power to study its mode struc-
ture and coupling efficiency. It has 8 cells with 8 washers
extending 41.98 cm inside an aluminum tank of 13.72 cm
inside diameter. The washers are supported by 4 rods at
the edge of each washer and the entire array is supported
by 4 radial stems at each end, their radial positions being
adjustable by vacuum feedthroughs. RF power, up to 12
MW in TEoi in an S-band waveguide, is fed into the tank
through a male Skarpaas flange, with the wave electric field
parallel to the PWT axis.

The table below shows its operational characteristics.

FARADAY CUP

Figure 1: Experimental setup. There are same diagnostics
for straight beams too, but not shown here for simplicity.

PWT
Frequency
Cell Length
Cavity Q
Shunt Impedance,
Fill Time
Energy Gain

Parameters

ZT2

2.856 GHz
5.25 cm

36,000
104 MO/m

2 j/S
15.3 MeV

System Configuration

The entire beamline[5] will be housed in a 3 feet thick
concrete wall against neutron outflux, in addition to lead
bricks inside for X-ray shielding. The RF gun (photoinjec-
tor) is maintained at a constant temperature by the flow of
heated water through its water channel for proper tuning.
A solenoid magnet at the gun exit focuses the beam; an-
other solenoid is place upstream as a bucking coil. The gun
is followed by a 17 inch long drift tube and a laser coupling
box. This box has mirrors for 2.5 degree angle of incidence
of the laser beam on to the cathode. After this box are
a gate valve, flexible coupling, and beam profile monitor.
This is a phosphor screen with an aluminum base mounted
on a pneumatic actuator. This monitor is followed by the
PWT. The whole assembly up to the PWT is place on
an optics table. The beamline after the PWT consists of
dipoles, steering magnets, quads, and beam diagnostics to
deliver the beams to either the FEL or the PWFA. Every
phosphor screen is housed in a six-way cross; two are for
the beam, and one each for actuator, camera, ion pump,
and roughing. Also, beam position monitors are placed
next to each phosphor screen, except the one before the
PWT, to measure the total charge in a bunch and the po-
sition of the bunch on a plane perpendicular to the beam
line.

Beam Measurements
For the test of gun together with laser and rf systems, the

present beamline is configured as shown in Figure 1 above.
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Dark Current Spectrum

Figure 2: Momentum distrubution of the dark current
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Figure 3: Charge vs. laser spot size.

With this, some preliminary measurements of beam en-
ergy, emittance, and quantum efficiency have been made
for the beams out of RF gun. Using a calibrated dipole as
a momentum selector, beam energy is measured and the
gun shunt impedance is calculated to be about 48 MU/m.
The emittance measurements have been done by measur-
ing beam image size on a phosphor screen changing the
current is a quadrupole magnet, which is upstream of the
dipole. The phosphor screen is downstream of the dipole.
Numerical evaluation of the beam matrix elements resulted
in a normalized emittance value of 20 mm-mrad for dark
current and 12 mm-mrad for 60 ps photocurrent.

The figures 2 shows a momentum distribution of a dark
current. The derivative dQ/dp is peaked at 2.9 MeV/c and
drops sharply. The total charge collected at the Faraday
cup is 5 nC. The next figure is photoelectric charges plotted
against the laser spot size, which must be proportional to
the micrometer reading. The decrease in charge at larger
than 7.5 mm reading is probably due to scraping off of the

laser beam, whereas the decrease at a smaller reading may
indicate defocusing of the beam. The angle of incidence
was 70 degrees and the energy density at the cathode was
believed to be far less than the explosive emission thresh-
old.

A fair amount of work was done to measure the quantum
efficiency of the copper cathode at the laser wavelength of
266 nm. The quantum efficiency ranges from 2.7 x 10~5

for 2.5 degree angle of incidence through the laser coupling
box, to 1.1 x 10~4 for 70 degree through the laser port at
the gun.

A study was done on effect of polarization on photoe-
mission at constant laser energy and the results can be
summarized by

Q(nC) = 2.58 -I- O.79sin2(0 + 30)

where the angle of polarization 9 is in degree. Throughout,
the charge per bunch was measured by Faraday cup, BPM,
and an integrated current transformer (ICT). The charge
versus laser energy plot shows a straight line, for up to 1.3
nC at 90 / i j .

Future Directions

The above measurements have been made with a system
not optimized. Timing jitter on the part of laser and am-
plitude fluctuation in both laser and rf are presently larger
than the design value. We are working to improve the sta-
bility of the system. In conclusion, studies are being done
experimentally and theoretically to establish a firm base-
line, from which the next generation photoinjectors will
evolve and multibunch operation of modified PWT will
become practical.
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In the Plasma Beat Wave Accelerator (PBWA), two
laser beams of slightly different frequencies resonantly
beat in a plasma in such a way that their frequency and
wavenumber differences correspond to the plasma wave
frequency and wavenumber. The amplitude modulated
electromagnetic wave envelope of the laser pulse exerts
a periodic nonlinear force, the ponderomotive force, on
the plasma electrons, causing them to bunch. The result-
ing space-charge wave has a phase velocity that is nearly
equal to the speed of light if the laser frequencies are much
greater than the plasma frequency. If an electron bunch is
now injected with a velocity close to this, it can be trapped
and accelerated much in the same way as a surfer riding
an ocean wave.

The UCLA program on the PBWA seeks to demon-
strate extremely high-gradient acceleration of externally
injected test particles by a relativistic plasma wave excited
using the beat wave technique. The longitudinal electric
field associated with such a wave is given by £y/n0 V/cm
where e is the density modulation (ni/no) and no is the
plasma electron density in cm"3. Thus, for e = 0.1 and
1015 < no (cm'3) < 1017, accelerating fields of ~ 0.3 < E
(GeV/m) < 3 are possible. It is the purpose of our cur-
rent experimental program to demonstrate such ultra-high
gradient acceleration over a reasonable distance.

Our experiment comprises of four major parts: the
CO2 laser driver to act as the electromagnetic energy
source; the plasma to convert the transverse oscillating
field of the laser into the longitudinal oscillating field of a
plasma wave to accelerate particles; a preaccelerated bunch
of electrons for injection into the plasma wave; and diag-
nostics to detect the accelerated electrons, plasma wave
and plasma conditions. In Table I we give experimental
parameters for the laser, the electron beam, the plasma
and the plasma wave that is driven by the laser beams.
These parameters will be used throughout the rest of the
paper unless otherwise noted.

Plasma density no

Plasma wave wavelength Ap

Lorentz Factor 7P>,
Plasma frequency wp s~~l

Dephasing Length
Laser wavelengths
Typical electron quiver velocities
Risetime of laser pulse (ps)
Injection energy of electrons
Average current (mA)
Electron pulse width (ns)

8.6 x 1015 cm"3

360/xm
33
5.2 x 1012

w 30 cm
10.591fj.rn, 10.289/um
0.17, 0.07
150 ps
2.1 MeV
15 mA
10 ns

nel

Table I. Experimental Parameters

In the experiments the plasma was produced by tun-
ionization of static-fill of hydrogen gas at various

pressures.1 The plasma wave was indirectly diagnosed by
Thomson scattering of a probe laser beam and by monitor-
ing the Raman backscatter spectrum of the incident laser
light. The accelerated electrons were momentum selected
by a dipole magnet and then entered a cloud chamber.
By applying a perpendicular magnetic field to the cloud
chamber the accelerated electrons can be energy analyzed.

We found that no electrons were observed when none
were injected or when the laser was operated on a single fre-
quency. However, electrons up to the detection limit of 9.1
MeV were observed when 2.1 MeV electrons were injected
in a plasma wave excited (over a narrow range of static
gas pressures close to the resonance), by a dual frequency
laser beam.2 The accelerated electron signal was found to
be correlated with indirect measurements of the amplitude
of the plasma wave using Thomson and Raman scattering.
The energy gain of the electrons suggests plasma wave am-
plitudes of at least 8% over a 10 mm interaction length.
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Thomson scattering measurements indicate plasma wave
amplitudes up to 15-30%, offering the possibility of mea-
suring even greater energy gains in future experiments.

These experiments have shed light on what is im-
portant in future experiments. First, that tunnel or
multi-photon ionized plasmas are homogeneous enough
for coherent, macroscopic acceleration. Second, the laser
pulse should be short to reduce the ion effects (typically
T < 3i/pj) and the modulations! instability. Third, the
peak laser intensity should be such that /A2 ~ 2 x 1016

W/cm2 • /zm2 in order to get substantial beat wave ampli-
tudes. These considerations will play an important role in
the design of a future 100 MeV/1 GeV plasma beat wave
accelerator experiment.3

This work was supported by DOE grant number DE-
FG03-92-ER40727. We thank Professor J. M. Dawson and
Dr. W. Mori for many contributions to this work.
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Introduction

The Ground Test Accelerator (GTA) is supported by
the Strategic Defense Command as part of their Neutral
Particle Beam (NPB) program. Neutral particles have the
advantage that in space they are unaffected by the earth's
magnetic field and travel in straight lines unless they enter
the earth's atmosphere and become charged by stripping.
Heavy particles are difficult to stop and can probe the
interior of space vehicles; hence, NPB can function as a
discriminator between warheads and decoys. We are using
GTA to resolve the physics and engineering issues related to
accelerating, focusing, and steering a high-brightness, high-
current H" beam and then neutralizing it. Our immediate
goal is to produce a 24-MeV, 50-mA device with a 2% duty
factor.

Description of GTA

The GTA design consists of a H" injector, a radio-
frequency quadrupole (RFQ), a drift-tube linac (DTL) and
an output optics section (Fig. 1). The characteristics of the
H" injector are given in Table 1. Figure 2 is a schematic of
the injector.

.-GATEVAlAft

/ I I A A /K_

Table 1
Injector Characteristics

Fig. 1. Schematic of the GTA.

Between the RFQ and the DTL we have placed an
intertank matching section (IMS) whose functions are to
match and steer the beam from the RFQ to the DTL. Table
3 gives the characteristics of the IMS. Figure 3 is a
schematic of the IMS.

*Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.
! Industrial partner, Grumman Corporate Research Center
" Industriafpartner, Grumman Space and Electronics Division

Source type
Peak source current
Output energy
Length
Focusing
Steering
Diagnostics

Cesiated surface plasma source (SPS)
56 mA
35keV
0.7 m
two solenoids
Two Lambertson magnets
Beam emittance and current

Fig. 2. Schematic of the injector.

The characteristics of the RFQ are given in Table 2

Table 2
RFQ Characteristics

Type
Material
Input/output energy
Length
Vane voltage
Peak field
Frequency
Final modulation
Radius
Tuning
Unloaded Q
Q enhancement
Number of cells
Position adjustment

four vane
Aluminum coated with copper
35 keV/ 2.5 MeV
2.8 m
56 kV
36MV/m(1.8Kilpatrick)
425 MHz
2.17
2.09 to 2.91 mm
35 static and 8 controllable slug tuners
25000 at 20-35K
3.2
250
± 1 mm
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Table 3
IMS Characteristics

Transverse focusing
Magnet material
Longitudinal focusing
Buncher unloaded Q
0 enhancement
Steering

Diagnostics

Four variable field quadrupoles (VFQ)
Samarium cobalt
Two 425-MHz bunchers (copper)
56000
5.1
Two movable fixed field permanent
magnet quadrupoles (PMQ)
Beam centroids, current and profile

Fig. 3. Schematic of the IMS.

Table 4 gives the DTL characteristics.

Table 4
DTL Characteristics

Number of modules
Final output energy
Material
Focusing
EoT
Frequency
Frequency tuning
Position adjustment
0
Q enhancement

10
24.2 MeV
Copper
Samarium cobalt PMQs
Ramped, 1.25 to 5.8 MV/m
850 MHz
Two controllable paddle tuners/module
± 5 mm
44000
3.4

The DTL was divided into 10 modules for ease of
fabrication and drift-tube magnet alignment.

The output optics begins with a matching and steering
section, the high energy beam transport (HEBT). As in the
IMS, it contains four VFQs and two fixed-field moveable
PMQs. The following beam transport section bends the
beam by 180 degrees; its purpose is to shorten GTA. A
momentum compactor reduces the momentum spread of the

beam and reduces the chromatic aberrations in the following
expending telescope. We built the telescope objective lens
with a large, 1-m bore to increase beam on target. The
telescope is designed to correct up to fifth-order aberrations.
Its gradient length product is 0.04 T, which can be increased
to 0.08 T for 100-MeV operation. Beam steering is
accomplished with a modified cosine-wound magnet whose
field-length product is 0.008 Tm. The steering range is 1.25
degrees. The final beam neutralization will be done using a
carbon foil wilh a stripping fraction of 55 percent. Output
beam diagnostics consists of pinhole plates to measure the
full four-dimensional emittance and WAFFOG [1] (Wire
And Fluorescent Fiber Offset Grid sensing technique),
which gives the y,x,x' and x,y,y' distributions.

We designed all rf linac structures for cw operation
with LH2 cooling. We chose copper construction on the
DTLs, rather than the lighter aluminum, because of copper's
higher thermal conductivity. For safety reasons we are
cooling with gaseous helium and limit operation to 2% duty
factor. Cryogenic operation offers two advantages. The rf
cavities are very mechanically stable during the transition
from standby to full-power operation, and the total if power
requirement is reduced. For the present commissioning and
off-line rf cavity characterization, we are using two 750-W
refrigerators. For the commissioning of the 24-MeV DTL,
we will use our 40-kW cryo-plant that was recently
commissioned and accepted.

Cryogenic operation presents unique challenges.
Remote position sensing is required because the rf structures
must be inside a vacuum vessel. Radio frequency
interference (RFI) leakage from the rf structures must be
suppressed by installing waveguide cut-off tubes on the
pump-out ports. RFI shielding is required on beam
diagnostics. Effects of thermal contraction must be taken
into account in the alignment procedures. Thermal barriers
are required on the structure mounts, rf drive lines, and rf
resonance tuners. Special copper-to-steel and aluminum-to-
steel joints are required to withstand the high pressures and
low temperatures.

Diagnostics, Control and RF Power Systems

Beam diagnostics are installed to measure the beam
longitudinal and transverse centroids and emittances. A
portable diagnostics plate (D-plate) measures the beam
characteristics as successive accelerator components are
added. The transverse and longitudinal emittances are
measured using the standard slit-collector method and
LINDA [2], respectively. Beam position, energy, and phase
are measured using microstrip beam position monitors
(BPMs). Beam current is measured wilh current toroids and
Faraday cups. BPMs are also placed in the IMS and on each
DTL module. A video profile monitor measures the beam
transverse profiles in the IMS by digitizing the visible light
from beam-gas interactions. Diagnostics also measure the
temperature, position, magnetic field, vacuum levels, and
gap voltages of the GTA components.

The GTA control system is the AT-division
experimental physics and industrial control system,
(EPICS). It is based on a VME bus using distributed input-
output controllers (IOCs) that communicate over Ethernet.
Individual IOCs control the injector, rf power, component
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positions, beam steering and focusing, diagnostics, vacuum
controls, and accelerator interlocks. Synchronous data are
obtained and archived [3] by time-stamping data using
synchronized IOC clocks [4]. The archived data can be
exported for further analysis and display on Macintosh
computers. Typically, we collect 100 channels of
synchronous data at 5 Hz. During normal operations we
will use up to six Open-Windows, version II control screens
on each of our SUN-SPARC work stations. Allen-Bradley
modules are used extensively.

The rf system uses in-phase and quadrature (I&Q)
control [5]. Because most simulations and predictions use
phase and amplitude as variables, the rf control system
screen presents phase and amplitude to the experimenter.
The conversion to I&Q is transparent to the experimenter.
Burle 4616 tetrodes are the high-power amplifiers for the
RFQ and IMS rf cavities; Thompson TH2138A klystrons
power ihe DTL modules.

Commissioning Plan

The GTA commissioning schedule is shown in
Table 5.

Table 5
Commissioning Schedule

Experiment
Notation
1A with long
LEBT
1A with
short LEBT
IB
1C
2A
2B
2D

3

Accelerator Component
tested
Injector

Injector

RFQ
IMS
DTL#1
DTLl-5(2-0X-DTLs)

DTL 1-10 (2 & 1 PX-DTLS)

HEBT, Bend, Telescope

Status

Completed 9/90

Completed 5/91

Completed 6/91
Completed 4/92
9/92
FY93
FY94

FY95

RF Cavity Construction, Conditioning and
Characterization

Using bead-pull equipment, which we modified for
cryogenic operation, we established the desired RFQ
quadrupole fields at room temperature and verified that
these fields remained constant to <1% at 20 K. The dipole
fields are only 2-3% of the quadrupole field. The RFQ
structure is very stable. Three DTL modules have been
characterized. The DTL fields remained stable to ±0.5 %
when the modules were cooled to 20 K. Using the taut wire
technique [6], which we modified for cryogenic operation,
we aligned the drift tube PMQs to ±l-mil tolerances at room
temperature and determined that the PMQs remained within
the ±2-mil specification after the DTL modules were cooled
to 20 K. All cavities were mounted with thermal barriers;
heat losses to the cavities were consistent with calculations.

Initial conditioning of the RFQ and DTL modules at
cryogenic temperatures was straightforward and typically
took 2-3 hours to reach design power levels. The IMS
cavities were more difficult to condition because of low-
power multipactoring and required switching to cw
conditioning from our usual 5-Hz pulsed mode. The RFQ is

reconditioned immediately each morning after 8 to 10 hours
of no activity. During installation periods the RFQ has
frequently been exposed to air for month-long periods;
reconditioning times have not been longer than half an hour.
Under similar conditions the IMS and DTL structures
require 2-3 hours to recondition. REXOLITE® if vacuum
windows have shown no evidence of breakdown; however,
we were required to machine 1/8-in. ridges on the inner and
outer radii of the RFQ window to prevent breakdown.
Thermal breaks and local heaters are required on these drive
lines.

Commissioning Results and Status

Experiment 1A

Initially we used a SPS [7] on GTA that was similar to that
used on the accelerator test stand, (ATS). We found that by
scaling the plasma region by four, we could obtain improved
reliability and increased beam current. This scaled source is
capable of 2% duty factor, and has operated at 1.5%. At a
source current of 56 mA, typical currents at the RFQ
entrance are 45 mA. We shorted our initial 1.3-m LEBT to
0.7-m in order to reduce H" stripping losses and to reduce
the emittance growth due to beam current fluctuations.
With the shorter LEBT, we steer the beam using
Lambertson dipoles that are centered inside the bore of the
solenoid magnets. We find that the LEBT steering can be
modeled in TRACE [8] by simply splitting each solenoid
into two halves and inserting the angle deflection caused by
the Lambertson dipoles. The solenoidal focusing gives us
the ability to adjust the Courant-Snyder (CS) parameters
around the predicted RFQ matched parameters (Fig. 4).
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2 3
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Fig. 4. The LEBT alpha vs. beta tuning diagram shows that
variations in SI and S2 can produce beams at and around
the RFQ matched CS values.

Experiment IB [9]

On our first attempt, the RFQ transmitted and
accelerated beam. The best RFQ transmission was 72%
with 32 mA accelerated. With lower input currents and
smaller emittances, the transmission increased to 89% with
14 mA of accelerated beam. The alignment error of the
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injector beam to the center of the RFQ acceptance was less
than g mil We determined that the best transmission
occurred with LEBT focusing set to give the predicted
RFQ-matched CS parameters. Figure 5 shows RFQ
transmission versus solenoid settings. As expected, we
found that the CS parameters of the RFQ output beam
depend on the vane voltage (VV) or cavity power (PRFQV
We measured the end-point energy of X-rays from the RFQ
versus RFQ cavity power and determined that

VV = 7.111 (1)
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Fig. S. RFQ transmission vs solenoid focusing. The solenoid
currents SI = 495A and S2 = 375 A, which give the
maximum transmission, produce the CS parameters that
equal the predicted RFQ matched values from
simulations.

In Fig. 6 we show the mismatch factor [10] between
the measured out beam CS parameters and the predicted
parameters. The minimum mismatch factor occurs at
62 kW, which is the design RFQ cavity power. The RFQ
transmission also depends on vane voltage. Figure 7 shows
that the normalized measured transmission agrees with
simulations in its dependence on vane voltage when we
again choose 62 kW as the design cavity power. Repeated
measurements of the RFQ output emittance are very similar
and, when compared, have mismatch factors of <0.05.

Experiment 1C [11]

The transmission of the IMS is 97 ±2% as it should be.
We measured the beam characteristics as we exercised the
steering and focusing magnets. Analysis of these data is in
progress. Figure 8 shows preliminary data for beam
centroids, which were measured with both the emittance
gear and the BPMs when we moved a steering magnet. We
operated the bunchers in their accelerating and decelerating
modes and found that the energy gained or lost at the design
power level agreed with predictions (Fig. 9).
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Horizontal and vertical mismatch factors vs. RFQ cavity
power. The minimum mismatch factor occurs between
62 and 63 kW, which is consistent with the design value.
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Fig. 7. Measured and simulated transmission vs. vane voltage.
Data and simulations agree for a vane voltage of 56 kV
and a RFQ cavity power of 62 kW.

Discussion of Results and Remaining Challenges

We find that the RFQ predicted and measured
performances are in good agreement, and we find no
inherent problems with running this RFQ at cryogenic
temperatures. The transmission is lower than GTA
specifications; however, it is consistent with simulations
when actual input current and emittance areas are used and
when image charge and multipole effects are included. Our
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present input emittance is larger than design specifications
and increases the effects of image charge and multipoles.
Simulations predict that the larger emittance causes a 10%
reduction in transmission and that image charge and
multipole effects cause another 10% reduction. We are
exploring methods of increasing the injector current and
reducing its emittance.

400 600 800 1000

Position along beamline (mm)
1200

Fig. 8. Observed beam centroids vs. drift position for various
IMS steering configurations. The lines are straight-line
fits to the data from each configuration.
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Fig. 9. Energy difference between acceleration and deceleration
modes of the first IMS buncher vs. IMS cavity power.
The observed energy difference agrees with predictions
to within 3%.

During experiment 1C, we determined that
displacement of steering magnets in either the horizontal or
vertical plane caused beam displacements in the both planes.
We suspect that quadrupole rotation is the cause of the
coupled motion and are determining the roll angle using
measured beam displacements. Later we will measure the

roll angles of all the IMS quadrupoles in situ using the taut
wire method.

Our immediate plans are to continue the analysis of
experiment 1C and to produce an IMS model for steering
and matching the beam to the DTL. Preparation and
equipment checkout is now in progress for experiment 2A,
and commissioning of the first DTL module will begin in
September.
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Abstract

Corkscrew beam motion is caused by chromatic
aberration and misalignment of a focusing system. We
have taken some measures to control the corkscrew
motion on the ETA-II induction accelerator. To
minimize chromatic aberration, we have developed
an energy compensation scheme which reduces energy
sweep and differential phase advance within a beam
pulse. To minimize the misalignment errors, we have
developed a time-independent steering algorithm
which minimizes the observed corkscrew amplitude
averaged over the beam pulse. The steering algorithm
can be used even if the monitor spacing is much
greater than the system's cyclotron wavelength and
the corkscrew motion caused by a given misaligned
magnet is fully developed, i.e., the relative phase
advance is greater than 2n.

Introduction

Recent interest in induction accelerators has
focused on their applications as drivers for high
power radiation sources or heavy ion fusion.
Performance of these systems is generally limited by
beam transport, such as beam brightness, transverse
sweep and energy variation within the beam pulse.
For example, the ETA-II induction accelerator has
been used to drive a high-average-power microwave
FEL for electron cyclotron resonance heating the MTX
tokamak plasma1 '2 . In order to obtain 140 GHz
microwave pulses with power greater than 1 GW, the
ETA-II has to deliver a beam with the nominal beam
parameters as 7.5 MeV ± 1 - 2 % beam energy, 2-3 kA
beam current, 70 ns pulse width, a moderate
brightness 1-2 x 108 and a transverse sweep less than
±1 mm at the entrance of the wiggler3. Initial
performance in 1989 experiments was limited to (5-10
ns) 0.2 GW pulses due to large time varying corkscrew
motion4 (~1 cm) of the beam centroid within a pulse
entering the wiggler1. The corkscrew motion is a
differential rotation of the beam centroid between the
leading and trailing portions of the beam pulse driven
by chromatic aberration and misalignments of the
focusing system. We have developed an energy
compensation scheme4 to remove energy variation and
to reduce the differential phase advance within the
beam pulse on the ETA-II. The ETA-II accelerator
consists of six ten-cell blocks. Each cell's solenoid
focusing magnet is wrapped with a sine/cosine
steering coil pair to correct dipole errors in the

* Work performed under the auspices of the US
Department of Energy by the Lawrence Livermore National
Laboratory under W-7405-ENG-48.

focusing magnetic field. The beam position monitors
are located between cell-blocks. Based on this configu-
ration, we have developed an optimal time-
independent steering algorithm5 to minimize the time
varying corkscrew motion with the beam position
monitors spaced widely apart compared to the length
of individual focusing elements and the cyclotron
wavelength of the system. This steering algorithm
can work effectively regardless of whether the
corkscrew motion due to a given misalignment is fully
developed. By implementing the energy compensation
scheme and the steering algorithm, we have achieved
energy sweep < ±1%, transverse beam motion < ±0.6
mm for a 40 ns flattop with 1.5 kA of beam current
and 2.7 MeV energy on a 20-cell experiment6'7, and
energy sweep ~ ±2%, transverse beam motion < ±1 mm
for a 40 ns flattop with 2.4 kA of beam current and ~6
MeV energy at the entrance of the wiggler on the
whole 60-cell ETA-II system8-9. In this paper we will
discuss corkscrew motion and briefly review the
energy compensation scheme used on the ETA-II. We
will also discuss the optimal dynamic alignment
procedure used on the ETA-II, its corkscrew reduction
factor and the effects of beam position monitor
spacing.

Corkscrew Motion

Let us consider a misaligned solenoidal focusing
system with an error field E8B; = £8Bxj + i E8Byj
where j is index of the solenoids. Note that the error
field 8B, the transverse displacement and the
corkscrew amplitude dr| in this paper are complex and
include both the x and y components. The magnetic
flux line is displaced by J8B(z')/Bz dz'. The beam
centroid at location z and beam pulse time i will
rotate around the displaced flux line with a gyro-
radius I p(z,x) I given by

• z

p(z,x) =I
(1)

and its relative transverse displacement with respect
to the offset flux line is given as p(z,t) exp[-ikc(x)z] .
Here, n is the index of the last magnet within
distance z, and

idBj(T) = 8Bj(z') exp [ ikc(x) (Z'-ZJ)] dz' (2)
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is the Fourier transform of the j-th error field relative
to its local origin Zj. The phase of gyration caused by
a single misaligned solenoid is accumulated from the
magnet's origin. If a beam has an energy variation
over its length, different parts of the beam will
rotate at different cyclotron frequencies with different
gyro-radii as the beam propagates in a solenoidal
focusing system (Fig. 1). The differential gyration

the sign of energy variation within the beam so that
the relative phase advance vanishes. However, this

R(z,-ci)e i l£c (Ti )z

Fig. 1 Beam centroid gyrates around an offset magnetic
flux line. Trie beam slices with different energy have
different gyro-radii and phases.

within the beam pulse is called corkscrew motion, and
the corkscrew amplitude, i.e., the beam centroid's
transverse displacement at t and z relative respect to
the time averaged displacement, is given as

dr|(z,x) = <p(z,x) exp [-ikc(x)z]) - p(z,x) exp [-ikc(x)z] , (3)

where "( )" denotes time averaging over the beam
pulse. When the accumulated relative phase advance
5y = 8kcz within the pulse is much less than n, the
corkscrew amplitude is a linear function of the energy
variation, i.e.,

dr|(z,x) = exp [ -ikc(t)z ] . (4)
3c

After the beam has traveled some distance, the
relative phase advance is greater than n. The beam
will resemble a corkscrew. The corkscrew motion is
then "fully developed" with an amplitude given by

dri(z,x) = - p(z,x) exp [ -ikc(x)z ] . (5)
The amplitude of the corkscrew motion caused by
randomly tilted magnets (88 r m s) as a function of
energy vari-ation and the accelerator length (n = z/X)
is shown in Fig. 2, where X is the solenoid length.

Energy Compensation

A beam generated by a space charge limited
injector has an intrinsic energy variation near the
head and the tail of the pulse. Inevitably, the beam
will develop corkscrew oscillations in the transverse
direction as it propagates down a misaligned
accelerator. Since corkscrew motion is simply the
differential gyration of a beam, limiting accumulation
of the relative phase advance by means of energy
compensation schemes can control growth of corkscrew
oscillations. For example, it is possible to unwind
the beam corkscrew completely at a given location by
using some cleverly designed voltage pulses to reverse

N
59™ X

kc(xo) = 0.029 cm'

X = 25cm

60 100

Fig. 2 The corkscrew oscillations caused by randomly tilted
solenoids as a function of energy variation and the
accelerator length (n).

approach can not prevent corkscrew motion from
growing downstream. Obviously, the best energy
compensation scheme for limiting corkscrew
oscillations is to remove the energy variation at the
beginning of the system. We have applied this energy
compensation scheme to the 60-cell ETA-II. The first
20 cells use a waveform with an "ear" at each end to
compensate for the normally falling energy near the
head and tail of the injector pulse. The remaining 40
cells then use a flatter accelerating pulse. We have
obtained an energy variation less than ±1% for 40 ns
for both 20-cell and 60-cell operation. Simulation
results presented in Ref. 4 show that the energy
compensation scheme can reduce the corkscrew
amplitude on the 60-cell ETA-II by a factor of four.

Beam Steering

The energy compensation scheme described above
does not completely remove corkscrew beam motion.
We can reduce corkscrew motion further by using a
steering method with local transverse dipole correc-
tion coils that compensate the error field of each
misaligned solenoid. Since the Fourier component of
each error field at the cyclotron wavenumber
determines the gyro-radius, convention wisdom
indicates that the beam should be steered back to the
axis at the locations of beam position monitors at
intervals usually much shorter than the cyclotron
wavelength in order to remove the corkscrew motion.
However, this is generally impractical from the
viewpoint of diagnostic hardware and data
acquisition channels required. Furthermore, this
method of steering can not be used in the strong
focusing field case where the solenoid length is
comparable to the cyclotron wavelength.
Consequently, we have developed a time independent
steering algorithm that can reduce the time
dependent transverse beam motion by minimizing the
time-averaged corkscrew amplitude with beam
position monitors spaced widely apart compared to
the distance between focusing elements and cyclotron
wavelength of the system. This steering algorithm
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can work effectively even if the corkscrew motion due
to a given misalignment is fully developed.

The time averaged corkscrew amplitude A(z) at
the beam position monitor at location z is defined as

A(z) = (|dTKz,x)|2)1/2. (6)

When the corkscrew motion is fully developed, Eq. (5)
indicates that this steering algorithm will minimize
the beam gyration. However, minimizing the time
averaged corkscrew amplitude can result in reduction
of the relative gyration phase and the differential
gyro-radius of the beam simultaneously. It is less
apparent that implementing the steering algorithm
will allow us to minimize the beam gyration
effectively. We will estimate the corkscrew
amplitude reduction in the following.

For simplicity, we assume the differential gyro-
radius within the beam is small so that

p(z,t) = p(z,io) 6kc(x) , (7)

where "o" denotes the reference point in the pulse.
The net gyro-radius of a steered beam is

Ps = PB + Ic-Pc

where PB and Ic.pc are the gyro-radii of the beam
gyration caused by the error field and the correction
field with an assumption that the correction field is
linearly proportional to its current excitation Ic = Ix +
i Iy. Let us assume that both the error field and the
correction field are localized upstream from the
monitor position z m . We can then drop the z
dependence in p. According to Eqs. (4) and (6), the
optimal current for zeroing the time averaged
corkscrew amplitude at monitor position zm is given
by

(8)
Pc(to)

where the last two terms are usually very small, and
X is the effective magnet length. The residual
corkscrew amplitude is then much smaller than the
uncorrected amplitude, i.e.,

PB(X) ZmpB(T)

0 (9)

If the corkscrew motion is fully developed at the
monitor location, the optimal current setting is

— " *- .
Pc(Xo)

and the residual corkscrew amplitude is

(10)

ps(x) _

PB(X) [ PB(X) pc(x)

O[(kcA)(5kcA)] . (ID

According to Eqs. (8)-(ll), the steering algorithm is
most effective when the monitor spacing is very large.

Time Independent Steering Algorithm

To begin the beam steering during accelerator
operation, the focusing magnet should be set to
produce a chosen magnetic profile for the target beam
quality. The steering procedure can be incorparated
into a computerized data acquisition and control
system, such as the MAESTRO™ program used on the
ETA-II. The control system acquires and processes
signals from the beam position monitors. The beam
displacements x(z,t) and y(z,x) are recorded as
functions of time x at the beam position monitors. The
corkscrew amplitude is calculated as

dr,(z,x) = (12)

Since the corkscrew amplitude is the differential
beam displacement from the averaged centroid
position, the offset of the beam position monitor will
not be included in the calculated corkscrew amplitude.
The time averaged corkscrew amplitude calculated by
the control system is determined by the net error field
which includes both the alignment error field and the
steering field. Varying the excitation current on a
steering magnet can change the magnitude of the time
averaged corkscrew amplitude A(z). We will obtain a
well defined minimum A(z) while tuning the steering
coil's current to its optimal setting. Operationally the
accelerator is steered iteratively, starting at the
injector and sequentially adjusting the current in each
steering coil for a minimum in the time averaged
corkscrew amplitude observed by a downstream beam
position monitor until the end of the accelerator is
reached. If the relative cyclotron phase advance from
the misaligned magnet to the monitor is smaller than
7i, we will fine tune the steering coils by repeating
the whole procedure again and using the monitors
further downstream. When the alignment errors are
large, repeating the steering process for the whole
accelerator may be needed to reach convergent settings
on the steering coils.

Since this steering procedure is included in the
control system, the complete beam steering can be done
systematically and quickly. MAESTRO can tune the
steering coils on the 60-cell ETA-II within 1-2 hours.
As predicted by Eq. (9), we had observed one order of
magnitude reduction on the 20-cell ETA-II's corkscrew
amplitude by implementing the steering algorithm
(see Fig. 3). When the Stretched Wire Alignment
Technique (SWAT)11 was used to minimize the tilts of
focusing magnets, the corkscrew amplitude was only
reduced slightly from 8 mm to 6 mm. However, when
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the corkscrew tuning algorithm was used, the
corkscrew amplitude was reduced to 0.6 mm. For the
60-cell experiments, we had observed a factor of two
in corkscrew reduction by using the more distance
beam position monitor spacing. The measured
corkscrew amplitude at the wiggler's entrance was
1-1.5 mm for 40 ns sufficient for the FEL requirements.

(a) Radius = 8 mm
Steering Coils Off

(b) Radius = 6mm
SWAT Values

(c) Radius = 0.6 mm
Tuning Curve Steering

Fig. 3 Measured beam position for 40 ns with (a) no steering,
(b) correction of tilts by using SWAT values, and (c)
the corkscrew tuning curve steering algorithm (taken
from Ref. 6).

Tuning Curves

A tuning curve is a curve of the time averaged
corkscrew amplitude versus a given steering coil's
current excitation. The ability of beam steering by
using the steering algorithm presented here depends
heavily on whether the tuning curve of each steering
coil has a pronounced unique minimum. The net error
field in Eq. (1) is a superposition of the misalignment
error fields and the steering field of a given correction
coil. Assume that the steering field is linearly
proportional to the current excitation. The time
averaged corkscrew amplitude A(z) is then a function
of the steering currents, Ix and L,, of a given pair of
steering coils. The surface described by the function
A(z; Ix, Iy) encloses a vertical asymmetric cone with
the rounded tip pointing down as shown in Fig. 4. The
corkscrew tuning curve for tuning one steering coil in an
experiment lies on the surface of the corkscrew tuning

Fig. 4 The corkscrew tuning cone for tuning a steering coil
pair.

cone. Observed corkscrew tuning curves on the 20-cell
ETA-II presented in Ref. 6 are shown in Fig. 5. The
optimal steering current for a given steering coil in one

•E

i

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5

Steering Coll Current (A)

Fig. 5 Observed ETA-II corkscrew tuning curves for the hori-
zontal and the vertical steering coils at the last
injector cell (taken from Ref. 6).

transverse plane is unique regardless of what the
current excitation is for the steering coil in another
transverse plane. Hence, we generally need to obtain
a corkscrew tuning curve only once for each steering
coil.

When we have more than one steering coil pair
between two beam position monitors, we minimize the
observed time averaged corkscrew amplitude to A^ at
a downstream beam position monitor by obtaining a
corkscrew tuning curve for the first steering coil and
setting the excitation to its optimal current. Then, we
further reduce the time averaged corkscrew amplitude
from Aj to A2 by tuning the excitation on the second
steering coil to its optimal current. According to Eqs.
(9) and (11), by repeating this procedure on the
subsequent steering magnets, we can eventually reduce
the corkscrew amplitude by a large factor and satisfy
the performance requirements of the accelerator if
enough steering coils are used.

Monitor Spacing

In order to use the corkscrew tuning algorithm
successfully, reduction in the corkscrew amplitude
AA(z) observed at a monitor has to be larger than the
greater of the fluctuations 5A in the corkscrew
amplitude due to shot-to-shot variations and the
monitor resolution limit 5 m . This requirement sets a
restriction on the beam position monitors' spacing.
Assume that there are n (n » 1 ) randomly misaligned
solenoids within one monitor spacing. The rms error
field of the system is 8 B r m s The time averaged
corkscrew amplitude of a fully developed corkscrew
motion is approximately given as

= V2n7t~prms (13)

where p r m s = 8B r n i s /B z is the rms value of the gyro-
radius. By assuming that we can eliminate the
corresponding corkscrew motion caused by one of the
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misaligned magnets completely by steering, we obtain
the corkscrew amplitude reduction AA(z) as

AA(z) = 3A(z)/an

= V^/2^ Prms . (14)
The error bars 8A in the corkscrew amplitude due to
shot-to-shot noise is then given by

A p r m s (15)

where Ap r m s is the variation in gyro-radius due to
fluctuations in beam energy and focusing field. In
general, the shot-to-shot noise 8A in the observed
corkscrew amplitude is bigger than the monitor
resolution limit 8m . Hence, when the relative phase
advance is much greater than n, the number of
misaligned magnets per monitor spacing has to satisfy
the following inequality:

n < (16)

When the relative phase advance is much less than
n, the time averaged corkscrew amplitude is

A(z) = 0— pr
2

(17)

and the number of misaligned magnets within a
monitor spacing is limited by

(18)

In the case that beam position monitors' resolution is
poor and 8m > 8A, the monitor spacing is determined
by

The lower limit in n indicates that the monitor
spacing should be large enough such that the
corkscrew amplitude caused by a single misaligned
magnet can grow to a detectable size at the monitor
location. The upper limit in n given by Eqs. (16), (18)
and (19) indicates that the monitor spacing for
implementing the corkscrew tuning curve steering
algorithm can be very large generally.

Conclusions

We have developed a simple energy compensation
scheme to reduce chromatic aberration of an
accelerator system and a dynamic steering algorithm
to control corkscrew motion. The steering algorithm is
most effective when the beam position monitor
spacing is much larger than the focusing element
length. It is clear that we can minimize both the
corkscrew motion and the time independent beam
displacement by implementing the corkscrew tuning
curve algorithm if the error fields are caused only by
tilted magnets. If the error fields are due to offset
magnets, the magnetic flux line at a downstream beam
position monitor remains on the machine axis. We

will tilt the magnetic flux line by using the steering
algorithm. Then, the beam with the minimized
corkscrew amplitude will not be on axis. For a system
consisting of randomly tilted and offset magnets, it is
not clear whether the corkscrew tuning curve steering
algorithm can also remove the time independent
transverse displacement. The ETA-II experimental
results indicate that the averaged beam offset is also
reduced by the steering algorithm without using
additional bending magnets to remove the time
averaged centroid displacement. However, two
additional bending magnet pairs for each transverse
degree of freedom placed anywhere in the system are
generally needed to steer the time independent
centroid back to axis before the beam breakup
instability becomes noticeable.
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Abstract

The Radio Frequency Quadrupole Accelerator
(RFQ) has found wide application, not only as the
preinjector linac for new high energy light ion
accelerators but also in a variety of other
projects. The progress in development has made
ion linacs practical for medical and industrial
applications including radiation therapy, isotope
and neutron production, material modification and
ion beam diagnostic. The paper discusses various
projects together with applications in science
where RFQs serve as stand alone tools like for
the calibration of detectors, as decelerators or
as small compact beam source for atomic physics
and material research.

Introduction

Accelerators have been developed as
instruments for basic research for nuclear and
praticle physics. Accelerated particles were
needed e.g. to cross the Coulomb barrier to
study the internal structure of the nuclei. With
sufficient resolution such processes cannot be
studied with natural sources. In the same way
accelerator applications in other fields make use
of these unique probes together with the
technologies involved in generating and detecting
particles and reactions.

Static machines and cyclotrons were
dominating the field followed by linacs and
synchrotrons for higher energies and currents.
The same time shift between research and
applications happened in application of
accelerators.

RFQs as relatively new machines have a
similar phase shift between invention,
prototyping, proof of principle, uses in nuclear
and high energy physics machines, and
applications in other fields of science.

Radio Frequency Quadrupoles (RFQ) are
low energy ion accelerator structures which
can efficiently transport and accelerate high
current ion beams[l,2L Acceleration is achieved
by a geometrical modulation of quadrupole
electrodes leading to axial components of the
field. These electrodes are part of a rf

supported by the BMFT and GSI

resonator, excited in a TE210~ like mode to
generate the necessary field distribution. The
mechanical modulation of the RFQ-quadrupole
electrodes adds an accelerating field component
to the focusing channel, resulting in a
structure which accelerates and focuses with
the same rf fields.

Electrical focusing forces are independent
of the ion velocity vp and if rf-fields are
applied, higher voltages than in a dc
quadrupole system can be reached, giving a
very strong focusing with a large radial
acceptance. Because the focusing structure is
homogeneous the accelerating and focusing
cells can be very short, which makes it possible
to apply the concept of adiabatic bunching [1] for
converting a dc beam from an ion source into a
bunched beam with a minimum of emittance
growth and particle losses.

The mechanical shape of the electrodes is
characterized by the aperture radii a;, the
modulations nij, and the modulation periods L;,
as shown in fig. 1. Together with the electrode
voltage U Q it determines the acceleration and
focusing fields. Therefore a voltage as high as
possible (close to the breakdown voltage) and
an aperture as small as possible will be chosen
for a high focusing strength G U Q / a 2 and a high
ion current capability. For the same focusing
strength the voltage U Q proportional to the ratio
of ion mass A to charge q: U o A/q .

The rf power N required to provide the
quadrupole voltage U o on the electrodes is
proportional to the length Ls of the structure and
depends on the type and parameters of the
structure and the operating frequency f. N is
roughly proportional to f15 while the cavity
length Ls will be inversely proportional to the
frequency [3], so in general the peak cavity
power is the same for all frequencies and the
frequency may be determined by the availability
of cheap and reliable power sources.

The various applications of RFQ
accelerators can be distinguished by the ion beam
and rf structure properties and by the specific
application which will lead to different
optimizations of RFQs. The following paper
describes some applications, which illustrate the
progress which has been made in the last years.

545



Research applications

The RFQ dynamics and cavity design is
based on the development of RFQ injectors for
high energy synchrotron injector-linacs, to
improve their performance both in energy and
beam current. The CERN RFQ II and the
ISTRA-10 linac at ITEP deliver proton beams up
to 240mA with a low repetition rate [4.51.
H~-beams with up to 120mA are accelerated in
the various LANL RFQs which were specially
optimized for high brillancef.6], while for the
injection into synchrotrons beams of 50mA (BNL)
and 20mA (DESY) are used. The injectors for
the JHP project at KEK [7], and for a 7 MeV
proton linac at ICR [8] have higher duty factors
(2%) while the only CW RFQ is the Chalk River
Prototyp RFQl with 70 mA proton beam [93.

An important line of development is based
on the technology of these injectors namely the
the generation of high brilliant beams with small
emittance and high peak and average beam
currents. The LANL work on ATS. GTA and
BEAR [6,101 has lead to important results
concerning the design codes, (beam losses,
emittance growth) and the technology of RFQs
and other low energy linacs.

The RFQ for SSC and the CWDD are
obvious descendants. The SSC RFQ (fig.l) is a
low duty factor structure for 25mA H for which
special care has been taken by including the
higher order field components into the design
resulting in a reduction of emittance growth [11].

The CWDD RFQ (fig.2) is a cryogenic
cooled structure operating at 350MHz designed
for 100% duty factor [12L The power saving by
the cryogenic operation (a factor 4 for 35K)
reduces the power density in this RFQ to
technically managable values. Economical
operation is not the main goal of this structure
which has been built by Grumman for
experiments set up at ANL. So even this work
might not be directly applicable in another
environment, because the technology is difficult
and expensive, the results are pushing forward
high power ion beam technology.

Future applications, which will make use of
this work are the different new projects of high
power proton linacs, which can be classified as
new generation of n-sources for various
applications. Scaling up LAMPF with diffemet
bravery factors the neutrons generated by
spallation are planned to be used as research
tool like in the new effort for a European
Spallation Source (ESS) [13] and for the nuclear
waste treatment accelerators ATW. which use
the high flux of neutrons for burning nuclear
waste or breeding tritium [14].

An example for a straightforward appli-
cation of a "standard" proton RFQ is the L3
Calorimeter Calibration RFQ [15] built by Accsys
which is mounted at the L3 detector at LEP at
CERN. It provides a pulsed H° beam (l.85MeV,
10mA. 3usec) for injection into the magnetic field
of the L3 solenoid to a Li target and will
generate intense pulses of radioactive capture
gamma rays to calibrate the BGO crystals of the
calorimeter. The repetition rate of this RFQ,
which has been operated successfully on the test
stand with up to 26mA, can be as high as 150
Hz. Fig.3 shows the arrangement at the L3
detector.
Another example for a strange application is the
decelerating RFQ at the PS 189 experiment at
LEAR at CERN [16], which is also operational.
Antiprotons stored and cooled at LEAR are
extracted at 2 MeV and decelerated in a
compact system with a spiral-buncher, a 4-Rod
RFQ (length 1.5 m at 202MHz) and a debuncher.

Fig.2 View of the C W D D - R F Q
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The 200 keV p beam is transported to the
spectrometer for high precision proton antiproton
mass comparison. The acceptance of the
spectrometer is very small (lTimm mrad, t 6eV)
but with help of the RFQ decelerator the
counting rate has been significantly increased.

Both application show that a RFQ system
matched to the environment and especially to the
tight budget of the user can be applied
succesfully. Like in most of these applications
other solutions e.g. beams from a Van deGraff
generator or putting the spectrometer on a HV
platform can also be applied but either the
current capability or the size of the installation
are in favour of RFQs.

Most heavy ions RFQs built up to now can
be classified as low current accelerators with
negligable influence of space charge like the
LBL Local Injector, the Saclay RFQ, the Cryring
injector at MSI, LITL and TALL at INS, the
CERN "oxygen" RFQ or the high duty factor HLI
injector of GSI [17].

The Maxilac of GSI is still the most
powerful high current heavy ion RFQ (5 mA Kr+,
45 keV/u, 13MHz, dc 10%). Comparable RFQs
work at ITHP and INS and a proptotyp of a high
current spiral RFQ (27 MHz) designed for 25mA
U2 +will undergo first beam tests soon [18].

Other RFQs under construction are the new
TSR high current injector at the MPI Heidelberg
[19], where two closely coupled 4-rod RFQs
(each 108MHz, 3m long) will accelerate
Be+from a CORDIS high current ion source up to
500keV/u into the MPI spiral booster for
injection into the heavy ion storage ring. The new
Pb injector linac at CERN [20] will have a 100
MHz four-rod RFQ built by IFN Legnaro [21] as
preinjector. Based on the experience with these
accelerators, RFQs are designed for other fields
of science and applications to use the compact
and efficient way of generating these beams.

General Applications

Applications of RFQs in other fields of
science maynot reqire design values which are on
the limits of the technology but concentrate on
points like reliable operation and power
consumption and costs.

They also serve as injectors for synchro-
trons like for the Loma Linda machine [23], the
proposed 25OMeV p-linac[24] and the medical
heavy ion synchrotron HIMAC [25] at NIRS
(RFQ: 0.8 MeV/u, 100 MHz L=7.2m, q/A>l/7)
both for cancer treatment. Smaller systems with
proton energies around 10-20 MeV like proposed
for PET isotope production [15] are typically
compact RFQ-Alvarez combinations.

Fig.3 Layout of the L3 calibration system

Fig.4 View or the DEC-RFQ

Another scheme has been persued by SIAC
where now testing a 3He linac consisting of three
RFQs. (fig.5)[26L A first RFQ with 1.1m length
(212MHz) accelerates 3He+ from 20keV to
lMeV. A stripper charges up to 3 He + + , than the
beam rebunched and accelerated by two RFQs
operating at twice the frequency (425MHz) to a
final energy of 8 MeV. The transmission of the
system is not yet very high but the system has
demonstrated isotope production succesfully.

Smaller systems use standard p,d RFQs
between l-4MeV and produce neutrons by
bombarding Be or Li targets [151 They are used
for neutron activation analysis, cancer treatment
and radiography. An example of neutron
activation analysis is the detection of explosives
and nuclear waste assay[26]. A typical machine
like the Accsys DL1 linac is only 70 cm long
(fig.5) and its 0.9MeV deuterium beam with an
average current of lOO^A produces appr.
1010n/sec bombarding a Be target. By variation
of energy and currents of the primary beam
fluxes of up to 101 2n/sec can be produced with
wide range of neutron energies.
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Heavy ions are mainly used in materials
science. Ion beam analysis requerires low current
beams with low energy spread, which can be
easily produced by van de Graaff generator,
which are operating in many labs. A comparable
RFQ could be used, if a debuncher cavity is
attached and only a part of the beam is selected
by a spectrometer. More advantagous is the RFQ
if higher beam currents are needed like for
material modification or implantation. Although
this field is not growing as rapidly as proposed
because improved ion sources together with
standard implanters can supply proper beams as
well, some RFQ systems are now in use[25,27L

Another RFQ application proposed by
Hamm[25J is the HIBS, a very sensitive
diagnostic technique for impurities in semi-
conductors which reqires a heavy ion RFQ for
e.g. a 400 keV N beam which operates around
100 MHz.

New developments

A development which will give future
applications is the work on superconducting
RFQs. First experiment with short resonators
showed very high electrical fields which lead
naturally to cw accelerators applications [28].
Low current as for radioactive beams are
possible as well as high current beams where
beam losses as well as power efficiency is
important[291. A first SRFQ module has been
designed at Stony Brook for heavy ion
preacceleration [30]. The performance has to be
comapared with the Atlas Preinjector with
interdigital resonators [31]. At present one first
RFQlet cavity has been testet. The fields
(lMV/m) of the lead plated four-rod RFQ are
not yet as high as proposed.

Work in ANL is going into high current
light ions structures [32] and naturally for heavy
ions like RFQs suited for tests in Atlas and for
radioactive beams behind Atlas [33].

While the prototypes had shown very good
results it is clear that operational structures
might look different. Like shown in fig.6 a
variety of possibilities of structures between pure
4-Vanes (like persued at LANL[34] and 4-rod
structures is possible to give good rf properties
and at the same time matchted to Nb technology
and chemical treatment. While for higher
frequencies modifications of the four-vane
structure are investigated for lower frequencies
transmission line resonators (four-rod RFQs) are
under construction.

All the RFQ accelerators described up to
now have fixed initial and final ion velocities vn

Fig. 5 Cross section of the AccSys PLl/DLl RFQ

Fig. 6 Different four-rod RFQ resonator schemes
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Tuning plate

Base plate

Fig.7 Scheme of a VE-RFQ

(or specific energy T/u) determined by the
electrode profile. The flexibility quoted is meant
to be at the design stage.

A possible way to vary the output energy T
is by changing the operating frequency f : vp~ f
or T ~ f2 , which has been done for applications
as cluster accelerator and implanter [15,27,351.
In our development of compact ion RFQs with
variable energy (VE-RFQ) we use a movable
short to as indicated in Fig.7 [36,37].

The cluster postaccelerator at the IPNL in
Lyon is now successfully used for cluster
experiments [381. This VE-RFQ accelerates from
5-10 kev/u to 50-100keV/u (mass m*50u).

A second VE-RFQ (in combination with a
ECR source) at the IKF Frankfurt is nearly
completed. It will deliver beams with q/A>l/6
between 100-200keV/u for atomic physics
experiments and for surface physics [391.

Work has been done on a structure to
accelerate clusters up to mass tn=1000u from a
laser source and for a new application namely
the first RFQ injector for an separated sector
Cyclotron. RFQs and Cyclotrons are well
matched [ 40] because both fixed ratios of input
and output energy and energy varition is done by
a change of frequency.

The Vicksi Cyclotron in Berlin will get a
new injector with an ECR source on a 200 kV
platform and two RFQs to replace its Tandem
injector for material science work. Each VE-RFQ
(80-110MHz,q/A*l/6, T=190-360keV/u) will be
1.5m long and operate c.w. [41].
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Abstract

Ferrite has a variety of applications in accelerator com-
ponents, and the capability to model this magnetic mate-
rial in the time domain is an important adjunct to cur-
rently available accelerator modeling tools. In this paper is
described a general dispersive material model which is suit-
able for a wide variety of media, including ferrite. Based on
this model we have developed a representation of the time-
domain magnetic properties of PEllBL, the ferrite used in
the induction modules of the ETA-II (Experimental Test
Accelerator - II) induction linac at LLNL. This material
is characteristic of the soft ferrites commonly used in in-
duction accelerators. The model has been implemented in
1-D and 2-D finite-difference time-domain (FDTD) electro-
magnetic simulators, and comparisons with analytic and
experimental results are presented.

Introduction

Soft ferrite found in induction accelerator cells has two
principal roles: (l) it acts as an inductive load to the pulse
power drive to the cell, and (2) it acts to lower the quality
factor (Q) of undesirable rf modes in the cell. In this pa-
per we will focus on the latter role, in which the material
may be characterized by its small signal response. The fre-
quencies of interest are bounded above by the beampipe
cutoff of the TE l n (dipole) modes, which for the ETA-II
accelerator is ~1.3 GHz. At low frequencies the magnetic
response of a polycrystalline NiZn ferrite such as PEllBL
manufactured by TDK (properties are listed in Table 1)
is dominated by the motion of domain walls. At frequen-
cies above ~1 GHz the domain walk can no longer track
the applied rf field, and the response becomes dominated
by the ferromagnetic spin resonance of dipoles within the
domains [lj.

In general, the small signal response of the material
biased with an applied magnetic field is characterized by
a tensor permeability with nonzero off-diagonal elements
[2]. When there is no preferred direction imposed by an
applied magnetic field, or by other means, then the tensor
collapses to a scalar. It is this case that we will investigate
in this paper. The more general case is a straightforward
generalization of this analysis.

* Work was performed by the Lawrence Livermore
National Laboratory under the auspices of the U. S. De-
partment of Energy under contract No. W-7405-ENG-48.

Table 1. Properties of PEllBL (from TDK data sheets
and direct measurements). Tc = Curie temper-
ature; B, = saturation magnetization; Br = re-
manent magnetization; p = bulk resistivity; Hc

= coersive force.

Bs

Br

p

Hc

PEllBL (ETA-n ferrite)

130° C

.33 T

.11 T

103 ft-m

20 A/m

Our interest is in calculating the beam coupling im-
pedance associated with an accelerator component such
as an induction cavity. The impedance is a very useful
quantity in the study of beam-structure interactions and in
beam instability analysis in accelerators. The impedance
is defined by the relation

where " indicates Fourier transform, c is the velocity of
light (and the assumed velocity of the particles), and W
is the wake potential. The potential is defined as the in-
tegral, along the test charge path, of the Lorentz force on
the charge due to the source charge as they traverse an
accelerator component, i.e.,

W(s) = \E + ck x B dz. (2)
t=

The interested reader can consult the literature [3] for more
detailed discussions on the calculation and use of wake
potentials and coupling impedances.

Typically, one is interested in broadband information
about the impedance spectrum, and time-domain simula-
tion is a natural and powerful technique for generating such
a spectrum. In the past the presense of dispersive media
such as ferrite has complicated the time-domain simulation
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problem by requiring a computationally intensive convolu-
tion to be performed at every time step. However, Yee [4],
and later Luebbers, et al. [5], have pointed out that when
the frequency dependence of a material constitutive pa-
rameter can be represented by simple poles in the complex
plane, an algorithm exists for reducing the convolution to
a running sum. This discovery greatly simplifies the nec-
essary calculation, and we exploit a variation of Luebbers'
method in this work.

Relaxation Model of Ferrite Permeability

When a broadband response is desired from a frequen-
cy-dependent medium, it is necessary to compute a con-
volution in the time domain to properly account for the
time-dependent polarization of the material. Specifically,
when the medium is magnetically dispersive and we can
characterize it with a scalar permeability, we have

3(w) = Mo (1+ *»(«

which in the time domain becomes

B{t) = Xm(t - r)H(r)dr
T = 0

(3)

(4)

the convolution in Eqn. (4) becomes

where Xm[t) is the Fourier transform of the magnetic sus-
ceptibility Xm(<•"), and we refer to it as the magnetic re-
sponse function of the material.

As indicated by Luebbers, when a material has a re-
sponse function of the form

(5)

(6)

where fi{t) = / e~iu'TH(T)CLT is a running sum, thus
T = 0

eliminating the necessity to store values of H at previous
time steps in the simulation. This simple observation, and
the fact that a large class of interesting materials may be
accurately represented using sums of exponentials, has im-
portant implications for time-domain modeling. Eliminat-
ing the need to store previous values of the fields makes it
possible to model realistic media in the time-domain with
relatively little increase in the computational requirements
over non-dispersive media, and one method of exploiting
the observation is outlined below.

At frequencies below the ferromagnetic resonance, the
following form for Xm(t) is appropriate:

Xm(t) =
* > 0;

t < 0 ,
7

which yields a complex magnetic susceptibility of the form

~73> (8)

where a/, 0i, and 7; are all real, and fa > 0. We obtain
Eqn. (9) by arguing first that an instantaneous response of
the magnetization in a material to a change in the applied
field is unphysical. This requires that Xrn(0) = 0, which in
turn demands that the poles come in pairs, and thus we get
the sinh term. Secondly, at frequencies significantly below
the ferromagnetic resonance, the magnetization physics is
dominated by the motion of domain walls that vary widely
in their size and shape, and thus their resonant frequencies.
The macroscopic response of this type of system may be
reasonably approximated with a relaxation model. If there
is interest in frequencies at or above resonance, then a term
of the form ae~ptsin(^t) must be added to Eqn. (7) to
obtain an accurate representation of the material.

To obtain the adjustable parameters in Eqn. (8) for a
specific material requires a pole extraction from the given
susceptibility function. For the purposes of this paper we
wrote a simple program that did an exhaustive search in
a localized region of parameter space for the optimal val-
ues of a, R, and 7 to obtain the fit to experimental data
shown in Fig. 1. The experimental data were obtained
by performing a reflection measurement as described in a
previous Proceedings of this conference [6j.
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10 6 107 108 109

Frequency (Hz)

Fig. 1. Experimental data, and 2-term fit to the experi-
mental data (see Eqn. (8)), for the permeability
of the PE11BL ferrite. Parameters used in fit are:
ax = 6-67 x 1010, ft - 71 = 1-77 X 108, ft + 71 =
1.00xl0n ,a2 = 2.97xl010,/?2-72 = 2.73xlO7,
02+72 = 1.00 x 10 n .

1-D Model

To study the numerical characteristics of the disper-
sive media model we conducted a series of tests using the
finite-difference time-domain (FDTD) [7j technique in one

551



dimension. The problem geometry and field distribution
are shown in Fig. 2. The FDTD updating equations
and field distribution are obtained by replacing all spatial
and temporal derivatives in the Maxwell curl equations
with their center-differenced equivalents. This prescrip-
tion leads to a scheme which is explicit and second order
in time and space. When the material is non-dispersive
the updating equations in 1-D are easily obtained:

dEx

dz
dBy

dt dt

yields

rjn+l/2 _ Tjn-1/2
Hy+1/2 - H^

At

(9)

(10)

where the superscripts indicate the time step, and the sub-
scripts indicate the spatial position. Similarly, for the elec-
tric field update, we have

dHy

Bz
dDx _BEX

' dt (11)

which yields

(ffn

(a)

Gaussian pulse launched
from this point

- RBC

Vacuum

30 cm

Material
interface

PE11BL
Ferrite

20 cm

PEC

(b)

o
H

•
1+1/2 E | + 1

o

HI+3/2 i+2

o
H

I+5/2

Fig. 2. (a) 1-D slab reflection problem geometry. PEC
= perfect electric conductor; RBC = radiation
boundary condition, (b) Distribution of field com-
ponents in 1-D FDTD simulation.

When the material is dispersive, the situation is com-
plicated by the convolution which must be done. Any given
media exhibits both electric and magnetic dispersion, but
for the purposes of this discussion we restrict ourselves to

the analysis of magnetic dispersion. The simulation of elec-
tric and magnetic dispersion effects simultaneously is the
subject of a future paper. To determine the update equa-
tion for the magnetic field, we proceed in the following
manner:

dEx dBy dH,
dz at -gJ- ~V°3~i J

r = 0
(13)

Assuming the magnetic response function Xm is of the form
given in Eqn. (7), we have

dEx
A,

t

f
T=0

B,
t

f
T = 0

(14)

where A\ = fit — 7( and B\ = /3i + 7J. The discrete form of
Eqn. (14) is given by

rn+l/2 __ Tjn-1/2 (At)5

I p=0

p = 0

(15)

Defining two auxiliary functions, R and S, which can be
updated recursively, using

n - l

p=0

n - l
B,(n-p-l/2)AtrrP + l/2 ,,-,

- " y + i / 2 ' V 1 ' ;
p=0

yields the following set of update equations for the mag-
netic field:

H
n+l/2 _rrn-l/2

(18)

When the electric dispersion is ignored, as in this case,
the electric field update is given by Eqn. (12). The auxil-
iary functions are real, which leads to the conclusion that
the amount of additional storage needed (per field com-
ponent) to implement this scheme is 2NP real numbers,
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where Np is the number of terms in the expansion of the
susceptibility (Eqn. (8)). The number of floating point
operations required (per field component updated using
dispersion model) is 10Np + 4 in 1-D, up from 3 when the
media is nondispersive.

To test the method and its implementation we solved
the 1-D reflection problem illustrated in Fig. 2a using the
parameterization obtained for the PEl lBL ferrite. A short
Gaussian pulse (crt = .5 ns) was impinged on the ferrite
slab, and the normalized reflection coefficient was obtained
for the frequency range 0-3 GHz by taking the ratio of
the Fourier transforms of the incident and reflected pulses.
These data are compared with the analytic result in Fig.
3, with excellent agreement.

The magnetic dispersion model has been implemented
in the 2§-D FDTD wakefield code AMOS [8], and a 2-D
analog to the slab reflection problem was used as a test
case. Specifically, we computed the reflection of a pulse
from a ferrite load in a shorted coaxial transmission line.
Again, excellent agreement with the analytic result was
obtained (see Fig. 4).

1.0

0.5

EC 0 .0

-0.5

-1.0

— Re(R) analytic
° Re(R) simulation

— lm(R) analytic
^ lm(R) simulation

* " B"n -n- a-a- a - a - -

-

106 107 108

Frequency (Hz)
109

Fig. 3. Analytic and simulated values of the reflection
coefficient for the 1-D problem involving normal
incidence on a dispersive ferrite slab (PEllBL)
backed by a perfect electric conductor.

AMOS Application: ETA-II Induction Cell

The ETA-II [9] induction linac is a high current elec-
tron machine, producing a 6 MeV, 3 KA beam for gener-
ating high power microwaves. Because of the large beam
current, the machine is subject to a possible transverse
beam instability known as beam breakup (BBU) [10], and
so the transverse dipole coupling impedance of the induc-
tion module is of particular interest.

AMOS has been used to study the impedances of the
ETA-II induction cell using the dispersive ferrite model

1.0

0.5 -

0.0 -

-0.5 -

-1.0

1 1—r-TTTTT

j

~ \

\

, I

— Re(R) analytic
° Re(R) simulation

— lm(R) analytic
* lm(R) simulation

\

106 107 108
Frequency (Hz)

109 1010

Fig. 4. AMOS calculation vs. analytic result for reflec-
tion coefficient in a shorted coaxial transmission
line loaded with a PEl lBL ferrite toroid.

described above. A cross-sectional diagram of this cell is
shown in Fig. 5. The cell is rotationally symmetric about
the indicated centerline, with the exception of pulse power
feed lines whose center conductors penetrate the outer shell
at two locations 180° apart and connect to the base of the
ferrite core as shown. When the cables are ignored in the
simulation (but left in during the experimental measure-
ment) one gets reasonable agreement between the model
and the experiment for the dipole component of the trans-
verse (radial component) coupling impedance (see Fig. 6).
The technique used to measure the impedance is the "two-
wire" method described elsewhere [11], and the experimen-
tal data presented are for two cases: (l) single cell mea-
surement; (2) double cell measurement, with the resulting
values halved to get an equivalent single cell impedance.
Both measurements were taken with the wires in a plane
90° from the plane of the drive rods, which show the least
perturbation resulting from the rods.

Pulse power feed
line

Fig. 5. Illustration of a cross-section of an ETA-II induc-
tion module. Cell is rotationally symmetric about
the indicated centerline except for the pulse power
feeds (indicated with dashed lines) which enter
the cell at two points 180° apart.
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The AMOS result shows best agreement with the two-
cell measurement. The single-cell measurement exhibits
two features that are not present in either the two-cell
data or the AMOS result, these being the peak at approx-
imately 700 MHz, and an approximately 100 Cl/m base-
line impedance. The former corresponds in frequency to
an m = 3 mode. The two-wire technique will in gen-
eral yield information about coupling to all modes with
odd azimuthal symmetry, although the coupling strength
falls off as the wire separation to the power 2m - 1. For
wires sufficiently close together this coupling law will en-
sure that only the dipole mode contributes significantly to
the measured impedance, but increasing the wire separa-
tion will eventually lead to measurable contributions from
the higher order modes. However, as the wire spacing was
the same in the one-cell and two-cell cases, attributing the
measured peak at ~700 MHz to an m = 3 mode is unsub-
stantiated by the data. The 100 fi/m baseline apparent in
the single-cell measured data is not understood at present,
and measurements on other cells did not show this baseline.
Measurements on simple structures with known coupling
impedances suggest that the experimental data are good
to ±20%.

The pulse power feed cables introduce the potential
for azimuthal mode coupling and mode splitting. At the
relatively low frequencies that we are considering, the de-
gree to which the cables disturb the dipole modes that are
important to BBU depends on the the relative impedance
of the cable and the TEM line formed by the ferrite load.
Experimental measurements on similar cavities (DARHT
induction modules) with and without the cables show some
differences between dipole impedance measured with the
two wires in the plane of the feed lines vs. measurements
with the wires in the plane perpendicular to the feed lines.
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Fig. 6. Comparison of experimental data and AMOS cal-
culation for transverse dipole impedance of ETA-
II induction module.

Conclusions

Time-domain simulation of media has long been ham-
pered by inefficient methods for including the dispersive
effects of media. The recent realization that materials with
exponential response functions could be handled efficiently
has revolutionized dispersive media modeling, making it
computationally inexpensive for a wide variety of materi-
als.

An implementation of a dispersive media model, and
its application in 1 and 2 dimensions, is discussed in this
paper. The PE11BL ferrite was characterized over a broad
frequency range, and 1-D numerical experiments were per-
formed which showed excellent agreement between simu-
lated and analytic reflection coefficients over several dec-
ades in frequency. The models have been implemented in
the AMOS wakefield code, and calculations of the trans-
verse coupling impedance of an induction module in the
ETA-II accelerator was presented. These data showed rea-
sonable agreement with the impedance values obtained ex-
perimentally using the two-wire measurement technique.

Work is ongoing to install a dielectric dispersion model
into AMOS in order to accurately characterize the electri-
cal properties of ferrites and other materials, and the com-
bined effects of magnetic and electric dispersion in simula-
tion will be discussed in a forthcoming paper.
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Abstract

Transverse alignment tolerances of a few microns are
required for the CERN Linear Collider (CLIC) in order to
limit the emittance blow-up due to transversely deflecting
wakefields to reasonable values. Such tight tolerances over
long distances can only be obtained by beam-based active
alignment systems using precision micromovers and beam
position monitors. Development work being carried out at
CERN on closed-loop controlled micron-displacement
systems, micron-resolution beam position monitors, active
optical pre-alignment schemes and beam blow-up computer
simulations for given overall alignment tolerances using both
one-to-one and dispersion-free correction algorithms is
described.

Introduction

CERN is studying the feasibility of building an e+e~
linear collider to enable high energy physics experiments to
be extended into a range of energies where circular machines
would be crippled by synchrotron radiation [1].

The basic idea is to shoot very dense (5x10^) e~ bunches
from a high energy (0.25 TeV) e~ linac against equally dense
bunches of e+ from a e+ linac of the same energy to produce
e~ c+ collisions with centre of mass energies of 0.5 TeV at a
repetition rate of 1.7 kHz to achieve luminosities of
3.2x1033 cm^s"1 with four bunches in a single and unique
experimental region.

The machine consists of e" and e+ sources, two 3.4 GeV
damping rings to reduce the emittance, a small section for
bunch compression and pre-acceleration to several GeV, 3.2
km of main linac accelerating sections, and a final focus
system to obtain the required 8nm vertical beam sizes at the
collision point.

The CERN Linear Collider (CLIC) has an operating
frequency of 30 GHz, an audacious choice for two reasons, the
first that state-of-the-art technology is required to fabricate the
accelerating sections whose dimensions scale as f"1, and the
second that the tolerances on the alignment of the linac
become extremely tight. The factor linking frequency and
alignment tolerances is wakefield generation.

The very small emittances produced in the damping rings
(7E=O.4xlO~7rad.m) must be transported along the main linac
to the final focus in the presence of transversely deflecting
wakefields, with as little blow-up as possible. Transverse
wakefields scale as f3 but are only generated by off-axis
particles so although the CLIC frequency is high their effects
can be held to reasonable values by imposing stringent
alignment tolerances on the quadrupoles and accelerating
sections of the main linac, and by applying known
stabilization techniques (BNS damping).
The extent of the emittance blow-up has been estimated using
beam tracking computer simulation programs. The results
show that to limit the blow-up to acceptable values, the two

linacs must be aligned and maintained in position in the
transverse plane to tolerances of a few microns. An emittance
blow-up from TE=0.5X10*7 rad.m to YE=2.0X10~7 rad.m is
typical for assumed alignment errors of a=5(im for the
accelerating sections, a=3|im for the quadrupoles, and a beam
position monitor error of a=2nm.
Since normal ground motion produces displacements which
exceed these tolerances, a dynamic alignment system is
foreseen using beam-derived signals from beam position
monitors to drive precision micro-movers under closed-loop
control to maintain the components in position. The best
strategy to be adopted for the correction scheme is not yet
clear. The simplest approach is a one-to-one correction
centering the beam at each monitor, but there is hope that
overall tolerances can be relaxed by implementing so-called
dispersion-free algorithms to the beam trajectory requiring
corrections to be made only at a reduced number of specific
locations.

For the active alignment system described above to work it
must be demonstrated that

(i) the accelerator can be pre-aligned with respect to an
external reference with sufficient precision that the beam can
be made to pass through the available aperture and produce a
signal in a beam position monitor

(ii) beam position monitors of )im resolution can be built
and referenced accurately to the electrical and magnetic axes of
the accelerator components

(iii) using the signals from these beam position monitors,
the accelerator components can be positioned and maintained
in space with micron precision using remote controlled
micro-movers.

This paper describes development work being done at CERN
to demonstrate the feasibility of these requirements.

General layout of CLIC machine

There are 11450 accelerating sections per linac. Each
section is approximately 30cm long with an external
diameter of 35mm and a weight of about 4 Kg. The outer
diameter of the structure which is machined to ±lnm
precision and concentricity with the beam aperture, serves as
the external reference for alignment to the beam. To simplify
assembly and reduce costs, it is foreseen to mount and pre-
align several of these sections on a support girder before
installation in the CLIC underground tunnel, and to use
micro-movers at the ends of these girders to adjust their
position. A conceptual view of a typical section of the CLIC
machine showing four accelerating sections of the main linac
powered from above by the drive linac is given in Fig.l.
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Fig.l Typical section of CLIC machine

Active alignment test facility

A remote computer-controlled micro-movement test
bench permitting controlled submicron displacements, has
been built in an unused underground accelerator tunnel to
study the problems associated with the support and precise
positioning in space of CLIC main linac components
(requirement [iii] above). This set-up shown schematically in
Fig.2 consisting of two moveable girders and one fixed girder
was used to demonstrate the feasibility of controlled sub-
micron movement using commercially available
components, details of this set-up and the results obtained are
given in reference [2]. A second test bench consisting of the
same basic elements as the first but with six motorised
girders is being built to enable the new CLIC pre-alignment
scheme to be studied. Fig.3 shows the basic features of one
of these girders.

A
B
C
I
P
E
L
R

Micro-movers
Adjustable link rods
Piezo electric movers
Angular transducers
Linear transducers
Emitters
Lenses
Receivers

Each box-section girder which is made from silicon-carbide
because of its high stiffness-to-weight ratio and its low
thermal expansion, supports four accelerating sections. The
sections are clamped to the girder via INVAR V-block
supports which are aligned and fixed with a precision of 3um
in the transverse plane. The ends of two adjacent girders sit
on a common platform which assures continuity of position
between units. In order to provide independent rotational
freedom of each girder, one of the ends is fixed rigidly to the
platform whilst the other is connected to it via swivel-joint
linking rods. Due to the very small diameter of the ball-joint,
displacements are obtained with a minimum of friction by
rotations around a point without creating stresses in any of
the components.

Fig.3 Support girder and displacement system

Each platform is activated via similar link rods by three
precision jacks. Two in the vertical plane produce vertical
displacements and transverse rotations; the third is situated
and acts in the horizontal plane. These stepping motor driven
micro-movers with a resolution of O.ljim and an absolute
accuracy of l um over ± 4mm provide both large
displacements for initial alignment and micron movements
for correction of slowly varying perturbations (<lHz) during
CLIC operation. Piezo-electric movers with a stroke of
±3pjn have been mounted in series with some of the jacks to
provide higher speed response but for the moment this looks
unnecessary.
The test facility is piloted remotely from an Olivetti PC and
is programmed for automatic alignment with respect to
independent transducers monitoring the position of the
accelerating sections themselves. After deliberate
misalignments (of lmm say) the system settles back to
nominal positions within less than a micron.
The present performance of this micro-movement test device
can be summarised as follows.

Fig.2 Support, movement and measurement system

Smallest step in any one direction =
Hysteresis over ±4mm = 3^m (open loop)
Error over ±4mm in closed loop = 0.2nm
Frequency =1 Hz

558



Pre-alignment

The accelerator has to be pre-aligned with sufficient precision
that the beam can be made to pass through the available
aperture and produce a signal in a beam position monitor
(requirement (i) above). It is foreseen to do this using the
same active micro-movement system described above but
using signals from an optical pre-alignment system instead
of beam position monitors. The idea [3] is to maintain the
relative positions of the far ends of two adjacent support
girders to within a few microns in both transverse planes but
to allow greater overall excursions from a straight line (say
0.2mm) over longer distances of say 100m between reference
pillars as shown below.

1.41m A = 0.2mm

100m

The reference pillars are positioned by the stretched-wire
technique with respect to master pillars spaced 3km apart
which are themselves positioned by the Global Positioning
System to an accuracy of ±3mm. The principle of this
stretched wire technique is shown schematically in Fig.4.
Starting from the master pillar a staight line is defined by a
wire stretched between pillars A and C. Pillar B is then
positioned by measuring and centering the wire in the
capacitive transducer. A second stretched wire between pillars
B and D enables D to be positioned by centering the wire in
the transducer at C, and the process is repeated.

TRANSDUCER

Fig.4 Priciple of stretched-wire alignment system

A typical chain of such a stretched-wire alignment system is
shown in Fig.5. By adding additional pillars equipped with
two transducers as shown some degree of redundancy is
introduced into the measurement system to enable errors to
be minimised. The precision of measurement is 10p.m over
100m.

100m 200m

Fig.5 Stretched-wire alignment chain for CLIC

A statistical analysis of this redundant set of transducer
readings has been simulated and the results indicate a
positional accuracy of the reference pillars with respect to the
ideal straight line as shown below. Over 3km the maximum
deviation is about lmm.

100m A - lmm

Since the linac components are aligned accurately with
respect to the support girders, and the fixation of the girders
is such that they only articulate about a common moveable
point (like a universal joint), it is only necessary to align the
string of common points to align the linac between reference
pillars. It is planned to do this by means of an improved
version of the RASNIK optical displacement measuring
system first used at CERN to align physics detectors in LEP
[4]. The operating principle is simple - the image of a square
object illuminated by a red light source is focused on a light
detecting four quadrant cell by a thin lens. Displacements of
the object (emitter), the lens or the four quadrant cell
(receiver) out of the axis of the instrument produce an
imbalance at the detector. Each articulated point of the
support girders will be equipped with an emitter and a lens at
the ends of the first or reference girder, and a receiver at the
far end of the second girder as shown in Fig.2.
Initial tests with this system on the micro-movement test
bench indicate that the relative positions of the ends of the
two girders can be determined to better than 2jim.
Such a system alone however does not provide sufficient
information to enable the inevitable errors in the string of
articulated points to be identified and minimised. To be able
to do this some redundancy is required, this is provided by a
second set of overlapping measurements obtained from a
parallel optical system monitoring twice the span of the
first. The overall system therefore requires the two types of
optical component combinations indicated below.

Point

Receiver

Lens

Emitter
Lens
Receiver

1 2 3 4 5 6 7

D n

A statistical analysis of this redundant set of measurements
enables the absolute displacements of the articulated points
in space with respect to the ideal straight line to be
determined and the necessary movements of the jacks to be
calculated to minimise the excursions. Such a system would
necessarily be connected to a computer so that the
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"measurement-calculation-correction" operation could be
automated and if necessary reiterated.
Computer simulations of this pre-alignment scheme indicate
that over a 100m length maximum typical excursions of less
than 0.2mm are obtained if the precision of the optical
measurement system is 2pun.
The reference line for the machine is therefore QOJ straight, it
is obtained by superimposing the gently undulating "snakes"
resulting from the alignment accuracy of the reference pillars
on the one hand and the interconnecting support girders on
the other.

Beam position monitor

The feasibility of obtaining micron precision BPMs
using an E n resonant cavity has already been demonstrated
theoretically [5]. Recent experimental results using a single
cell 33 GHz cavity have now substantiated this claim [6] and
are described briefly below.

To simulate the passage of an e* bunch (no suitable
bunched beam at the time being available) the clamped
copper cavity shown in Fig.6 was excited by a network
analyser using the central conductor of a piece of co-axial
line as an antenna.

BPM cavities would be brazed and diamond machined to a
precision and concentricity of 1 micron.

Fig. 6 CLIC prototype beam position monitor

The experimental set-up is shown in Fig.7. A
precision translator having a nominal resolution of 0.1
micron moves the antenna with respect to the cavity.

The output signal from the cavity is composed of an
unwanted symmetrical signal produced at all antenna
positions, and a wanted asymmetric signal which is
proportional to the antenna offset from the electrical centre
of the cavity. By feeding a magic tee with the output signals
from two diametrically opposed coupling ports, a 30dB
reduction in the unwanted signal (see Fig.8) was obtained.
Having minimised this symmetric signal in this way, the
precision of the device is essentially determined by the
accuracy with which it can be made. As opposed to this
clamped cavity which has been made with conventional
machine tools to an accuracy of the order of 0.01mm, CLIC

Fig.7 Experimental test set-up

A plot of output voltage versus antenna position in
the range ± 5 microns is shown in Fig.9. The output is
linear down to displacements of ±0.5 microns. Clearly the
BPM cavity is capable of measuring positions accurately to
below a micron.

jkt\£ul
•* If T
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n

Fig.8 Transmission through cavity.
Upper trace without magic tee, lower trace with tee.
Scales vertical lOdB/div, horizontal 100 MHz/div.
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Fig.9 BPM output voltage versus nominal
antenna position (microns)
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Prototype electronics for signal processing with a
bunched beam has been developed and is operational and
plans are underway to build precision BPMs and test them in
the CLIC Test Facility (CTF).

Ground motion measurements

It is of course important in the face of such tight alignment
tolerances to build the linear collider on a quiet site. Ground
motion measurements shown in Fig. 10 were made in an
unused underground accelerator tunnel at CERN using a three
axis Mark Products geophone having a calibrated frequency
range of l-30Hz.
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Fig. 10 Ground motion

Emittance blow-up simulation results

Reduction of beam emittance blow-up is being attacked
on two fronts. The first, described in detail above, aims at
reducing the physical misalignment of the linac, the second
aims to find alignment strategies which minimise the effects
of the misalignments. Two different trajectory correction
schemes are being investigated, the so-called "one-to-one"
and the "dispersion-free" schemes. Both assume that the
necessary dipole correcting kicks will be produced by
transverse off-sets of the quadrupoles, and that there is a
BPM very close to every quadrupole. The quadrupoles are
supported and moved independently of the main support
girders and will be pre-aligned with respect to the BPMs
either via the stretched wires (a difference measurement) or by
special purpose transducers. The one-to-one scheme simply
uses the quadrupole to centre the beam at the local BPM. The
second scheme recognises that the contribution of dispersion
to the overall emittance can be significant and that both the
trajectory and dispersive terms should carry some sort of
weighted importance. It relies on quadrupole corrections to
minimise the overall emittance without necessarily centering
the beam at every BPM. The basic idea comes from SLAC
[7] and involves an on-line analysis of all BPM readings for
small excursions of quadrupole settings around the nominal

values to establish the overall transport matrix of the linac
which is then used to predict corrections that minimise both
the trajectory and the dispersion. Beam trajectory simulations
made at CERN using this scheme have shown that more
accuracy and better convergence can be obtained by
modulating the relative weights of the dispersive and
trajectory terms in the algorithm during the iterative
calculation/correction process [8].

A typical result obtained from simulations of the
emittance blow-up along the CLIC linac is shown in Fig.l 1
for the one-to-one correction scheme.

It appears from the results of many simulations of
various CLIC machines for different tolerances that using the
dispersion-free correction the emittance blow-up is relatively
insensitive to the mis-alignment of the accelerating sections
(a=5u.m and 10p.m give little change), since however the
BPMs are integrated into the first accelerating section of each
girder the tolerances from girder to girder at this particular
location are more severe.
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Fig.l 1 Vertical emittance blow-up along the CLIC linac for
the one-to-one correction scheme (500 GeV cm.)

Assumed mis-alignments for results in Fig.l 1:
Quadrupoles o*q=3jim
BPMs (Tb=2|xm
Accelerating structure aa=5nm
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Abstract

The Fermilab Linac Upgrade is planned to
increase the energy of the H~ linac from 200 to
400 HeV. This is intended to reduce the
incoherent space-charge tuneshift at injection
into the 8 CeV Booster which can limit either the
brightness or the total intensity of the beam.
The Linac Upgrade will be achieved by replacing
the last four 201.26 HHs drift-tube linac (DTL)
tanks which accelerate the beam from 118 to 200
UeV, with seven 806 HHs side-coupled cavity
modules operating at an arerage axial field of
about 7.6 HV/meter. This will allow acceleration
to 400 UeV in the existing Linac enclosure. Bach
accelerator module will be driren with t 12 HI
klystron-based rf power supply. Three of seven
accelerator modules hare been fabricated, power
tested and installed in their temporary location
adjacent to the existing DTL. All seven RF
Modulators hare been completed and klystron
installation has begun. Waveguide runs hare been
completed from the power supply gallery to the
accelerator modules. The new linac will be
powered in the temporary position without beam in
order to rerify overall system reliability until
the laboratory operating schedule permits final
conversion to 400 UeV operation.

Introduction

The present 200 UeV drift-tube linac (STL)
consists of nine accelerator cavities operating at
a frequency of 201.26 UH>. Bach cavity is powered
by a triode-based radio-frequency (rf) power
supply rated to deliver up to 6 HW of peak power
for a 126 jjsec flat-top pulse. The Linac Upgrade
will replace the last four cavities, which
accelerate the beam from 118 UeV to 200 UeV in a
length of 66 meters, with seven side-coupled
cavity modules operating at a frequency of 806 HHs
or four times the DTL frequency (see Figure 1).
The higher frequency allows higher accelerating
gradients to be achieved so that a kinetic energy
of 400 UeV can be reached in the same linac
enclosure. Bach module will be driven with a
klystron-based rf power supply rated to deliver up

fork supported by the U.S. Department of Energy
under contract No. DB-ACO2-78CHO8000.

to 12 UW of peak power for 126 /isec at a 16 Hs
repetition rate. The nominal peak power
requirement of each module with 86 mA of beam is
about 10 UW. The status of the Linac Upgrade
through 1S60 was reported in Ref. 1.

Accelerator Structure

The side-coupled (SC) accelerating structure
was selected for the Linac Upgrade because it is
well understood and fully proven. The side-
coupled structure was used above 100 UeV for the
806 HHs Los Alamos Ueson Physics Facility (LAUPF)
proton linac designed in the early 1960's (see
Figure 2). This coupled-cavity structure is
operated in a so-called TU010 n/2 standing wave
mode in which the phase shift between an

in adjacent coupling cell
is 90 degrees. The
is f3\/2 for particle-wave
is the particle velocity
light, and X is the free
accelerating field. The

accelerating cell and
(off the beam axis)
accelerator cell length
synchronism. Here /3
divided by the speed of
space wavelength of the

insensitivity of field amplitudes and phases to
mechanical perturbations in such TT/2 structures is
a fundamental reason for their widespread use.

Because the new side-coupled linac will
replace that part of the existing drift-tube linac
which accelerates the beam from 118 HeV to 200
UeV, it must have a gradient about three times
higher than in the DTL and make conservative use
of space for beam matching, focusing and
diagnostics. In particular, a 4-meter Transition
Section (two 806 UHa buncher cavities and
quadrupoles) for matching the beam between the DTL
and side-coupled linac and a space of about two
meters at the downstream end of the linac for
changes in the Linac-to-Booster transfer line are
required. Table 1 summarises the principle design
criteria and derived parameters for the new linac.

The division of the new SC linac into seven
independently excited rf modules originally
resulted from three principal considerations,
namely the practical sise for 806 HHs klystrons,
the shunt impedance of the structure and the
existence of suitable penetrations from the linac
utility basement into the linac enclosure. Since
the original design in 1987, radiation safety
considerations have mandated the need for new
waveguide penetrations with the existing
downstream DTL penetrations in the linac utility
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basement to be ultimately sealed. Uniform

distribution of rf power favors feeding the

modules from the center, so there is a bridge

coupler at that location which can also

accommodate a magnetic quadrupole. Rf defocusing

requires that the quadrupoles of the FODO channel

be less than two meters apart in the first

modules. These conditions were satisfied by

dividing the modules into four sections separated

by bridge couplers of length 8/3X/2 (see Figure 8) .

The post-stabilised bridge-coupler developed for

LAMPF was used for the Fermilab Linac.

Table 1. 400 MeV Linac Design

Criteria and General Parameters

Initial kinetic energy (7^)
Final kinetic energy [Tt)
Length, including transition section
Frequency of rf (f)
Beam current averaged over pulse (/k)
Beam pulse length
Repetition rate
Accelerating phas< (y?,)
Average axial field (£ . )
Maximum surface field ( £ „ „ )
Kilpatrick limit (EK)
Number of modules
RF power/module, typical

copper loss
beam power
reserve and control

Number of sections/module
Number of rf cells/section
Total number of rf cells (7 x 4 x 16)
Length of bridge couplers between sections
Transverse focusing scheme
Transverse phase advance/FODO cell, average
Quadrupole magnetic length
Quadrupole poletip field
Quadrupole bore radius (r,)
Cavity bore radius (r4)

The average axial field, B o of 7.6 MV/m in the

new linac is about three times the gradient in the

existing DTL. Early in the project it was

considered desirable to limit the spark rate to

about one spark per thousand rf pulses

corresponding to 0.1% beam loss due to cavity

sparking. Re-evaluation of earlier 16-cell

prototype power test results^ indicated that a

spark rate of about 0.1% could be expected for 60

jusec pulse lengths (15 H» repetition rate).

Between June 1991 and March 1992, all seven

accelerating modules were voltage conditioned in a

concrete cave to shield bremsstahlung x-rays. A

prototype Litton L-5859 klystron was used to power

the modules. This 12 MW klystron continues to

operate satisfactorily after nearly 6000 hours of

high-power output.

All accelerator modules were conditioned until

their spark rate, extrapolated to a full linac,

was lowered to 0.2% at 60 fiaec pulse length. Only

116.54
401.46

MeV
MeV

63.678 m
805.0

50.
< 100.

15.0
-32.

8.07-7.09
36.8
26.

7
< 12.

7.2
2.0
2.8
4

16
445

§**
FODO

79.
8.0
4.6
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1.5
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mA

/ IS

Hz
deg

MV/m
MV/m
MV/m

MW
MW
MW
MW

deg
cm
kG
cm
cm

80 fiiec of beam must be accelerated in operation.

Further voltage conditioning is expected during

linac operation. For pulse lengths, T between 40

/isec and 120 /isec the spark rate varied like T*.

The reason for this strong dependence has not been

determined. Inspection of conditioned cavities

indicated that sparking had occurred on the side-

cell and accelerating-cell nose cones as well as

the coupling slot corners. No change in coupling

constant could be detected. The pressure in

conditioned cavities under full power was about

10-8 torr. Multipactoring at discrete low-power

levels (< 6 MW) was suggested by higher pressure

levels (10-7 torr). No multipactoring was evident

in the expected operating range above S MW.

Radio-Frequency Power System

The 805 MHs Linac Upgrade requires seven high-

power klystron and modulator systems to run the

seven independent accelerator modules. Table 2

gives a complete power tabulation for an RF

station assuming 36 mA of accelerated beam. This

shows that only about 10 MW of peak power is

needed. The klystron specifications in Table 8

apply to the L-5869 12 MW klystrons being produced

by Litton Electron Devices. The RF modulator

built by Fermilab consists of a pulse forming

network (PFN) discharged into the klystron cathode

through an oil-filled 20!1 step-up transformer.

The PFN is charged to 18 kV from a power supply

using the resonant charging technique (capacitor

and charging choke) with an SCR (silicon

controlled rectifier) switch to initiate the

charging cycle. The power supply stores about 40

kJ but only about 6 kJ are used to charge the PFN

every 66 msec (16 Ha).

Table 2. RF Power Tabulation
Nominal power, accelerating 35 mA beam
(SUPERFISH shunt impedance derated by 157S) 8.6 MW

Waveguide run losses (WR975), harmonic

isolator (if required) 0.6 MW

Add 10% for feedback loop regulation 0.9 MW

The cavity diameter may have to be altered
slightly at some ^'s to avoid TMJIO
deflecting modes 0.1 MW

Estimated Total 10.2 MW

The modulator consists of three units and is

discussed in detail in Ref. 8. The schematic in

Figure 4 shows the 100 kW charging supply, the 26-

cell PFN and the step-up transformer that make up

the circuit. In operation, the charging supply

maintains a 9 kV output voltage on its filter

bank. When the charging supply SCR switch is

fired, the choke resonates with the PFN capacitors
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and charges them to 18 kV. The PFN SCB switch is
then fired to discharge the PFN into the pulse
transformer primary. The reflected load of the
klystron matches the 8 0 characteristic impedance
of the FFN and the primary sees a 0 kV/3 kA square
ware pulse for 125 pec. The secondary pulse
delivered to the klystron is 180 kV and 151 A with
a flatness and regulation of ±0.05%. Klystron
power output versus input drive power is shown in
Fig. 6.

Table 3. Klystron Specifications

Peak power output
Pulse length
Pulse repetition rate
Duty factor
Average power
Efficiency
Gain
RF output
Dimensions

Voltage
Current

12 MW
125 /is
15 pps
0.1875%
22.5 KW
50%
50 dB
WR975 waveguide
108 inch height
2A inch diameter
170 KV
141 A

Project Status

The three major systems for the Linac Upgrade
are side-coupled accelerator modules, rf
modulators and 12 MW klystrons. The Project began
construction in October 1989 and is scheduled for
linac conversion to 400 MeV energy in the spring
of 1893 based on the present laboratory operating
schedule.

Fabrication of a prototype accelerator module
(four sections and three bridge couplers) began in
October 1989. This prototype was electrically and
mechanically equiralent to the first of seren
side-coupled linac modules needed for the new
linac. The first 16-carity section was brased at
Pyromet Inc. (San Carlos, California) in January
1990 and the second section in April. The third
and fourth sections were braaed simultaneously in
August 1990.

Final tuning of the prototype module was
completed in March 1991. The power testing was
done in June and July 1991. Some polishing of
bridge coupler flanges and the addition of
improved RF seals were done to reduce arcing
across the flanges. This prototype module then
was judged adequate to become Module 1 of the new
linac.

In June 1990 Class 1, OFEC copper segments for
production accelerator fabrication began arriving
from Hitachi Industries, Japan. Copper for one
16-cavity linac section arrived every two weeks to
begin a four-month machining, tuning and bracing
cycle. The segmented construction of the side-

coupled accelerating structure used at LAMPF was
adopted for the Fermilab linac (see Figure 6).
Two sections were brased erery month at Pyromet
Inc. starting in November 1990.

The brasing of accelerator sections was
carried out with a 100% success rate with no braae
date ever missed during the thirteen month
schedule. Brased sections were tuned individually
to 805 MHB, mated in pairs to their bridge
couplers for tuning, and finally connected by the
center—feed bridge coupler for final module tuning
(see Refs. 4fc5). Accelerator modules were then
roltage conditioned as described earlier with 20
to 30 million RF pulses to reduce their spark
rate. In the four-day period of March 10-18, 1992
all seven modules and the transition section were
placed in the linac enclosure adjacent to the
present drift-tube linac.

The 12 MW klystrons to power the new
accelerator modules are being produced by Litton
Electron Devices (San Carlos, California). The L-
5859 klystron has five cavities (input, two
idlers, penultimate, output) and operates at 2
/iperv. Bight production klystrons have been
delivered at the rate of one per month since in
November 1991. A total of 14 tubes are on order
and should all be delivered by February 1993.

Three of the seven 12 MW RF modulators have
been commissioned and installation of tested
klystrons has begun. The remaining four
modulators are 90% complete. As klystrons are
installed, completed RF systems will be operated
and accelerator modules powered in the linac
enclosure to verify overall system reliability.
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Figure S. Fermilab side-coupled accelerator module containing four sections
and three bridge-couplers. Module height is two meters and the
length Taries from 6.6 to 10 meters for Modules 1 to 7.
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Abstract

A new injector for acceleration of UM+ to 1.4
MeV/u was designed. It consists of a 14.5 GHz ECR
source, a 108 MHz RFQ linac and an interdigital H-type
accelerator. The installation of the new linac was com-
pleted in 1991. The commissioning and first operational
experience confirmed the overall performance of the new
injector. Remaining problems will be discussed.

Introduction

GSI extended its accelerator facility by a syn-
chrotron (SIS) and an experimental storage ring (ESR).
Both machines are in routine operation now. The UNI-
LAC is simultaneously used as injector for SIS and to
serve the low energy physics experimental area. For
efficient operating of the GSI accelerator facility, the
scheme of time-share operation has been adopted for the
UNILAC: beams of different ion species and currents will
be extracted from two injectors and accelerated to the
desired energies on a pulse-to-pulse basis. In a first step,
the UNILAC poststripper accelerator was modified for
time-share operation, so that energy switching was possi-
ble for one ion species. This option is available since
beginning of the SIS commissioning in 1989. For fast
switching of ion species the new injector has been instal-
led. The 1.4 MeV/u beam will be injected into the UNI-
LAC poststripper accelerator alternating with the beam
from the old Wideroe injector as selected by a fast swit-
ching magnet.

The Design of the High Charge State Injector

The conceptual design of the high charge state
injector (HLI - Hochladungsinjector) was presented in
previous publications.1'2 It consists of an ECR (Electron-
Cyclotron-Resonance) source, followed by a 108 MHz
four-rod RFQ tank and a 108 MHz interdigital H-type
structure. The layout of the new injector is shown in
Fig.l. A summary of major injector design parameters are
given in Table 1.

The ECR source was developed and manufactured
at CEN Grenoble. It is an upgraded version of the 10
GHz Caprice source. The 14.5 GHz source delivers the
same charge states of heavy ions which are generated
from the old UNILAC injector by gas stripping at 1.4
MeV/u. The design beam currents are comparable or even
higher than delivered by the UNILAC poststripper linac.
The design ion for the new injector is lP8+ at a current of

5 ejiA. With up to 25 kV extraction voltage, the source
can provide 2.5 keV/u beams.

Charge and mass analysis is done by a highly
dispersive double magnet spectrometer. This bends the
beam by 135 degrees into the rf linac. The transverse
matching to the linac is done by a magnetic quadrupole
triplet and a solenoid.

The rf acceleration of the ion beam starts with a
108 MHz RFQ structure. This structure captures at the
low injection energy of 2.5 keV/u the full beam, bunches
and accelerates it to the energy of 300 keV/u. The RFQ
structure was designed and constructed by the IAP, Uni-
versity of Frankfurt. There, a four-rod design was develo-
ped. More details were given in previous papers3'4.

A short beam transport section, including a quar-
ter wave rebunching cavity, provides the transverse and
longitudinal matching in the IH tank. The interdigital H-
structure accelerates the beam from 0.3 to 1.4 MeV/u.
This structure is used so far in several Tandem laborato-
ries as a postaccelerator, it is characterized by a very high
rf efficiency. For the UNILAC application, the radial
acceptance has to be increased by at least one order of
magnitude. Therefore, two thick drift tubes containing
magnetic quadrupole triplets are installed. A further in-
crease of radial acceptance is achieved by a special profile
of the synchronous phase along the accelerating gaps. The
main part is a zero-degree synchronous phase design.
More details about the IH-structure are given in ref.ii6.

JP B m Diopntics
* • « QQupdnjx*

""*** Q tobundMr / ChopfMr

Fig. 1 Layout of the new 1.4 MeV/u injector
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TABLE 1
Summary of Injector Design Parameters

Source and LEBT

ECR-type, 14.5 GHzIon source
Charge-to-mass ratio 0.105 to 1
Extraction voltage 23.8 kV
Energy
Radial emittance

(norm.)
(unnorm.)

Mass resolution

2.5 keV/u (£ = 0.0023)

0.46 /7»mm»mrad
200 J7»mm»mrad
Am/m = 3«103

RFQ Accelerator

Structure type
Input energy
Output energy
Radio frequency
Repetition frequency
Duty cycle
Max. RF power(U26*)
Max. voltage
Length
Tank diameter
Radial acceptance

(norm.)
Longitud. emittance

Energy spread
Bunch width

IH Accelerator

Input energy
Output energy
Radio frequency
Repetition frequency
Duty cycle
Max. RF power(U26 + )
Max. field strength
Length
Shunt impedance
Radial acceptance

(norm.)
(unnorm.)

Longitudinal
acceptance
emittance

Energy spread
Bunch width

four-rod
2.5 keV/u (0 = 0.0023)
300 keV/u (0 = 0.025)
108 MHz
100 Hz
50 %
125 kW
90 kV
3 m
0.5 m

^ 0.8 77«mm«mrad
30 77»keV/u»deg
± 1.0 %
± 0.3 ns (± 10 deg)

300 keV/u (
1.4 MeV/u
108 MHz
100 Hz
50 %
100 kW
150 kV/cm
3.55 m
310 MQ/m

1.5 77«mm«mrad
60

= 0.025)
= 0.055)

150 /7»keV/u«deg
70 /7»keV/u»deg
± 0.5 %
± 0.3 ns (± 10 deg)

In Fig.2 the new injector is compared with the 17
years old UNILAC injector. The main differences in DC
accelerating voltage, overall length, total rf power and
frequency are indicated. The total rf pulse power of the
new rf linac is only 200 kW for U2t+. Also remarkable is
the designed high duty cycle of SO % at 100 Hz repetition
frequency.The compactness of HLI demonstrates the deve-
lopment in ion source and accelerator technology over the
last decade.

In 1991 all components of the HLI were installed
and the commissioning has been started.

u
,10+

U * AU=21 kV [CR

}

u
10+

AU=280 kV
108 MHZ
AU = 11.9 MV
N» = 0.2 MWn

XJtrj-iK T J I ^ ; y-y~+<*e—._ 1 I ; I
Wideroe 27 MHz Stripper 1.4 MeV/u Alvarez
AU = 33 MV 108 MHz
N* = 1.4 MWn

Buncher

1

Fig.2 Comparison between the new injector and the 17
years old UNILAC injector

Commissioning and First Operational
Experience of the HLI

ECR and LEBT

First commissoning of the ion source and the low energy
beam transport section was described in ref.7-'1'. Accep-
tance tests at Grenoble confirmed the design intensities of
the ion source, e.g. 6jiA U28 + , 15 /tA Xe2l + , 20 /tA Ni8 + .
After delivery to GSI in late 1990, the source had already
been run on a test bench. Due to the limited acceptance of
the analyzing magnet, the measured intensities (30 fiA
Ar8 + , 120 nA O2*, 30 pA Fe6+) were somewhat below the
values reported at CEN. The operation of the source was
very reliable.

The photograph in Fig. 3 shows the source and the
splitted 135 degree spectrometer of the low energy beam
transport line of the HLI. First operation of the ECR
source in combination with the LEBT was started in
spring 1991. Early measurements indicated the expected
performance. The design momentum resolution of p/Ap *
750 could be measured with a Xe beam (See Fig.4). Due
to the second order correction of the split pole spectrome-
ter, deterioration of the phase space did not occur.

From emittance measurements at the end of the
LEBT, we can state that the theoretical acceptance of the
following RFQ structure should be fitted very well.
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Fig. 3 Photograph of the ion source and the injection beam
line (LEBT)

,2*

129 130 131 132

m a g n e t i c a n a l y s e r f i e l d

Fig.4 Mass spectrum of natural XeI7+ and

The magnetic triplet and the solenoid produced the requi-
red narrow beam at the RFQ entrance plane.

Most of the beam time was devoted for commi-
sioning of the rf accelerator structures. Ar*+ and O4+

were normally used, Helium was preferred as mixing gas.
Ion currents around 100 /tA (Ar*+, O*+) have been obtai-
ned in routine operation. The long time stability of the
beam is quite good for gases. Intensity oscillations in the
10-50 kHz range could be avoided by tuning of source
parameters (B-field, gas pressure, microwave power).
Transmission losses have been measured between the
Faraday cups directly behind the source and behind the
135 degree splitpole analyzing magnet. The original ex-
traction system was modified by insertion of special field
shaping electrode in order to reduce the beam divergence.
However, the transmission losses of 30-40% still occur.
New emittance measurements at the exit of the ECR sour-
ce showed larger values than acceptable by the transport
system. As an example, for Ar a 90% emittance of 220
ir*mm*mrad was measured at 1.5 mA total current and
12.5 kV extraction voltage. Beam dynamics calculations
show that the effective acceptance is reduced to 160
x»mm»mrad due to mechanical changes during installa-
tion. Furthermore the beam is slightly off-axis ( * 1.5 de-
gree). The spectrometer is sensitive to the misaligned
beam, the effect on the position of the focal point can be
compensated by another setting of the singlet lens, but the
ions will be lost in the spectrometer chamber. A carefull
adjustment of the ion source chamber is necessary, work
is in progress to improve the mechanical construction. In
addition, work is going on to improve the emittance of the
source.

RF Linac

The photographs in Fig.5 show the RFQ and IH
tank. The arrangements of electrodes in the RFQ tank and
also the drift tubes of the IH tank are also shown.

First ion acceleration with Ar* + beam took place
in June 1991 in the RFQ structure, and later in August in
the IH tank. In Fig.6 the bunch signals of the capacitive
probes, positioned behind each tank, demonstrate the
stable acceleration. The energy was measured with high
accuracy by the time-of-flight method using two capacitive
probes. The output energy as function of rf level for the
RFQ and IH is shown in Fig.7. The beam measurements
are in good agreement with computer simulations. The
design energy of 300 keV/u for the RFQ and 1.4 MeV/u
for the IH structure could be confirmed. In case of the IH
tank, the output energy could be lowered to the required
injection energy of 1.39 MeV/u into the Alvarez section
by changing the field distribution by the three plungers.

Low level measurements of the RFQ structure are
reported in ref.10>". Beam tests confirm the design shunt
impedance. For the IH tank the rf power is about 20 %
higher. Optimization of the field distribution should redu-
ce the rf power.
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Fig. 6 Bunch signals behind the RFQ (upper trace) and IH
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Fig.5 Photographs of the RFQ and IH structure
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Fig. 7 Output energy of the RFQ (upper) an the IH tank as
function the rf field level.

Field levels for l F + (ca. 125 kW for each tank)
were easely reached at 25% duty cycle without sparking
problems. At 50% duty cycle, 30 kW average rf power
has been tested up to now. At the RFQ tank, rf amplitude
modulations have been observed starting at ~ 45 kW peak
power. Extensive investigations indicate that mechanical
stability of the rods has to be increased. At present the
tank field can be stabilized by the rf amplitude control.

The beam transmission of the RFQ was lower
than predicted by computer simulations - not more than
35-40% of the theoretical value could be reached during
the commissioning phase. Also the beam is about one
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degree off-axis. Computer studies and beam experiments
have been started in order to understand the behavior of
the RFQ structure. The field asymmetry of the end cells
is below 20 %, this effect cannot explain beam the loss.

The transmission of the IH tank was in the very
first run ~85%. We expect full transmission with optimi-
zed longitudinal and transverse intertank matching. The
measured quality in transverse and longitudinal phase
space at 1.4 MeV/u was in agreement with the calculated
beam properties. At the lower transmission no significant
emittance growth was observed.

In April/May 1992 the new injector delivered
over a six-week period 18O3+ to the UNILAC. The opera-
tion was very stable and reliable. Unfortunately, a further
reduction in the transmission in the RFQ section was
observed - only about 20 % could be reached. An inspec-
tion of the electrode inside the RFQ tank showed a surpri-
singly large misalignment of the four rods, the position
errors were in the range up to ± 0.8 mm. The check of
the alignment was stimulated by computer simulations.12

The studies indicate that position errors should not exceed
± 0 . 1 mm. We assume that the cooling of the electrodes
is not sufficient at the high duty cycle.

After the realignment beam measurments has been
carried out. In Fig.8 the transmission as a function of
input emittance is shown before and after the realignment
- the improvement is evidently. Because the alignment is
still not perfect the design transmission of 100 % at the
input emittance of 200 T»mm»mrad cannot be reached. A
redesign of the RFQ electrodes has been started.

100

# 80

| 60

£ 40

20

* Before • After Realignment

\

0 L
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Input Emittance pi*mm*mrad

Fig.8 Beam transmission at different input emittances
before and after realignment

Conclusions

The commissioning of the HLI and the first operational
experience confirmed the overall performance of the
ECR-RFQ-IH combination. A redesign of the RFQ struc-
ture is necessary. In autumn of this year uranium beam
will be accelerated through the whole system. We are
expecting successful I operation.
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Abstract

The surface phenomena of breakdown in a vacuum have
been studied concerning two categories: breakdown on
dielectric surfaces in an S-band(2856 MHz) rf field, and
breakdown at the gap of metal electrodes in an impulse (60 x
700 (is) field. Multipactoring at an alumina rf window surface
has been found to cause oxygen defects of the F-center, which
induces surface melting. It is concluded that the durability of
the alumina material depends on its micro-structure. Oxygen-
free-copper having fewer micro-porosities shows a high
breakdown field of about 200 MV/m (with a gap spacing of
0.5 mm), when in-situ sputter cleaning of the surface is
applied prior to high-voltage conditioning. Trajectory
simulation of field-emitted electrons in accelerating structures
is also reported.

Introduction

The breakdown phenomena which take place in an ultra-
high-vacuum have been experienced in various components of
high-energy accelerators: electrode arcing in microwave-tubes,
puncturing and cracking of rf windows, discharging in
accelerating structures, and excessive heating of dummy loads.

Breakdown in a vacuum is mostly influenced by the
material's condition at and/or adjacent to the surface. The
contamination of such as hydrocarbon compounds and water
molecules would be easily dissociated by an electron-
stimulated desorption process. Microparticles of dielectrics as
well as of metals would be desorbed under a high electric
field. Volatile gas molecules absorbed in the bulk would be a
source of both primary and secondary ions. Crystallographic
defects in dielectrics should be charge-trapping sites. Not only
field-electron emission, but all such kinds of surface processes
are related to breakdown[l,2]. It is therefore essential to
control the surface and bulk properties of the materials used
for the high-power components.

In order to investigate the fundamental process of
breakdown phenomena some experiments have been carried
out at KEK. In this report the summarized results are
described in two categories: breakdown at the gap of metal
electrodes in an impulse field, and breakdown on dielectric
surfaces in an S-band rf field.

Alumina dielectric material

Alumina ceramic is widely used as an insulator in
vacuum devices, such as switching and microwave lubes.
Since it has high stability against thermal treatment and a low
outgassing rate, as well as high dielectric and mechanical
strengths, it is a suitable material for insulators with good
vacuum performance. However, the property of a ceramic
having a high yield of secondary electron emission often
induces breakdown phenomena under a high electric field.
Especially in an rf field, once electrons impinge upon the
alumina surface, the secondary emitted electrons are
accelerated so as to impinge again onto the surface due to the
alternating rf field; this causes a multiplication of secondary
electrons.

This breakdown, generally known as multipactor, is one
of the characteristic phenomena concerning rf windows.

Window breakdown of the high-power klystrons used in
accelerators has been not only a serious problem regarding
operation, but has also been the key to future projects
involving large accelerators which demand higher-power rf
sources.

It is important to investigate the fundamental process of
window breakdown and to develop an alumina material having
durability under high-power operation. The experimental
results concerning tests carried out in S-band(2856 MHz) pill-
box-type windows used for pulsed high-power klystrons (3.5
us, 30 MW) are described.

What is the breakdown induced by the multipactor effect?

It is often observed that breakdown accompanies rf
reflection and pressure rise of the vacuum. Such a breakdown
usually causes coloring, surface melting and puncturing of the
alumina ceramic(Fig.l). As a pre-breakdown phenomenon,
optical emission on the alumina is observed; especially when
its intensity increases, surface melting takes place. A spectral
analysis of the optical emission shows a structure with a broad
band centered at about 300 nm and a line at 694 nm. Since the
structure is identical to the luminescence spectra due to F+-
centers and the Cr impurity level(ruby color), respectively, the
optical emission seems to be due to electron bombardment.[3]

The breakdown process which takes place under
electron bombardment is possibly by a multipactor
phenomenon. In order to estimate the behavior of
multipacloring electrons, the trajectories and re-impinging
energies of secondary emitted electrons in a pill-box rf field

Fig. 1. Typically failed window with lighting from behind, and the
simulated energy distribution of multipactor electrons. The
alumina ceramic disk is 92 mm in diameter and 3.5 mm thick.
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Fig.2. Cathodoluminescence spectra observed by e-beam(12 nA) in-adiation using SEM; (a) unmelted and (b) melted alumina surfaces.

were simulated using a Monte-Carlo method[4]. Figure 1
shows the incident energy distribution weighted by the re-
impinging rate. The pattern is very similar to that of the
colored areas. It is thus ascertained that electron
bombardment on the alumina surface occurs in a manner of
muliipactor breakdown, which causes coloring as well as
luminescence.

The influence of the multipactor electron bombardment
on alumina materials has been characterized by
cathodoluminescence measurements; a ceramic disk is
irradiated by an electron beam using a scanning-electron
microscope[3]. The spectrum observed for a melted surface
resulting from breakdown is shown in Fig.2 Another band at
410 nm appears in addition to the characteristic structure of
the unmclted surface. This band can be identified as being
luminescence due to anion defects of oxygen vacancies which
cause coloring as F-cenlers.

These results indicate that the oxygen vacancies should
generate conductive charges of free ions or electrons, thus
inducing an increase in the loss tangent at the alumina surface,
thus leading to surface melting.

Which material is more durable under rf operation?

The durability of alumina ceramic depends not only on
its purity, but also the micro-slructure[5], which is generally
determined by the manufacturing process. In order to
investigate the relation between the material properties and the
durability, characterizations and high-power examinations

have been carried out for several kinds of alumina
materials. [6]

Their characteristic properties measured for the terms of
secondary electron emission(SEE) yield (pulsed-beam method
using SEM), loss tangent (cavity method), electrical resistivity
(guard-ring method) and cathodoluminescence are listed in
Table 1. UHA-99, which is pre-treated with highly
pressurized forming before sintering, has a dense structure,
showing higher values of specific gravity and resistivity. HA-
997 is specially sintered in order to make the boundary
additives crystallize, which contributes to a reduction of the
loss tangent. Since XKP-999 is sintered without additives, it
is liable to residual micro-porosities; the relatively high value
of loss tangent is probably due to the porosity. Though
sapphire(alumina single crystal) shows the best electrical
properties, pre-existing F-centers have been found.

From the results of high-power examinations using a
resonant ring, the following conclusions were obtained: (l)The
multipactor effect takes place on all of the materials. (2)A
high-purity alumina ceramic having crystallized sintering-
additives and no micro-porosities is more durable, since F-
centers are scarcely created in such a material, even though
multipactoring occurs.(Tab!e 1) (3)Pre-existing defects(F-
centers) should be an origin of detrimental breakdown.

How can multipactoring be suppressed?

One of the most effective methods for avoiding

aluimna
marerial

UHA-99

HA-997

XKP-999

sapphire

purity
(%)

99.0

99.7

99.9

100

specific
gravity

3.90

3.91

3.91

3.98

TABLE 1
E

9.81

9.95

9.67

10.16

. Characterizatuion
tan 5
10-5

9.4

4.2

13.3

2.3

resistivity
10 1 5

(Qcm)

>1000

6.7

3.3
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Fig. 3. SEE yields observed for TiN-coated alumina.

110MW

Fig. 4. Multipactor suppression by TiN coatings of 0.5 nm thick or
more. Films of 0.2, 0.5, 1 and 2 nm thick are coated

detrimental breakdown is to suppress multipactoring as well as
making a better choice of the dielectric materials. The surface
coatings of some metal-compounds(such as TiN) having low
SEE yields are applicable[7]. Although the films to be coated
should be sufficiently thick so as to reduce SEE, they should
be thin enough so as not to cause any excessive heating, since
materials having low SEE yields are generally electrically
conductive.

Figure 3 shows the thickness dependence of the SEE
yields measured for magnetron-sputtered TiN films on
alumina. A distinct decrease in the yields with thickness can
be observed. When the incident energy is 10 keV
(corresponding to the impinging energy of the multipactoring
electron with an rf power of several tens MW), the SEE yield
is reduced from 2 to less than unity as the thickness increases
to a fraction of a nanometer. This indicates that a film that is
0.5 nm or more thick will suppress multipactoring. In fact, no
luminescence has been seen on surfaces coated with films of
0.5 nm or more, as shown in Fig. 4.

In order to estimate excessive healing due to the films,
measurements of the "effective loss tangent (tan 8')" have been
carried out. Their results show that tan 8' increases almost
exponentially with the film thickness, as shown in Fig. 5; a
window with a 3 nm coat has a higher value than that of an
uncoated one by 2 orders. A practical optimization of the
thickness was achieved while also taking account of the high-
power examination results[8]. The optimized region of our
TiN film was concluded to be 0.5-1.5 nm.

Oxygen-free-copper material

Oxygen-free-copper (OFC) has excellent properties,
such as high electrical- and thermal-conductivity and less
degradation by hydrogen than that of other copper materials.
It is mostly used for accelerating cavities, waveguides and
high-power tubes. OFC for these devices is usually exposed to
a "hot vacuum" with a high electric field and/or energetic
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Fig. 5. Effective loss tangents measured for TiN-coated alumina disk.
E2 (0 e tan5' dV = E2 (0 e tan5 dV(alumina) + E2 o dv(film).

particles. In order to avoid breakdown phenomena under such
a condition it is important to control the material bulk
properties as well as their surfaces. The desorption of
hydrogen, oxygen and other volatile gases dissolved in the
bulk should be enhanced by impinging particles, inducing
breakdown and vacuum pressure rises.

We characterized the fundamental properties of the OFC
material concerning micro-porosities and gas contents.[9] The
breakdown voltages of the OFC electrodes gap were also
examined by applying an impulse field.[10]

What is the property of the OFC Class 1 material?

Because porosities cause blister development,
degradation of workability and slow leakage, it is necessary to
select an OFC material with a low porosity count in a micro-
structure for accelerator vacuum devices. By using a
comparison chart specified in ASTM-F-68, OFC materials are
graded from Class 1 to Class 5 according to porosity.

The volatile gas contents in the copper bulk have been
investigated for the OFC Class 1 material manufactured by a
vacuum degassing on an industrial scale. A gas
chromatographic analysis of the hydrogen concentration
showed a lower value of less than 0.3 ppm for Class 1 than for
Class 4 of 0.8 ppm. A further investigation has been carried
out by SIMS (secondary ion mass spectrometry)
measurements. Figure 6 shows the negative secondary ion
spectra observed for Class 1 and 4 samples, which were
bombarded by an Ar-ion beam with an energy of 5 keV and a
current density of 4xlO"5 A/cm2; obtaining the gas
concentrations from the positive ion spectra is difficult, since
the signals are low and noisy in the case of OFC with such a
low gas content. It is found that the desorbed gases under ion

2O 40 60 BO 1OO
MASS NUMBER (m/e)

Fig. 6. Negative SIMS signals observed for a vacuum-tieated(Class
1) and a normally manufactured(Class 4) OFC.
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bombardment mainly comprise hydrogen and oxygen, and that
their amount from Class 1 is much lower than that from Class
4 (by about 1/4). It is thus ascertained that a micro-structure
with less porosity has lower contents of hydrogen and oxygen,
resulting in a small desorption rate of the gases during ion
bombarding.

How is the breakdown voltage of the OFC Class 1?

It is of interest to study the influence of such bulk-
absorbed gases, as well as surface contamination, on the
breakdown voltages. By applying an impulse field (60 x 700
|is) to a gap between electrodes, the breakdown field strengths
(breakdown voltage / gap spacing) have been measured at a
vacuum of - l O 1 " Torr. The electrodes were of spherical
shape 18 mm in radius and having a 3.5 mm initial gap
spacing.

Examples of the observed waveforms for the applied
voltage and breakdown current are shown in Fig.7. When
breakdown takes place, a current of the order of several A was
observed with a gap-voltage drop. Since line spectra of Cu
ions were observed during breakdown, the current comprised
ions generated from evaporated metal of the electrodes, which
is called arc current. It is considered that the breakdown was
initiated by field-emitted electrons impinging to the anode,

300

0 100 200 300 400 500

NUMBER OF BREAKDOWNS
Fig. 8. Breakdown field strengths observed for pre-cleaned and as-

received electrodes of OFC Class 1.

followed by arcing. In fact, a field-emitted current(several
mA) can be seen as a pre-breakdown current in the case of
non-breakdown, together with an induced current.

Figure 8 shows the dependence of the breakdown field
strength on the number of breakdowns observed for pre-
cleaned and as-received Class 1 electrodes; pre-cleaning of the
electrode surface was carried out by in-situ sputtering using an
Ar-ion beam(3 keV, ~10'5 A/cm^). It was found that only
when the electrodes were pre-cleaned the breakdown field
strength increased with the number of breakdowns; this is
called high-voltage(HV) conditioning effect.

A difference in the breakdown field strengths between
Class 1 and 5 electrodes was observed(Fig.9) when the
electrodes were pre-cleaned by in-situ sputtering. The
breakdown field obtained for the Class 1 material was greater
than 200 MV/m with a gap spacing of 0.5 mm. It was thus
concluded that an OFC material having less micro-porosity
and, consequently, a smaller amount of absorbed gases, shows
better performance under high electric field. The chart of
ASTM-F-68 grading OFCs according to micro-structure is
useful to choose a copper material for accelerator use.

What is the HV conditioning effect?

The results described above confirm that the HV

300
I 1 I I I I I I T

I I I I I I I I I
'0 100 200 300 400 500

NUMBER OF BREAKDOWNS
Fig. 9. Breakdown field strengths observed for OFC electrodes of

Class 1 and 5. Both of the electrodes were pre-cleaned.
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conditioning without pre-cleaning is not always effective to
increase the breakdown field. This implies that removing the
initial surface contamination by high-energy particles during
breakdown causes only little improvement in the hold-off
voltage. In fact, it was observed that the effect of in-situ
sputter cleaning is reduced when the Ar+ beam energy and
flux density are too high.

After HV conditioning the anode surface was found to
be melted; on the cathode surface a lathe trace still remained
(unmelted). [This indicates that a conditioning is not always
surface-smoothing.] The high-energy consumption during
repetitive breakdown is therefore considered to melt the anode
surface and to promote outgassing from both the surface and
bulk. These conditioning effects should persist as a "memory
effect". Indeed, it was observed that a reduction in the
breakdown field strength due to re-adsorption of gases during
atmospheric exposure can be easily recovered.

How do field-emitted electrons behave in an rf field?

It is important to evaluate the dark (pre-breakdown)
currents generated at the material surfaces in a practical
structure for rf use.

One successful simulation technique for the dark current
in a high-gradient disk-loaded structure of S-band(2856 MHz)
was recently carried out by the KEK JLC-group.fi 1,12] A
traveling-wave field in the structure was obtained by making a
linear-combination(in the time-domain) of the symmetric and
anti-symmetric standing-wave modes; the fields of these
modes were calculated using the MAFIA code. [This method
is also available for simulating the trajectory of secondary
emitted electrons in the rf window, as mentioned before.]

Figure 10 shows the energy spectra calculated for
electrons emitted from the downstream sides of all the disks
when the accelerating field-strength is 60 and 80 MV/m,
respectively. The emission timing with respect to the rf phase
was taken at every 10 degrees. The normalization and ratio of
the dark currents at these fields were determined
experimentally. From the results it is confirmed that the dark
currents generated under rf operation are due to the field-
emitted electrons at the disk surface. In order to develop a
high-gradient accelerator it is thus essential to suppress field
emission by surface modification as well as cleaning.

Summary

The surface phenomena of breakdown in a vacuum have
been studied: breakdown of the alumina rf window for S-
band(2856 MHz) high-power use, and breakdown at the gap of
oxygen-free-copper(OFC) electrodes in an impulse (60 x 700
H-s) field.

It was found that the dielectric breakdown of alumina rf
windows is caused by a multipactor effect. The impinging
electrons during multipactoring create oxygen defects of the F-
centers in alumina, which induces a detrimental breakdown
leading to surface melting. From the high-power examination
using a resonant ring, a high-purity alumina ceramic having
crystallized sintering-additives and no micro-porosities is
concluded to be more durable. A TiN-film thickness for
multipactor suppression should be optimized so as not to cause
any excessive heating.

An in-situ sputter cleaning of the OFC electrode
surfaces using an Ar-ion beam was found to be an effective
way to increase the breakdown voltage when it is applied prior
to high-voltage conditioning. The influence of the gas
contents on the breakdown voltages was investigated. OFC
class-1 (ASTM-F-68), which has fewer micro-porosities and,
consequently, less absorbed hydrogen and oxygen, shows a
higher breakdown field strength of about 200 MV/m (with a
gap spacing of 0.5 mm). The trajectory simulation of the
field-emitted electrons can explain the energy spectra of the
dark-current measured for the high-gradient experiments.

In order to develop accelerator components for higher
power use, further investigations involving l)charging
phenomena in dielectrics[13] and 2)field-emission process at
metal surfaces should be carried out from the view point of the
material micro-structure.
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Abstract

A variety of high-P accelerating structures for both proton
and electron accelerators are reviewed from modern points of
view. Both standing- and traveling-wave structures are dis-
cussed. Beam stability is one of the most important factors which
must be taken into account regarding modern accelerators in
which the beam intensity is an issue.

Introduction

In this report we simultaneously discuss recent develop-
ments concerning high-P accelerating structures forelectron linacs,
high-energy proton linacs and electron rings, since the structures
and/or techniques developed for one type of accelerator can
sometimes be applied to another. Development has been pro-
moted by the requirement for high-energy, -intensity, and -
brightness beams. The following examples of this kind of
advanced accelerator are given: electron linacs forTeV colliders,
electron linacs for free-electron lasers, electron rings for B-
factories, and proton linacs for meson factories or spallation
neutrons, including those used for transmutation. The typical
parameters arc listed in Table I.

TABLE I
Examples of Future Proton Linacs, Electron Linacs and

Electron Rings
Parameters of JHP proton linac [1], OMEGA proton linac [2],
Japan's linear collider [3], Los Alamos Advanced FEL linac [4],
and KEK B factory [5].

Accelerator Energy Peak Average
Current Current

Emittance Length
(90%, norm)

JHP H" 1 GcV 20 mA 400 ^A lTrmmmr 0.4 km
OMEGA p 1.5 GeV 100 mA 10 mA 6TC mramr 1.2 km
JLC e 500 GeV 1.4 A 6^A 0.3rc mmmrl2km
A-FEL e 20McV 6 A 6 mA 9jtmmmr
KEK B e 3.5 GeV 2.6 A 2.6 A 1.5 km

The ideal accelerating field is axially symmetric and
longitudinally formed as designed. (It is longitudinally periodic
in electron accelerators.) The field should be pure both trans-
versely and longitudinally, being free from any field error.
Although the peak beam currents (the beam current within a
beam pulse) in proton linacs are significantly lower than those in
electron accelerators (see Table I), a high degree of longitudinal
field purity is required in high-intensity, high-energy proton
linacs. We first give the reasons for this, and then discuss
longitudinal field stability in terms of beam loading and structural
imperfections. A discussion concerning the power efficiency of
various structures follows, since the alternating-perodic structure
(APS) [6], sometimes referred to as a bi-periodic structure, plays
an important role regarding both field stability and power effi-
ciency. We then discuss transverse field purity ( or axial
symmetry).

Even if an ideal accelerating field were to be efficiently
provided, the structure would still not be perfect. It should also
be free from beam blowup (BBU) [7,8] in linacs or beam
inslabilties [9-11] in rings. The last section discusses efforts
being made to cure BBU or instabilities.

Effect of the Longitudinal Field Purity on Electron and
Proton High-P Accelerators

The longitudinal field purity is particularly important in
high-intensity, high-energy proton linacs for the following rea-
son. The beam loss of high-energy protons should be eliminated,
for example, down to an order of 10"^ to 10"^, since it generates
high radioactivity during long-term operation. A beam loss of
this order arises from the tail or halo, the generation mechanism
of which has not yet been elucidated either theoretically or
empirically. It is quite possible that slight field errors give rise to
the tail, halo, or emittance growth in cooperation with non-linear
forces, which arise from a space-charge effect or non-linearity in
the phase oscillation, itself. It is noted here that the synchrotron
oscillation wavelength in a proton I inac is of the order of the tank
length. If the field error has some Fourier component of the
synchrotron wavelength, a slight field error in a tank, for example
field tilt or droop, could increase the amplitude of the synchrotron
oscillation. For example, a simulation [12] indicated that phase
droops of ± 3° in 8-m tanks generated some loss of the beam
situated in the fringe of the longitudinal phase space during its
excursion through the JHP linac. This is a cooperative phenom-
enon of the field error and non-linear phase oscillation.

In electron rings the synchrotron wavelengths are ex-
tremely longer than cavity lengths. Nevertheless, longitudinal
field stability is also important in electron rings. Since the
synchrotron frequency is a critical parameter in operating high-
intensity, high-energy electron rings in order to maintain a large
dynamic aperture, the accelerating field should be accurately
controlled, requiring high field stability in a multi-cell cavity.
This is the reason why we chose the APS for the TRISTAN main
ring [13-16], rather than the rc-mode cavities being used for
PETRA, PEP or LEP.

Field Stability or Longitudinal Field Purity

Longitudinal field errors are introduced by beam loading
or structual imperfections. The field stability against the effect of
structural imperfections ischaracterized in terms of the following
[17-19]:

NAa = Afa/(Afn/2N),
NAC = Afc/(Afp/2N),
N5a = 5fa/(Afp/2N),

and
N8C = 8fc/(Afp/2N),

where the parameters with suffices a and c are for accelerating
cells and coupling cells, respectively. Coupling cells are cells
without a field. Parameters Afa and Afc are cell-frequency errors;
5fa = y(2Qa) and 5fc = fa/(2Qc) are the half widths of the
resonances or the damping rates of the cells. The denominator of
Afp/2N, with a passband width of Afp and N being the number of
accelerating cells, is the frequency difference between the accel-
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erating mode and the neighboring mode. It is noted that all of the
parameters are normalized by Afp/2N, implying that the field is
more stable for large coupling, that is, a wide passband. The
parameter N8a is nothing but the attenuation parameter in the
case of the n/2 travel ing-wave mode.

In a steady state the field stability of traveling-wave (TW)
operation (phase shift from cell to cell is C>) is given by [20]

8
while those of the standing-wave (SW) operation are summa-
rized in Table II [17-19]. Here, the parameter xa is the average
of the square root of the stored energy in an accelerating cell,
while 8xa and 8xc are the maximum values among errors in the
square roots of the stored energies in the accelerating and cou-
pling cells, respectively. The parameter [19]

8 t = 8 a ( l + P b / P c )
that appears in Table II is introduced in order to take into accout
the beam loading effect, where Pb and P c are the beam loading
and power dissipation, respectively.

Table II
Maximum Deviation 8x aO of the i-th Term in Square

Roots of Stored Energies in Accelerating Cells and Maxi-
mum Value 8xc(') of the i-th Term in Those in Coupling

Cells
Consider Aa and Ac as positive in this table. Terms to which a
symbol j is attached represent phase diviations in radian. If tuners
are installed at every M accelerating cells (the number of the
tuners is N/M), NAa should be replaced by MAa. The values for
the n mode can be obtained by setting 8C = 0 and Ac = 1/2 in the
n/2 mode.

mode § 7t/2 2ir/3
NAac

8xc(2>/xa

NAa

jN8t

a a

8xa(2)/xa

8xa(
3)/xa

8xa(
4>/xa

Sxa(5)/Xa

8xa(
6)/xa

(l/2)(NAc)(NAa)
(l/4)(N8c)(N8t)
j(l/2)(N8c)(NAa)
j(l/4)(NAc)(N8t)

(l/4)(NAc)(NAa)
(l/8)(N8c)(N8|)
j(l/4)(NSc)(NAa)
J(l/8)(NAc)(NSl)
(l/2)NAa

jN&t

Under TW operation the amplitude attenuation arising
from wall loss is taken into account in the design stage, no matter
which of the constant-gradient, constant-impedance or detuned
structures is chosen. Under SW operation it is usual to consider
the field droop due to the wall loss or beam loading as a kind of
field error, although the droop can be compensated for by
adjusting the coupling coefficients, such as the constant-gradient
TW structure. Under either TW or SW operation the manufac-
turing error in the coupling coefficient gives further rise to some
amplitude deviation from the designed value.

It can be seen that the effect of the manufacturing error is
of the first order on the field stability under steady-state TW
operation; it is of the second order under n/2 SW operation. Ifthe
structure is used in the steady state, n/2 mode SW operation is
advantageous over TW operation regarding field stability.

Power Efficiency or Shunt Impedance

The steady-state power efficiency of the SW structure is

also better than that of the TW structure [21] if the proper
structure is chosen. Here, the SW structure is referred to as a
structure which is suitable for SW operation, while the TW
structure is suitable for TW operation. We now consider the disc-
loaded structure shown in Fig. 1 a). It should be noted that the
shunt impedance of the 7t-mode is the same for both the TW and
SW modes, since the difference between TW and SW vanishes
under jt-mode operation. (Throughout this paper we deal with the
shunt impedance, which includes the transit time factor.) It is true
that the shunt impedance of the n/2 S W mode is half that of the
n/2 TW mode in the case of a uniformly periodic structure (Fig.
1 a)), since the field vanishes in half of the cells under SW
operation. (In other phase-shift SW modes the phase difference
between the beam and the field is accumulated from one cell to
another, halving the shunt impedance together with the effect of
a non-field cell.) However, cells without a field (coupling cells)
can be shortened, as shown in Fig. 1 b), if one wishes to recover
the shunt impedance. This is how the alternating-periodic
structure (APS) was invented [6]. In other words, the APS is a
structure with both the Jt-mode shunt impedance and the 7t/2-mode
field stability; a structure of this type is referred to as an on-axis
coupled structure (OCS). Although a triperiodic structure [22]
operated in the 2n/3 mode was proposed in order to further
improve the shunt impedance by eliminating one out of two
couplig cells, the field stability becomes worse, as shown in
Table II [19].

[ I I I I I I I
f M Tf M I

a) Disc-loaded d)SCS

XJLJLl

b) OCS-I e)ACS

IJLjLJl
XJLJLJI
c) OCS-II

D A W

Fig. 1 Tr./2-mode standing-wave structures

At this point the TW is still advantageous over the SW,
since the 27t/3-mode shunt impedance used in the TW is about 40
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percents higher than that of the 7i-mode. Equipment with nose
cones [23], as shown in Fig. 1 c), increases the impedance by
typically 30 percent (P~l) or 100 percent (P~0.5) according to a
SUPERFISH [24] calculation. However, since the electrical
coupling through a beam hole is almost eliminated by attaching
the nose cones, coupling slots are required in order to restore the
coupling coefficient. The coupling slots partly cancel any
increase in the shunt impedance by an order of ten percent,
blocking current flow in a disc. (Although the effect of the
coupling slots on the shunt impedance is primarily dependent
upon the coupling coefficient, it is also dependent upon the
detailed form of the coupling slots.) On the other hand, some
power in the TW mode (nearly 20 percent) goes out of the last
cell, unless the power is recirculated to the first cell, as in a
resonant ring. An on-axis coupled structure with nose cones and
coupling slots has approximately the same power efficiency as
does the TW structure. (Some people may criticize the fact that
the structure shown in Fig. 1 c) is no longer literally an on-axis
coupled structure. However, this terminology is not only histori-
cal, but it also implies that coupling cells are located on-axis. The
notation on the geometrical form of APS refers to the location of
coupling cell.)

On-axiscoupling cells still occupy and consume the space
on the beam axis, which can otherwise be used for acceleration.
A coupling cell, ideally having no field or nothing to do with
acceleration, can have various forms as long as it maintains the
field-stabilizing function. The side-coupled structure (SCS)
[25,17] was invented by displacing coupling cells to the "side"
(Fig. 1 d)). In this way the geometrical form of the accelerating
cell can be optimized in order to obtain the highest shunt imped-
ance. However, axial symmetry is lost.

Since axial symmetry is important for a high-intensity
accelerator, as discussed in the next section, we developed an
annular-ring coupled structure (ACS) [26,27] in order to recover
axial symmetry. It is noted that the ACS can be topologically
obtained by rotating the SCS around the beam axis, as shown
from Fig. 1 e). However, we had a difficult time to put the
structure into practical use, since the coaxial coupling cells of the
ACS have many higher-order modes just above the coupling
mode. (Note that the higher-order modes are localized in the
coupling cells, causing no direct harm to the beams.) It had been
reported [27] that a serious depression in the quality factor arises
from excitation of the coupling-cell quadrupole mode. We
understood that the excitation arises from an alternative orienta-
tion of two coupling slots. Also, the two coupling slots decrease
the frequency of one of the dipole modes in the coupling cells
down to the accelerating passband [28]. We anticipated that both
these problems would be solved by recovering axial symmetry,
which is also advantageous regarding the field purity as discussed
in the next section. The problems were actually solved by using
four or eight coupling slots [29]. If one uses a coupling of 5
percent, the coupling slots deteriorate the quality factor by 17
percent, which is 1.5 times larger than in the SCS case. In order
to obtain the same coupling, the ACS requires larger slots than
does SCS, since the axially symmetrized coupling cells of the
ACS are larger than those of the SCS. Since the ACS became
quite promising for practical use, we constructed 1296-MHz
high-power models [30,31 ] with two five-cell tanks connected by
a five-cell bridge coupler [32]. The models were tested up to 6.5
MV/m, which is 1.5 times higher than the power level necessary
for the JHP linac (600 us, 50 Hz).

The disc-and-washer (DAW) structure [26] shown in
Fig. 1 0 was at first appreciated for its extremely high shunt
impedance and extremely high coupling. There were, however,
twodifficult problems to solve: the washers must be supported by

stems, and the passband of a transverse dipole mode crosses the
accelerating mode. Solutions to the former are partly associated
with a decrease in the quality factor. The latter problem was
solved by pushing up the frequency of the transverse mode [33];
again, however, this was associated with a decrease in its Q value.
The other solution is to produce a stopband of the transverse
mode in the vicinity of the accelerating mode [34]. The DAW of
the first type was beam-tested in the TRISTAN accumulator ring
[33], while the latter was recently tested at the INR meson factory
in Moscow. It is noted that the DAW is advantageous over any
other structure due to its extremely high coupling.

The shunt impedances of the various structures measured
in different laboratories are sometimes difficult to compare, since
they can be increased by decreasing the following parameters: the
bore radius, disc thickness, nose-cone angle, and nose-cone
radius shown in Fie. 2. (The frequency (0 dependence can be
scaled by using its r^ - law, if the compared structures have the
same figure.) An approximate comparison is given in Table III,
where the shunt impedance is normalized by a n-mode shunt
impedance, thus being optimized while holding the above param-
eters fixed.

outer radius

T
cavity radius

gap length

disc thickness - ?

nose-cone
radius

Fig. 2 Parameters which determine the sum impedance

TABLE III
Approximate Comparison of Shunt Impedances

The shunt impedances are normalized by the optimized n-mode
shunt impedance. The OCS-I is an OCS without nose cones or
coupling slots, while the OCS-II is one with nose cones and
coupling slots. The shunt impedances of the OCS-II can be
increased up to 0.9, if one uses a thin disc and a small coupling
cell. (A coupling of 5 % except for the OCS-I and DAW.)

L OCS-I OCS-II SCS ACS DAW [35]
0.9 - 0.6
0.5 ~ 0.3

-0 .7
-0 .5

-0.88
-0.88

-0.83
-0.83

-0.95
-0.91

Transverse Field Purity or Axial Symmetry

In the preceding section we discussed the longitudinal
field purity. In this section we deal with the axial asymmetry in
the accelerating field. One can classify the axial asymmetry in
terms of the multiplicity: if an asymmetry has a component of
sin m(|>, where 0 is the azimuthal angle, we refer to the asymmetry
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as being 2m-pole. Although the effect of the axial asymmetry of
the accelerating field has not been fully studied quantitatively,
partly because of a lack of experimental data, we believe that the
axial symmetry of the accelerating field is important for a high-
intensity accelerator. The presence of the dipole component in
the accelerating field implies that the beam is kicked by the
acceleration, giving rise to a coupling of the betatron oscillation
with the synchrotron oscillation. In rings it should increase the
undesirable effects of synchro-betatron resonances, while in
linacs it should again give rise to emittance growth under some
non-linear forces. It was recently observed that the quadrupole
component gives rise to emittance growth through its interaction
with the solenoid field in the electron linac for FEL [4].

If a cavity has axial asymmetry geometrically, the asym-
metry mixes the otherwise symmetric accelerating mode with
multipole modes. The amplitude of the mixing is proportional to
the asymmetry and the product of field strengthsof the two modes
there, and inversely proportional to the frequency difference
between the accelerating mode and multipole modes. This is
essentially the same mechanism as in the longitudinal case.

The SCS has dipole asymmetry, the OCS with two cou-
pling slots has quadrupole asymmetry, while the ACS with four
coupling slots has octupole asymmetry. Recent estimates [36]
have indicated that the accelerating field in the SCS has a dipole
componcntof approximately onepercenton the axis. Aquadrupolc
component (Ey/Ez) of around 0.3/m appeared [4] in the acceler-
ating mode of OCS with two coupling slots, where Ey and Ez are
the transverse and longitudinal fields, respectively. In contrast,
the ACS has a negligibly small octupole component in its
accelerating field [36], partly because the frequencies of octupole
modes are significantly higher than the dipole or quadrupole
modes, and partly because the octupole field is very small near the
beam axis. This is the reason why we used an electrically coupled
OCSwithoutanycouplingslot(Fig. 1 b)) for the TRISTAN rings
and developed the ACS for the JHP linac.

The DAW structure is disadvantageous regarding trans-
verse field purity, since the deflecting dipole modes are still
situated in the vicinity of the accelerating mode, even if the dipole
modes are deviated by either device.

RBU in Linacs and Beam Instabilities in Rings

If the beam traverses through a cavity off axis, the excited
deflecting modes (TMl-like modes, or HEM1 modes) give rise
to beam blowup (BBU) [7,8], sometimes referred to as beam
breakup, in linacs. Modes with low resonant frequencies and
with high quality factors mainly deflect the beams in the follow-
ing bunches, while those with continuum spectra deflect the tail
in a bunch. In rings the same mechanism increases the amplitude
of betatron oscillation near synchro-betatron resonances [37,38].
In either case the beam axis should be aligned along the "cavity
axis" where the deflecting field vanishes in order to suppress the
BBU or the effect of synchro-betatron resonances. However, if
the cavity is axially asymmetric, the cavity axis in this sense
differs from one mode to another, making it impossible to align
the beam axis for all modes. This is another undesirable effect of
the axial asymmetry of cavities.

More serious in electron rings is that coherent betatron
oscillations are induced by deflecting modes, which are, in turn,
excited by the oscillations [9]. This phenomenon is referred to as
a transverse coupled-bunch instability. In rings, a longitudinal
coupled-bunch instability [ 10] is also excited due to the presence
of longitudinal higher-order modes (TMO modes). Both of the
coupled-bunch instabilities were empirically studied in the PF
[3942]. The measured threshold currents were in agreement

with the theoretical predictions within a few ten percent [42]. The
DAW structure is disadvantageous regarding the BBU or insta-
bilities for the following reasons. Since the operational mode of
the DAW is not fundamental, but, rather, a higher-order mode,
the DAW has significantly more higher-order modes than do the
OCS, ACS and SCS. Even worse is that the characteristics of
these higher-order modes in the DAW are very hard to study and/
or to understand, compared with those of the other structures.

In linear colliders high-intensity electron beamsare accel-
erated through extremely long linacs; in B factories extremely
high currents are accelerated and/or stored. In either case the
threshold currents of the BBU or the instabilities must be drasti-
cally increased. The first method for curing the BBU or the
instabilities is to distribute the resonant frequencies of the higher-
order modes in order to avoid any accumulation of the effect over
atank.alinacoraring. In thecaseof proton linacs the distribution
is automatically realized, though only partly, since the cell length
is increased (as a result the cavity diameter also varies), as the
beam is accelerated. In thecaseof electron linacs the bore radius
of the constant-gradient structure is decreased down stream of the
traveling wave. In modern accelerators the automatic distribu-
tion of the resonant frequencies is not sufficient to eliminate the
BBU. Thus, the bore radii are varied as effectively as possible in
suppressing the BBU, although the gradient becomes only ap-
proximately constant, not exactly in this case. This type of TW
structure is referred to as a detuned structure [43,44]. In the
TRISTAN main ring the radii of the APS cavities are intention-
ally distributed [16] so that the frequencies of the "dangerous"
modes are distributed among the two revolution frequencies,
resulting in an approximate cancellation of the excitation of
higher-order modes by their damping. (Typical dangerous modes
are TMOll-like, TM110-like and TM11 l-like modes.)

The second method used to avoid the BBU or the beam
instabilities is to equip a cavity with couplers, through which
dangerous higher-order modes are removed and damped by
matched loads. The dampers used in the TRISTAN rings
decreased the quality factor of the TM11 l-like modes by more
than an order of magnitude, while that of the TM011 -like mode
by two orders of magn i tude [45]. The dampers developed for the
PF had better performances to suppress the higher-order modes
[46]. Strong electric fields at the wall of the TM01 l-like and
TM11 l-like modes are relatively easy to couple out, since the
accelerating TM010-like mode has no electric field there. On the
contrary, the TM110-like mode has only a magnetic field at the
wall, similar to the case of the accelerating mode, and is thus
difficult to damp without a serious depression of the Q value of
the accelerating mode. A "single-mode cavity" (Fig. 3 a))
introduced by Weiland [47] cannot damp the TM110-like mode
either, which is the lowest-frequency standing-wave mode
originating from the TM11 wave-guide mode. (The single-mode
cavity has the lowest impedance at the high-frequency spectra,
being the most immune against single-bunch instabilities.)

In order to obtain a "damped cavity" without any higher-
ordermode.havingareasonableamount of the accelerating shunt
impedance, a variety of cavities arc being proposed and investi-
gated. The three-dimensional code MAFIA [48] makes it signifi-
cantly efficient to design this kind of cavity, together with the use
of a calculation method of the external Q [49]. This method was
independently applied by Gluckstern et al. [50], Kageyama [51]
and Kroll et al. [52]. Different concepts were presented by
Conciauro ct al. [53], Palmer [54], and Kageyama [55], respec-
tively, for a damped cavity (Fig. 3 b)-e)) in which the TM 110-like
mode is well damped down to a Q value of a few 10 or less. The
concepts of Palmer and Conciauro ct al. were further improved by
KEK B factory group [56] and SLAC B factory group [57],
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respectively. Kageyama's concept is being seriously studied by
the Cornell B factory group [58,59] with regard to their supercon-
ductingcavity. Very recently, Shintake [60) proposed the "choke-
mode cavity" shown in Fig. 3 f). Both Palmer's and Shintake's
cavities were devised for multi-cell cavities, while the others can
be used only for a single-cell cavity. It will be interesting to see
which structure survives the next decade, and even more inter-
esting to see new structures being invented.

Conclusions

We must omit any discussion concerning rather technical
aspects such as tuning, machining, brazing, cooling, vacuum and
so forth in this short report, although these aspects are sometimes
more important in choosing a suitable structure. Finally, it is
stressed that each structure has its own advantage, and that the
best choice i s dependent upon the specif ications of each machine.
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THE TRANSFER OF ACCELERATOR TECHNOLOGY TO INDUSTRY

Anthony Favale
Director Advanced Energy Projects
Grumman Aerospace Corporation

Bethpage, New York

The national laboratories and universities are sources for
innovative accelerator technology developments. With the
growing application of accelerators in such fields as
semiconductor manufacturing, medical, therapy isotope
production, nuclear waste transmutation, materials testing,
bomb detection, pure science etc., it is becoming more
important to transfer these technologies and build an
accelerator industrial base. In this talk the methods of
technology transfer, the issues involved in working with the
labs and examples of successful technology transfers will be
discussed.

Introduction
During the past 50 years there has been an explosion in

the use of particle accelerators bringing them into almost
everyone's home in the form of television and computer
screens. The second largest use being for medical diagnostic
and industrial x-rays. Most people do not even realize these
devices are accelerators. This proliferation has continued
over the past decade and will continue with the growing
application of accelerators in such fields as basic sciences,
medical therapy and diagnostics, semiconductor manufacture,
detection of contraband materials, nuclear waste
transmutation etc. This next level of growth will probably
not see such large numbers of devices however their size and
complexity will be much greater. National Laboratories and
universities in many nations are the repositories of
innovative accelerator technologies. In order to build an
industrial base to meet the needs of this growing field
emphasis must be placed on technology transfer not only in
the United States but everywhere. In this talk I will discuss
the various methods of technology transfer, present some
successful examples and discuss issues and concerns
involved in such transfers.

The Resource
In the U.S. and elsewhere I believe the national labs and

the universities are a national treasure, for example in the
U.S. for the Department of Energy we have the following
figures:

• $6B Annual R& D Expenditure

• 30 R&D Laboratories

• 35,000 Scientist and Engineers

• 14,000 Trained Technicians
If one adds the labs of other organizations, universities, etc.
and other funding organizations such as the National Science
Foundation, the Department of Defense, National Institute
of Health, etc. these already impressive numbers become
even larger. Similar situations exist in Europe, Japan and
Russia.

Mechanisms of Technology Transfer
There are many methods by which technology is

transferred to industry for example:
• The transfer of people

• Industry/Laboratory Collaboration

• Industry/Laboratory Personnel Exchanges

• Contracts and Procurement

• Individual Consulting

• Modest Requests for Technology

• Patent and Copyright Licensing

• Work for Others
All of the above mechanisms provide various degrees of
technology transfer some being more satisfactory than
others. I would now like to discuss each of these in more
detail giving examples where possible of successful
technology transfer.

The Transfer of People There are many examples of the
transfer of people from laboratories to industry. LeCroy
Corporation and AccSys Technology Inc. are two that I am
familiar with. LeCroy, one of the leaders in fast electronics
for accelerator experiments, with offices in the U.S. and
Europe, was formed when Walter LeCroy, present CEO, left
Columbia University's Nevis Laboratory to start his own
business taking with him the technological skills he had
acquired there. Walter has stated that "The transfer of people
is probably the most effective means of technology transfer".
LeCroy Corporation which was formed about 28 years ago is
now about $60 million a year in sales. AccSys Technology
Inc. a much younger corporation formed in the 1980's was
founded by Bob Hamm when he and several colleagues left
Los Alamos National Laboratory to start their business.
Today with annual sales of $3.3 million they are producing
linear accelerator components i.e. radio frequency
quadrupoles, drift tube linacs, RF power supplies and ion
source systems. It should be noted that once the transfer of
people has taken place further technology transfer is usually
implemented by the other mechanisms listed above.

Industry/Laboratory Collaboration This category covers
situations where a laboratory and an industry decide, for their
mutual benefit, to collaborate on a technology development.
In these cases there are no exchange of funds i.e. each uses
their own R&D funds to support the work, there are several
mechanisms by which this process can proceed from a
handshake to what is called a CRADA. Now since
CRADA's are becoming so important in the
U.S. I will give a brief description. CRADA stands for
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Cooperative Research and Development Agreement. The
National Competitiveness Technology Transfer Act
(NCTTA PL 101-189) that was signed into law in
November 1989 enables all U.S. government R&D
laboratories to negotiate and enter into CRADA's with
businesses and non-federal entities. CRADA's provide
opportunities to leverage manpower, facilities, and financial
resources while carrying out a project of mutual interest.
These agreements include addressing who will own the
rights to any intellectual property (patent or copyright)
created and the protection of proprietary information
brought to the project or created during the project. This
act explicitly made technology transfer a mission of all
U.S. government laboratories requiring the governing
agencies DOE etc. to incorporate that mission into the
laboratory contracts with the legal entity responsible for
operating the laboratory. It also extends protection from
Freedom of Information Acts requests for CRADA's.

Now I will discuss two examples of Laboratory/Industry
collaborations which involve my own company Grumman
Both of these programs which began with hand shake
agreements are now being structured into CRADA's. First,
two years ago we began a collaboration with Brookhaven
National Laboratory (BNL) on the development of a "High
Brightness, High Duty Factor RF Gun". This work was
reported on in detail earlier this week at this conference by
Ira Lehrman in session TU2. The collaboration involves
scientists and engineers at BNL's Accelerator Test Facility
directed by Ilan Ben Zvi and their counterparts at both
Grumman's Corporate Research Center and Advanced
Energy Projects group. This collaboration pooled the
resources of both groups for mutual benefit. It helped BNL
in developing and fabricating its FEL user facility and it
facilitated Grumman in obtaining FEL technology for its
future programs. For this program BNL and Grumman
jointly performed the RF modeling of the gun, Grumman
is assisting BNL in the test and conduct of the experiments
and Grumman has done the thermo and mechanical design
and fabrication of the gun. This work has now been
extended to Grumman's involvement in the superferritic
wiggler development for BNL's Harmonic Generation FEL
Program. In this effort BNL is responsible for theory and
winding of the wiggler and Grumman is responsible for
magnetic modeling, design, fabrication and measurement.
In addition Grumman is responsible for design and
fabrication of the cryostat. I believe I can say that both
BNL and Grumman have benefited significantly from this
collaboration.

The second program, which started about a year ago, is
a collaboration with Los Alamos National Laboratory in
the area of "Accelerator Transmutation of Waste", ATW.
Stan Schriber mentioned this program earlier this week in
his talk during session M02 "Accelerator for Spallation
Sources". This collaboration involves scientists and
engineers at both LANL's Accelerator Technology Division
and their Nuclear Power Division. Grumman is supporting
LANL in two areas namely: 1) in the development of a cost
model of ATW both for military nuclear waste and nuclear
waste from commercial reactors, 2) accelerator technology
areas such as improving RF efficiency of cavities and other

RF structures and in the development of reliable CW ion
sources. This latter effort, the CW ion source work builds
on another technology transfer effort with Dr. K. Leung of
the Lawrence Berkeley Laboratory, LBL. Grumman has
been working with LBL using several of the tech transfer
mechanism such as consulting and procurement. The
primary area of Grumman contribution is the measurement
of beam output characteristics and automation of ion source
operation. To date the collaboration with LANL is
proceeding very well for both parties.

Industry/Laboratory Personnel Exchanges Again there
are various options with this method such as an industry
representative spending a year or so at a laboratory at
company expense or at laboratory expense and vice versa. I
will now give an example of both directions of personnel
exchange.

In 1985 Grumman arranged to place Joe Bundy one of
its space structural designers at LANL to support the Beam
Aboard Rocket Experiment, BEAR. Mr. Bundy spent two
years at LANL sponsored by Grumman, helping LANL
design the structures for the BEAR accelerator package.
LANL benefited from our space technology, and we
benefited by learning some of the accelerator technology
which lead to our designing and fabricating the BEAR RFQ
accelerator.

At the end of 1990 the Brobeck Project Manager for the
Louisiana State University 1.4 GEV synchrotron called
Rolland Johnson of Fermi National Accelerator Laboratory
requesting his help on the accelerator control system.
Brobeck had won a contract to build a 1.4 GEV synchrotron
at the University, they knew how to build the machine but
needed help in how to run it. Johnson was hired by
Brobeck to help design the control system but remained a
Fermi employee.

Contracts and Procurement "The good, old-fashioned
way" as Dick Carrigan of Fermilab likes to say. The
options here again are many. They vary from build-to-print
and purchase of off-the-shelf items to industrial partnerships
and large scale government procurements involving
training. Obviously the degree of technology transfer
differs considerably depending on the option. From a
technology transfer point of view procurement of off-the-
shelf items an build-to-print are the least satisfactory albeit
very important to the financial health of industry. For
industry to grow and compete in the accelerator business it
must participate in the intellectual developments.

The procurement of the superconducting magnets for
the Superconducting Super Collider, SSC, in Texas and the
Relativistic Heavy Ion Collider, RHIC, at BNL are
excellent examples of technology transfer. For years prior
to the actual Request for Proposals, RFP's, on these
projects companies such as General Dynamics,
Westinghouse, Babcock and Wilcox and Grumman
interacted with the national labs to different degrees. Some
placed personnel at the labs, some worked on small
contracts and some did both. After the award for the SSC
dipoles General Dynamics worked with Fermilab and
Westinghouse with BNL helping them build a series of
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dipole magnets thereby learning first hand the technology
involved. Similar activities are now being undertaken by
Babcock & Wilcox on the SSC quadrupoles and Grumman
on the RHIC dipoles. After the training period these
companies will undoubtedly make changes in the tooling
and other procedures for the purpose of high rate
production. In the end having these partnerships will result
in the growth of a superconducting magnet industry in the
U.S. Prior to these projects there were no U.S. companies
with superconducting dipole magnet experience only
Japanese and European.

One of the most successful tech transfer projects that I
am familiar with is Grumman's industrial partnership with
LANL on the Ground Test Accelerator, GTA. For the past
5 years about 25 Grumman scientists and engineers have
been integrated into the LANL GTA project at the Los
Alamos facility. Almost every technology area has
Grumman participation including the project management.
Each month one or more Grumman personnel return to
Grumman's Bethpage facility to lecture their fellow
coworkers on their efforts thereby bringing the technology
back to the company providing leverage in the learning
processes. The GTA project is a highly successful
technology transfer project.

Procurements from the laboratory to industry both labor
and computer code developments are another excellent
avenue for tech transfer. Laboratories such as LANL are
continually developing physics codes and refining them.
These codes are necessary for the physics designs of new
accelerators. At Grumman we have purchased these codes
from LANL and others and also subcontracted with the labs
for initial support in utilizing such codes. Recently Lloyd
Young of LANL spent several weeks at Grumman aiding
us in low power testing of the CWDD RFQ utilizing his
new software. We will purchase this new software when it
becomes available.

An important program for technology transfer in my
company's evolution in the accelerator industry was our
subcontract to design and fabricate the BEAR RFQ for
LANL. LANL was responsible for the physics design of
the RFQ and LANL and Grumman together performed the
design. Grumman's major contribution was in the concept
of the electroformed design and the special tooling for
tuning and forming. Grumman had total responsibility for
the fabrication utilizing the machining tapes from LANL
but even here LANL experience was utilized in the
machining of the vanes.

Grumman participated in the tuning and low power RF
testing. Via the transfer of computer codes and aid in
helping us build bead-pull apparatus Grumman is now
capable of doing RF cavity "testing on its own in fact we
recently tested a RFQ for the Physics Department at Stony
Brook University. This surely is a tribute to LANL tech
transfer to Grumman.

Individual Consulting Most companies independent of
size utilize consultants from the labs and universities.
Consultants are used to bolster a area of technology
weakness especially on entering new fields. Companies
can not afford to have experts in every field on their staffs

full time. My first interaction with a consultant was in the
late 1950's when I had built a duoplasmatron ion source for
some experiments I was conducting on micrometeorite
impacts. I used a paper written by Charlie Moak from Oak
Ridge National Laboratory (ORNL) for the design. Try as I
did I could not obtain the currents he claimed in his paper.
I called Moak and asked if he would be willing to consult,
not only did he agree but he said he felt it was part of the
mission of ORNL to help industry. He visited my lab
took one look at the drawings and noted that I had not
received the errata to his paper, i.e. the extraction annulus
had to be modified. He rolled up his sleeves and with the
use of a lathe corrected the problem. The next day we
operated the source and obtained full current. Now that is a
consultant! The lesson to be learned here is get the
consultant involved before fabrication.

When Grumman entered the competition to build the
CWDD accelerator for the U.S. Army in the late 1980's we
had a big hole in the physics area. We had good physicists
but their experience in ion sources and linear accelerators
was limited. We fixed this deficiency by adding a Physics
Advisory Board to our team. We choose a top rate team of
accelerator experts namely John Stables from LBL, John
Farrell and Dick Purser from LANL and Pierre Grand from
BNL. I believe this was a significant factor in our being
awarded the contract. These consultants did more than
advise, they spent time at our facilities overseeing our
physics design, checking our results, making
recommendations etc. With this help we were able to do
the complete physics design of the CWDD accelerator. The
technology transfer during the critical design phase was
excellent.

Modest Request for Technology The laboratories
continually develop technology for use on their own
projects in particular in the area of diagnostics, small power
supplies and other small items. Two examples of such
systems that we now have at Grumman include a bead pull
apparatus for tuning cavities and taught wire system for
magnetic alignment of drift tubes. Though these are
excellent examples of technology transfer, but knowledge
of their existence is not always widespread.

Work for Others The best example I know in this area
is the program Fermilab conducted for Loma Linda
Hospital. Loma Linda wished to establish a proton therapy
facility at their California location. Fermilab took on the
design task and sent out a request for industrial
involvement. SAIC was selected and worked with
Fermilab to build the machine and test it at Fermilab.
SAIC then dismantled the system and reassembled it at
Loma Linda. They commissioned the machine and it is
now treating patients. I believe SAIC obtained exclusive
rights to the Loma Linda design under this agreement.
This is another excellent example of technology exchange
helping a company establish a new business line.

Issues The major impediments to technology exchange
are the cultural differences between lab and industrial
personnel. No law by itself will bring about technology
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transfer. The lab directors must be strong supporters and
they must convey their feelings to all the lab personnel.
Of the lab directors that I know personally all are strongly
behind technology transfer. Acceptance by the laboratory
personnel is mandatory for success. To accomplish this
there must be a mutual interest in the project, mutual trust
must be established and the concept must not threaten the
job security of the lab personnel. There must be an
understanding of the cultural differences for example: profit
motive vs. recognition for technical achievement,
proprietary rights vs. compulsion to publish, achieving
adherence to schedule vs. we can make it better or
perfection is the enemy of good enough.

Cultural differences exist even in the approach to a
program, for example at the labs an idea is generated one
looks to do a proof of principle and then test a prototype.
Industry when confronted with a new idea first must
confirm the existence of a market, then it sets
specifications for the concept to meet this new market and
then and only then will it implement production plans.

Recommendations
To implement technology transfer and support

economic growth in their nations, I believe government
funded laboratories should adhere to the following:

• Laboratories should cooperate with industry not
compete

• Laboratory involvement on applied projects
— Generate the idea
— Conduct ground work - feasibility studies
— If concept looks appealing make

announcement to industry
— Form CRADA's with interested industries
— Promote and conduct conceptual design

studies and technology developments
— Involve industry in conceptual design studies
— Design and fabricate prototype of system
— Involve industry in the prototype
— Turn over prime role to industry after the

prototype
— Support industry in all phases after the

prototype
Now as in every system it becomes important to

establish balance. With regard to technology transfer from
the labs and universities it is important that a balance be
established between tech transfer projects and long term
R&D. If the pendulum swings too far in the tech transfer
direction we run the risk of depleting the treasure
represented by these institutions. We in industry should be
advocates of healthy R&D programs at the labs and
universities. The lab directors; their administrations, the
controlling government agencies and the U.S. congress
should never lose sight of the value of R&D. Another way
of saying this is lets farm the eggs not kill the goose.

Conclusions
I can say without qualifications that Grumman's

position in the accelerator industry today is due to its many

technology transfer projects with national labs such as
LANL, BNL and LBL. Scientists and engineers at these
facilities provided us with the knowledge and tools
necessary for our future growth in the accelerator industry.
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Abstract

An induction linac accelerating a high-current pulse
of heavy ions at subrelativistic velocities is predicted to
exhibit unstable growth of current fluctuations. An
overview is given of the mode character, estimates of
growth rates, and their application to an IFE driver. The
present and projected effort to understand and ameliorate
the instability is described. This includes particle-in-cell
simulations, calculation and measurements of
impedance, and design of feedback controls.

Introduction

A heavy-ion, linear induction accelerator suitable
as a driver for inertial confinement fusion is subject to
an intrinsic, but slow growing instability. The unstable
mode is a longitudinal bunching of the beam, which acts
back on itself through the emf it induces via the
acceleration modules. A growing wave moves
backwards in the beam pulse and forwards in the
accelerator. The essential beam dynamics are thought to
be fairly simple at low frequencies (v < 30 MHz) and are

often described using a 1-d cold fluid model. The
interaction of the beam with the induction modules may
be described by a complex coupling impedance
Z = -8E/5I, which contains the complications of cavity
design, drive circuitry, core materials, and multiple beam
configuration. Since acceleration must be reasonably
efficient for commercial generation of electricity from
inertial fusion, the coupling impedance at very low
frequencies is that of the external drive source (R) that
must be approximately equal to the matched value RQ =
G o / I o , where G o and I o are the mean accelerating
gradient and beam current. It is this unavoidable
resistive component of impedance which causes wave
growth at low frequencies, and it is generally in the
range 100-1000 ft/m over the entire high-current
portion of the accelerator. There are, however, other
impedance features which influence mode character and
growth. Module capacitance C acts in parallel with R
and causes the net coupling impedance to fall rapidly
with increasing frequency. Similarly, the direct
interaction of the beams' space charge with itself

"This work was supported by the Director, Office of
Energy Research, Office of Fusion Energy, U. S.
Department of Energy under Contract No. DE-AC03-
76SF00098.

and Landau damping by momentum spread become
important as frequency rises. For v > 50 MHz cavity
resonances are expected. The resistive character of a
resonance near its peak and its inductive character for
frequencies below the peak are highly destabilizing in
principle. Work done to date in characterizing the
coupling impedance of driver modules indicates that the
resonance Q values will be very low (~ 10) due to
dissipation in the tape core area and the gap transit-time
effect. Momentum spreads on the order of AP/P = 10"3-
10" 4 could then effectively damp the resonant
instability. The emerging picture for the longitudinal
instability is therefore that of predictable danger at very
low frequencies and probably benign resonances at high
frequency. The low frequency disturbance is expected to
have growth lengths on the order of 100 m or greater; it
is reasonable to consider feed-forward control of
accelerating wave forms such that the coupling
impedance for these disturbances is effectively zero.
Such a control system would probably be an addition to
the siinple waveform control required in the absence of
instability and would increase the system cost.

Instability Model

A simple model of the longitudinal instability at
low frequency^1) is reproduced here. We treat a cluster
of beams drifting at velocity v, with line charge density
X and current I = Xv. It is assumed here that all of the
beams (= 4-32) effectively act in concert so that X and I
are total values, and v is their common velocity. The
continuity equation, written in laboratory frame
variables (z,t) is:

(1)
3t

A smoothed longitudinal field E, induced by interaction
of I with the induction modules, acts on v:

at m
(2)

In general, perturbed components of E and I are related
by an impedance at angular frequency co:

5E(co) = -Z(co) 81(0)) (3)
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In the present study the low frequency interaction is
modeled as that of a distributed resistance R (Q/m) and
capacity C (F-m) in parallel. We may use the circuit
representation:

(4)
RC at

Some previous work2 neglected the capacity but
included a direct space-charge force proportional to

dX/dz. The present model appears to be representative
at low frequencies for the Heavy Ion Fusion application
although a parallel inductance should be included to
properly treat frequencies much lower than an inverse
pulse length. In general the capacity reduces growth
rates compared with the case of pure resistance by
lowering the impedance as frequency increases.

A perturbation analysis is carried out for small
variations from constant (drifting beam) values. For :
v = vo + 8v , X = XQ + 8X , I = Io + 81 , E = 8E, the
perturbed equations are:

81 =

d5X + 381 _ 0

at az

asv
at

(5)

(6)

(7)
m

RC
.= -81

at c

The values of R and C are related to beam
parameters by considerations of system efficiency.^ For
a good match of source to beam load, R must not be too
different from the matched value Ro = Go/Io> where
G o is the average accelerating gradient. For the typical
parameters Go = 10^ volts/m and Io = 1000 A, we have
Ro = 1000 ft/m. In this case R could be reduced to 300
ti/m without a drastic loss of efficiency (-25% of
source power is reflected). The characteristic time RC
= a"* should be a small fraction of the pulse length to
avoid excessive energy flow in charging the module
gaps. For the typical value C = 3 x 10"10 F-m, we
then have RC = 90 ns, which is short compared with a
typical 500 ns pulse length, but is somewhat longer
than the -25 ns desired for source and core economy.

In this simple model, time scales with RC = a"*,
where the "retarded time" variable x = t - z/vo is used.
A second scale quantity

= J
mvo

2C

appears in the theory and scales the variable z. That is,
a t and Kz appear in a dimensionless formulation of
Eqs. (5-8).

If we neglect the self-force from space charge,
proportional to dX/dz, the coupled equations for the
perturbed field and current are conveniently written using
z and the retarded time x = t - z/vo as independent
variables. We have

81
az2 (9)

(10)

A dispersion relation and growth rate may be
derived immediately from Eqns. (9) and (10). Taking 81
and 8E to vary as exp-i(cot+Qz), we find for general
impedance Z(co)= - 8E/SI:

Q 2 = -icoK2CZ(co) (11)

(g\ The maximum growth rate in z is found for given real co
> o to be:

(12)

which for a parallel R-C impedance becomes (with
x=coRC)

(13)

(14)
xl_l1/2

Note from Eq. (12) that the positive Zj (from
parallel C) is stabilizing, while negative Zj (from
parallel inductance) would be destabilizing. At very low
frequency ( x « l ) , the growth rate with distance (z) is

(15)
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However, for x » 1 the growth rate decreases with
increasing co as

ni->&- . ( i6)

This is the consequence of the parallel capacity, which
strongly reduces the impedance [Eq. (13)] that appears in
the growth formula Eq. (12).

For calculations of transient growth a saddle point
analysis of the dispersion relation [eq.(ll)] may be
made. Sparing the reader the details of this process, it is
found that maximum growth occurs at a t = (3/V32)Kz
where the exponent is Kz/(2V2~). To translate these
results into meaningful numbers, we use the specific
parameters given in Table 1 and discussed above. The
perturbation then grows as exp(2.6z), where z is given
in kilometers, out to about 1.4 kilometers where axp =
(3/V32)Kz. The exponentiating rate, Kz/(2V2~), is what
one would get from the simple growth formula [Eq.
(14)] for a sinusoidal velocity perturbation at a frequency
of v = a/(27r/3~) ~ 1 MHz, which is too low to appear
on a 500 ns pulse. For a more reasonable 10 MHz
perturbation, where several cycles fit within the 500 ns
pulse length, the exponentiation rate from Eq. (14)
would be .64 km'* instead of the maximum value of
2.6 km"'. Both of these growth rates are significantly
smaller than earlier estimates which neglected the role of
C. Therefore one might contemplate the use of feed-
forward techniques to prevent serious growth.

Current Efforts on Longitudinal Instability

In additional to simple calculations of growth rates
and impedances, an effort is underway to gain a more
detailed understanding of the longitudinal instability.
The principal activities are as follows:

Detailed Code Calculations of Impedance

The 2-d electromagnetics AMOS code developed at
LLNL^'^ for application to electron induction linacs is
now being used for heavy ion module impedance
calculations. Modifications needed for the HIF
application have been made, which include non-
relativistic beams (P * 1) and extension to 3-d. The
difficult problem of incorporating tape core properties
into the AMOS formulation is also receiving attention.
The higher dimensional capability is necessary to treat
accurately the effect of localized drive leads (there are 1 -
4 of them), as well as multiple beams. These latter
features are expected to be important only at fairly high
frequency.

Impedance Measurements

There are as yet no realistic prototype modules for
a heavy ion driver at full scale. However, at LBL a
scaled core model has been characterized^ for resonance
frequencies and Q values. An essential feature of
impedance tests with metglas is that they be made on an
excited driver core, e.g., half-way to saturation, instead
of in an unmagnetized state. The latter circumstance
gives a near short circuit for small signals at low-to-
medium frequencies.

1-d Simulation of Instability

An existing 1-d simulation code (SHIFTz) has
been extended to study the use of feedforward control of
both pulser errors and longitudinal instability. The code
consists of a 1-d particle pusher coupled to a circuit
equation for the module response and a long-wave-length
space charge force. It has been used particularly for
studying the role of momentum spread in eliminating
resonant mode growth at high frequency.^ With recent
structural changes made in the code, perturbed
waveforms can be amplified (with added noise) and
translated to downstream correction points. A similar

TABLE 1
Application to Heavy Ion Drivers

Kinetic Energy T
Ion Mass M

Ion Charge State q
Module Capacity C
Module Resistance R
Ion Velocity vQ

1000 MeV
200 amu

+1
3xl0-10F-m

300 n/m
.104 c

Beam current Io
Pulse Length xp

K = (qeWmv2C)1/2

a '1 = RC
Maximum growth point
Amplitude at maximum

: (x/xp)
growth point

1.0 kA
500 ns
7.33 x 10-3m-!
90 ns
.699
exp (2.59 zjcm)
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code has also been exercised on this problem at Sandia
Laboratory in a collaborative effort with LBL.
Although it is recognized that feedforward control is
probably necessary for an ICF driver, it is unclear how
large a subsystem it would be. It is possible that a
system designed to compensate for pulser errors alone
will also be found adequate for stabilization after the
realistic impedances are known. Generally, it is found
that corrections must be applied within a fraction of the
minimum unstable growth length to be effective.

2-d Simulation

Persistent questions about the dynamics of beam
pulse ends remain unanswered. For example, it is not
known to what degree a wave reflects or how wave
energy converts to thermal spread there. This area is
appropriate for a basic study with a 2-d simulation
(WARP - r, z, t), so that the fields and particle orbits at
pulse ends can be determined in a consistent manner.
The study^ is now underway at LLNL. To date,
unstable growth rates, computed with the 2-d code are in
good agreement with predictions from the 1 - d codes.

Beam Dynamics Experiments

At a longitudinal instability workshop held at LBL
in Spring 1990 and at a subsequent workshop in
February 1992, there was considerable discussion of
possible experiments, and it was emphasized that
demonstrated control of the mode would be desirable
prior to building a major accelerator. Unfortunately, a
convincing experiment requires a combination of high
currents (> 100 Amperes), subrelativistic velocity,
system length » pulse length, tape cores, and a core
drive system. Scaled experiments with electrons have
been suggested. M. Reiser9 would use ~ 5 kV, 50 mA,
10 ns pulses in a short drift tube with added resistance.
The cost would be low, but parasitic capacitive and
radiative effects wold tend to dominate over a large (kfi)
imposed wall resistance. However, such an experiment
could be used to check code predictions. Finally, the
possibility of studying the longitudinal instability is
being considered for the planned accelerator experiment
ILSE.10 The ILSE induction modules will resemble
those of a driver at - 1/2 scale and will allow fairly
realistic impedance tests. Characterization of ILSE
prototype modules is now underwway at LBL.

Conclusion

In conclusion, predicted low frequency growth rates
of the longitudinal instability are considerably reduced
when gap capacity is taken into account, and resonant
growth is suppressed by low Q values and dynamical
effects. Feedforward control at low frequency is
promising. A program to resolve remaining
uncertainties is in place, although realistic beam

dynamics experiments appear to be very costly.
However, particle-in-cell beam simulation combined
with component development, module tests, and
impedance calculations should provide an adequate basis
for future program decisions.
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Abstract

Future applications of linear and recirculating induction
accelerators include microwave sources for plasma heating and
linear colliders, industrial manufacturing processes, and heavy-
ion fusion. These applications require pulsed sources capable
of sustained operation at high pulse-repetition rates. Powering
these new accelerators places severe switching demands on the
source that often can not be met with commercially-available
technology. Consequently, several new accelerator switching
schemes have been developed at Lawrence Livermore National
Laboratory (LLNL). Our transition from spark-gap technology
to magnetic switching has merged the formerly independent
roles of source and cell into a single system and reshaped our
design methods to emphasize high efficiency. Treatment of
the accelerator as a system has also enabled us to optimize new
accelerator designs based on cost considerations. Presently, we
are developing a technology for driving a heavy-ion induction
recirculator at pulse rates exceeding 100 kHz. In this case, the
switching method is all solid state and the source and cell have
evolved into a unified device.

Introduction

We have encountered many intriguing applications for
induction accelerators, especially if the machine has a high
average power capability. For example, microwaves that are
generated from electron beam power can drive Tokamak
plasmas via electron cyclotron resonance heating [1] or power
a high-gradient rf structure for the next generation of linear
colliders [2]. A high energy induction accelerator, when
coupled to a free-electron laser (FEL), can transmit large
amounts of optical radiation from the ground into space at
wavelengths with low atmospheric attenuation. This powerful
radiation could then be directed to high efficiency photovoltaic
cells that would power a spacecraft or a lunar base [3].
Electron beams have been applied to diverse environmental and
industrial processes including the cleansing of flue gasses,
waste sterilization, welding, and mineral identification in ore
samples [4].

Heavy-ion fusion research in the U.S. has also focused on
the linear induction accelerator as a driver candidate for inertial
fusion [5]. A variation of this concept was investigated in a
recent study that suggests bending the induction accelerator
components into a closed path to form an ion "recirculator"
[6]. The closed ion path recycles the most expensive

* Work performed under the auspices of the U.S. Department of
Energy by the Lawrence Livermore National Laboratory under
W-7405-ENG-48.
** Present address: Lawrence Berkeley Laboratory, Berkeley, CA

accelerator components to attain the desired ion energy at a
lower capital cost.

All of the induction accelerator applications mentioned
hare a common need for advanced, high power switching. It is
switching that significantly influences the accelerator's design
architecture, average power capability, beam quality, efficiency
and overall cost. It is also switch research that opens the new
gateways between present accelerator technology and the high
average power machines we envision for the future.

In this paper, we will illustrate how switching has shaped
and facilitated accelerator research at LLNL. We will review
some past examples of switch development programs to show
what we have learned and how that knowledge has changed our
methods of accelerator design and costing. Results selected
from our recent switch investigations will illustrate the
continuing role switching plays in new accelerator designs.

Past Accelerators and Switching Systems

The Advanced Test Accelerator (ATA) is a burst-mode,
high pulse-repetition-rate accelerator that was built by DARPA
approximately 10 years ago to study the feasibility of
propagating intense electron beams through the atmosphere.
ATA is a 50-MeV, 10-kA electron accelerator that can deliver a
70-ns beam pulse at a 1-kHz burst rate [7]. The accelerating
voltage is generated from a pulsed power system that is
switched by thyratrons and gas-blown spark gaps [8,9]. The
thyratrons are used to charge a water-filled Blumlein, and the
spark gaps serve to discharge the Blumlein into an induction
cell. Figure 1 illustrates the ATA switching circuit and lists
the pulse specifications.

Ftetorwnt
transformer

ThyrMrwwl

1_

n
j

Specifications

Beam
current

10 kA

Beam
voltage

50MeV

Cell
voltage

250 kV

Pulse
width

70 ns

Continuous
PRF

1Hz

Burst
PRF

1 kHz
(10 pulses)

Figure 1 Schematic diagram of the ATA switching circuit and
table of pulse specifications.

The switching system on ATA worked very well, but our
emerging interest in high power FELs prompted a search for a
switch that could live longer and pulse faster than the gas-
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blown spark gaps we had at hand. Our first investigations
began with low-pressure switches, which could perform at a
high pulse repetition frequency (prf) but suffered from severe
anode damage [10]. Experiments with magnetic and low-
pressure switch combinations [11] eventually lead to a
magnetically-switched prototype for the spark gap and
Blumlein system on ATA [12]. ATA was never refitted with
the new switching system. Instead, we built the Experimental
Test Accelerator II (ETA II).

ETA II is a high average power electron beam accelerator
that was designed and built to explore high average power
accelerator technology and its benefits to FEL research [13].
ETA II employs a more mature version of the magnetically-
switched power system developed for ATA and is capable of
generating long bursts of electron beams at a 5-kHz rate
[14,15]. Figure 2 illustrates the ETA-II magnetic switching
circuit, known as a MAG1-D, and lists the pulse
specifications.
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Specifications

Beam
current

2.0 kA

Beam
voltage

7.5 MeV

Cell
voltage

112 kV

Pulse
width

70 ns

Continuous
PRF

60 Hz

Burst
PRF

5 kHz
(50 pulses)

Figure 2 Schematic diagram of the ETA-II switching circuit and
table of pulse specifications.

A number of papers are available that describe the
principles of magnetic switching [16,17] and the modern
amorphous alloys used in switch construction [18].

Lessons from the Past

The ETA-II and ATA machines taught us several
important connections between the switch, induction cell, and
beam. First of all, we learned that the cell impedance of a
low-prf accelerator can be well matched to a constant source
impedance by an appropriate compensation resistor, as denoted
by Re in Figure 1. A resistively-dominated cell will yield a
reasonably flat voltage pulse because the resistor masks any
nonlinear impedance variations from the induction core or the
beam. A flat voltage profile is generally an important goal
because any variation of the beam's energy across the pulse
contributes to an undesirable variation of the beam's center of
mass position during the pulse through a mechanism known
as "corkscrew" [19]. Corkscrew and beam-energy variations
are important for FEL work because the beam will not
contribute its energy to the radiation field if certain limits are
exceeded for beam-centroid position or beam-energy spread
[20].

We also learned that a high-prf induction accelerator needs
to be electrically efficient and that high efficiency implies a
tight coupling between source and beam. Specifically, the

absence of a compensation resistor increases the cell's electrical
efficiency but leaves the beam and cell magnetization currents
as the only pulsed power load. In this arrangement, the shape
of the cell's voltage pulse strongly depends upon the relative
timing between the voltage pulse and the beam current.
Therefore, precise switching is essential so that a flat voltage
pulse is maintained [21].

The absence of a compensation resistor Rc also had an
interesting social result: we became an integrated team. The
compensation resistor in ATA allowed the source designers to
regard the beam and cell as a simple resistor. Likewise, the
researchers interested in cell-beam dynamics could also regard
the source as an ideal pulse generator. We no longer enjoy the
luxury of those innocent and somewhat isolated viewpoints.
Our experience with ETA II taught us that high-prf machines
require a well-integrated team to provide an integrated cell and
source design [22]. We also discovered that designing a
marriage between a nonlinear source (magnetic switches) and a
nonlinear load is a formidable problem requiring advanced
modeling techniques.

Our integrated thinking now goes beyond the source and
cell to encompass the whole accelerator. In recent work, we
developed a code to evaluate the relative costs of induction
accelerator driver systems for relativistic klystrons (RK). The
code serves as an integrated design tool by observing the
interdependences between beam generation, beam transport and
pulsed power. Results of this code work are presented in these
proceedings [23].

Lastly, we found that switching dictates the accelerator's
architecture and is a driving factor in the overall system cost
and efficiency. Our appetite for high average power constantly
bears against available switching technology. Consequently,
advancements in accelerator capacity, as in ETA II, are
achieved by advancements in switching.

Induction Accelerators for Linear Colliders

It is proposed, that microwaves from a relativistic
klystron can provide power to a high-gradient accelerator
structure for linear collider development [2]. Experiments are
underway at LLNL to evaluate the microwave production from
an RK powered by the modified ATA injector. Results of this
investigation are presented in these proceedings [24].

Switching becomes a concern in this research when we
consider the electron source needed for large-scale combinations
of RKs and high-gradient structures. Previous work [25]
indicates that the RK will require a nominal 3-MeV, 3-kA
beam with a flat top exceeding 100 ns. A high average power
source is needed that is rugged, efficient, and will generate
pulses at a 300-Hz rate. We selected a source architecture that
combines the best technologies of past accelerators [23].
Magnetic switches were chosen to charge a water-filled
Blumlein (elements from ATA and ETA II), but discharging
the Blumlein required a switch that was commercially
unavailable.

Faced with the need to develop our own switch, we
initiated a experimental study of a magnetically-delayed low-
pressure switch. The scheme makes good use of our previous
switching experiences by connecting a low-pressure switch in
series with a magnetic switch. The magnetic switch delays the
Blumlein's discharge long enough for the trigger plasma in the
low-pressure switch to fully develop. The delay aids the low-
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pressure switch by reducing electrode erosion and increasing
switch efficiency. Based on good results obtained by other
researchers with magnetically-delayed vacuum switches [26],
we established the test apparatus shown in Figure 3.

Magnetic delay

Liquid
load

25 kV
pulse /

charge

a ATA Blumlein

12n, 250 kV, 70 ns

I Hr-
>S 2.5 MF

-THr-

, j Low-pressure
A switch

Solid-
dielectric

cable

Switch
chassis

Figure 3 Circuit diagram of the two-pulse test apparatus for
magnetically-delayed low-pressure switch
experiments.

The test stand consists of an ATA Blumlein, resonant
transformer and two thyratron switch chassis. The traditional
ATA spark gap is replaced by a low-pressure gas switch in
series with two magnetic cores constructed from 2605-CO
Metglas alloy and mylar film. Switch recovery is tested by
discharging the Blumlein through the switch combination and
then recharging the Blumlein shortly thereafter. Typical
voltage and current waveforms for the low-pressure switch are
shown in Figure 4.

Nitrogen
204/2

Charge voltage = 86 kV
Peak current = 6.3 kA
Recovery time = 52 us

(19.2 kHz)

8 kV/d, 1.26 kA/d, 100 ns/d

Figure 4 Voltage and current waveforms for a low-pressure
switch closure in nitrogen. Electrodes are flat with a
stainless-steel anode and aluminum cathode. N2 flows
into the gap region via an axial trigger electrode.
Gas pressure in the cathode trigger plenum is 204 |im
while the pressure at the chamber wall measures 2 |i.m.
Radial pressure distribution in the 1-cm gap region is
unknown.

The current pulse shown in Figure 4 follows the switch
voltage fall by a delay that depends upon charge voltage and
magnetic core size. A two-pulse recovery test indicates that
full voltage can be re-established across the test switch in 52
us (19.2-kHz prf), under specific conditions for gap spacing,
gas species and pressure. The data presented is still
preliminary. Work continues on the test stand to thoroughly
determine the relationships between delay time, electrode
erosion, recovery time and conduction characteristics.

Induction Accelerators for Heavy-Ion Fusion

The idea of using heavy ion accelerators as drivers for
inertial fusion has been around for some time and is considered
to be one of the promising alternatives for inertial fusion [27].
Methods for accelerating heavy ions are varied and include rf
accelerators, linear induction accelerators and several derivatives
of both. In the U.S., induction accelerators are preferred and
linear induction accelerator experiments have been conducted at
Lawrence Berkeley Laboratories (LBL) for several years. A
recent study by LLNL and LBL researchers concluded that a
significant cost savings is possible if the induction accelerator
components can be arranged in a closed path [6]. This cost
savings can only be achieved however, if low-cost, agile
modulators can be developed to drive the induction accelerator
cells at repetition rates exceeding 50 kHz. In addition, these
modulators must have the ability to vary their repetition rate
and pulse width during an acceleration sequence [28,29].

It is proposed that a recirculator experiment be added to the
next set of induction accelerator experiments planned at LBL.
The recirculator will be a part of the Induction Linac Systems
Experiment (ILSE) — a 40-m long, 10.5-MeV linear
induction accelerator for argon ions. Modulators for the 30-m
diameter recirculator experiment must operate at repetition
rates that exceed the requirements for an inertial fusion driver
due to the low ion mass and small recirculator circumference.
Table 1 lists the pulse specifications for the ILSE recirculator.

TABLE 1

Pulse Width
Pulse Amplitude
Minimum PRF
Maximum PRF
Minimum Reset Time

1.0 us (nom.)
5.0 kV
70 kHz
200 kHz
4 us

Solid-state field-effect transistors (FETs) were selected as
the switch best able to achieve the voltage, pulse width and
high-prf specifications. The FETs switch the modulator
circuit shown in Figure 5a.

•CELL

Figure 5a Circuit architecture for the proposed ILSE recirculator.

VC2

Time

597



Total
cell current

'MAX

Figure 5b Idealized waveforms for the circuit in Figure 5a.

A series-parallel array of FETs connects the energy storage
capacitor Ci to the Metglas recirculator cell. Once the
acceleration pulse has ended, the FETs are commanded to open
and the cell current is diverted from the switches to the reset
capacitor C2, as shown in Figure 5b. The reset capacitor is
precharged to a value that dictates the rate of cell current decay.
This interval also helps to reset the induction core material by
returning the flux density back to its original value.
Additional core reset is provided by the charge system.

The capacitance of C2 is large compared to Ci so that the
voltage on C2 increases only slightly from each pulse.
Likewise, the charge system replenishes only a small voltage
deficit between pulses because Ci contains far more energy
than the ion beam and core material consume per pulse. The
regulator element shown in Figure 5a returns the energy
recovered by C2 to Ci [30].

We constructed a full-scale recirculator core using 2605S-
3A Metglas magnetic alloy insulated with mylar film. Recent
small-scale modulator tests were conducted by connecting the
Metglas core to a capacitor bank and FET array containing two
parallel strings of two switches in series. A diode and reset
capacitor were also included in the test, but a regulator circuit
was not. The results of a two-pulse test are shown in Figure 6
to illustrate the waveforms previously described and to show
the high prf capability of the circuit architecture.

100kHzPRF

Cell voltage

200 kHz PRF

Cell voltage

200 V/d
each

1 ps/d

Figure 6 Two-pulse test of the modulator circuit with a small
FET array. Voltages shown are measured across the
Metglas induction core for a 100-kHz and a 200-kHz
repetition rate.

Laboratory work continues toward a prototype recirculator
cell and modulator. Our present development efforts are
focused on a high-power FET array combined with a robust,
optically-coupled control system.

Summary

Our past and recent experiences both reinforce the
proposition that new applications of high-average-power
induction accelerators are intimately tied to high-prf switch
research. Furthermore, high-prf accelerators require a design
approach that treats the machine as a system of co-dependent
elements.
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ABSTRACT

We have successfully operated the photoinjector and if lin -
ear accelerator for the Los Alamos APEX free electron
laser(FEL) at design energy, average macropulse current, and
emittance. The accelerator, which operates at 1.3 GHz, con-
sists of a 6 MeV photoinjector and three standing-wave struc-
tures with a total beam energy of 40 MeV.

This paper presents performance characteristics of the
APEX system. The results show that this technology is capa-
ble of providing reliable, high-peak current, ultra-high bright-
ness electron beams.

INTRODUCTION

Accelerator research in the Los Alamos free electron laser
program has focused on the theoretical and experimental devel-
opment of high-current, low-emittance systems that can serve
as drivers for high-power, high-efficiency FEL's. This research
has led to the construction of an accelerator and beamline based
on a photoelectric injector.

This technology was shown in earlier LANL experiments
and simulations to be superior to conventional injectors in
high-current regimes! 1,2]. As a result, the photoinjector is
now becoming the design of choice for high-current, low-emit-
tance devices.

We have successfully operated the accelerator for the Los
Alamos APEX free-electron laser facility at its design parame-
ters, and measured a number of relevant characteristics, includ-
ing emittance, peak current, energy spread, and wakefields.

This paper presents a brief description of the APEX sys-
tem's components and provides an update on research complet-
ed so far.

COMPONENTS

Figure 1 shows the APEX systems layout. The FEL
components will not be discussed here.

Photoinjector
The photoinjector/accelerator consists of six high-gradient

accelerating cells with on-axis coupling cells between them.
The accelerator operates in a re/2 mode at 1.3 GHz and 6-7
MeV. The first accelerating cell is a half cell with a photo-
cathode on the half-plane surface. The photoinjector/accelera-

*Work supported and funded by the US Department of
Defense, Army Strategic Defense Command, under the aus-
pices of the US Department of Energy

tor is followed by three more accelerator structures to bring the
beam energy up to 40 MeV. The four accelerator structures are
powered by four Thompson modulation-anode klystrons. The
electron source is a photocathode consisting of a multi-alkili
film that is produced in situ and irradiated by a frequency dou-
bled NdiYLF laser.

Fig. 1 APEX Accelerator and Beamline

Table I shows the design parameters for the APEX acceler-
atoc

Design
TABLE I

Parameters for APEX Accelerator

Energy,
AE/E
Emittance (rms)

Micropulse Charge
Micropulse Width
Micropulse Rep. Rat
Peak Current
Macropulse Length
Normalized Brightness(rms)

40 MeV
0.24%
<13remm-mr@350A

3.3re mm-mr@130A
0-5 nC
7-16 ps
21.7 MHz
0-350 A
0-100 us
3 x 1012A/(m-rad)2

@ 135 A

We have met these design goals.

Beamline
The beam transport line was modified to minimize the

discontinuities seen by the electrons between the photocathode
and the wiggler. Calculations indicate that the expected emit-
tance of the e-beam will not be appreciably degraded by the
beam transport [2].

For the measurements reported here, we operated the
beamline as far as the first spectrometer after the wiggler. The
remaining beamline will consist of a 150° bend and a second
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wiggler (Fig. 1). In future experiments, we will use this ar-
rangement to test the validity of transport codes, to demon-
strate bunching in the bend, and to demonstrate the operation
of a single accel-erator master oscillator-power amplifier [3].

Photocathode

The photocathode is formed on a molybdenum plug which
is pulled back from the first cell of the photoinjector/accelera-
tor into a preparation chamber. The cathode is prepared by suc-
cessive evaporation of antimony, potassium, and cesium.

Photocathode Drive Laser

Electrons are produced from the photocathode by illumina-
tion from a frequency-doubled Nd:YLF laser operating at 527
nm with nominal pulse-width of 10 ps.

Diagnostics

Beam profiles are observed by optical transition radiation
emitted at aluminum surfaces of insertable screens. In our ex-
periments, we used Cerenkov light with a streak camera to
measure variations in e-beam pulse width and transit time.
The streak camera was also used to study micropulse wake-
field effects.

We used a spectrometer at the end of the beamline to mea-
sure energy and energy spread. We monitored the amplitude and
phase of the rf voltages in each of the accelerator tanks for each
macropulse.

MEASUREMENTS AND RESULTS

Component Operation

Injector. We observed three unanticipated effects in the
newly designed injector/accelerator: (Instillations in the am-
plitude and phase of the rf fields in the accelerator caused by
multipactoring, (2)field emission from the low work function
photocathode caused by the high field gradients in the first cell,
and (3)focusing effects caused by the on-axis coupling slots.
These effects and their impact on operations are described in
more detail by Feldman eL al. [4].

Photocathode. The quantum efficiency of the photo-
cathodes as formed was typically =5-10% under the 527 nm ex-
citation of our frequency-doubled Nd:YLF drive laser with a
typical variation of about 10%.

Under our operating conditi6ns,(i.e., 0.1A average macro-
pulse current and =10"4 duty cycle) the cathode lifetime was 5-
15 hours. The cathode lifetime is strongly correlated with the
pressure in the accelerator during operation.

Drive laser. The drive laser pulse width at the cathode
was typically 10-12 picoseconds with micropulse energy out-
put at the laser of 10 (xJ. The measured phase and amplitude

jitter[5] were low enough that the measured emittance and ener-
gy spread were not compromised by the drive laser.

Rf controls. The present rf controls maintain the phase
and amplitude stability of the rf fields to 1° of phase and 0.5%
in amplitude over a macropulse width of 20 us. Calculations
indicate that the rf stability is not a limiting factor for our op-
eration.

Beam Measurements

Energy spread. The fractional energy spread of a 20 |xs
macropulse was measured to be 0.24% FWHM at a micropulse
charge of 5 nC. The measurement agrees with simulations[2]
that model the accelerator.

Pulse stretching. Using the streak camera,we mea-
sured the stretching of the micropulse from the initial pulse
width produced at the cathode and the variation of transit time
through the accelerators as a function of the phase of the drive
laser pulse with respect to the rf accelerating fields and the mi-
cropulse charge. These measurements, and the results of ref.
[6], agreed well with the PARMELA simulations, giving
added confidence in the codes used.

Space charge limited emission. We observed space
charge limited emission from the photocathode at high current
densities. At our nominal operating condition of about 300
A/cm2, we are in the emission limited regime for injection
over most of the rf cycle. However, we can reach high enough

current densities(>6 kA/cm2) to be in the space charge limited
regime for the full 25 MeV/m field strength. Both a simple
Child-Langmuir law and PARMELA describe the observed be-
havior over large phase angles.

Emittance. We give e-beam emittances for purposes of
comparison in terms of rms values. We measured all beam
profiles in terms of full-width at half maximum intensity and
calculated experimental rms value by assuming a Gaussian
shape. We measured emittance with the two screen technique,
with optical transition radiation interferometry, and with the
more standard quad-scan method.[7].

If a high-current beam traverses a part of the transport line
or a bend off center, strong transverse wakefields can be gen-
erated that produce different deflections for different parts of the
micropulse, causing different parts of the micro-pulse to focus
differently. As a result, emittance is increased. Misalignment
of quads also causes an increase in emittance. Simulations
have shown that the most sensitive regions are in the accelera-
tor structures and in the bends. Therefore we took great care to
align the accelerators and beamline components to the best of
our ability, using optical tooling and the pulsed-wire method
for the quads.

Figure 2 shows the results of emittance measurements be-
fore the 60° bends . The two curves in fig. 2 are calculated
from PARMELA. The calculation of the lower curve assumed
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Fig. 2 APEX Emittance vs. Micropulse Current

that the components and the beam were properly aligned; the
assumption for the upper curve was a random misalignment of
components with our estimated accuracy and the beam centered
between accelerators. We consider the agreement with theory
to be satisfactory. Our results confirm Carlsten *s theory of
emittance compensation by means of solenoids[8].

Although the estimated error bars are large for emittance
values measured after the 60° bend, we apparently experienced
little emittance growth in the bend.

Field Emission. Wfe found that operating with a
highly polished surface on the photocathode reduces the field
emission beam current by a large factor compared to operating
with a machined surface.

Wakefields. Using a streak camera, we were able to di -
rectly observe the effect of transverse wakefields on the mi-
cropulse. PARMELA calculations show that the three side
coupled accelerators produce appreciable transverse deflections
of the beam, and, hence transverse wakefields. To compensate
for these effects, the beam must be steered so that it does not
pass through the geometric center of the beamline between ac-
celerators. The streak camera technique allowed us to steer so
that we could minimize the net wakefields through the total
structure. A detailed description of this technique, which
should prove extremely useful in tuning the beamline, is given
by Wilke eL al.[9].

Wfe plan to use the streak camera technique to measure
the emittance of charge slices within the micropulse. This
"slice" emittance is an important parameter in the performance
of a free-electron laser.

The dependence of emittance on other parameters is dis-
cussed by Carlsten eL al.[6].

FEL Operation. Details of the APEX system's FEL
operations of the system are discussed by O'Shea et. al.[10].

CONCLUSIONS

^fe successfully operated the Los Alamos free electron
laser photoelectric injector/accelerator and beamline at its rated
parameters, our experiments show that this technology is capa-
ble of producing a high-current, high-brightness beam for this
and other technologies.
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ABSTRACT

A 4m long linear accelerator has been designed to operate
with the energy gain of 100 MeV and the beam current of
100mA, which is scheduled to be installed into the compact
synchrotron radiation light source (LUNA) in near future.

In this report, several pre-tests and the design of this linac
are discussed. High power test by a 0.5m long test linac shows
that it takes HOhr aging to reach no arching condition at the
electric field strength of 25MeV/m. And another diffusion
bonding test shows that it is possible to make the deformation to
be less than 5nm per one cell under optimum conditions of the
temperature and the pressure.This designed linac is composed
of 5 units, which is made by diffusion bonding method. And
each unit is bolted together to form a 4m long linear accelerator.
The entire assembly is placed wilhin a cylinder which serves
both as a vacuum envelope and as the support structure.

INTRODUCTION

Synchrotron radiation (SR) has potential for industrial use,
especially as a light source for x-ray lithography. Ishika-
wajima-harima Industries (IHI) has developed a prototype
compact synchrotron light source named LUNA (lithography
use new accelerator). The project was started in April 1987.
LUNA was installed at ISRF (IHI Synchrotron Radiation Facil-
ity at Thuchiura) in April 1989. Test operations were continued
and in December 1989, we succeeded in accelerating the elec-
tron beam to the final energy of 800MeV and observed x-ray. In
March 1991, the initial target of 50mA beam current and 3hr
lifetime was attained. At present, on the one side the machine
study and the preparation of x-ray lithography testing are con-
tinued and on the other side, the development of the machine
which would be put in market is started.

The injector of LUNA is operated at the repetition rate of
lHz and produces the electron beam which is the energy of
45MeV, the peak current of 100mA and the pulse width of l|os.
The linac consists of an electron gun, a 50cm bunchcr section, a
1.5m regular section and two 2m regular section. Two S-band
klystron with a frequency of 2856MHz are used as rf sources.
The accelerator tube is the constant impedance type. The total
wavelength of the injector is about 10m. At present, the 4m
long new accelerator tube is under development to exchange to
2m regular section, which is designed to increase the beam en-
ergy up to lOOMeV with keeping the present length of injector
and realize the easy operation and maintenance.

HIGH POWER TEST BY 05 m
ACCELERATOR TUBE

It is important to decide what the accelerating field gradient
of a linac is, in order to realize the easy operation and mainte-
nance. If a high accelerating field gradient is adopted, the
length of an injector becomes to be shorter, but on the other
hand the initial aging time becomes extremely longer and the
troubles in operation increase. A careful chemical treatment
may be one of the solution to protect an electron discharge, but
it is difficult to control the quality of its process. In a design of
a linac, it is useful to have estimated an acceptable level of the
operating field strength of an accelerator tube without any spe-
cial treatment on its surface. So rf high gradient experiment of
an S-band 0.5m disk loaded structure was done as follows.

The overall organization of the experimental set-up is
shown in Figure 1. Rf source is used which is divided from a
22MW TOSHIBA klystron. Rf pulse width used is IJJS at lHz
rep. The klystron and the 0.5m accelerator tube was connected
with WRJ-3 type rectangular waveguide, which is under pres-
sure with SF6 gas at 0.2MN/m2 to protect discharge. There is a
rf window made by ceramics between the waveguide and the
input coupler to seal the vacuum of the structure. The if power
in both the forwarde and reflected wave was monitored by
some dual Bethe-hole couplers with a coupling ratio of -70dB.
The rf power is fed into an accelerating structure and through
the power is terminated a rf water load. The structure is
pumped through its beam port of the input coupler by 60 1/sec
ion pump and the vacuum level is monitored by the current of
ion pump.

AMP

O S

X DUMMY
I DAD

Accelerator tube

IP

Fig. 1 The experimental set-up
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The 0.5m accelerating structure consists of 13 cells regular
section, an input and an output coupling cells. The disk and
cylinders are machined from OFHC copper blocks with a dia-
mond tool. The final surface roughness is less than 0.04|im
without any chemical treatment. Those parts are stacked and
combined by the electricforming method. The structure dimen-
sions and low power measured field parameters are summa-
rized in Table 1.

TABLE 1
Parameters of 05m test accelarator.

Resonant Frequency
Structure length
Iris Diameter (2a)

in
out

Shunt Impedance
Q

Attenuation
Average group velocity

(Vg/c)

2856MHz
63.0 cm

17.757mm
14.980mm
68.6Mf^m
12000

0.49Neper/m

0.00435

From parameters of the Table 1, the accelerating field Eo can
be estimated in the following way;

E0[MV/m] = 8.27 VPh[MW] (1)
where Pin is the rf input power in MW.

At this experiment, the total aging time gets to be 3310
minutes, and the field strength of 24.5 MV/m at rf power of
9MW is finally attained as shown in Figure 2. A frequency of
discharge can be estimated from the change for the worse in
vacuum level. Figure 3 shows this frequency of discharge. In
this figure the discharge frequency normalized its field
strength is put on the axis of ordinatcs, because the field
strength is not constant throughout the experiment.

30

25

^ 2 0

Fig. 2 Relation between aging time and reached field.

1

O.8

6

0.4

0.2

10 20 30 40 50
Tlmc<h)

Fig. 3 The character of Aging.
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The following experimental formula is got from Figure 3.

£ - = 0.98exp(-O.O45T) n ,
Eo V>

where Eo is accelerating field in MV/m.
T is total aging u'me in hour.
P is frequency of discharge per 10 minutes.

This formula shows that it takes 110 hr to condition the accel-
erator structure to be the frequency of discharge of 1 time/10 hr
at the field strength of 25 MV/m.

DIFFUSION BONDING

When an accelerator structure is made, more than half of the
cost is occupied with the machining cells and ihe processing of
combining cells follows it in cost. Blazing, electroforming,
bolting, and shrink fitting have been used to combine cells so
far. At present, blazing is most popular among those methods.
The cost of the combining process depends on the method and
as long as the accelerator structure is, the difference in cost by
the methods becomes larger. Recently diffusion bonding
method becomes to be widely used in the space and aircraft
industries. But a diffusion bonding method has rarely been used
to combine cells of accelerator. Since the tolelance of machin-
ing cell and the surface of it are usually less than a few mi-
crometer, the surface of cell is directly fit for the diffusion face.
In diffusion bonding method, the whole face of the joint is per-
fectly metallically bound. So it is possible to achieve a good rf
contact. But in this method there is a demerit that the creep de-
formation inevitably occurs in the process of binding. A 30mm
length test cell made of OFHC shows the deformation of 5|im
by diffusion bonding under optimum conditions of the tempera-
ture , its holding time and the pressure. This combined cell
shows the tensile strength of 98.0N/mm2, the shearing strength
of 107.8 N/mm2 and the good vacuum seal. Figure 4 shows a
cross section of the joint at the enlarged scale l:100.Figure 5
shows the example of 22 cells and 3 water-cooling plates made
of OFHC with two water ways inside, which are combined by
diffusion bonding method at the same time.

Fig. 4 Cross section of the diffusion bonded cell,
(by scale of 100 times)
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Fig. 5 An example of acceleration structure made by dif-
fusion bonding method.

DESIGN OF THE 4m LONG
ACCELERATOR STRUCTURE

The Table 2 shows the final targeted specification of the 4m
long accelerator structure. The structure consists of 5 units, 3
units of which are 0.8m long one with 22 cells and the other 2
units have coupling cell and 22 cells. Each unit is combined by
diffusion bonding method and bolted together to be 4m long
structure. The bolted section is designed to keep good rf con-
tact even if the section would be pressed by external force.
Each cell has 8 holes of the diameter of 4mm to improve the
vacuum conductance. The entire assembly is placed within a
cylinder which serves both as a vacuum envelope and as the
support structure. The advantage of surrounding the accelera-
tor structure with a vacuum manifold is that pumping speed at
each cell is essentially equal, resulting in a uniform vacuum
level throughout the accelerator section.

CONCLUSION REMARK

The outcome of this development would be next two points.
(1) Design of the accelerator structure which would be oper-

ated and maintained easily .
(2) Establishment of the fabrication of accelerator structure

without any restriction of its length.
In our schedule, the fabrication of this 4m long accelerator
structure would be finished until October 1992 and low power
test of it will be continue.

TABLE2
Specification of the 4m long accelerator structure

Resonant Frequency
Structure length

Q
Shunt Impedance
Input rf power
Energy gain

Filling time
Attenuation

2856MHz
3.99m
13500
54.3~62.8MQ/m
62 MW
107.5MeV

(l(X)Mcv at 100mA)

0.88Neper/m
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Abstract

At GSI, the new "High Charge State Injector
(HLl)", a combination of an ECR ion source, a
four-rod RFQ, and an IH structure, has been
successfully put into operation. The HLI-RFQ is
designed for the acceleration of U 2 8 * from 2.5
to 300 keV/u with a high duty factor of up to
50%. Properties of the RFQ resonator and results
of beam tests will be presented.

Introduction

The GSI accelerator facility consists of the
UNILAC, the heavy ion synchrotron SIS, and the
storage ring ESR. The new HLI-injector for the
UNILAC has been built to provide 2 to 20MeV/u
beams for the low energy program of GSI [1,2].
Fig. 1 shows the arrangement of the HLI, which
consists of an ECR source, an RFQ accelerator,
and an IH structure [3,4,51.

The four-rod RFQ accelerator is designed to
accelerate heavy ions with a charge to mass
ratio of q/A^O.117 (U 2 8 + ) from 2.5keV/u to
300keV/u [6]. The IH-structure accelerates the
beam to 1.4 MeV/u which is the proper energy
for the injection into the Alvarez part of the
UNILAC.

The four-rod RFQ

The resonator consists of four rods arranged
as a quadrupole. Opposite rods are connected by
a row of support stems as shown in fig.2. The
quadrupole field between the electrodes is
achieved by a K - X/2 mode.

When the structure frequency and electrode
voltage have been chosen to give good focussing
properties, the length has to be optimized with
respect e.g. to the resulting emittance, the power
consumption and the transmission, which is the
ratio of d.c. input beam versus output beam.

The mechanical design of this type of
accelerator structure allows cooling of all
components. The stems, the electrodes, and the
tuning blocks are screwed into the tank to be
able to change components in case of problems

with high duty factor operation, which is required
for the HLI-RFQ. Fig. 3 shows the final particle
design parameters along the RFQ structure.
Table I summarizes characteristic parameters.
The slow increase of the ion energie T as
function of RFQ cell number N is demonstrating
the fact that a significinant part of the structure
is required for bunching.

Results and Beam Tests

The RFQ was assembled, aligned and tuned at
GSI. Before the RFQ went into operation its
field flatness was examined and optimized under
low power conditions. The field variation along
the axis was ± 5% as shown in the solid line in
fig.4. PARMTEQ calculations on the effects of
this unflatness on the output emittance show that

ECR

Fig. I Layout of the "High Charge State Injector" HLI

x supported by the BMFT and GSI Fig. 2 Scheme of the Four-Rod RFQ structure
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the beam shows nearly no difference compared to
the structure with ideal field flatness [7]. Also
for the maximum tilt one can achieve by
asymmetrically positioning of tuners (fig.4(2.3))
the effect is very small.

Fig. 5 shows the ratio of voltage on x and y
electrodes which have an asymmetry in the first
and last cells of the RFQ, because for rf-
termination the end cap capacity has not been
matched.

The first beam tests showed encouraging
results. The output beam had the proper bunch
structure and ion energy. Fig. 6 shows a signal of
the phase probe. The width of the bunch,
estimated by time of flight measurements with
two probes, was less than 1 nsec. The radial
emittance was in good agreement with the
theory, as demonstrated in fig. 8.

A closer inspection of the output beam
showed an angular offset of appr. 1° and more
important a smaller transmission than predicted.
Only 40-50% of the beam current behind the
spectrometer were measured at the RFQ [2].

We have checked the field flatness and
operated with a field tilt by intentionally mis-
positioning of the tuners but the output beam
remained unchanged. Also possible dipole
components in the RFQ were checked, but their
value was determined to be less than 2% .

The input matching was modified by shifting
the matching solenoid closer to the RFQ and by
increasing the gap between the electrode and the
beam entrance flange but this had also no effect
on the transmission. Experiments with reduced
input emittance and with helium at increased
electrode voltage resulted in the required
transmissions value of 90% [2].

Inspection of the electrode positions with a
telescope showed misalignements of greater than
0.5mm, which in Parmteq simulations strongly
reduced transmission C9L

After realignment of the electrodes (fig.9
shows the measured apertures) the transmission
was improved. For an input emittance of 130
Trmmxmrad the transmission was 92%, which is
illustrated in fig. 10. For the experiment the
emittance was changed by an aperture in the
injection beam line [10].

RF operation was very stable with very little
multipacting at low levels and a quick thermal
equilibrium at power levels up to 130 kW (25%
d.c). Unexpected difficulties were encountered at
high power levels due to a rf modulation caused
by ponderomotoric forces, qualitatively similar to
the effects studied at spiral loaded cavities [81.
This effect has been characterized as a
mechanical oscillation of the electrode ends,
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Fig. 3 RFQ parameters vs. cell number N
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Fig. 4 Measured voltage distribution along the RFQ
electrodes for different tuner positions
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Fig. 5 Ratio of voltage on x and y electrodes

Fig. 6 Phase probe signal of the bunched beam
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which was excited at the pulse repetition
frequency. Its resonance is at 178 Hz at which it
shows strong amplitude resp. foreward power
modulation (fig. ll) if the tank amplitude is kept
constant during the pulse by the control system.
Even the pertubation is small at the design
values (50 Hz rep. rate, duty cycle of 25%) this
effect will make it difficult to achieve 50% at
50Hz without additional mechanical stabilisation
of the electrodes.

The high duty factor operation revealed some
weak points of the HLI RFQ structure design.
The electrodes like all parts of the resonator are
bolted together, which is not as stable as being
fixed by welding or brazing. The electrodes have
to be stiffened and the power losses and
temperature distribution on electrodes, stems,
base plate, and tank has to be measured to
further improve operational properties.
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TABLE 1
Parameters of the HLI-RFQ

Injection/final energy
Charge to mass ratio
Frequency, electrode voltag
Duty cycle - rep. rate
Tank diameter, length
Input/output emittance
Longitudinal emittance r.m.s. (100%) 10°keV/u

Iheoc

10.0 - 1 0 . 0 y /mm 1 0 . 0

2.5 / 300 keV/u
28/238 - 1

108.5 MHz/80kV
25-50%, 50-100 Hz

35 cm / 3.0m
0.5/0.55 lumm mrad

Fig. 8 Measured and calculated beam emittances
5.0
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4.6
4.4
4.2
4.0
3.8
3.6
3.4
3.2
3.0
2.8
2.6
2.4
2.2
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Fig. 9 Measured apertures after realignement

100

100 120 140 160 180 200 220

Input Emittance pi*mm*mrad
Fig 10 Transmission before and after realignement

of the electrodes

Fig. 11 Input power modulation for rf pulses with
178Hz / 4.4msec and 50Hz / 3.5msec
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Abstract

The 200 MeV electron LINAC as an injector of the
electron storage ring of 800 MeV, which is a facility
dedicated to Synchrotron Radiation and located new
campus of the University of Science and Technology of
China, is described. Since Nov. 1987, the LINAC be-
gan to commission successfully, the machine was im-
proved, such as improving the power supplies stabili-
ties, reducing the jitter time of the trigger system for
the modulator etc. Now the LINAC is operating very
stable.

Typical operation parameters is as following:
energy of 200 MeV, pulse current of 80 m A and energy
spread of 0.8% FWHM. Main operating parameters
and measurement results are given in this paper.

The 200 MeV electron LINAC is not only an
injector for the 800 MeV storage ring at HESYRL, but
an electron accelerator used for nuclear physics
research, and applications in other fields as well'1'2'31. It
mainly includes accelerating system (preinjector, accel-
erator units and beam diagnostic sections etc.) which are
located in the tunnel, a RF system which is located in
the klystron gallery, and so on.

The plane layout of the LINAC and cross section
of its building is shown in Fig.2. The LINAC tunnel was
constructed semi underground. The beam position of
the LINAC is 3.2 m below the orbit plane of the storage
ring. Since the building was completed at the end of
1986, the tunnel ground has sunk a lot. Now the
foundation of the building is becoming stable.

1. Introduction

The Synchrotron Radiation Facility of HESYRL
(Hefei National Synchrotron Radiation Laboratory) is
mainly composed of a 200 MeV LINAC and an electron
storage ring (see Fig.l) which is a dedicated
Synchrotron Radiation Light Source covering the wave-
length region from soft X-ray through far infrared.

LINAC - - nucl. phy. cup. hall

transport line

ring

analysis M.

accelerator
\

Tunnel

side room

Accelerator
(b)

Fig.l layout of HESYRL machine

Fig.2 (a) The plane layout of 200 MeV LINAC

(b) Cross section of LINAC building
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All components and equipments for the LINAC
were ready and were tested by the end of 1986, On
Nov.24, an electron beam of 222 MeV, 58 mA was
achieved which reached the design values. In Apirl,
1989, the LINAC successfully provided beam for the
storage ring. Now the machine operation is more stable.
Typical operating parameters are 200 MeV, 80 mA,
energy spread of 0.8% and energy stability of 0.4%.

2. General Description of the 200 MeV LINAC

Design of the 200 MeV electron linear accelerator
was determined according to the following
consideration:

1) requirements of the storage ring at HESYRL;
2) economics (reducing the cost);
3) theoretical calculation;
4) experience on a prototype 30 MeV LINAC

which was been operated since 198l'4';
5) simple fabrication.

The accelerating structure of the LINAC is a constant
impedance, In / 3 mode, traveling wave, disk- load-
ed waveguide structure. The cross section of disk-load-
ed waveguide is shown in Fig.3. The accelerating system
includes a preinjection section (which consists of 3 me-
ters and some focusing components), 4 accelerator
units, each of which comprises 2 three-meter accelera-
tor sections, 5 beam diagnostic sections which are lo-
cated between accelerator units and used for monitoring
the beam current, beam position and beam profile,
and a microwave power system and a vacuum system.

29.975

Fig.3 Cross section of disk-loaded waveguide

A switch magnet and some DC bending magnets
were installed behind the LINAC in order to control the
beam direction, which can deflect the beam into either
the storage ring, the energy analysis magnet and the
nuclear physcis experiment hall or the beam dump (see
Fig-1).

The microwave power fed into the accelerator is
provided by 5 klystron. One of them feeds only the
preinjector, the others feed the accelerator units,
one by one respectively, the microwave power from
the klystron feeds into the accelerator by means of a
waveguide system which passes through a shielding
wall of 4 meters thickness between the tunnel and the
klystron gallery. Klystrons, modulators and all pow-
er supplies for the LINAC arc located in the klystron
gallery (see Fig.2) .

The vacuum system of the 200 MeV LINAC in-
cludes two subsystems. One of which is the vacuum sys-
tem of the accelerator structure, the other is the
waveguide vacuum system. The vacuum system of the
accelerator structure consists of a manifold of 150 mm
I.D., which is used as the major exhaust pipe, and
sputter ion pumps of 200 1 / s to be used for maintaining
the high vacuum of the accelerator. The waveguide vac-
uum system is composed of 6 subsystems. A sputer ion
pump of 50 1 / s is used for each waveguide branch to
maintain the pressure of 1 x 10"8Torr.

The design figures of the main parameters and
measuring results of the 200 MeV LINAC are listed in
table 1.

Table 1 Main parameters of the 200 MeV linac

Parameter
Electron energy
Current (pulse)
Pulse width of beam

Energy spread
Output of klystron
Number of klystron
Operating frequency
Type of mode
Accelerator structure
Electrical field

strength
Group velocity
Attenuation of field
Number of accelerator

section
Total length of

the linac
Vacuum (without beam) 5 x 10~7Torr

(with beam) 1 x 10~*Torr

Design value Reached Value
224 MeV 225 McV(50mA)
50 mA 130 mA(195MeV)
0.2-1 /is
3-4 ns
1% 0.8%
15 MW
5
2856 MHz 2856.04 MHz
2 J I / 3
constant impedance

122kV/cm
Vg = 0.012 c
a = O.178/m

35.128 m
1 x 10"8Torr
1 x 10"7Torr

3. Operation and improvement

At the beginning of Nov. 1989, we began to adjust
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and test the LINAC, were 220 MeV, 58 mA
respectively, which reached our design value. After that
we stopped commissioning the machine and installde
the transport line between the LINAC and storage ring.
On Feb.4, 1988, the electron beam from the LINAC
passed easily through the whole transpor line except its
vertical section. In June, 1988, energy analysis
equipments were installed and energy spread measured
was less than 0.8% (FWHN).

Now, the LINAC has been operated easily and
more stably. Since April, 1989, the LINAC has stably
provided the electron beam of 200 MeV, 70 mA for in-
jecting into the storage ring of 800 MeV. Fortunately,
it took us only 23 hours to get first stored beam of 4 mA
in our storage ring during the first test day.

During commissioning the machine in 1989, we
found that electron energy from the LINAC was
changed suddly sometimes and was slowly change more
in the morning and the evening every day. These insta-
bilities made the storage ring is to be difficult to get
higher injection beam current. In order to overcome the
instabilities, we improving all trigger for the five
modulators to make its jitter time to be less than 20 ns,
and improving the equipment of the furnish power so
that its voltage change is reduced from ± 36 volt down
to ±3.8 volt. After that, the beam energy stability of
the LINAC is improved and relative change rate AE / E
is less than 0.7%.

Recently, we added an energy stabilizer which is
composed of a shifter of the fifth klystron, measurment
equippment and information processing system. After
the improvement above mentioned, the energy stability
was improved that the energy change rate is less then
0.4%, which made the injection beam current into the
storage ring to be more than 200 mA during injection
time of 1 minute and the maximum accumulating beam
current in the storage ring is more then 350 mA.

The waveform of the energy spread and energy
change measured is shown in Fig.4.

Typical operating parameters are listed in table 2.

Table 2. Typical operating parameters of the linac

Output of klystron 1 #

Output of klystron 2 #

Output of klystron 3 #

Output of klystron 4 #

Output of klystron 5 #

Current of the gun filament
Anode voltage of the gun
Current of the gun
Current of the preinjector
Capture coefficient of

the preinjector
Current near the switch magnet
Energy of the beam

10.2 MW
16.2 MW
15.7 MW
16.5 MW
11.7MW
1.2 A
-80 KV
160mA
112 mA

70%
80 mA
200 MeV.
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cle Accelerator Society, Beijng, China(1988.12).

[4] YJ.Pei, The proceedings of the 2nd China-Japan joint sym-
posium on Accelerator and their Applications, Lanzhou,
China. (1983).

Fig.4 (a) Waveform of energy spectrum

(b) Waveform ofencrgy spectrum multi-recorded

(c) Current waveform near injection point
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Introduction

Construction for factory test
has been completed on an electron
linear accelerator for Brookhaven
National Laboratory. This
accelerator will be used for
injection of a 200 MeV electron beam
into a synchrotron for lithography
experiments at Brookhaven National
Laboratory.

Table 1 gives the system
requirements.

TABLE 1

Brookhaven National Laboratories

Requirements:

RF Frequency 2856 MHz
Beam Energy Variable from
40 MeV - 200 MeV
Beam PW l-10ns
PRF 1-lOHz
Energy Spread at
200 MeV +/-1%
Peak Beam Current 2A @ Ins, 1A @
2-10ns
Beam Emmittance <1E mR, geom
Synchronization, (RF
Phase Locked) 35.25 MHz
Vacuum 10 Torr
RF PW 1.2ps Flat top
Modulator Pulse
Flatness +/-0.25%
Klystron Peak Power - 45MW x 3 Tubes

Description:

The Titan Beta model
TB-200/400M-4S Linac system, is a 200
MeV electron accelerating system

consisting of high power RF
klystrons, modulators and beam line
sections. Three klystrons power the
beam line sections which include an
injector compromised of a triode gun,
a pre-buncher, four cavity buncher,
lenses and four S-Band constant
gradient SLAC type wave guides.

These high powered modulators
drive the three 45 MW klystron
amplifiers with 2.0 ps FWHM pulses at
up to 10 pps. See Figure 1.

Figure 1
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Conceptual Design

The conceptual design of the
BNL 200 MeV Linac is patterned after
the original SLAC injector {1}, which
ran for 20 years delivering beams
from a few nanoamps to 2 amps. The
BNL Linac Injector consists of the
following components:

1.

2.

3.

4.

5.

A thermionic triode gun with a
2 sqcm cathode.

A single resonant cavity
prebuncher.

A 10 cm long travelling wave
buncher with phase velocity
equal to 0.75c.

Four three-meter long constant
gradient accelerator sections
with phase velocity equal to
the velocity of light.

A magnetic focussing system
consisting of one iron core
magnetic thin lens which
matches into a solenoid
consisting of 10 large aperture
coils placed at roughly the
Helmholtz spacing over the
first accelerator waveguide.
The beam is transported from
through the rest of the
accelerator by small quadrupole
triplets in the drift regions
between sections.

prebuncher; 2) The 0.75c travelling
wave buncher ; 3) The capture region
of the first accelerator section.
The result of this is to produce a
very short bunch with very little
charge in the tail. Since the phase
and field strength of the prebuncher
and the 0.75c buncher are
independently adjustable, it is
possible to optimize the bunching for
any desired current from zero up to
perhaps 4 or 5 amps. The concepts
behind the design are discussed in
detail in Ref 1.

The electron gun design was
developed using Herrmannsfeldt's
program EGUN. At the nominal full
current of 4 amps the normalized
"90%" emmittance is 10 pi mm-mr. The
beam has a radius of 3 mm at the gun
flange and is slightly convergent
with a convergence angle of 5 mr.
The EGUN output is shown in Figure 2.

ME
ii

Figure 2

This injector differs from the
original SLAC injector by having a
much newer design higher voltage
electron gun (120 kV instead of 80
kV) with a 2 sqcm dispenser cathode
capable of currents in excess of 10A.
In addition this injector has a large
aperture solenoid starting before the
prebuncher.

The beam of 120 keV electrons
form the gun is velocity modulated by
the prebuncher. In the 20 cm
prebuncher drift, about 7 5% of the
electrons bunch into about 90 degrees
of phase. The traveling wave buncher
compresses this bunch by about a
factor of 3 to about 30 degrees and
accelerates the bunch up to several
hundred keV. The bunch enters the 3-
meter accelerator section at the
phase stable electric field null and
is further compressed by a factor of
five to 6 degrees FWHM in the few
wavelengths of the guide. Thus this
design has three bunchers: 1) The

The detailed beam dynamics
design from the gun flange to the end
of the first accelerator section was
simulated using the program PARMELA.
The PARMELA output for the beam at
the end of the first accelerator
section is shown in Figure 3.
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IGUN = 3.3a 100%

ICApT = 2.8A 84%

I,N 1% = 2.3A 71%

En (rms) = 30TT mm-mr

Figure 3

(1)

(2)

(3)

(4)

The lower lefthand plot shows
the distribution of particles in
longitudinal phase space, with the
horizontal axis being time in degrees
of S-Band phase and the verticle axis
being energy relative to the
reference particle in keV. This
distribution in phase space is
projected upward onto the upper
lefthand plot to give the
distribution of charge in the bunch.
Similarly the phase space
distribution is projected to the
right to give the energy spectrum of
the beam in the lower righthand plot.
The horizontal axis is the number of
macroparticles per bin while the
vertical axis is the energy. Each
bin is 25 keV. The plot is presented
in this orientation to enable the
designer to see which particles in
the phase space distribution go into
what parts of the spectrum. The
reference particle energy at this
point is 44.0 MeV, and from the
distribution in phase space we can
conclude that the bunch was
approximately on the crest of the
wave in the section. The transverse
distribution of particles is shown in
the upper righthand plot. The beam
radius is about 3mm at this point.

After the first section, the
beam is transported via guadrupoles
through the remaining three
accelerator sections. The first
klystron powers the first two
sections plus buncher and prebuncher.
The remaining two klystrons power one
accelerator section each. Each
klystron (TH2128C) is pulsed by
identical individual modulators using
dc charged PFN's to obtain 2 ps FWHM
video pulses at up to 10 pps. The RF
flat top is 1.2 ps, giving ample flat
top after the guide rise time for the
10 ns beampulses.

E-Gun Pulser

The E-gun pulser was required
to generate a low jitter, fast
risetime pulse to the E-gun cathode

(grounded grid configuration). A fast
avalanche transistor based pulser was
developed to meet these requirements.
Amplitude control of the pulser was
via a PIN diode attenuator stack that
was developed for this purpose.

Control and trigger of the
E-gun pulser is via fiber-optical
links providing pulse width,
amplitude, and fault detection
through serial communication.

The E-gun floating deck is
connected to a Glassman 150kv DC
power supply which provides the
acceleration potential for the
injector.

Control and Timing Systems

The control system is
distributed into various subsystem
chassis located in the main control
rack. Each chassis has built in
fault detection circuitry to detect
any fault condition and display all
of the faults and indicate the first
fault occurrence. In addition, all
faults are summed in the master
system controller for subsystem fault
identification.

A bussed architecture was used
to reduce the number of control cable
wires, and the fault detection system
uses a multiplexed buss to the master
system controller instead of
individual wires for each fault (16
lines instead of <140 lines).

The entire system can be
operated locally, or through CAMAC
based computer control. Although
BETA was not required to provide the
operational software, we operated the
system at our facility with a 386SX
based IBM clone computer running
National Instruments LABWINDOWS
control software.

Linac system timing was
generated by various digital delay
generators built into the system. A
sophisticated phase-lock loop timing
system was developed to allow linac
injection synchronized with the
synchrotron ring timing. This system
allows injection into the ring at 60
degree increments of the synchrotron
frequency with very low jitter.
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Introduction

An electron accelerator was
designed and built for the Naval
Weapons Support Center (NWSC) in
Crane, Indiana for conducting
Transient Radiation Effects on
electronics (tree) experiments and
test.

The Crane L Band RF Electron
Linac was designed to provide high
currents over a wide range of pulse
widths and energies to perform damage
studies on a variety of electronics.
The energy extends to 60 Mev and
pulse widths vary from a few ns to 10
psec. Beam currents range from 20
amps in the short pulse case to 1.5
amps in the long pulse case.

Table 1 indicates the system
requirements.

TABLE 1

Naval Weapons Supply Center
Crane, Indiana

L-Band Traveling Wave
Accelerator System

Requirements:

Output Beam Performance

Beam Diameter 0.25cm
Beam Energy 60 MeV
Beam Current 15 A-18A
Pulse Width 5 ns-10/js
PRF 1-50 pps

Transient Mode Performance

Pulse Width 3 ns-100 ns
Trise </= 1 ns
Tfall </= 1.5 ns
Energy Spectrum
Spread <80% @ 150A
(40 MeV @ 50 ns PW) 25% @ 5A
Beam Current (Max) — 20 A
Beam Energy (Max) 60 MeV

Steady State Performance

Pulse Width 50 ns-
10 u-s Continuously Variable
Trise </= 10 ns
Tfall </= 10 ns
Energy Spectrum Spread<+/- 100%
Beam Current Max. 1.5 A
Operating Energy 40 MeV @ 0.5A

Description:

The Titan Beta Linac system,
consists of a two stage, L band,
traveling wave accelerator capable of
accelerating electrons to energies
from 20 MeV to 60 MeV together and 10
MeV to 30 MeV separately. Output
currents are up to 20 amperes in the
transient mode and 1.5 amperes in the
steady state mode.

The system is capable of being
pulsed from 1 to 50 pps with pulse
widths from 3 ns to 100 ns in the
transient mode and is continually
variable from 50 ns to 10 us in the
steady state mode. Figure 1 shows
the beamline.
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Architecture

The Crane linac system utilizes
a 150 kV triode electron gun with a 5
cm diameter cathode operated at 120
kV nominally to obtain up to 40 amps
of gun current.

The system directly injects the
high current beam from the electron
gun into the first L Band accelerator
guide. The 3 m guide has a short
buncher at the front end and is
powered by a TH2022D Thompson
klystron at up to 18 MW. The second
accelerator waveguide is powered by a
second Th2022D klystron. The power
for the two klystrons is provided by
a single modulator and then the
klystrons are individually phased
from the rf driver. Because of the
range of operating energies and the
allowable energy spread within the
pulse, the beamline is surrounded by
a series of water cooled coils which
provide approximately a 1 Kg axial
field continuously along the
structure. This approximately
solenoidal field allows the energy
spread of the high current beam to be
confined.

The beam exits into a target
room with a translation table to
position the targets precisely in
front of the beam.

An air cooled spectrum analyzer
magnet at the exit of the beam line
provides spectrum measurements when
needed.

The system is computer
controlled using an IBM AT as the
control computer.

Discussion of the various
subsystems is provided below.

E-Gun and Pulser

Because of the combination of
relatively high current and short
pulse capability needed, a new
electron gun structure designed and
developed for this system. The
requirements for a combination of
high current short pulse and lower
current long pulse necessitated
development of a special pulser that
is described below.

The E-gun pulser was required
to provide two separate modes, a
short pulse mode of 3 to 100
nanoseconds width, and a long pulse
mode of 100 nanoseconds to 10
microseconds width. Two separate
planar triode based pulse amplifiers
were employed to generate these two

modes of operation in the gun pulser.
The short pulse mode required a

three stage planar triode amplifier
chain to generate the higher current
drive required for the short pulse
mode. Microwave stripline techniques
were used to minimize risetime and
for impedance matching.

The long pulse mode used a
single planar triode amplifier to
supply the lower current long pulse.

The entire E-gun pulser and
control circuitry floating deck
assembly was housed in an SF6
insulated enclosure which provided
the insulation and isolation for the
130kV accelerating potential applied
to the E-gun cathode structure.

Crane Accelerator Waveguides

The accelerator sections are
comprised of two L Band, velocity-of-
light, disc-loaded accelerator
sections operated in the 2n/3 mode at
1300 MHz. The structures employ 37
cavities plus input and output
couplers and are designed to have an
approximately constant gradient of 10
MeV per meter at zero beam current.

The design no-load energy at 18
Mw per guide input is 64 MeV for both
guides. At 500 ma beam current, the
steady state design energy is 46 MeV
for both guides. The stored energy
is approximately 40 joules.

The velocity of light buncher
captures approximately 50% of the
injected beam, stored energy current
of up to 20A is achieved with 40A
injected at 130 kV in the 10 ns time
frame.

The accelerator structures were
designed and manufactured by Haimson
Research. They have been operated
without problems from initial
installation.

Klystrons and Modulator

A single line-type modulator
drives the two TH2022D L-Band
klystrons to peak powers of 20 Mw
each. The modulator utilizes command
change for control and was designed
to operate up to 120 pps although the
system is used to 50 pps only. The
command charge tetrode is the Eimac
2CX35000C. The main thyratron is the
ITT3C45.
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Mechanical Assemblies

RF Transmission Waveguide System

Gas was used to insulate the
transmission waveguide that connected
the klystron RF input. The
transmission waveguide components
were manufactured from aluminum alloy
L-Band (WR-650) rectangular tubing
and CPR-650F flanges. Each component
was pressure checked to 30 PSIG. RF
contact and gas sealing was
accomplished using composite aluminum
alloy/elastomer gaskets. After the
system was assembled, it was
evacuated and backfilled with
insulating gas. A halogen leak
detector was used to verify that the
system was leak tight.

Waveguide Temperature Control System

Water temperature is controlled
by mixing hot and cold water with a
3-way mixing valve. The valve in
turn is controlled by sensing the
waveguide the input water to the
waveguide. This temperature is
sensed using an R.T.D. probe. The
probe output is input to a P.I.D.
(Proportional-Integral-Derivative)
temperature controller. 4 to 20 mA
is the output from the controller. A
current to pneumatic transducer
converts the 4 to 20 mA output to 3
to 15 psi. This variable pressure
controls the position of the valve
actuator and the output temperature
of the water from the 3-way mixing
valve.

Vacuum System

Ion pumps are used to keep the
linac beamline components under high
vacuum. The system is constructed of
low outgassing, non-contaminating
materials that can be temperature
processed for long term high vacuum
operation. Beamline components are
connected using bolted joints with
knife-edge OFHC copper seals.

Transport

After the electron gun, the
beam passes through a short drift
section which has a fast valve and a
thin lens. Surrounding the drift and
over the full lengths of both
accelerator sections is a set of
Helmholtz coils which provide an
approximate 1 Kg field over the

length of the system. The field
taper over the first few coils was
calculated using the Parmela code for
numerous operating conditions and
confirmed in operation. The Parmela
calculations and tuning points were
close together.

Steering coils were placed over
the front end of each accelerator
section to correct for earth's field
and the effects of building steel.
Care was taken to keep the coil
lengths at less than 45 degrees phase
advance. Near zero coil currents are
required by the system.

The beam is brought out into
the test cell where the test objects
are placed on a transitionary table
to allow for remote positioning.

Controls

Operational control of the
system is performed through computer
control using an IBM AT clone
computer . The control program use
for operation was a commercially
purchased program called "the Fix".
This program is process control
oriented and imposed some limitations
on the control and monitoring of the
linac. A feature of this program that
was used was real time PID loop
control of the Waveguide and
accelerator sections water
temperature control. System
adjustment parameters were also saved
by the program to generate various
operating configurations that can be
quickly recalled as required.

Communication between the
computer and linac controls was
through OPTO-22 Optimux modules which
transmit data via RS-422 fiber-optic
links.

All critical safety and
operational interlocks were hardwired
directly into the control system, and
various fault level detection
circuits directly interacted with
the control system when a fault
occurred. In such a fault
occurrence, the computer simply
monitored the fault and provided an
indication at the computer.

Performance

The system has met it pertinent
specifications and has been in
operation for two years.
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Abstract

The scheme and parameters of a
transmutation linac and also the problems
associated with the construction of an
accelerating system, of an RF power supply
system and of an initial part capable of
accelerating the proton beam with the
current of 0.3 A are described.

A high accelerated current up to 300 mA
is required so as to achieve high efficiency
of the accelerating structure operation
(about 90X). If the required particles
current at the target is lower, the beam ' at
the linac output may be divided. The odd
frequency ratio (3> allows to accelerate H*
and H beams at the same time.

The main linac parameters are shown in
Table 1.

The project and
RAS have been
Radiotechnical
accumulated in

Introduction

According to one of the promising
methods of nuclear transmutation of
long—living nuclear wastes, powerful fluxes
of the thermal neutrons are generated at the
target bombarded by a proton beam with the
energy up to 1.5 GeV and the current up to
0.3 A (the beam power up to 150 MW>. Such a
beam may be produced by a continuous regime
linac. The three world powers - the USA,
Russia and Japan work actively on the wastes
transmutation methods linac [1—5].

The transmutation linac scheme and
systems are similar to those of Meson
Facilities of the Los-Alamos National
Laboratory and of the Institute for Nuclear
Research of the Russian Academy of Sciences,

the main systems of the INR
developed by the Moscow

Institute. The experience
the course of the Meson

Facility linac construction gives ground to
think that transmutation linac projects are
practicable.

Besides linac scheme and parameters,
the three original systems, developed in the
MRTI will be presented in the article: the
high-energy accelerating structure,
superpowerful RF generator — Regotron and
the initial linac part with strong
longitudinal magnetic field focusing.

Scheme and parameters

The linac consists of the three parts.
In the initial part the strong longitudinal
magnetic field focusing is used. Its
operational frequency is 330.3 MHz and the
energy ranges from 0.2 MeV at the input to
3 MeV/ at the output. The first part is a
drift tube linac with the same operational
frequency and the output energy of 75 MeV.
In the second part the disk and washer
accelerating structure is used. Its
operational frequency is 991 MHz with the
accelerating rate of 1 MeV/m.

Table 1

The main linac parameters

Linac part
Initial First Second
0.2
3

330.3

OVR
1

13 •¥ 20

0.84

LMF*
SCS
0.9

A 0.3
2.5rc
O.Src

60°
90° + 40°

3
75

330.3
70
DTL
1

30

21.6

4
FODO
PMQ
0.9
0.3
3.On
l.Orc
25°
30°

75
1500
991
140
DUS
1

30 •* 40

427.5

75
FODO
PMQ
1.0
0.3
4.5rr
3.On
20°
30°

Parameter

Inj. energy, MeV
Output energy, MeV
Frequency, MHz
Length, m
Structure
Accel, rate, MeV/m
Aperture diarn., mm
RF power for beam
acceleration, MW
RF power losses
in the walls,MW 0.15
Focusing structure
Focusing lenses type
Limit current, A
Accelerated current,
Acceptance, cm-mrad
Emittance, cm-mrad
Bunch phase length
Synchronous phase

t0- longitudinal magnetic field
- 330.3 MHZ *

Disc and Washer Accelerating Structure CDWSD

The disc and washer accelerating
structure invented and developed in the MRTI
and used in the Meson Facility of the INR
RAS, has a number of advantages, which are
as follows: high coupling coefficient of the
neighboring cells (ranging from 25X to 50X),
high effective shunt impedance, high
stability relative to manufacturing errors,
improper tuning and beam loading.

The only defect of the structure is
that parasitic modes are generated in close
vicinity of the operational one, caused by
stems, supporting washers. Parasitic modes,
having azimuthal variations, are removed
with the aid of combined T-shaped slits in
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the washers [6], In May of 1992 the beam at
the Meson Facility was accelerated up to the
energy of 250 MeV. The DWS structure
operated with a good stability.

Regotron

The overall RF power consumption of the
transmutation linac accelerating structure
with the aforementioned parameters amounts
to about 500 MW. To produce this power, five
hundred 1 MW - generators are required. The
reliability of the linac operation might be
considerably increased if the generator
output power was at least 5 MM, as it is
made in our project. The new generator type
- regotron - was proposed in the MRTI [7].

Regotron is an RF generator in which is
used a powerful relativistic electron beam
with a low perveance and a distributed power
take—off system, consisting of a number of
uncoupled resonators. The principle of
autophasing is also used in the regotron,
which keeps the bunches intact as they are
decelerated. The autophasing is arranged by
couples of resonators, the first of which,
tuned to the operational frequency, takes
the power off the beam, while the second
one, detuned to the angle approaching n/2.
bunches the beam without changing its
average energy.

When the beam is accelerated by the RF
field, the autophasing results in
suppression of phase oscillations and the
bunches phase length decreases. When the
beam is.decelerated the phase oscillations
amplitude and the bunch phase length grow,
which may result in the diminishing of the
first harmonic of the beam and the
break-down of the deceleration.

Investigations of particle dynamics
showed that the phase dimensions of bunch
change as follows: x ~ I /Cp R T J, where L

r* n r* r\ r>

is the distance between the n-th and the
(n-l)-th resonator, f> is the synchronous

ri

particle phase in the n-th resonator., R and
ri

T are the shunt impedance and transit time
n

factor, correspondingly. The bunch swelling
may be considerably neutralized by the
proper choice of I and R parameters.

T> n

Computations showed that the beam power
take-off efficiency may be increased up to
85..90X by the proper cfhoice of parameters

For the time being the pulsed prototype
of the regotron with the operational
frequency of 991 MHz is under construction
in the MRTI. Its major parameters are given
in the Table 2.

Table 2

The Main Regotron Prototype Parameters
Input energy
Current
Frequency
Excitation power

0.5 MeV
15 A
991 MHz
0.5 kW

Output power
Efficiency
Number of power outputs
Overall length of RF section
Overall number of resonators

All the three bunching
the regotron prototype
manufactured and tuned.

5.2 MW
70X
7
8 m
18

resonators of
have been

The Initial linac part
with the strong longitudinal magnetic

field focusing

The RF6 focusing ensures the limit
accelerated current of 100...150 mA, which
is insufficient for a one beam linac which
is the most preferable, as far as
reliability is concerned. The strong
longitudinal magnetic field focusing in the
initial linac part allows to increase the
limit current for the same injection energy
by an order of magnitude [8]. The high
accelerating • field and synchronous phase
ensure the high limit current. Protons are
accelerated in a "warm" compact
oppos i te—vibrator resonator (OV/R).

Mathematical simulations of the
high—current beam dynamics revealed the
following dependence of capture coefficient
on the beam space charge density (frequency
- 300 MHz, injection energy - 200 keV).

Injected Space charge Accelerated Capture
current density current

A A/cm* A *

1
2
3

1 . 5
3 . 0
4 . 5

0.45
0.85
0.95

7 5
7 0
5 5

From this one may incur that the
increase of charge density over 3.0 A/cm
makes no sense.

The pulsed model of a proton linac has
been constructed and investigated. It has
the following parameters: injection energy -
0.1 MeV, output energy - 1.5 MeV, frequency
- 196.8 MHz, maximum accelerating field
amplitude - 3.7 MV/m, magnetic field
induction - 7.6 T. The accelerated protons
current in the model amounts to 0.4 A.
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Abstract

After the vacuum improvement, the cooling modification
and the insertion of the circulator, the high power RF (
530kW to RFQ, and 33OkW to DTL ) have been fed into the
accelerating tanks and the ICR 7MeV proton linac system
accelerates the proton beam to the energy of 7 MeV
successfully.

Introduction

The ICR 7 MeV proton linac have been developed at
Kyoto University HI. Hydrogen ion beam from the multi-
cusp ion source at 50kV is accelerated to 2 MeV by the RFQ
linac and to 7MeV by the Alvarez DTL. The operating
frequency is 433MHz, and the klystron L5773 is used as the
RF power source for each tank. To attain the stable operation
of the accelerator system, many efforts have been made [2>3l

Adding cryo and turbo pumps, the vacuum is improved
better than lx lO^or r . The klystron cooling is modified to
feed the sufficient air to the inner conductor of the output
horn. A circulator is installed into the waveguide between the
klystron and the RFQ cavity to obtain a stable high power RF
feeding I41. After these improvements, up to 630kW ( 2.0
Kilpatrick ) has been fed into the RFQ cavity, and 33OkW
into the DTL cavity. At designed RF power level ( 53OkW for
RFQ, and 330kW for DTL ), the linac system accelerates the
proton beam to the energy of 7 MeV successfully. The output
beam energy of the linac is confirmed to be 7.0+0.2 MeV by
the absorber foils.

Along with these efforts, the power supply system for the
injector including the high voltage power supply was modified
for better stability and durability against discharges. The low
energy transport system is also improved to transport the
beam efficiently, by installing electrostatic Q lenses.

Recently many efforts have been made especially on the
RFQ system, and the description is concentrated to the RFQ
experiments in this paper except for the next section.

Photo 1 The detected RF signals picked up from the RFQ
and DTL cavities together with the accelerated beam
current

7MeV Acceleration

Photo 1 shows the delected RF signals picked up from the
RFQ and the DTL cavities together with ihe accelerated beam
current passing through the absorber foils f5 .̂ The output
beam of about 50|iS length is obtained. Because the Q value
of the DTL is higher than that of the RFQ, the filling time of
the DTL is longer than that. The filling time of the DTL will
be reduced by an over drive technique in near future, and the
pulse length of the output beam is supposed to increase 10%
longer.

The correlation between the transmission of the linac
system and the relative phase between the RFQ and the DTL
is given in Fig. 1. The origin of the RF phase is defined so
that the peak of the measured data coincides with that of the
PARMILA calculation.

High power RF Characteristics

The feedable power to the RFQ cavity is shown in Fig.2
as a function of the conditioning time. Only the first three
and the last experiments are shown. The power level is
calibrated by the measured Q value and the SUPERFISH
calculation. Between each experiment, the cavity was opened
to the air for several hours except for the last one in which
case the cavity had been exposed to the air for about 20 hours.
The temperature of the linac tanks are controlled at around
37°C. The vacuum pressure in the tank was 2.0x10"^ Torr at
on-power, and 1.6xlO~6 Torr at off-power state.

To ensure the calibration of the vane voltage, we
measured the spectrum of the X-ray emission from a glass
view port of the RFQ tank by a pure Ge counter. Photo 2
shows a typical spectrum. An absorber is placed in front of
the detector to reduce the pileups of the output pulses by the
low energy X-rays. Almost of the X-rays from the RFQ is

100

80

Calculated transmission (%)
Transmission! (%)

-180 180
Phase (deg.)

Fig. 1 Dependence of the transmission of the DTL on the
phase relative to the RFQ.
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supposed to be the bremsstralung of electrons emitted by the
RF electric field on the vane surface, and the maximum energy
of the X-rays should correspond to the vane voltage. Figure 3
shows the leading edge energy of the spectrum as a function of
input RF power. According to the result, the designed vane
voltage of 80 kV is reached at 53OkW. The SUPERFISH
calculation predicts it as 540kW, which is consistent with this
result.
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Photo 2 Energy spectrum of the X-ray
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Fig.3 Leading edge energy of the spectrum as a function of
the input RF power.
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Fig.4 Momentum spectrum of the RFQ output beam at various input power.
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Output Beam Characteristics of RFQ

Momentum spectrum

The momentum spectrum of the RFQ output beam is
measured by a magnet installed in the MEBT section (
between RFQ and DTL ). Because the vacuum system of the
RFQ and the DTL is not separated, the magnet had to be
installed into the limited space without moving the DTL tank.
The momentum analyzing magnet is shown in Photo 3. The
magnet poles are inside of the vacuum, and the iron yoke pass
through a stainless steel flange. The gap is 8mm wide. The
coil is outside of the vacuum, and cooled by air. The
deflection angle is 30°, and the distance between the poles and
a Faraday cup is about 210mm. The Faraday cup is installed
also in the MEBT section. The measured momentum
spectrum of the RFQ is shown in Fig. 4. Because a
collimator of 0.5 mm square is located before the magnet in
order to increase the resolution, the vertical scale of the current
is in an arbitrary unit. The rising point of the transmission is
at 440 kW, which has 90% of the designed vane voltage. It is
consistent to the PARMTEQ calculation f6'. Below 420kW,
the small peak goes down to the injection energy of 50 keV as
shown in Fig.4. The energy spread is roughly 2% of the
output energy of the RFQ.

flO'O a-Q ~

Photo.3 Momentum analyzing magnet installed in the
MEBT section between RFQ and DTL.
(Bottom view)

Transmission

Figure 5 shows the measured transmission as a function of
vane voltage. According to the result of the momentum
analysis, the output beam does not have sharp cut off below
the designed operating voltage. As shown in Fig.5, the total
current after the RFQ does not have an obvious cut off. Sheets
of Al foil with 15^m thickness are inserted between the RFQ
and the Faraday cup. The stopping power of the 15p.m and
30|j.m Al foil are about lMeV.and 1.6MeV respectively. Three
sheets of foils are also inserted and no current is detected.

Although highly converging beam is required at the RFQ
entrance, the vacuum port at the entrance side makes the
installation of the focusing element difficult. It will be
improved in near future. The final focus is achieved by a
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Fig. 5 Transmission of the RFQ

solenoid lens located before the vacuum port for the time
being, and the strength of the lens is too small to match the
beam in RFQ completely. The transmission is supposed to be
improved by the precise beam matching.

Summary

The high power RF feed has been succeeded to attain the
designed vane voltage of 80kV which corresponds to 1.8
Kilpatrick criteria. The maximum power fed to the RFQ is
680kW or vane voltage of 90kV. The vacuum pressure has
come into the order of 10"7 Torr without a high power RF
feeding.

A further beam transmission improvements and beam
matching improvements are scheduled 17L
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Abstract

We are investigating the performance capabilities of a
niobium, superconducting, radiofrequency-quadrupole
(RFQ) accelerator for high-field continuous-wave operation,
to provide greater acceleration and stronger focusing of low-
velocity ion beams. We present the results of our RFQ
beam-dynamics studies, which test new design methods for
increasing the beam transmission, our cavity-design
calculations, and some mechanical-design aspects of a short,
superconducting RFQ 4-vane prototype structure that will be
tested at high fields during the coming year.

Introduction

The Radiofrequency Quadrupole (RFQ)[1] is used for
the acceleration of low-velocity ions. Its capacity for
acceleration of high beam currents depends on the strength
of the rf electric fields that are used for focusing. High
electric fields also increase the energy gain within a given
length, producing more compact RFQs. In a recent
experiment[2], CW peak surface electric fields of 128
MV/m, limited by field emission, were measured in a
niobium superconducting split-ring cavity, whose drift tubes
were modified by welding four 7-cm niobium fingers to
obtain an rf quadrupole geometry in the gap. This field is
greater by at least a factor of 3 than is used for the design of
copper RFQ cavities. It is of great interest to determine what
electric field can be achieved in superconducting versions of
the conventional 4-vane or 4-rod RFQ structures, especially
with longer vanes, and to evaluate these structures for
superconducting applications[3][4]. Superconducting RFQ
development would benefit those stand-alone RFQ
applications, where the RFQ is the main accelerator.
Successful development of a high-field superconducting
RFQ would result in a significant advance in RFQ
technology, towards higher beam intensities in more power
efficient and compact structures.

Recently, work has been carried out to evaluate the 4-
rod RFQ cavity for acceleration of heavy ions[5][6]. The
concept of an RFQ accelerator system composed of an array
of short RFQlets was proposed, and a 0.5 m long lead (plated
on copper) superconducting prototype cavity operating at 50
MHz, was built and successfully tested. If the
superconducting RFQ is to be useful for high-current
applications, we believe it is desirable to develop it as a
single structure, whose length might be in the range of about
one to three meters. With a single structure, one avoids the
problem of matching of the high-current beam between RFQ
cavities. Whether such a long RFQ is compatible with the
practical constraints imposed by the rf superconducting
technology must be determined. Furthermore, high-current
applications require that the betatron phase advance per

*Work supported by Los Alamos National Laboratory Institutional
supporting research under the aupices of the United States
Department of Energy.

focusing period for zero current must be less than 90° to
avoid the beam-envelope instability. At low frequencies this
beam-dynamics constraint generally limits the electric fields
that can be used. This is because the focusing period, which
is proportional to the wavelength, is larger at lower
frequency. Then, for a given betatron phase advance per unit
length, the larger focusing period corresponds to a larger
phase advance per focusing period. For proton applications,
frequencies larger than about 200 MHz, depending on
injection energy, are required for high-field operation. At
these frequencies the 4-vane RFQ structure has been most
attractive, and therefore our initial work has been directed
towards the 4-vane structure. Our work consists of two
parts: 1) beam-dynamics design studies to evaluate the
performance that might be expected for a high-field proton
RFQ, and 2) cavity calculations and mechanical-design
studies for a high-field 4-vane RFQ cavity.

Beam Dynamics Design Studies

We have carried out an RFQ beam-dynamics design
study for high-field, high-current proton RFQ linacs. The
objectives of the study were to 1) develop design procedures
to a) reduce particle losses in the RFQ, and b) produce more
compact RFQs, 2) determine the length and power
requirements, 3) determine beam quality, and 4) evaluate
performance characteristics as a function of frequency.

The study was conducted using the RFQ beam
dynamics code PARMTEQ[7], which generates the cell
geometry and does numerical simulation of the beam
through the RFQ, including the space-charge forces. The
d.c. input beams were assumed to be perfectly matched and
aligned. Except for two new features, standard Los Alamos
RFQ design procedures[8] were used to synthesize an RFQ
that consisted of four sections, 1) radial matcher, 2) shaper
for initial bunching, 3) gentle buncher for adiabatic bunching
and 4) accelerator. The first new feature is to modify the
shaper section to include an initial subsection, where the
synchronous phase is held constant at <& =-90° to provide
better longitudinal bunching. This subsection is called the
porch, and its purpose is to reduce the particle losses, which
typically range from a few to 10% in conventional RFQ
designs. The second new feature is to ramp the intervane
voltage in the accelerator section to shorten the RFQ or to
provide higher final energy in the same length.

The fixed parameters of the study are listed in Table 1.
The variable parameters include the rf frequency f, the vane
modulation parameter at the end of the gentle-buncher
section, mgt the aperture parameter a=2nat/$X, where ag is
the radial aperture at the end of the gentle buncher section,
and f$c is the injection velocity, and the porch parameter
A=Zp£s, where Zn defines the length of the porch
subsection, and Z s the length of the shaper section. The
number of particles chosen for the runs varied from several
thousand to 10000, and was chosen to produce statistically
reliable results for emittances and particle losses. Generally,
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the longitudinal emittance, and the power dissipation from
lost particles had the largest statistical uncertainty. Values of
mg were varied over a range defined by the beam-current
limit Iijm> 125mA, corresponding to a 50 mA operating
currenL The aperture parameter should be large to maximize
transmission, but it's value is limited by the effects of higher
multipoles. We have used ot= 1.5 and 2.0. Table 2 shows
some results at 350 MHz for Es = 40 and 80 MV/m, without
a voltage ramp in the accelerator section. Without the porch,
the beam transmissions range from 97 to 99%. These are
already high because of the large aperture. One can see that
the porch subsection provides transmissions exceeding 99%.
The higher peak field of 80 MV/m produces a significant
reduction in vane length by about a factor of 3. The power
values listed in Table 2 are Pi, beam-power loss on the
vanes, Po, ohmic rf power loss, and Pjsn,, total power loss in
Niobium which determines the total helium-cooling
requirement. At a = 1.5, the power losses are mostly from
radial beam losses, whereas for a = 2.0, the beam losses are
comparable to the rf ohmic losses.

TABLE 1
Fixed Parameters or Beam Dynamics Study

Symbol
mc^
W;

w fI
Ilim

ei

(pg

<Pf

e
RRES-

Es(MV/m)
a
V(kv)
ag(cm)
mg
A
L(m)
T(%)
et(cm.mrad)

e^(deg.MeV)
Pl(W)
Po(W)
PNb(W)

Description
Mass

Initial Kinetic
Energy

Final Kinetic Energy
Beam Current

Minimum Beam
Current Limit

Initial normalized
rms emittance

Synchronous phase
at end of gentle
buncher section

Synchronous phase
at end of RFQ

Nominal temperature
of rf cavity

Residual rf surface
resistance

TABLE 2

Value
938.2796 MeV

().050 MeV

2.5 MeV
50mA
125mA

0.0075 Ttcm.mrad

]

Some Results at 350MHz
40
1.5 2.0
83 97
0.21 0.28
1.878 1.625
0.6 0.6
2.73 3.74
99.5 99.6
0.010 0.011
0.523 0.475

52 15
9 12
61 27

80
1.5
185
0.21
2.325
0.6
1.01
99.0
0.014
0.46

263
16
279

-35°

-35°

4.2°K

lOOxlO'9Q

2.0
210
0.28
1.939
0.6
1.10
99.8
0.016
0.18

10
21
31

Next we modify the standard RFQ design procedure in
the accelerator section by increasing the intervane voltage
and the radial aperture a proportional to ft, and keeping m
constant. This would be accomplished by designing the
cavity cross section or by adjustment of tuners so the local
resonant frequency decreases along the structure. It results in
an approximately constant axial acceleration field Eo, rather

than an Eo dependence proportional to IV" ^ as is obtained
with constant vane voltage. The penalty for this
modification will be a decreasing quadrupole gradient and an
increased rf power dissipation, which for superconducting
applications may be acceptable. We have tested this
procedure for the 350 MHz RFQ designs with A =0.6 and for
a final energy of 3.7 MeV rather than 2.5 MeV. In Table 3,
we show two lengths Lf and Lf, and ohmic power losses Pf
and P r , where the subscripts f and r refer to fiat and ramped
voltage distributions. The results show that a large reduction
in length can be obtained with corresponding, but acceptable,
increases in rf power.

At 200 MHz acceptable solutions were obtained at 40
MV/m but at 60 MV/m and above, the transverse focusing
was too strong and the envelope instability led to poor
transmission. Therefore, one cannot take advantage of very
high fields for high-current applications at frequencies less
than or equal to about 200 MHz for protons, unless larger
apertures can be used to reduce the quadrupole gradient or
the injection energy is increased. At 500 MHz fields of
about 60 MHz and above are needed to obtain the required
current limit

TABLE 3
3.7 MeV Results at 350 MHz with Ramped Voltage

Es(MV/m) Lf(m) L^m) Pf(w) Pr(w)
40 4.48 3.05 18 40
50 3.23 2.21 22 50
60 2.46 1.67 25 56

Superconducting 4-vane Cavity Work

To evaluate the high-field performance characteristics
of a superconducting RFQ, we are designing and building a
niobium 4-vane cavity (Fig. 1). This cavity will be tested in
a liquid-helium cooled cryostat in the rf superconducting
laboratory at Los Alamos. The objectives of this work are to
1) learn how to fabricate the niobium 4-vane cavity,
especially with regard to the electron-beam welding
techniques, 2) determine the surface electric field that can be
achieved, and 3) evaluate possible operational problems such
as multipacting that could limit the performance.The
operating temperature will be 1.7° K, chosen for superfluid
liquid-helium cooling. The nominal frequency is 425 MHz,
but the only real constraint on frequency is that the cavity
frequency must remain within the rated bandwidth of our
power amplifier, which extends from 395 to 440 MHz.

The performance of the cavity as predicted by
SUPERFISH and MAFIA is given in Table 4, together with
some of the geometry parameters. The field and voltage
values in Table 4 are scaled to give E s = lMV/m, where Es

is the maximum peak surface electric field between vanes at
the RFQ midplane. The ratio B s (vane end)/Es is a factor

628



Fig. 1 The superconducting niobium 4-vane cavity.

of 1.5 to 2 smaller than that of typical elliptical cavities used
for acceleration of high-P particles.

TABLE 4
Calculated Performance Parameters of Prototype RFQ

Cavity at 1.7°K
a
lvane
Icavitv
QRS

B s (midplane)

Bs (vane end)
W

0.437 cm
30 cm
31.5 cm
48Q
3.8 Gauss
11 Gauss

0.27xl0-3J

At the operating temperature of T=1.7°K, we anticipate
that the rf surface resistance will be dominated by the
residual resistance, which is expected to lie within a range of
about Rs=10xl0"9 to lOOxlOO"9 £1 This will correspond to
an unloaded Q in the range of 0=4.8x10** to 4.8xlO9.

Summary

Superconducting RFQ applications can benefit from
two modifications to the standard RFQ design procedure.
First, in addition to choosing as large an aperture as possible,
the use of a porch for the initial synchronous-phase profile
can improve the transmission efficiency to over 99%,
reducing heating caused by beam losses to low values.
Second, the use of a ramped vane-voltage profile in the
accelerator section increases the axial accelerating field and
shortens the RFQ or allows the final energy of an RFQ of a
given length to be extended to higher values. For
applications with low beam currents, the long adiabatic
bunching section could be replaced by a separate

conventional buncher cavity. Then the RFQ could consist of
an accelerator section alone with a ramped voltage profile.
In a few meters a proton RFQ with a peak surface electric
field E s = 40MV/m could provide acceleration to final
energies of more than 10 MeV.
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Introduction
Ions have been identified as a potential limitation in

high current storage rings, but they are not usually thought
to be a problem in electron linear accelerators. In this
paper, we consider the effects of ions in the linacs of fu-
ture linear colliders. Future linear collider designs call for
long trains of closely spaced bunches and/or very dense
bunches. Thus, significant ion densities can be generated
through the collisional ionization process and "trapping"
in a long train of bunches or through the tunneling ioniza-
tion with very dense bunches.

We consider two principal effects of these ions: first,
they provide skew fields which cause transverse betatron
coupling and increase the vertical emittance of the flat
beams, and, second, the ion fields increase the rate of fil-
amentation, making correction of the emittance dilutions
more difficult; this could lead to tighter alignment toler-
ances. Both of these effects are verified with simulations.
We will not consider other potential limitations that the
ions impose.

We will consider these effects in four illustrative linear
collider designs [1]: the NLC, the old NLC design, the
DESY S-band design, and the Russian design, VLEPP;
parameters for the linacs are listed in Table 1. In all cases,
the emittances listed are 40% smaller than the emittance
specified at the IP, allowing for 60% emittance dilution
in the linacs, collimators, and final foci. In addition, we
assumed that the /? functions scale with the square root
of the beam energy. The designs will not conform to this
scaling exactly, but it roughly approximates the growth
of the beta functions along the linacs. Finally, note that
the NLC design requires two bunch compressions and thus
the linac is divided into two sections: a short S-band linac
from 2 GeV to 15 Gev, referred to as the NLC pre-linac,
and the main X-band linac that accelerates the beam to
the final energy.

Generation and Trapping
There are two ways in which an ion can be created:

collisional ionization and tunneling ionization due to the
collective electric field of a bunch. The cross section for
the collisional ionization can be expressed as [2]:

/ t \

= **{ — ) (1)

where C\ and C2 depend upon the gas. For CO, a common
component of the vacuum, C\ = 35 and C2 — 3.7 and, in
the energy range of interest, 7 ~ 103 —* 106 and aCo ~
1.6 —> 2.5Mbarnes.

In a single bunch, the collisional ionization does not
tend to generate significant ion densities. But, the ions are

* Work supported by Department of Energy, contract DE-
AC03-76SF00515.

focused by the bunched beams and significant ion densities
can be accumulated, provided that the ions are not over-
focused and dispersed between bunches. This condition is
basically the same as that for linear stability in a storage
ring [3]:

Atrap >
NrpAL

(2)

where N is the bunch population, rp is the classical pro-
ton radius, AL is the separation between bunches, <rr,y
are the rms beam sizes, and Atrap is the minimum atomic
mass that is trapped. Values of Atrap are listed in Table 1
for the different designs; the first three designs trap the
ions. Finally, the trapping is illustrated in Fig. 2 which
is a simulation in the NLC pre-linac with only 30 bunches
and a 10~7 Torr partial pressure of CO; the bunch train
was shortened to keep the simulation times reasonable, but
since the ions are trapped the results are similar to those
in a 90 bunch train at a pressure of 3 x 10~8 Torr.

The other method of ion generation is the tunneling
ionization. The transition rate for tunneling ionization in
a static electric field is [4]:

Eio
(3)

where £ is the electric field and Eion is the ionization en-
ergy. Because of the exponential factor, this process is
very sensitive to the electric field. For example, the time
to ionize CO in a 3.5 V/A electric field is less than 10 fem-
toseconds (the static electric field approximation is valid in
this case). But, in a field of 1.8 V/A, the ionization time is
roughly 60 picoseconds and there is negligible probability
of ionization by a bunch. Peak electric fields in the bunches
are listed in Table 1. There is no tunneling ionization in
the first three designs, but, in the last two designs, the
surrounding gas is fully ionized. Finally, results of a simu-
lation of the tunneling ionization in the old NLC design is
plotted in Fig. 3.

Beam Dynamics
The transverse potential due to the electrostatic field

of the ions can be expanded in a power series:

V = -ymc e' 1/..
1J i\jl (4)

With a uniform distribution of ions, only the linear focus-
ing shifts are non-zero: V20 = V02 = 2Trpionr0/j. But in
non-uniform distribution, the higher order coefficients are
also non-zero. Assuming a gaussian distribution with rms
widths <jx and ay, the first few coefficients are:

2A l o nro

J<Ty((TX + (Ty)

2Alm,r0

ar +<Ty)2

where the horizontal coefficients V20 and V40 are assumed
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Table 1. Linac Parameters

Particles/Bunch N [1010]

Initial Energy Eo [GeV]

ft M
ycx [10-8m-rad]

jcy [10-8m-rad]

<T2 [fim]

Bunches n-i.

Bunch Separation AL [m]

Atrap *t injection

£ at 250 GeV [eV/A]

main NLC

0.7

15

8

300

3

100

90

0.42

24

0.9

NLC pre-linac

0.7

2

6.5

300

3

500

90

0.42

4

—

DLC

2.2

3

13

600

60

500

170

3.0

9

0.4

old NLC

1.9

15

5

300

3

100

10

0.42

112

3.6

VLEPP

20

3

1

1200

4.5

750

1

—

—

2.9

Table 2. Effects of ions with 10~7 Torr of CO gas

Bunches tracked

Au/u [%]

j(yo [10~8m-rad]

yls [10-8m-rad]

main NLC

30

10.1

3

4.80

NLC pre-linac

30

13.4

3

4.55

DLC

60

12.3

60

150

old NLC

3

6.4

3

3.90

VLEPP

1

4.7

4.5

5.71

to be small since <rx is assumed much greater than ay.

The first effect of the ions we consider is the filamenta-
tion. The coefficient V02 describes the additional focusing
at the beam center due to the ions. This additional focus-
ing will vary substantially from bunch-to-bunch in a long
train of bunches and from head-to-tail with the tunneling
ionization. Because the focusing varies, the beam will tend
to filament (phase mix). This has implications for non-
local correction of the transverse emittance dilutions as is
illustrated schematically in Fig. 1. Non-local correction
has been described as a method of easing the alignment
tolerances in future linear colliders [5] and is being utilized
in the Stanford Linear Collider. Unfortunately, this addi-
tional filamentation may render the technique useless for
future colliders. The variation in the focusing due to the
ions is listed in Table 2 for the different designs.

In addition to the filamentation, the ion fields will
cause transverse betatron coupling through the V22 com-
ponent of the field. To estimate this effect with flat beams,
we can neglect the effect of the vertical motion on the
horizontal. Thus, the horizontal motion can be written
x = \J1Jxj3x cos(ipx(s) + 4>x) while the vertical motion is
described as a parametric oscillator:

y = 0 (5)

where ky — l/0y + K)2 + \V22JxPx and we have only in-
cluded the linear focusing shift and the octupole-like cou-
pling (this is valid for x,y<> <rx,ay).

Now, parametric resonance occurs when horizontal
and vertical focusing are equal. In this case, the vertical

No Filamentation

•it-
Error

With Filamentation

2n(n+l/2)
Correction

o
-ff-

Error Correction
Fig. 1 Schematic of the effects of filamentation on non-local

correction techniques.

motion can be written

y = ae'K cos(skx + 6X) + be~'K cos(skx + 92)

where a and b are constants of the motion and

(6)

K =

Thus, the condition for stability is

wion Jxpx _4t±ri£Ii + 2-

where A^,on/i/ is the change in the vertical focusing due to
the ions: Avion/v = ^02VO2. This condition can be sat-
isfied by separating the horizontal and vertical focusing.
The optimal choice is to increase the horizontal focusing
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Fig. 2 Vertical projection of the ion density in the NLC pre-
linac after 1 bunch (solid), 10 bunches (dotted), 20
bunches (dashed) and 30 bunches (solid) with a CO
gas partial pressure of 10 Torr. Note that the ions
are trapped between bunches.

0

- 1 0 100 5
Y[<7T]

Fig. 3 Vertical projection of the ion density in the (old) NLC
pre-linac after 1 bunch (solid), 2 bunches (dashes), 3
bunches (dotted) with a CO gas partial pressure of 10""7

Torr. Note that the ions are strongly over-focused by the
beam.

over the vertical so that the resonance condition is not en-
countered at any amplitude. In this model, the separation
required is equal to the linear focusing shift due to the
ions; in simulations, the actual separation required is less
because of the amplitude dependent focusing from the ions
and the energy spread in the beam.

This effect is illustrated in Figs. 4 and 5 which are
results of simulations in the NLC pre-linac with equal hor-
izontal and vertical quadrupole focusing. We simulated
only 30 bunches in a CO partial pressure of 10~7 Torr;
the effects would be similar with a train of 90 bunches in
3 x 10~8 Torr of CO. Results for the other designs are
listed at the bottom of Table 2.

Summary
We have discussed two effects of ions in the linacs of

future linear colliders. Significant ion densities can occur in
either a long train of bunches due to collisional ionization
and trapping or in very dense bunches due to the tunneling
ionization. These ions will cause filamentation and trans-
verse coupling. While the latter effect can be alleviated
by separating the horizontal and vertical phase advances,

4.5

V 4.0
I

6
T
o 3.5

3.0

« •• •

— " • " " •ocio-noo"nc , D a a - D .
. . I . . . . I . . . . I

10 20
Bunch Number

30

Fig. 4 Vertical emittance vs. bunch number in the NLC pre-
linac at the beginning (squares), middle (diamonds),
and end (circles); the linac has equal horizontal and ver-
tical focusing of 90° per cell and a CO partial pressure
of 10- 7 Torr.

•a

i

Fig. 5 Vertical emittance vs. difference between horizontal and
vertical quadrupole focusing in the NLC pre-linac; the
emittance is that of the 30th bunch and the partial pres-
sure of CO is 10~7 Torr. Note the peak occurs when
the horizontal focusing is weaker than the vertical.

the increased filamentation will reduce the effectiveness of
non-local correction techniques, thereby leading to tighter
alignment tolerances. To reduce the effect of the ions in
the designs considered to the level of the intrinsic energy
spread, one would need to achieve vacuum pressures less
than 10~9 Torr.
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Abstract

The SLAC polarized electron source uses a laser
driven photo cathode gun. We have developed a Titanium
Sapphire laser at SLAC to replace the dye laser currently
used for the source. The new laser is designed to operate at
wavelengths between 750 and 850 nm while producing 400pJ
of energy in 1.6 ns pulses at 120 Hz. Installation on the
accelerator is expected in January of 1993.

System requirements

The polarized electron source for the Stanford
Linear Accelerator uses a semiconductor (GaAs) photo
cathode. Currently the light source for this photo cathode is a
dye laser that operates at a wavelength of 710nm. . We are
replacing this laser with a Titanium doped sapphire laser in
order to operate at 765nm to provide higher electron
polarization with GaAs cathodes, and possibly 8OO-85Onm for
use with very high polarization strained lattice cathodes. A
prototype for the new laser has been constructed and the final
system is nearing completion. Installation on the accelerator
is expected near the end of 1992.

TABLE 1.
System Specifications

Wavelength range
Wavelength tuning
Pulse repetition rate

Pulse shape

Pulse timing jitter
Transverse mode
shape
Pulse energy
Energy Stability
Pointing Stability

System Reliability

750-850nm
Discrete tuning OK
2 pulses, 62ns
separation, 120Hz
Near rectangular,
1.6ns FWHM
<50 psec RMS

400MJ

<3% RMS
<1% beam divergence
angle
> 10,000 Hour
operational lifetime

System Design

No commercial lasers were available that met these
specifications so a system was constructed at SLAC. Several
laser materials were considered. Dyes were rejected due to
the difficulty of achieving the required high peak powers with
good transverse mode properties, and due to limited lifetimes
at the required wavelengths. Alexandrite (Cr+3:BeAl204) was
rejected as its low gain at the longer wavelengths required
makes it difficult to operate1. LiCAF2 (Cr+3:LiSrAlF6) has
poor thermal conductivity and is difficult to operate at high
repetition rates. We also considered it to be too new and
untested for this application. Ti:Sapphire3 (Ti+3:Al2O3) was
chosen as the laser material.

Ti:Sapphire is difficult to pump directly with flash
lamps due to its short excited state lifetime (4.2(is) and its
fairly narrow absorption band. The only reasonable option for
pulsed laser pumping of Ti:Sapphire is a frequency doubled
Nd:YAG laser. With output energy requirements of a few
hundred microjoules, pump energies of a few millijoules are
required. Of the available options: flashlamp, arclamp, and
diode pumping, only flashlamp pumped lasers are available
commercially with sufficient output energy. Commercial
flashlamp pumped Nd:YAG lasers are generally only
available at repetition rates of 60Hz and lower. We therefore
use 2 60Hz lasers operating interlaced as the pump source.
Each of the YAG pump lasers produces approximately 20mJ
of 532nm light in 6ns FWHM pulses. We use 2 Ti:Sapphire
oscillators to produce the required double pulse structure.
The overall schematic is shown in Fig. 1.

YAG A
60 Hz

YAGB
60 Hz

\
50%

Mirror

Output Beam

Ti:S
120

Ti:S
120

apphire #1

Hz

apphire #2

Hz

Beam
Combiner

* Work supported by US Department of Energy grant DOE-
AC03-76SF00515

Fig. 1 Overall system schematic
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The beam combiner uses a polarizer and Pockels cell
to combine the pulses from the Ti:Sapphire oscillators and
equalize the pulse amplitudes. Downstream of the beam
combiner, the optical system duplicates the existing SLAC
polarized light source system for beam intensity and
polarization control.

Ti:Sapphire cavity design

We use a technique knows as Cavity dumping4 to
produce pulses whose length is equal to the 1.6ns round trip
cavity length. After the pump pulse, the intra-cavity power is
allowed to build up to maximum and then a Pockels cell is
used to change to polarization of the light so that it is
transmitted through the output polarizer. The build up time in
the cavities is controlled by Q-switching (applying high
voltage to the Pockels cell to prevent lasing) after the YAG
pump pulse. This allows one of the cavities to have its output
delayed by the required 60ns relative to the other. A
schematic of the timing for the cavities is show in Fig. 2.

YAG pump
pulse #1
Q-switch
pulse #1
#1 Intra-cavity
optical power

Output
Beam

A
A

AA_
Fig. 2 System pulse timing.

Cavity dumper
pulse #1

Output optical
pulse #1

Q-switch
pulse #2
#2 Intra-cavity
optical power

Cavity dumper
pulse #2

Output optical
pulse #2

Combined
optical pulse

The design of the Ti:Sapphire cavities was
motivated by the requirements for a 1.6ns pulse length with
very small timing jitter and good intensity stability. As the
photocathode does not require a narrow linewidth (a few
nanometers is acceptable), only a simple tuning system was
used. In this laser, as in most solid state lasers, increasing the
pump energy density improves both the efficiency and
stability, with optical damage limiting the maximum pump
density. The cavity design uses high damage threshold
materials. A schematic of the cavity is shown in Fig. 3.

Output
Polarizer

Input
Mirror

Pockels
Cell

Back
Mirror

Fig. 3 Ti:Sapphire cavity design

Timing
Detector

The input mirror is designed to transmit the 532nm
pump beam and reflect the lasing beam. The Ti:Sapphire
crystal has anti-reflection coated faces perpendicular to the
beam. We used a rectangular instead of Brewster angle
crystal both to simplify the cavity geometry. We plan to
experiment with Brewster cut crystals in the near future.

We use Brewster angle, multilayer dielectric
polarizers because of heir high damage threshold. The use of
one polarizer in transmission, and one in reflection produces
a bandpass filter. With no additional tuning elements, the
bandwidth of the laser is 5nm. A multi-order waveplate can
be placed between the polarizers to decrease the system
bandwidth.

The Pockels cell uses a single KD*P crystal with
Sol-Gel coatings for high damage threshold. The cell is
driven with a fast high voltage driver constructed at SLAC.
The driver uses a FET driving planer triode to provide the
1800 Volt, 150ns long, 10ns rise and fall time pulse for Q-
switching. The cavity dumping pulse is a 2400 Volt, 750
picosecond edge produced by an avalanche transistor and
planar triode

The Ti:Sapphire cavity has an optical length of
25cm, and uses a flat mirror and a 2 meter concave mirror.
This produces a mode radius of 0.4.25 mm at the Ti:Sapphire
crystal. These mirror curvatures were chosen to provide a
stable cavity without producing a small mode size (which
could lead to optical damage) anywhere in the cavity.

Operating Conditions

The pump beam optics are set for a far field image
from the pump lasers in order to provide a Gaussian
transverse mode. The pump beam mode radius is 0.3mm,
chosen to provide approximately 2.1 J/cm^ pump energy
density at the nominal pump energy of 3 mJ.

With the Q-switch and cavity dump disabled, the
time to for the oscillator to build up to 10 percent of full
power after the pump pulse is shown in Fig. 4. The decay
time for light in the cavity is approximately 30 ns.
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Fig. 4 Optical power build-up time in Ti:Sapphire
cavity.

The time for firing the cavity dumper is fixed by the
accelerator beam time. The buildup time of the Ti: sapphire
laser pulse must be adjusted so that the dumper fires at the
peak of the intra-cavity power. This both provides both
maximum output power and optimum stability. Drifts in the
output power and steering of the pump beams cause changes
in the build up time for the Ti:Sapphire laser pulses. We use
a feedback system which adjusts the timing of the Q-switches
to stabilize the buildup time of the lasers. As the drifts in the
pump beams and oscillator cavities are independent, we use 4
independent feedback loops.

System Performance

A prototype laser system consisting of a single pump
laser and single oscillator has been constructed. This system
has operated for several months. The measurements
described below refer to this prototype system. The final
version of the system, when completed, is expected to have
similar performance.

The output pulse shape, measured with a 50 psec
risetime vacuum photodiode and sampler is shown in figure
5. The output pulse energy is typically 400 jxJ.

The prototype system has been operated at
wavelengths of 765nm and 718nm. The optical bandwidth is
approximately 5nm FWHM. As the gain peak of Ti:Sapphire
is somewhat longer than 800nm, no difficulties are expected
in reaching the full design wavelength range.

Optical
Power

0 1 2 3 4 5

Time - ns

Fig. 5. Output optical pulse shape

The 750 psec. risetime of the pulse is determined by
the risetime of the cavity dump pulse generator and the time
for the electrical fields to penetrate the pockels cell material.
The 1.6 nanosecond pulse width is determined by the optical
cavity round trip length. The fall time of the pulse
approximately matches its risetime. The measured timing
jitter of the rising edge of the pulse is approximately 30psec,
most of which is probably measurement noise.

The pulse to pulse energy stability is typically 3%
RMS. This is dominated by changes in the Ti:Sapphire gain
(caused by changes in pump energy or position) causing the
Q-switched pulse to move in time with respect to the cavity
dump pulse. The output transverse mode shape is TEMQQ and
the pointing stability meets the 1% of divergence angle
specification.

The final, dual pump laser, dual oscillator, 120 Hz,
double pulse system is nearly completed. It is expected to be
installed on the accelerator in January of 1993.
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Abstract

This paper describes the present status of the development of
high brightness H/D' sources at Culham Laboratory. The
performance of the sources are described in terms of the
output current, the suppression and trapping of extracted
electrons and the beam emittance. Also Langmuir probe
data of the plasma is described.

1. INTRODUCTION

Sources of H/D" ions for accelerator applications are
required to have high current and low emittance, to operate
cw and be of very high reliability. The magnetic multipole
ion source can meet these requirements. We will describe
the characteristics of these sources under development at
Culham by discussing the performance of a particular one.

2. ION SOURCE AND ACCELERATOR

The volume ion source as shown in Figure 1 is a metallic
discharge chamber of dimensions 19 x 14 x 10 cm2 with
external permanent magnets to increase the plasma density.
The discharge is sustained by up to six filaments (or if from
an antenna). The arrangement of magnets is such that a
magnetic filter field separates the plasma into two regions.
The colder region is adjacent to the extraction aperture where
H' or D" ions are formed by dissociative attachment of low
energy (~leV) electrons to vibrationally excited molecules of
H2 or D2 which have diffused into the region across the
magnetic filter1.

I • I

The source is mounted on the Culham Ion Source Test
Stand2 which is configured as a triode accelerator of energy
up to lOOkeV as shown in Figure 2. Ions and electrons are
extracted from the source by the intermediate electrode at
voltages up to VM, ~ 20keV. Permanent magnets in the
accelerator deflect the co-extracted electrons into a dump
region and the ion beam is accelerated to full voltage.
Further magnets resteer the ion beam. The ion current is
measured downstream by a dc beam transformer at a
distance of 0.67m from the source. A deflector magnet
ensures there are no electrons in the beam from the
accelerator. The source and beam line operate cw. The
extraction aperture diameter is 16mm.

Source and Accelerator Beamline

Suppressor
Region

U
T;TS

Deflector
Magnet

Figure 2. The triode accelerator

3. THE SUPPRESSION OF ELECTRONS

The co-extracted electrons present design issues in terms of
heat removal, power supply ratings and possibly the beam
quality and it is important to ensure as small a flux as
possible enters the beam. This is achieved at the
plasma/accelerator boundary by the device shown in Figure
3.

I •

Tent FMef Triode Accelerator

Figure 1. Schematic volume ion source

Work Supported by the United States
Air Force Office of Scientific Research

extraction grid

insert _T
accelerator

section of extraction aperture

Figure 3. The electron suppressor
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The electrons are trapped on the field lines of the permanent
magnets3 and collected at the extraction electrode which is
biased at a voltage V^. Figure 4 shows the dependence on
the voltage V^ of the ion and electron currents. The
electron current is highly suppressed at a few volts whereas
the ion current is relatively independent of V^.

apertuie diametei = 16mm

1800

30

25

20

IN- '5

(mA)

10

I.,t = 150A = 0.79TIV
> = 16mm

400

(mA)

10

V™ (V)

18 20

Figure 4. The action of the electron suppressor

4. PURE VOLUME PERFORMANCE

Figure 5 shows the measured H" current from a 16mm
diameter extraction aperture as a function of H2 gas flow to
the source for different values of arc currents at a beam
energy of 92 keV. Currents up to 39mA have been
measured and at this current the extracted electron current is
690mA for a suppressor voltage of V^ = 4.9 V
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Figure 6. D" current as a function of gas flow

5. CESIATED SOURCE PERFORMANCE

It is well established that trace amounts of cesium added to
the discharge enhances beam performance. We added ~
50mg of cesium by a dispenser and in Figure 7 we show the
H' current as a function of arc current with and without
cesium for a gas flow of -0.7T&'1. There is an
enhancement in current with cesium of about a factor of two.
Also, the extracted electron current is reduced. The
maximum H' current we measured was 60mA with an
electron current of 94mA

2O0 250

Figure 7. H- current with the addition of cesium

Figure 8 shows the enhancement in deuterium due to the
addition of cesium.

Extraction aperture = 16mm
Vbevn = 81KV
Vaic = 10OV

Figure 5. H" current as a function of gas flow

In Figure 6 we show the D" current variation as a function of
gas flow. From this it can be seen that there is a factor of
just more than two reduction compared to the H' current and
the electron to ion ratio has increased, the electron current
being about 800mA at the highest D' current of 14mA even
with a higher suppressor voltage of V^, = 5.9 V. The source
has not been re-optimised for deuterium operation in terms
of the filter field strength and this is known to have an
impact on performance.

Q = 0 51 Tl,'s Q = 0 4 • 0 8 TVs

Figure 8. D" current with the addition
of cesium
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Again about a factor of two enhancement is observed. For
both H' and D' cesiated operation at the highest ion currents
there is evidence that not all the beam available from the
source is being transported by the accelerator. In the case of
H' it is demonstrated by the roll over of current with
increasing arc current. In D" this is indicated by a non
saturation of ion current with Vrat. Thus more current may
be forthcoming.

The currents measured here whether the source is operated
uncesiated or cesiated represent the highest cw negative ion
currents from a single aperture.

6. PROBE MEASUREMENTS

A planar Langmuir probe has been installed in both the hot
plasma region near the filaments and also in the cold plasma
near the extraction apertures. The probes can measure the
positive ion current density, electron temperature and plasma
potential in the source as a function of arc current and other
discharge parameters. In figure 9 is shown j + for the hot and
cold plasma regions as a function of arc current. Both are
linear but the hot plasma density attaining 2.5 A/cm2 for a
full power discharge picture. The electron temperature and
plasma potential for the hot plasma is almost insensitive to
arc current and are about 2.5eV and 5.5 volts respectively
which the cold plasma has 1.4eV and 4.5 volts for these
parameters.

This indicates that a large fraction of the H' (or D' ions) may
be made in this plasma region in view of the low electron
temperature and high density. In comparison with other
negative ion sources'5' these results are unusual and offer the
possibility of modifying negative ion source to a form which
has no magnetic filter and hence possibly lower emittance.

Te(eV)

enclosing a beam fraction F for a Gaussian distribution is

+ (A/cm')

2 5

2

i +

T

A/cm»)

r !

Q

*

= 1.0TI/S

= 100

Figure 9. Current Density in Filament Region

7. EMITTANCE

The emittance of the beam is measured by an electrostatic
sweep emittance diagnostic4 at a distance of 0.82m from the
source. The angular resolution of the device is ~ 0.15mrad.
The relationship between the normalised emittance eN(F)

where e p ^ is the normalised rms emittance. From a plot of
eN(F) against fti (1/(1-F)) we can obtain e ^ .

For a 30mA H' beam at 90keV the normalised r.m.s
emittance is 0.17n mm mrad as determined by this method
Figure 10 shows the phase space contour which contains
97% of the beam and it also shows the contour containing
40% of the heam ; this being the rms contour for a Gaussian
distribution. Using the moments formula for the normalised
r.m.s emittance,

we obtain a value of 0.26itmm mrad.

The beam can be seen to have third order abberations at high
beam fractions. The central core of the beam, ie at smaller
beam fractions, has a very low emittance.

«an Fract ion
9t.lt
76.32
38.03

<3O -20 10 O 10 20 30 40 SO
Position x <nn>

Figure 10. The emittance of a 30mA H" beam
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abstract

Characteristics and performance of the recently devel-
oped volume H' ion source at KEK are described. Observa-
tion of the H" beam intensity enhancement by introducing a
small amount of cesium vapor is shown. The extracted H"
beam current of 20mA was obtained in the cesium-mode
operation. The measured 90% normalized beam emittance
was about ljtmm.mrad for 12 mA beam. We found that the
workfunction of the plasma electrode surface which was de-
creased by cesium coverage had an important role to en-
hance the H' beam intensity.

Introduction

A surface-plasma type of H" ion source, in which the
H" ions are generated on the cesiated low workfunction mo-
lybdenum surface placed in the hydrogen plasma, has been
used in the 12 GeV proton synchrotron at KEK.[1] This
ion source produces about 30mA H" beam with a 90% nor-
malized beam emittance(phase-space area x P x y) of
1.5jimm.mrad in pulse-mode operation. This ion source is
rather delicate to keep its maximum intensity during the op-
eration because the H' beam intensity is very sensitive to the
cesium coating on the molybdenum surface. If a cesium-
free or small cesium consuming H" ion source is realized, it
becomes a useful H ion source for accelerators.

One of the potential candidates of such an ion source
is a volume-production type of H- ion source, which was
originally developed for fusion applications. However, the
current denisty of the beam from volume-production type of
H' ion source is rather lower compared with that from sur-
face type of H- ion source. K. Leung et al have found that
the extracted H beam current could be increased by injecting
cesium vapor into the ion source plasma chamber.[2] We
have also observed this cesium effect in our volume H* ion
source. The extracted H ion beam current was increased
more than four times of that before injecting cesium vapor
and the extracted H ion current reached a maximum of 20
mA.[3] The cesium consumption rate was surprisingly small
compared with the surface H" ion source and this may hence
reduce the difficulties described above in operation of the
ion source with cesium vapor. We have made several ex-
periments to examine the cesium effect on the volume H"
ion source and found that the surface condition of the beam
extracting plasma electrode has a very important role in in-
creasing the H beam intensity in the cesium-mode operation.
In this paper, the experimental results on the surface effect of
the plasma electrode are also described.

Operation of the ion source

A schematic diagram of the present test apparatus of

the KEK volume H' ion source is shown in Fig. 1. The ion
source consists of a cylindrical plasma chamber which is
surrounded by SmCo permanent magnets and a single hot
filament cathode. The length and the diameter of the plasma
chamber are about 160mm and 100mm, respectively. A pair
of SmCo permanent magnets, which make a dipole magnetic
field, a so called virtual magnetic filter, are placed at the the
outside of the plasma chamber and close to the plasma elec-
trode. The magnetic field becomes maximum at the anode
hole. The plasma electrode is insulated from the plasma
chamber by a ceramic plate and small voltage can be applied
to the electrode to optimize the H" ion beam current.
Through the experiment, a single hole of 7.5mm in diameter
was used as the anode aperture. The anode material is mo-
lybdenum.

A helical coil shaped LaB( filament is used as a hot
cathode and it is attached on the molybdenum supporting
rods which are cooled by water. The operating temperature
of the filament is about 1400°C and the lifetime is more than
several hundred hours.

Cesium vapor is injected into the plasma chamber
from the outside reservoir through a heated feedthrough.
The high temperature valve, which can be closed to stop the
cesium feeding immediately after the H" ion beam current is
increased, is located between the ion source and the reser-
voir. The reservoir temperature is normally 2OO-25O°C.

At the end plate of the plasma chamber, a small glass
window is mounted. By injecting an Ar laser
beam(X=514.5nm) through this window, the workfunction
changes of the anode electrode can be estimated by measur-
ing the photo-emission electron current from the anode elec-
trode.

Fig. 1 Schematic diagram of the KEK volume H ion source.
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Fig.2 Change of the current density of the H ion beam before and
after the cesium vapor is introduced into the source.

The H' beam current is measured by a Faraday cup
which is placed about 1 meter away from the anode elec-
trode. Beam emittance can be also measured with an
electrostatic deflection type of emittance monitor, which is
located at the front of the Faraday cup. The beam extrac-
tion systems and the beam diagnostics are fabricated in a big
vacuum chamber which is evacuated by a 2500 l/s turbo-mo-
lecular pump. In table 1, typical operating parameters of the
cesium-mode volume FT ion source are summarized.

Table 1 Typical operating parameters of the KEK volume
H' ion source in cesium-mode operation.

ARC CURRENT
ARC VOLTAGE
FILAMENT CURRENT
HYDROGEN FLOW RATE

20s ccm
BEAM EXTRACTION VOLTAGE

100-200A
120-150V
7O-80A

1 5 -

30-
40 kV

Cesium effect

The extracted H" beam intensity is dramatically
changed by injecting cesium vapor into the plasma chamber.
Figure 2 shows the change of the current density of the H
ion beam before and after the cesium vapor is injected, re-
spectively. The current density of H ion beam is in-
creased from ldmA/cm2 to 70mA/cm2. On the other hand,
the total drain current which contains mainly electrons from
the ion source is dropped from 350mA to less than 100 mA.
By optimizing the various parameters of the ion source after
the cesium vapor is injected, the H~ ion beam current was in-
creased to 20mA as shown in Fig. 3.

The cesium consumption rate was very small in oper-
ating the ion source. For example, once the beam intensity
was increased after opening the valve for the cesium feed
line, it kept almost constant for several ten of hours even
when the valve was closed. This is a quite different situ-
ation from that of the ordinary surface type of H' ion source
and it helps a lot to eliminate sparkings in the extraction re-
gion during long period operation.

We have observed a dramatic beam current increase
in the H' ion source at the cesium-mode operation. One of
the explanations on this cesium effect is that H' ions can be
formed directly on the cesiated surface from thermal hydro-
gen atoms.[4] Although this reaction probability is predicted
to be very small, the density of the atomic hydrogen con-
tained in the ion source plasma is very large(n>10" atoms/
cm2) and this may hence lead an enhancement of H' ions.

In this process, the workfunction of the inner surface
of the ion source, especially the plasma electrode surface, is
very important and it has to be reduced by injecting the ce-
sium vapor into the ion source.

In order to examine a cesium catalysis effect, the H"
ion production probability by sacttering thermal hydrogen
atoms from a cesium adsorbed molybdenum surface has
been measured.[5] Figure 4 shows a schematic layout of the
experimental setup used in the measurement. Thermal

Fig.3 Optimized H ion beam current. Vertical axis: 5 mA/div.
Horizontal axis: 0.1 msec/div.

Fig. 4 Schematic setup of the measurement of H ion production
probability by scattering thermal hydorgen from a cesium adsorbed
molybdenum surface.
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hydrogen atoms are generated by dissociating hydrogen
molecules with an rf dissociator. After passing through a
small hole of the skimmer, an atomic hydrogen beam be-
comes a luminar flow and is scattered from a cesium ad-
sorbed molybdenum surface. After scattering, a small frac-
tion of the hydrogen atoms becomes H ions. A part of H'
ions are accelerated by applying a negative potential of 3kV
to the molybdenum target and detected by a Faraday cup
and/or a microchannel platc(MCP) after mass-analysis with a
Wien filter.

The workfunction of the cesium adsorbed surface is
determined by measuring the photoemission electron current
produced by irradiation of the target surface with an Ar ion
laser beam.[6] Figure 5 shows the dependence of the H" ion
production probability on the workfunction of the cesium ad-
sorbed surface. The H" ion yields detected by the MCP are
shown as a function of the photoemission current. The H'
ion yield is normalized by the ion yield measured when the
photoemission current is 0.55nA which corresponds to the
workfunction of 2.leV. As clearly seen from this figure,
the H' ion yields increased as the decrease of the workfunc-
tion.

The H" ion production probability by scattering
hydrogen atoms from a cesium adsorbed surface is expected
to depend on the velocity to the surface of the scattered hy-
drogen atoms. Figure 6 shows the velocity dependence of
the H' ion production probability as a function of the atomic
hydrogen temperature. The atomic hydrogen beam was
heated by placing a resistively heated tantalum tube at the
exit of the dissociator. As can be seen from this figure,
when the temperature of the tantalum tube increases above
1250K, the H' ion yield begins to linearly increase with tem-
perature as expected.

The measured H" ion production probability by scat-
tering thermal hydrogen atoms(T=1250K) was estimated to
be almost 2.5 x 10"*. This results is in good agreement with
the theoretically estimated value.[5] Since the tempera-
ture of hydrogen atoms in the volume source is about 0.5
eV,[8] the H' ion production probability at the cesium cov-
ered surface of the volume ion source is estimated to be
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Fig. 5 The dependence of the H ion production probability on the
workfunction of the cesium asdorbed surface.
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Fig. 6 The velocity dependence of the H ion production probabil-
ity as a function of the atomic hydrogen temperature.

about 0.013. Although this is not a large number, the den-
sity of the atomic hydrogen in the voulme ion source is nor-
mally more than 1014 atoms/cm3 and the expected H' ion cur-
rent density at the plasma electrode can reach values in ex-
cess of 200 m A/ cm2assuming no beam loss.

Conclusion

Characteristics and performance of the volume H ion
source when the cesium vapor is injected are described. We
found that the characteristics of the ion source changed dra-
matically by injecting the cesium vapor into the ion source.
More than four times more H' ion beam current was ex-
tracted after the cesium injection and, nevertheless, the ce-
sium consumption rate was very small. It was also ob-
served that the surface condition of the plasma electrode
played an important role in the cesium-mode operation.

The H' ion production probability by scattering ther-
mal hydrogen atoms from the cesium adsorbed molybdenum
target was measured. It is very likely that the enhancement
of the H" ion beam current in the voulem H' ion source by in-
jecting cesium vapor is due to the surface H' ion production
by scattering low energy hydrogen atoms from the cesium
covered plasma electrode.

The authors appreciate Profs. H. Sugawara, Y.
Kimura, S. Fukumoto and M. Kihara for their continuous
encouragement. They are also indebted to Mr. K. Ikegami
for his technical support.
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Abstract

A helical electro-static quadrupole(HESQ) for focus-
ing low energy and high current negative ion beams has been
developed at KEK. Various negative ions such as Cu' and
Au- ion beams of more than several mA have been trans-
ported and focused with the HESQ. Comparison of the fo-
cused beam emittance between measurements and calculations
are presented.

Introduction

Recently, intense negative heavy ion beams have been
generated by the plasma-sputter type of negative heavy ion
source which was originally developed at National Labora-
tory for High Energy Physics(KEK).[l] This type of ion
source is based on the surface-plasma interaction. More than
100mA of negative heavy ion beams such as Cu.Au' and so
on have been obtained so far. This type of negative ion
source has a nickname of BLAKE ion source. In order to
transport these high current negative heavy ion beams effi-
ciently at a relatively low beam energy of several tens keV,
there is a big difficulty concerning to the beam emittance
growth caused by a large space charge force in the beam.
This problem could be overcome if the beam is transported
with a strong and continuous focusing device. Because the
charge slate of negative ion is unity, an electro-static lens is
rather easier than a magnetic lens. An electro-static einzel
lens has been frequently used so far, but the einzel lens is a
second order lens and its focusing force is not so strong.

Recently, Rapparia has developed a helical electro-
static quadrupole(HESQ) for focusing and transporting an in-
tense H* or Hion beam from the ion source to the RFQ.[2]
The HESQ is a first order electro-static lens and it has a
strong and continuous focusing force which is also useful for
transporting a low energy and high intensity negative heavy
ion beam.

At KEK, we have developed the HESQ for the intense
negative heavy ion beams from the BLAKE ion source and
more than several mA of low energy negative heavy ion
beams such as Cu and Au" ion beams.

Design of the HESQ

Calculations of the beam behavior in a helical quad-
ruple system have been performed by several au-
thors.[3][4][5][6][7][8] At KEK, based on these calcula-
tions, the TRACE-3D code [91 has been modified and used

for designing the HESQ for negative heavy ion beams. The
basic beam parameters used in designing the HESQ are sum-
marized in Table 1.

Table 1 Beam Parameters

Beam energy 15~3OkeV
Ion species Cu(Au)
Beam current 2mA for Cu'
Beam emittance <0.2 mm.mrad(909fc normalized)

The mechanical structure of the HESQ is shown in
Fig.l. The HESQ is divided into the same four sections and
each section is electrically insulated for others. The length of
each section is 112mm and the bore radius and one pilch
length are 15mm and 100mm, respectively. The rods in heli-
cal shape are made of copper and each rod is supported by an
insulator. In order to keep a good accuracy in construction, a
small pin for each rod was driven through the insulator. The
measured displacement errors were less than +- 0.2mm. We
have used only three sections of them so far in the preliminary
experiment because the the present vacuum chamber in which
the HESQ was placed did not have an enough space for the
four sections.

Figure 2 shows the beam behaviors in the HESQ cal-
culated by the modified TRACE-3D. The calculation was

h
,!,• a • •

Fig.l. Schematic layout of the HESQ
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Fig.2 Beam calculation in HESQ by TRACE3D.

performed under the condition that the Cu' ion beam energy
was 16 keV, the rod voltage was 4 kV for all three sections.
As for the beam intensity, zero beam current was assumed in
this calculation because the TRACE-3D could treat only a lin-
ear problem. The off center beam in the HESQ is, in prin-
ciple, longitudinally accelerated or decelerated and this causes

an aberration. The aberration effects of the HESQ are not
inculded in the above TRACE-3D calculations.

Beam behaviors in the HESQ

In order to examine the behavior of high current and
abberative beam in the HESQ, a PlC(particle-in-ccll) simu-
lation code whose name is BTRACM has been developed.
Figures 3 show the results of the beam simulations per-
formed by this code for Cu' ion beam for various rod volt-
ages. In these simulations, the charge distribution in each
beam is assumed to be gaussian and the beam intensity and
energy were chosen as 1mA and 21 keV, respectively. The
other parameters were same as those used in the TRACE-
3D calculations. It should be also noted that in the HESQ
system, the beam emittance projected to a horizontal or ver-
tical plane is used to be large except near by a focal point
because of the coupling between two directions.

A beam test of the HESQ has been carried out with
Cu' and Au' ion beams in order to compare with the beam
simulations. The experimental set-up is shown in Fig. 5.
The low energy Cu" and Au' ion beams was extracted from
the BLAKE-V negative heavy ion source, which has been de-
veloped at KEK and more than 1 mA Cu" and Au' ion beams
are obtained from this ion source both in pulse and DC mode
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Fig. 3 Calculated beam emittance for 1mA Cu ion beam by simu- Fig.4 Measured beam emittance of Cu ion beam,
lation code of BTRAC.
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Fig. 5 Experimental setup of emittance measurement

operations. In this experiment, the BLAKE-V ion source
was operated in pulse mode and the pulse duration and repe-
tition rate are SOOnsec and 20Hz, respectively. The ion
source was placed at a high voltage station and the beam was
extracted by a single electrode which was grounded. The
HESQ was placed right after the extraction electrode. The
distance between the extraction electrode and the HESQ was
about 5 cm. The emitttance monitor was placed vertically
at a distance of 4.5 cm away from the exit of the HESQ.
The total beam current transmitted trough the HESQ was
measured by a Faraday cup which was placed at about 25cm
away from the emittance monitor.

The measured beam emittance for the Cu' ion beam
for various rod voltages of the HESQ are shown in Fig. 4.
Compared with the beam simulations shown in Fig. 3, good
agreement between the experiment and the calculation has
been observed. At the beam focusing point, the measured 90
% normalized emittance was about 0.1 mm.mrad. In the pre-
vious experiment using a single einzel lens instead of the
HESQ, we observed that the 90% normalized emittance for
the 1.5mA Cu' ion beam was about 0.3 mm.mrad. Of
course, we have not measured both emiitances at the exactly
same beam conditions, however, it can be pointed out that the
HESQ works nicely for transporting an intense negative
heavy ion beams such as Cu', without having a large emit-
tance growth.

Conclusion

A helical electro-static quadrupole(HESQ) system was
designed and constructed for transporting intense negative
heavy ion beams from the BLAKE-V negative heavy ion
source. In a preliminary experiment, more than 1mA of Cu"

and Au" ion beams have been successfully transported and it
was found that the HESQ was useful for uansporting intense
negative heavy ion beams without large emittance growth.

The authors would like to their appreciations to Profs.
M.Kihara, Y.Kimura and H.Sugawara for their continuous
encouragement. They are also indebted to Mr.K.Ikegami
for his technical support.
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Abstract

A high brightness ion source has been developed for
the 10 MeV, 100 mA, 10 % duty, proton linear accelerator
called Basic Technology Accelerator (BTA), which is to be
constructed at JAERI. The ion source consists of a
multicusp plasma generator and a two-stage ion extractor,
and is expected to produce 100 keV, 120 mA proton beam
with a normalized beam emittance of as low as 0.5 n
mm.mrad. The design of the ion source and results of the
first experiment are presented.

Introduction

A 10 MeV linear accelerator called Basic Technology
Accelerator (BTA) will be constructed at JAERI [1]. The
objective of the accelerator is to develop the basic
technologies required for the construction of the 1.5 GeV
linear accelerator, which is being proposed for use in the
accelerator-driven nuclear transmutation system as one of
the option of OMEGA project [2].

The target of the BTA is to accelerate 100 mA proton
beams to 10 MeV with a duty cycle of 10 %. For this
accelerator, it is necessary to develop the ion source that
produces intense hydrogen beams with a low beam
emittance and a high proton yield. Basic specifications
proposed for the ion source are listed in Table 1.

A prototype ion source has been designed and
fabricated. The significant features of the source are;

1) the plasma generator has a good particle confinement,
resulting in a high proton yield and a high gas
efficiency,

2) two-stage extractor is employed to produce a convergent
ion beam.

TABLE 1 Specifications of the Ion Source

Energy
Current
Duty Factor
Emittance

Proton Ratio
Impurity

100 keV
120 mA
CW
0.5 n mm.mrad

(normal ized,100%)
> 9 0 %
< 1 %

First experiment of the prototype ion source was
conducted at the ITS-2M Test Stand, which is usually used
for the development of the high current ion sources for
fusion application. In the present paper, after a description
of the ion source design, we present the major results of the
first experiment, especially on beam optics and proton yield.

Ion Source

The prototype ion source is shown in Fig. 1. The
detailed design should be referred to the Ref. 3, where
calculations on beam optics, proton yield and source plasma
confinement are also presented. The source consists of a
multicusp plasma generator, and a two-stage extractor. The
dimensions of the plasma chamber are 20 cm in diameter
and 17 cm in depth. The chamber is surrounded by 10
columns of strong SmCo magnets which form a longitudinal
line-cusp configuration for primary electron and plasma
confinement. The magnetic field at the inner surface is
more than 2 kG. These magnet columns are connected at a
back plate by four rows of magnets. The open end of the
chamber is enclosed by a plasma electrode, where additional
10 rows of magnets are installed except for the central
extraction region.

I N S U I A T O R

*) On leave from Nissin Electric Co. LTD.

Fig. 1 Cross sectional view of the prototype ion source
for BTA.
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Fig. 2 An example of the ion beam
trajectory in two stage extraction
system. The beam energy is 100 keV
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In the present experiment, the plasma was created by
arc discharge between four tungsten filaments of 1.2 mm in
diameter and the chamber wall. Plasma production by RF is
being planned in future for long life operation. In this case,
an antenna or micro-wave guide will be attached in the
back plate. Preliminary tests on the plasma production by
2.45 GHz micro-wave and 2 MHz RF have already started
[4], and a high density hydrogen plasma of ne=5xl0 cm
(Jjs=120 mA/cm") was produced in a multicusp plasma
chamber that has the same dimensions as the prototype ion
source.

The extractor is composed of four electrodes called
plasma, gradient, suppression and exit electrodes. The
cross-sectional view of the electrodes and an example of
the ion beam trajectory calculated by computer simulation
code are shown in Fig.2. The hydrogen ions are extracted
from a single aperture of 8 mm in diameter, and accelerated
electrostatically in two stages. The field intensity ratio, f,
which is an important parameter in the two-stage extractor
[5] and is defined by the ratio of the electric field of the
extraction stage to that of the acceleration stage, was chosen
to be 0.54 in the present experiment. When f<l, the ion
beam is focused by the electrostatic lens between the
extraction and acceleration stages.

Experimental Set-up

The ion source was installed in the ITS-2M Test Stand,
where the maximum acceleration voltage was 60 kV, and
operated continuously up to a pulse length of one hour. The
ion beam profile was measured by a multi-channel
calorimeter located at 2 m downstream of the ion source.
Proton ratio and impurity content in the beam were
measured both by a Doppler-shifted spectroscopy [6] and a
momentum mass analyzer located about 3.5 m downstream
of the source.

The operating gas pressure in the plasma generator was
0.2-1 Pa. Gas flow rate into the ion source was 0.002-0.01
Pâ m /s. Since the vacuum chamber was evacuated by 10
m /s pumping system, the pressure in the beam drift region
was an order of 10~ Pa. At this pressure, the ion beam
becomes divergent because of the space charge expansion
effect. To neutralize the space charge, the gas pressure in
the beam drift region was kept 0.1-0.2 Pa by regulating the
pumping speed and/or injecting an additional gas into the

vacuum chamber throughout the experiment.

Experimental Results and Discussion

Beam Optics

Figure 3 shows the beam divergence as a function of
beam current for various acceleration voltages. The
optimum current which gives the minimum beam divergence
for each voltage increases with the acceleration voltage as
expected by the Child-Langmuir law, showing a good
agreement with the trajectory calculation [3]. A convergent
ion beam of 60 keV, 56 mA, of which perveance is higher
than that of 100 keV, 120 mA proton beam, was produced
with an e-folding half-width divergence of 10 mrad.
Assuming the beam diameter was 4 mm at the exit of the
ion source, we estimated the normalized emittance was less
than 0.5 n mm.mrad (90%). This estimation was confirmed
by the emittance measurement. Figure 4 shows an example
of emittance diagram obtained at 50 keV, 40 mA. The
normalized emittance is 0.45 n mm.mrad (90%), which
satisfies the specification of BTA.
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Fig. 3 Beam divergence for various acceleration voltages
as a function of acceleration current. Open symbols:
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Fig. 4 Emittance diagram at 50 keV, 40 mA. The
emittance was measured by a set of the slit and
the Faraday cup located at 910 mm and 1300 mm,
respectively.

Proton Ratio

The hydrogen ion beam contains not only H ions
(protons) but also molecular ions such as H2 and H3 .
Higher proton ratio is preferable for the accelerator
application. To enhance the proton yield, the ion
confinement in this source is improved by strong magnetic
line cusps so that the produced molecular ions are confined
for enough time to dissociate to protons. The confinement
of the atomic hydrogen (Hj ) is also important so that the
Hj has enough time to be ionized to protons.

Figure 5 shows the ion species ratio measured by the
momentum mass analyzer, where the arc discharge current
was increased to increase the acceleration current. The
proton ratio increases with the acceleration current, and
reaches 80 % at Iacc= 52 mA. Same dependence was
observed by the Doppler-shifted spectroscopy, while the
proton ratios were about 5 % lower than the values
measured by the mass analyzer; e.g. 76 % at Iacc=60 mA.

The reason why the proton ratio increases with the arc
current is that the dissociation of molecular ions and H
2 molecules are enhanced because of the higher electron
density and temperature. Therefore, the proton ratio will
increase at higher beam current. We expect that proton
ratio of 85-90 % will be achievable at Iacc= 120 mA. This
proton ratio agrees well with the prediction based on the
scaling law of the proton ratio [3,7].

The impurity content was very high at the beginning of
the operation. After the conditioning of the source with
continuous operation, the impurity content was decreased to
less than 1 %.
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Fig. 5 Ion species ratio measured by the momentum
mass analyzer. The proton ratio increases as the
ion beam current increases.

Conclusion

A prototype ion source for the BTA was designed and
tested using a 60 kV test facility. A convergent ion beam
of 60 keV, 56 mA, of which perveance is higher than that of
100 keV, 120 mA, was produced continuously with an
e-folding half-width divergence of 10 mrad. The
normalized beam emittance of 0.45 n mm.mrad (90%) was
obtained. The proton ratio was measured by the
Doppler-shifted spectroscopy and the momentum mass
analyzer, and was found to be 80 %.

We are now constructing a new test stand that has a
power supply of 100 kV, 200 mA. Using this test stand,
full energy test will be conducted in the end of 1992.
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Abstract

A volume- type negative ion source has been modeled using a
version of the Negative Ion Injector Design Analysis Program
(NIIDeAP). The purpose of the study was to investigate the
relative effects of surface-produced ions and volume-produced
ions on the emittance of the total extracted beam. The
differences between the two types of ion production can be
expected to influence energy and emittance distributions for
several reasons. Even though the fundamental physics of ion
production in the source imply a low temperature, the effects
of magnetic field, internal surface geometry, plasma potential,
and superposition of two different populations can result in a
significant increase of the apparent temperature. A high

precision ion trajectory integrator was used.

1.0 The Code

Although the NIIDeAP codefl] can find the self-consistent
Poisson-Boltzmann-Vlasov solution for extraction of multiple
species from a plasma, a perfectly flat sheath and uniform
acceleration field were artificially used in the simulations, and
the results are current-independent. Sheath curvature,
nonuniform charge distributions, and acceleration fields can
cause aberrations, but probably no stochastic emittance
growth. The code can also simulate destruction of negative
ions by collisions but this has also been turned off. As a test
of the accuracy of the orbit integrator, a distribution with 0 eV
temperature was accelerated to 10 kV. The resulting spread of
0.001 eV provides an estimate of the cumulative errors
associated with the ion trajectory' integration algorithm.

2.0 Discussion

The geometry simulated is shown in figure 1 along with the
rays from both surface and volume production. It is similar
the LBL 20 cm diameter negative ion source with 1 cm
diameter aperture and a collar[2]. A similar magnetic field
configuration was also used.

There are several possible differences between surface and
volume produced distributions that are interesting to explore:

• Negative ions produced on the conductor wall may be at a
lower potential energy, compared with volume produced ions.
This is because the plasma potential, minus the work
function, is what surface produced ions fall through to reach

the plasma. This will give a drift on the order of a few eV to
the thermal distribution. In contrast, volume produced ions are
already in the plasma when they are produced, and their
distribution will be Maxwellian with no drift energy added.

• Some surface produced ions may have large transverse energy
when they are extracted from the plasma, simply because of
the angle they make in order to get to the extraction region
from the production regions (i.e. the collar and or washer area).

• There may be an emittance filtering effect of the collar, so
volume produced ions come into the extraction region at a
lower transverse energy than surface produced ions.

• The combined effects of internal surface geometry of the
extraction aperture and collar, coupled with the magnetic field
of the electron suppressor field may have a energy analyzer
effect on the fraction of the ionic population that is
successfully extracted. This could be different for surface
produced ions vis-a-vis volume produced ions, some of which
may come from deep inside the plasma, with longer travel
distances through higher fields.

• Both surface and volume production are known to occur in
so-called "volume" sources. The superimposition of two
populations both with low temperatures and emittances, can
result in a composite distribution with a larger effective
emittance temperature.

2.1 Volume Production

Volume production of negative ions is usually assumed to
result from rotational or vibrational excitation of hydrogen
molecules interacting with fast electrons, followed by
dissociative attachment with cool electrons[3]. For this study
it was assumed that the ions are produced with a Maxwellian
distribution of 0.2 eV temperature. In contrast, surface ions
are given the same temperature, but then acquire a drift of 2 eV
as they fall through the plasma potential minus work function.
Figure 2.0 shows the emittance (a) and energy (b) distributions
of the volume ions. A completely uniform extraction field
was artificially used in order to minimize contributions from
geometric aberrations. All of the emittance temperature
"measured" in this simulation is stochastic in nature. The
actual formula for the measured emittance temperature,
appropriate for 2D Cartesian geometry1 of the simulation code,
using a slot width s, was [5],
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(a) (b)
Figure 1. Ion source geometry used in simulation showing
(a) surface produced ions, and (b) volume produced ions.
Surface ions are created on the inner surfaces of the collar and
extraction aperture. Volume ions are created in the plasma, to
the left of the extraction aperture.

2.2 Surface Production

The emittance, energy, and y- Distributions for the surface
produced ions are shown in figure 3(a), (b), and (c)
respectively, below. A popular explanation of the production
process is that neutral H°, along with more numerous and

energetic H+, H2+, H3"1", etc... ions impinge on the surface,

causing hydrogen sputtering from a chemisorbed layer,
resulting in a hydrogen atom leaving the surface of the
conductor, picking up an electron, falling through the plasma
potential (minus work function), and acquiring kinetic energy
in the process [4J.

2.3 Surface and Volume Production

The emittance and energy distributions for the combined
surface and volume produced ions are shown in figure 4.
Approximately equal numbers of surface and volume ions were
used, when in fact surface production can dominate by as much
as 4 to 1 in cesiated sources, which would probably give a
higher emittance temperature.

2.4 Simulations with B=0

The NIIDeAP orbit integrator gives an impulse at each cell
interface that is consistent with the change of potential from
cell to cell. The magnetic field then rotates the velocity vector
by an angle proportional to the time spent in the cell, leaving
the magnitude unchanged.

The emittance diagrams of the two population types with
magnetic field turned off is shown in figure 5. The "measured"
emittance temperature is about 0.191 eV for volume species,
close to the RMS energy, verifying the code and the equation
for emittance temperature in section 2.1. The magnetic field

apparently makes the emittance worse for volume production,
perhaps by bending lower energy ions more, thus broadening
the phase space distribution in the vertical axis (angle)
direction. The effect is quite the opposite on the surface
population. The "measured" emittance temperature with the B
field off is 4.7 eV, much bigger than the 0.2 eV temperature of
production. This may be because the few ions that intersect
the sheath and are extracted (without the help of the field to
bend them in) arrive with the 2 volts of kinetic energy in
opposite directions (from the top and bottom inner surfaces of
the collar in figure la).

3.0 Conclusions

Overall it can be seen that some of the hypotheses suggested
in section 2.0 are validated. Even though the fundamental
physics of ion production in an ion source dictate a low
temperature (here set to be 0.2 eV), the effects of magnetic
field, geometry, and superposition of two different populations
can result in an increase of the apparent temperature to about
1.8 eV.

The assumption of a 2 eV drift and 0.2 eV spread for the
surface produced negative ions may be somewhat conservative
when the incident kinetic energy of the positively charged ions
that impinge on the production surface is taken in to account.

Numerical experiments with the magnetic field off show
distinctly opposite effects on the two types of ions. With B=0
the volume ions have a lower emittance temperature that is
close to their RMS energy spread, (which also verifies the code
and the formula for emittance temperature). The surface ions
have a significantly higher emittance temperature with B=0,
presumably because the energy is mostly transverse and in
opposite directions.

(c)
Figure 2. (a) Emittance of volume produced ions. No
extraction aberrations are present, the tail on the right is due
to the geometric and magnetic selection effects inside the
source aperture. The emittance temperature is 0.429 eV,
slightly larger than the actual temperature of production,
which is set at 0.2 eV inside the volume, (b) Energy of
volume produced ions. No aberrations are present. The
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"measured" RMS energy variation is 0.189 eV, slightly less
than the actual temperature of production assumed to be 0.2
eV. Note the accuracy of the ray orbit integrator: the
horizontal plot limits are less than a couple of volts out of an
average of 9.583 kV. The plot buffer is at the far right of the
simulation region shown in figure 1. Simulations with
populations of ions produced with no energy spread yield a
RMS energy of less than 0.001 eV at 9.583 kV, showing
that the integration algorithm is very nearly floating point
arithmetic- limited in accuracy, (c) Spatial (y) distribution of
rays.

(c)
Figure 3 . (a) Emittance of surface produced ions. No
aberrations are present. The emittance temperature is 0.732
eV, slightly larger than the actual temperature of production
at the surface which was set to 0.2 eV. The peculiar hollow
shape of the distribution in phase space is characteristic of
surface production around the periphery of an aperture. A true
3D treatment might smear this out somewhat. The points in
the upper part of the diagram come from the small amount of
rays produced on the top part of the collar in figure 1.0 that
the magnetic field allows to find their way to the extraction
aperture The relatively more numerous bottom particles are
actually helped by the field as they are bent into the
extraction aperture. The angular difference between upper and
lower production sites results in the approximate quantization
of angle (y' on the vertical axis), (b) Energy of surface
produced ions. The "measured" RMS energy variation is
0.185 eV, slightly less than the actual temperature of
production, 0.2 eV. (c) y-Distribution of surface produced
ions. Note the asymmetry caused by the magnetic field and
internal geometry shown in figure 1.0. In contrast, the y-
distribution of the volume produced ions (Figure 2c) is more
symmetric and uniform. Although this density

nonuniformity will cause aberrations wfien space charge and
sheath curvature are self-consistently taken into account, it is
not expected to have any influence on the stochastic
emittance.

(a) (b)
Figure 4. Simulation results for volume- type ion source.
(a) Emittance diagram of the combined populations. Note
that the "measured" emittance temperature is about 1.73 eV
even though each is a Maxwellian produced with 0.2 eV. The
LBL measurements observe a lower limit temperature of
about 1.8 eV after aberrations have been minimized, (b)
Energy of the combined populations. Note the individual
Maxwellian peaks separated by the 2 eV drift of the surface
produced ions. The "measured" RMS energy variation is 1
eV, significantly more than the actual production temperature
of 0.2 eV for each type of ion.

(a) (b)
Figure 5 . Emittance with magnetic field turned off,
(B=0). (a) Emittance diagram of the volume population. The
"measured" emittance temperature is about 0.191 eV, similar
to the RMS energy, verifying the code and the equation for
emittance temperature. A nonzero field evidently bends the
low energy ions more, causing a spread in y'. (b) Emittance
diagram of the surface population. The "measured" emittance
temperature is 4.7 eV, much bigger than the 0.2 eV
temperature of production. The skew is from the
drift/acceleration. The few ions produced on the collar that
enter the extraction aperture have a large transverse energy.
Obviously the magnetic field has very different effects on the
two types of ions [figures 2(a) and 3(a)j.
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Abstract

Conceptual designs for the low-energy components of cw
proton and deuteron accelerators for neutron sources were
developed for a workshop organized by the Los Alamos
National Laboratory. The proposals incorporate the high-
current low-emittance 2.45 GHz electron cyclotron resonance
(ECR) ion source developed at Chalk River Laboratories
(CRL) and radiofrequency quadrupole (RFQ) accelerators
based on CRL experience with the 75 mA cw 267 MHz RFQ1
proton accelerator.

Introduction

The Los Alamos National Laboratory recently arranged a
workshop to address the requirements of two projects of the
Japan Atomic Energy Research Institute (JAERI) that involve
neutron sources based on cw linear accelerators. The Energy
Selective Neutron Irradiation Test (ESNIT) requires a 50 mA
beam of deuterons while the OMEGA project calls for a
10-30 mA proton beam. The beam currents of the deuteron
and the proton accelerators must be extendable to 100 mA and
200 mA respectively. This paper offers design concepts for
the low-energy components of suitable machines based on dc
ion source and cw linear accelerator research at Chalk River
Laboratories (CRL).

The economics of a high-energy linear accelerator are
dominated by the costs of the high-energy structures and rf
amplifiers, and the target. Thus, the primary consideration in
the choice of the injector and the radiofrequency quadrupole
(RFQ) accelerator is beam quality. Proven ion sources [1-5]
and rf devices [6-10] are available, or can easily be adapted,
to generate the beams required for both ESNIT and OMEGA.
The specifications for the two projects were used to establish
the parameters for the low-energy stages of two typical
accelerators for neutron sources. Then, designs were sought
that maximized the symbiosis between the two projects and
existing programs at other laboratories.

Ion Sources

The 2.45 GHz electron cyclotron resonance (ECR) ion source
developed at CRL [1,3,4] is a proven injector for a high-
current cw RFQ accelerator [2].

This work was partially supported by the Los Alamos
National Laboratory under contract No. 9-LC2-Y8195-1.

In addition to the long lifetime and the high efficiency
common to all ECR ion sources, the CRL source features a
high proton fraction ascribed to an insulating liner and a low
emittance attributed to a modest magnetic induction.

The source generates a beam current density of 500 mA/cm2

at a microwave power of less than 900 W and a hydrogen gas
feed rate of 1.5 seem (2.3 ng/s). A beam of 125 mA with a
proton fraction of 90% and a normalized rms emittance of
0.14 n mm mrad was extracted from a single aperture and
transported to a beam stop. The variation of the minimum
normalized rms emittance with the perveance is shown in
Fig. 1. A preliminary experiment with deuterium produced a
65 mA ion beam.

The injection energy of an RFQ should be minimized to
reduce the complexity and increase the reliability of the ion
source extraction system. The decrease of the beam capture
with the injection energy imposes a lower limit. As
demonstrated later, the baseline and the extended specifications
for both ESNIT and OMEGA could be met at an injection
energy of 50-60 keV, assuming the upgrades are achieved by
funnelling [8]. The simple three electrode extraction system
of the CRL ion source already operates at up to 55 kV, and an
extension to 60 kV should be straightforward.

0.20

0.1 0.2 0.3 0.4 0.5

Perveance (mA/kV3/2)
0.6

Fig. 1 Measured minimum normalized rms emittance of
CRL ECR ion source as a function of perveance.
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The extended versions of both ESNIT and OMEGA would
require a proton equivalent perveance of about 0.35 mA/kV3/2,
corresponding to a normalized rms emittance of approximately
0.1 JT mm mrad, as indicated by Fig. 1. (In the absence of
funnelling, the extensions could be achieved with a more
complicated four electrode extraction system or a multiple
aperture extraction system with commensurately higher
emittance.)

RFQ Accelerators

The optimum frequency for a given rf accelerator is
determined by many factors. The availability of rf amplifiers
is a major consideration, keeping in mind that multiple
frequencies will be required, if funnelling is contemplated.
While higher frequencies can introduce problems with
miniaturization, they increase tolerable field gradients [11] and
acceptable surface power densities. A lower frequency, on the
other hand, leads to a larger aperture ratio, thereby reducing
beam spill and easing hands-on maintenance of the high-
energy components. The beam current limit is generally
higher at a lower frequency, and, for a given beam current,
the minimum injection energy tends to increase with the
frequency.

If a single stage of funnelling were used for future extensions
to higher beam currents, then a single frequency could be used
for the low-energy stages of both accelerators. The frequency
should be at least 200 MHz, to ensure a practical beam size
and an acceptable emittance growth. For a realizable field
gradient and an acceptable injection energy, the frequency
should be 400 MHz at most. The extensive operating
experience and experimental data acquired at CRL [6,9]
suggest that 267 MHz is a plausible choice.

The klystrode, which is more efficient than a klystron of
comparable cost, is a good candidate for an rf power supply
for cw accelerator applications. A 250 kW cw klystrode
operating at 267 MHz is being developed for CRL [12]. At
least one additional high-power rf amplifier would have to be
developed at a higher frequency to satisfy the requirements of
funnelling.

The accelerating and focusing fields of an RFQ are limited
primarily by the maximum field gradient. The cw RFQ1-1250
accelerator at CRL was designed [13] to operate at 1.8 times
the Kilpatrick limit [11]. Field gradients as high as 2.1 times
the Kilpatrick limit were demonstrated with this
accelerator [10]. The conceptual designs for both ESNIT and
OMEGA, presented below, assume 1.8 times the Kilpatrick
limit, corresponding to a peak field gradient of 30 MV/m at
267 MHz.

The four-vane RFQ is preferred over the four-rod RFQ
because, at 267 MHz cw, the cooling requirements of the
latter complicate the fabrication and compromise the
efficiency.

While the RFQ1 vanes are demountable and adjustable, the
correct frequency and flat fields could be achieved with fixed
vanes. The electroforming procedure, pioneered for the
BEAR (Beam Experiments Aboard a Rocket) RFQ [14],
should be considered. Whereas RFQ1 employs a single 250
kW cw rf drive loop at the mid-plane of one segment, multiple
drive loops would be required for ESNIT and OMEGA.
Power combining, a common practice in pulsed linear
accelerator structures, should be equally appropriate for cw
cavities. Three rf systems operating at two thirds of their
maximum power could provide redundancy for servicing.

In a 50 mA deuteron RFQ, beam losses of less than 10% are
difficult to achieve. Calculations with the PARMTEQ [15]
computer code show that, although more than half of the lost
particles are accelerated to less than twice the injection energy,
the energy of the remainder can extend up to the output energy
of the RFQ. The threshold for the *5Cu(p,n)*5Zn reaction is
2.13 MeV. The decay of the resultant w Zn, with a 244 day
half-life, generates 1.11 MeV gamma rays. Thus, a maximum
output energy of 2 MeV is suggested for the proton RFQ.
Deuterons are less of a problem at low energy because the
63'65Cu(d,n)646*Zn reactions lead to stable isotopes. Although
a detailed analysis of the beam-dynamics of the subsequent
structures may favour a slightly higher output energy for the
deuteron RFQ, 2 MeV was adopted as the reference value.

The codes CURLI, RFQUIK and PARMTEQ were used to
design deuteron and proton RFQ accelerators [16] with beam
currents of 50 and 100 mA respectively. The transmission
was virtually constant for an input emittance of 0.5 to 3.0
times the anticipated value. Emittance growth in the deuteron
RFQ was less than 20%, except for unrealistically small input
emittances. The parameters of both accelerators are given in
Table I. The transmission of the deuteron and the proton
accelerators versus the input beam current is shown in Fig. 2.
At the required beam currents, the transmission exceeds 90%.

Table I Parameters for deuteron and proton cw RFQ
accelerators.

Input Energy (MeV)

Input Emittance (n mm mrad)

Output Current (mA)

Output Energy (MeV)

Length (m)

Bore Radius (mm)

D +

0.06

0.13

50

2.0

4.32

3.5

H +

0.05

0.13

100

2.0

3.12

4.6
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50 100 150 200

Fig. 2

Input Beam Current (mA)
Calculated transmission versus input ion beam current
for RFQ accelerators proposed for ESNIT (open
symbols) and OMEGA (closed symbols).

The RFQ designs are preliminary. The calculations ignore the
higher harmonics that can affect the transmission of an RFQ
accelerator, although the deleterious effects can probably be
kept small by minor changes [13].

Conclusions

The CRL ECR ion source already produces the deuteron and
the proton beam currents required for both the baseline and,
assuming funnelling, the extended versions of the ESNIT and
the OMEGA accelerators. The measured emittance of the
proton beam is well within the requirements and similar
results are expected for the deuteron beam. The ion source
operates readily at the 50 keV input energy of the proton
accelerator, and the upgrade to the 60 keV required for the
deuteron accelerator should be straightforward.

Adopting a frequency of 267 MHz for both RFQ accelerators
would provide commonality between the deuteron and the
proton projects, and, with a single stage of funnelling, could
accommodate the highest necessary beam currents (100 mA of
deuterons and 200 mA of protons) with little additional
prototyping. The proposed RFQ designs are similar to the
75 mA cw RFQ1 designs that operated successfully at CRL.
Confidence in the beam physics is accordingly high. The
major challenge is the engineering required to ensure the
necessary reliability.

M.H. Thrasher and
Particle Accelerator
Record 91CH3038-7,
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Abstract

The optical beam sensor system for the RFQ1-1250 direct
injection line uses a pair of RETICON™ line scan cameras to
view the light generated by the interactions of the beam with
the residual gas. This non-intercepting sensor provides an on-
line determination of beam profiles and position. This paper
describes the cameras and their applications as well as some
of the software features. The camera software has recently
been modified to allow on-line display as well as archiving of
data for later analysis. This on-line feature is used during
operation to optimize the ion source beam match.

Introduction

The direct injector [1] on the RFQ1-1250 cw
radiofrequency quadrupole accelerator [2] comprises a 50 keV
electron-cyclotron-resonance (ECR) single-aperture proton
source [3] and a short, 1 m long, low-energy beam transport
(LEBT) system. Total design beam power in the LEBT is
« 6 kW (120 mA @ 50 kV) and average beam power
intensity varies over a large range. About three-quarters of
the LEBT consists of a drift space from the source to a RFQ
matching solenoid, where the power intensity ranges from
« 100 kW/cm2 at the source extraction column to
= 100 W/cm2 at the solenoid (the same type of variation
applies in reverse at the focus to the RFQ). Over most of the
LEBT, intercepting beam diagnostic devices are not practical
as they cannot be sufficiently cooled to prevent melting.

Beam interactions with the background gas in the LEBT
result in light emissions, which are useful indicators of
transverse beam profile and position. Windows in the LEBT
vacuum chamber allow the beam-imaging/camera systems and
the associated electronics to be placed outside the chamber,
thus providing an easily accessible, non-interfering diagnostic,
well suited for "on-line" operation.

RETICON™ photodiode line scan cameras [4] have been
used for a number of years on RFQ1 to view transverse beam-
light profiles. For the direct injection experiment, a pair of
these cameras, interfaced with an IBM 286 computer,
provided the operator with continuous on-line profile and
position measurements of the beam from the ion source.
Figure 1 shows a photograph of the system components.

This work was partially supported by Los Alamos National
Laboratory under contract No. 9-X5H-O578G-1.

Fig. 1 RETICON™ camera, extension tubes, interface
electronics and computer.

RETICON™ Camera and Optics

The EG&G Reticon LC1902 camera is a commercially
available line scan camera marketed primarily for non-contact
optical sensing of size, shape and position. Any object or
pattern can be imaged, provided light levels are suitable and
there is sufficient contrast against the background. The RFQ1
cameras contain a linear array of 256 discrete silicon
photodiodes, on a 13 fim centre-to-centre spacing with an
aperture width of 13 /im, connected to a CCD (charge-coupled
device) shift register. The aluminum camera body is threaded
to accept various lens mounting assemblies and is sufficiently
rugged to be used in shock- and vibration-prone environments.
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To operate the camera, an external clock and a line-
transfer pulse are required. The line-transfer pulse triggers a
scan of the array at the clock frequency. The video signals
from odd and even pixels are transmitted as an alternating
pulse train of 128 pulses (at half the clock frequency) on
separate lines. The output pulse amplitudes are proportional
to the light intensity on the corresponding diodes. The camera
clock will accept any frequency from 20 kHz to 20 MHz
(13 ms to 13 (is to read out the diode array).

The camera continuously exposes the diode array, and an
array reset occurs at the end of each readout cycle. The
maximum exposure time, however, is limited by dark cuirent,
which, at room temperature, saturates the diode output after
about 500 ms. Nevertheless, one can make useful readings at
signal levels as low as « 10% of the dark current. Cooling
the array can drastically reduce the dark current, but at the
expense of increased cost and complexity. The cameras
operate satisfactorily on RFQ1 at room temperature with a
20 kHz clock frequency.

For applications on the RFQ1 LEBT the cameras are used
with 25 mm focal length lenses. At the minimum lens-to-
object distance of « 50 cm, a 6 cm object plane can be
imaged with 0.25 mm resolution. To maximize light exposure
the lowest f stop (focal length to aperture diameter ratio)
setting of 1.8 is used. The resulting depth of field, assuming
the acceptable blur spot to be the diode centre-to-centre
spacing, is about 2 cm.

LEBT Light Emissions

Light emission in the LEBT results through interactions
between the H+, H2

+ and H3
+ beam particles and the low

pressure ( « 5*1O5 torr) H2 background gas. The visible light
spectrum is characterized by the hydrogen Balmer emission
lines. The cross sections for these emissions [5] are maximum
in the 20 to 80 keV range, nicely bracketing the 50 keV LEBT
beam energy.

Light from the beam in the LEBT is easily visible to the
naked eye over the full 10 - 120 mA range of currents. The
silicon diode, with a spectral response extending from 200 nm
to 1100 nm and a peak response in the red to infrared (i.e.,
650 nm to 850 nm), is well suited for detection of this light.
However, the intensity is low and when viewed with a
RETICON™ camera the peak signal levels are typically
between 10% and 100% of the dark current. These signal
levels are acceptable, providing the camera signal electronics
have adequate resolution and stability.

Computer Control

The cameras are controlled from an IBM 286 computer.
An electronics interface provides control and video signal
conditioning for up to four cameras. The interface includes
amplifiers and recombination circuitry to condition and
combine the odd and even camera video signals prior to

digitization. A master control circuit generates the gating and
20 kHz clock frequency signals to select and operate the
cameras.

The required signal resolution is provided by a variable
gain 12-bit (bi-polar) computer data acquisition board that
digitizes the combined video signal. A data acquisition
program on the computer collects and displays the digitized
camera video signal in a position-versus-intensity table. The
operator can select the camera(s) to be operated and adjust
ADC gain and exposure time. Optionally, scans can be
averaged to improve signal quality. A rolling average on the
video signal removes any residual odd/even signal imbalance
in the video signal.

For the direct injection experiment, the data acquisition
program was modified to give a continuous "on-line" display
of beam scans. Scan parameters were adjusted to give profile
updates every few seconds.

Examples of Measurement Results

Two cameras provided horizontal and vertical views of the
beam through plexiglass ports « 35 cm from the ECR source.
To provide the full range of required proton current (10 -
120 mA), different aperture radii and gap spacings were used
on the three-electrode extraction column. Measurements on
an ion source test stand showed that the ion source emittance
was minimized when the source was operated to give a
minimum divergence beam [6]. This ion source current is
referred to as the "matched" current. The LEBT was
designed for optimized beam injection to the RFQ at matched
source current [1], although, for a given extraction geometry,
source current was varied over a limited range by operating
the source above or below matched current. On-line
monitoring with the cameras, then, allowed the source
operator to determine when the source was adjusted for
minimum divergence (by minimizing the beam profile width)
and to check for beam mis-steering and degradation of the
beam profile.

Figure 2 shows the measured vertical profiles of beams at
minimum divergence from a 5 mm diameter extraction
aperture with 10 and 5 mm gaps. Most profiles were
approximately Gaussian in shape and fitted-Gaussian curves
are shown. The width parameter, amx, is the Gaussian root-
mean-square (rms) line width. The profile fits are reasonable,
although some excess beam halo is indicated in both profiles.
(Assuming a waist at the exit of the extraction column, rms
divergences for these beams are estimated to be 11 and
16 mrad, for the 10 and 5 mm gaps, respectively, indicating
an increase in divergence with decreasing gap spacing.) Given
that the camera resolution is 0.25 mm, it is estimated that
beam mis-steering can be measured to within 1 mrad.

The apparent noise in the measured profiles in Fig. 2 is
caused primarily by the pixel-to-pixel variation in dark current
and light sensitivity. The noise can be reduced by subtracting
a background scan. For the profiles shown, where the peak
signal intensity and dark current are about equal, a background
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Fig. 2 Vertical profiles and fitted Gaussians for
minimum divergence beams.

subtraction reduced the noise level by a factor of two. The
manufacturer's specification of ± 10% variation in pixel-to-
pixel light sensitivity is not apparent on our cameras.

Figure 3 shows a plot of the om from Gaussian fits to
vertical and horizontal profiles for the 10 mm gap as the
source current is varied. Based on measurement
reproducibility, the uncertainty in cina is estimated to be
0.25 mm, the same as the camera spatial resolution. As
expected, the minima of the vertical and horizontal amit plots
are coincident; however, a non-circular beam is indicated at
match. This was usual for the ECR source, and may be
related to the transverse electric fields driving the plasma
generator.

Concluding Remarks

The RETICON"1 camera system has proven to be a useful
on-line non-intercepting beam diagnostic on the RFQ1-1250
direct injection experiment. The cameras provide the primary
means of determining when the ion source has been adjusted
for the minimum divergence (and emittance), and are a
practical tool for monitoring beam shape and position.
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Abstract

One method of measuring the transverse phase-space
distribution of a particle beam is to intercept the beam with
a slit and measure the angular distribution of the beam
passing through the slit using a parallel-strip collector.
Together the finite widths of the slit and each collector strip
form an acceptance window in phase space whose size and
orientation are determined by the slit width, the strip width,
and the slit-collector distance. If a beam is measured using a
detector with a finite-size phase-space window, the measured
distribution is different from the true distribution. The
calculated emittance is larger than the true emittance, and the
error depends both on the dimensions of the detector and on
the Courant-Snyder parameters of the beam. Specifically,
the error gets larger as the beam drifts farther from a waist.
This can be important for measurements made on high-
brightness beams, since power density considerations require
that the beam be intercepted far from a waist. In this paper
we calculate the measurement error and we show how the
calculated emittance and Courant-Snyder parameters can be
corrected for the effects of finite sizes of slit and collector.

Introduction

When the transverse phase space of a beam is measured
by scanning the beam with a slit and measuring the angular
distribution of the beam passing through the slit with a
parallel-channel collector, the measured distribution is the
convolution of the true distribution with the acceptance
window of the detector. The beam emittance and its
Courant-Snyder parameters determined from the measured
distribution are different from the true values.

The error caused by the slit-gap width was calculated
by Gluckstern [1]. In this paper we extend his calculation to
include the error caused by finite-width collector strips.

The next section of this paper calculates the error.
Then the size of the effect is evaluated as a function of the
slit and collector widths and the slit-collector drift distance
for a beam measurement which has been reported [2].
Finally we show how the true beam parameters can be
determined from the measured data.

Measurement Theory

The problem is illustrated in Fig. 1. A collector with
conducting strips 2e wide is placed a distance L from a slit
of width 2b. The slit is positioned a distance X[ from the
beam axis (Xo, X'o) and the centers of the slit and collector

*Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.
* Industrial partner, Grumman Space and Electronics Division.

strip define a trajectory inclined at an angle X'i with respect
to the beam axis. In the configuration of Fig. 1, the slit and
collector have the phase-space acceptance shown in Fig. 2.

COLLECTOR

1SLIT ~

at.:-::.l\ -J

t BEAM AXIS

Fig. 1. Geometry of slit-collector detector.

X'

X | - b X, * b

Fig. 2. Phase-space acceptance of slit and collector strip.

The beam to be measured has a true phase-space
density distribution of p(X,X'). When this beam is
measured with the slit and collector in Fig. 1, the measured
distribution is

(1)

where the integral is over the parallelogram-shaped phase
window in Fig. 2. If p(X,X') is expanded to second order in
a Taylor series and substituted into Eq. 1, the result of the
integration is

L2 \aX'2/xi,xi ' 3L ^dXaX'Jxi.x'i .

The rms emittance of a beam is defined as

(2)
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E = 7t [ <(X-XO)2><(X'-X'O)2> - <(X-X0)(X'-X'0) ,1/2

where

(X-X0)
2p(X,X')dXdXl

jj

(3)

(4)

p(X,X')dXdX'

with similar expressions for <(X'-X'O)2> and

The apparent emittance from a beam measurement
is found by using the distribution given by Eq. 2 in Eq. 3.
If the beam is symmetric about (XO,X'O), and the lowest-
order terms are kept, the apparent emittance is,

(5)

<t)C. Xo)2>+2<(X-X0)(X--X0)>

The measured emittance is larger than the true beam
emittance. For a given beam the error increases as b or e
become larger or as L becomes shorter. If the geometry of
the slit-collector detector is fixed, the error increases as the
drift distance from a waist is increased. As a beam drifts
both <X2> and <XX'> get larger.

The formalism outlined above can be put into a useful
form by the use of the Courant-Snyder parameters defined as

P=
7I<(X-XQ) 2>

a = --
7t<(X-X0)(X

1-X0')>

Equation 5 becomes

(6)

where,

: b 2 2a
T (7)

To apply Eq. 6 to the design of a slit and collector
system, it is convenient to consider the dimensions of the
measured beam at the last waist. When the phase ellipse is
upright, it has an rms extent along X of A and along X' of
9. The emittance and Courant-Snyder parameters at the

waist are E = JCAB, P(0) = £ , y(0) = 7 , and a(0) = 0. If a

measurement is made a distance Z downstream from this
waist the C-S parameters are

(8)

Equations 8 can be substituted into Eqs. 7 and 6 to give

2b2 b2+e2 ,1/2

Application of Measurement Theory

We previously reported a transverse phase-space
measurement made on the accelerator test stand at Los
Alamos National Laboratory [2]. The proton beam had rms
dimensions of ~0.32 mm and -5.8 mrad at the waist and the
measurement was made -235 mm beyond the waist. The
slit and collector were spaced 625 mm apart and their half
widths were; slit = b = 0.05 mm and collector = e =
0.25 mm. Using these values, Eq. 9 estimates that the
emittance calculated from the measurement was 2.1% larger
than the true emittance. The actual error is calculated from
the measured beam parameters in the next section.

Figure 3 plots contours of constant measurement error
on the (e,b) plane for the specific beam and slit-collector
spacing given above. The concave-down contours give (e,b)
combinations which produce measurement errors of 2, 4, 6,
8, and 10%. The acceptance window shown in Fig. 2 has an
area of 4eb/L so, for a given L, the size of the measured
signal is proportional to the product eb. The concave-up
contours are those for which the product eb is constant.
Combinations of e and b which fall on the diagonal line
produce the largest signal for a given measurement error.
The circle represents the slit and collector combination we
used for our measurement.

0.7 2 3 4 5 1 Acceptance-Window^
Size (6.4x10 " 8) m rad !

Locus of Maximum •
Signal/Error
Combinations

Em/E=1.02 1.04 1.06 1.08 1.10

0.05 0.1 0.1s

SLIT HALF WIDTH = b (mm)
0.2

Fig. 3. Contours of constant measurement errors and
constant signal sizes on the e,b plane.

The effect of the slit-collector spacing on the
measurement error is shown in Fig. 4. This is E m / E
plotted as a function of L with all the parameters except L
set equal to their actual values. The dotted lines indicate the
drift distance and error of the actual measurement. Since the
signal size is proportional to L ' l , a shorter spacing of 420
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mm would have increased the signal by 50% and would have
doubled the error.

measurement gives a value of E m ± AEm, then the true
value is E +AF., where

200 400 600 800
Slit-Collector Spacing (mm)

1000

Fig. 4. Measurement error vs. slit-collector spacing.

In Fig. 5 the measurement error is plotted as a function
of the slit distance from the waist Using the same detector,
the error would have been 1% at 100 mm and 5% at 400
mm.

1.06

0 100 200 300 400

WAIST-SLIT DISTANCE (mm)

Fig. 5. Measurement error vs. beam waist-slit spacing.

Correcting Emittance Measurements

After a measurement has been made and the emittance
and Courant-Snyder parameters have been calculated from the
second moments of the distribution, the effect of the slit-
collector error can be evaluated and corrected. The emittance
correction is

(11)

After the true emittance has been calculated, the
Courant-Snyder parameters can be corrected by using

nb2 Em nb2(e2 + b2)
#—^!—

E m Tib2

The beam measurement reported in [2] has been
corrected using these equations. The results are

Parameter

Emittance
a

P
1

Measured

(1.93±0.02) x 10-47tmrad
-5.22

1.55 m
18.2 m"1

Conclusion

Corrected

(1.87±0.02) x 10"4

-5.38

1.60 m

18.7 m"1

We have calculated the error caused by the finite sizes
of the slit and collector in emittance measurements. These
results can be used to design a system which is appropriate
for the beam to be measured. An example was given from
one of our previous measurements, for which it showed a
3% error. We could have increased both the slit gap and the
collector widths and decreased the slit-collector distance and
kept the error under 10%. Also the slit could have been
moved downstream reducing the power loading on the slit or
giving more space for a deflector magnet in laser-
neutralization measurements [2].

It is important for measurements using laser
neutralization of H- beams to have the slit-waist distance
large and to have large signals. Using the equations of the
last section measurement errors can be corrected. This
calculation does not consider the step sizes used in taking
the data. It has been shown [3] that at least five
measurements should be made across the beam section or
granularity errors arise. For this reason if large slits and
collectors are used they might have to stepped in increments
smaller than their widths.

E = l

(10)

1 + b2"

where the subscripts m indicate values calculated from the
measured distribution. In making this correction the
uncertainty of the calculated true emittance value is larger
than the uncertainty of the measured emittance. If the
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LOG-RATIO BEAM POSITION MONITORING AT 425 MHz*

F. D. Wells, R. E. Shafer, and J. D. Gilpatrick
Los Alamos National Laboratory, MS: H808

Los Alamos, NM 87545 CA9700240

Abstract

A logarithmic-ratio beam position
monitoring circuit has been designed, based on a
monolithic logarithmic-amplifier integrated circuit
that provides 70 dB of gain over the 100-MHz to
500-MHz frequency range. Log-ratio circuits
previously reported operate at frequencies below
100 MHz [1, 2, 3]. Operation at higher accelerator
bunching frequencies previously required down-
conversion to an intermediate frequency in the 20 to
100 MHz range. This new circuit offers the
possibility of position measurement without down
conversion.

Introduction

Logarithmic-ratio processing of beam
position monitor (BPM) signals is currently under
investigation at several Laboratories. The
technique, which has been described in four
publications [1, 2, 3, 4], is attractive because it
provides the most linear response across the
aperture of a cylindrical BPM probe as compared to
difference-over-sum and amplitude-modulation to
phase-modulation (AM/PM) processing [4].

The first monolithic logarithmic amplifier
applied to this application was the Analog Devices
Model AD640, having a frequency range of 20 to 100
MHz [1, 2, 3]. Many accelerator bunching
frequencies are above this range and down
conversion is required to obtain a suitable
intermediate frequency below 100 MHz.

SL3522A Logarithmic Amplifier

In 1990, the Plessey Semiconductor Company
introduced the SL3522A, a 70-dB logarithmic
amplifier having a frequency range of 100 to 500
MHz. This device is a successive detection
logarithmic/limiting, monolithic amplifier that
produces a Log/Lin characteristic for input signals
between +6 and -64 dBm with a linearity of ±1 dB.

Comprising the circuit are six stages of 12-
dB gain each, seven detector stages, a limiting rf

•Work supported and funded by the US Department
of Defense, Army Strategic Defense Command, under
the auspices of the US Department of Energy.

output buffer and a video output amplifier. For the
log-ratio circuit application the rf output buffer is
disabled.

Fig. 1 shows a typical transfer
characteristic of an amplifier operating at 425
MHz. Ideally, the plot should be a straight line, but
in reality the line deviates by about 5% from a
straight line fit between -10 and -50 dBm. This
compares to a 1% deviation exhibited by a typical
AD640 operating at 60 MHz [1, 2]. This deviation
from linearity is a principle source of error in the
log-ratio application.
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Fig. 1 Transfer curve for the SL3522A
operating at 425 MHz.

The Log-Ratio Circuit

A block diagram of the log-ratio beam
position monitor circuit is shown in Fig. 2. Two
SL3522A amplifiers are used with their filtered
outputs applied to a differencing amplifier that
produces a beam-position signal proportional to log
(A/B).

RF
INPUT

RF
INPUT A o-

SL3S22A
#1

SL3522A>

LOW-PASS
FILTER

LOW-PASS
FILTER

OUTPUT
K LOG A/B

DIFFERENCING
AMPLIFIER

Fig. 2 The log-ratio circuit block diagram.
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The response of this circuit to 425-MHz rf
input signals is illustrated by Fig. 3. The
sinusoidal variations are attributed to the
successive approximation circuit technique used for
achieving the logarithmic response in the amplifiers
and to the deviation of the transfer curves from the
ideal straight line.

-80 -60 -40 -20 0

INPUT POWER (dBm)

Fig. 3 Response curves of the log-ratio
circuit ODeratine at 425 MHz.

A plot of peak-to-peak error versus beam
position is shown in Fig. 4 for a cylindrical probe
having a subtended angle of 45 degrees. The error
ranges from 2% at the center of the probe to
approximately 8% at 0.2 of the probe radius.
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Fig. 4 Peak-to-peak error versus beam
position.

Log-Ratio Compared to AM/PM Processing

An ideal system for measuring beam
position should provide data that is independent of
beam intensity over several decades of beam
current. In general, the AM/PM system comes
closest to this ideal because limiters are available
that are phase matched over three or more decades
of input signal voltage [5]. However, the maximum
useful frequency limit is about 50 MHz. AM/PM
systems operating above 100 MHz are generally
limited to one or two decades of beam current and
the measurements are sensitive to the beam current
intensity.

Although the measurement accuracy of this
log-ratio circuit is substantially worse than the
AM/PM technique with down conversion, the device
is usable at 425 MHz and it operates over six
decades of rf-input power. AM/PM circuits are
essentially unusable for this frequency and power
range. The log-ratio technique is immediately
adaptable to beam centering applications and the
cost is about one-fifth that of AM/PM equipment.
Log-ratio processing will become more viable as
improved logarithmic amplifiers are designed by
the semiconductor industry.
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ABSTRACT
A device to accurately measure the phase extent of a

linac beam is being developed for use in the Fermilab 400
MeV Linac Upgrade [1]. Prototypes have been and are being
tested. We have attempted to improve the original design
from the Institute for Nuclear Research in Moscow (INR) [2]
to increase the resolution for adequate operation at 805 MHz.
The device incorporating a new arrangement of lens and de-
flector, reported previously [3], cannot achieve the desired
resolution.

This paper describes the operation and the strengths
and weaknesses of the three types of bunch-length detectors
(BLDs) and the measurements made at this time. The dif-
ferences among these devices is delineated by the relative
position of the rf deflector and the electrostatic einsel lens, as
follows:

INR Lens before deflector Figure 1
Fermilab Lens after deflector; H- beam Figure 2
FNAL/INR Lens and deflector combined Figure 3

To satisfy the goals of commissioning the new linac, a
resolution of about 5 picoseconds (1° at 805 MHz) is desired.

PRINCIPLE OF OPERATION
Referring to the reference [4] and to Figure 1, an INR

BLD works as follows. The primary ion beam impinges on
a retractable wire target, 1, which is at negative high voltage,
V=-10kV, wire 0=125 u.m. The passage of the beam
through the wire causes secondary electrons to be liberated
from the atoms in the wire. Free secondary electrons near
the surface migrate out of the wire and are accelerated radi-
ally away from it by the voltage, V, to the collimator, 2. An
electrostatic einsel lens, 3, then focuses the electrons onto the
slit at the far end of the detector, 5. Along the way, the elec-
trons are deflected by the rf deflector, 4, which oscillates
with a voltage equal to U(r) = Acos(co / + <))), where GO is
equal to a multiple of the Linac bunching frequency and <|> is
a controllable phase angle. The transit time through the de-
flector is approximately 7t. For some initial angle <)>, the
electrons will pass through the slit, 5, and enter the electron
detector, 6. This detector can be a faraday cup or an electron
multiplier tube. Because the temporal distribution of the

* Fermilab is operated by the Universities Research Association
under contract to the US Department of Energy.

1 2 3

Beam R g u r e 1 ) N R B L D

electron beam on the plane of the collector slit is determined
by the deflector, not by the electron detector, the bandwidth
of the electron detector is largely irrelevant. It can, in fact, be
an integrator. The intensity of the signal on 6 as a function
of the phase angle <|> is equivalent to the density of the pri-
mary ion beam as a function of the bunching phase angle.

The operation of the other types of BLDs is similar. In
the Fermilab device, a higher gradient is necessary in order
to compensate for the focussing of the lens. The electron
beam line is tuned off-line by using thermionically emitted
electrons emitted from the wire when it is heated by a cur-
rent (for us, 1 to 2 A at 60Hz).

RESOLUTION OF THE DETECTORS

Several significant factors determine the resolution of
these devices. Four major effects are considered here

The first factor is the time necessary for the secondary
electrons to be ejected from the wire. This time has been
measured [5] at <6 ps, or 1.74° at the bunching frequency of
the Fermilab 400 MeV Linac, 805 MHz.

Deflector Lens

Figure 2, Fermilab BLD Schematic

Deflector and Lens Together

I
T rJ

Figure 3, FNAL/INR BLD Schematic
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The second factor is the emittance of the secondary
electron beam. A velocity spread arises from the thermal ve-
locities of the secondary electrons before they are ejected
from the wire. The resolution here is proportional to d/V2

where d is the drift from the target to the deflector and V is
the voltage on the target. It is possible to reduce this effect to
about 1 ps by shortening the drift distance and by using 10
kV on the target. The transverse emittance has essentially no
effect on the resolution.

The third effect is the path-length differences among
the electrons and is determined by the optics of the electron
beamline. Those electrons which travel away from the cen-
ter line of the detector take longer to reach the deflector than
the electrons which travel on the axis of the device. This
effect is likewise proportional to the drift from the target to
the deflector. Also, if the lens is farther away from the target
(decreasing the magnification of the image and reducing the
spread of the beam), this effect is also reduced. Again, using
a higher voltage and a shorter drift, this effect reduces the
resolution by only about about 0.5 ps.

The fourth effect is the strength of the rf deflector. A
stronger deflection, to first order, will increase the resolution.
For a deflection which is too large, part of the electron beam
hits the deflecting plates for any <|>. Also, the fringing fields
become more important. For the INR detector, a gradient of
about 100 V/cm is optimum and good resolution is obtained
(6 ps, or 0.4° at 198 MHz). For the Fermilab-type detector,
it was thought that 5000 V/cm would be necessary to in-
crease the resolution to below 5 ps, or 1° at 805 MHz.

A summary of these effects is presented in Table 1.
Note that the INR detector was designed for a bunching fre-
quency of 198 MHz with the deflector running at 594 MHz,
whereas the other two are for 805 MHz. The total resolution
for the INR detector is measured; for the other two, it is
estimated.

Table 1.
Resolution of the Various BLDs

INR Fermilab INR/FNAL
1 <6 ps <6 ps <6 ps
2 3.0 1.0 1.0
3 1.5 0.5 0.5
4 5.5 30? 6.0
Total 14 ps 30 ps? 6 to 10ps

(1° @ 198 MHz) (6°? @ 805 MHz) (1°to 1.8°)

Non-linear effects (space charge, lens aberrations) are
not directly considered here. It is felt that these effect do not
contribute significantly to the resolution of the device.

DEVELOPMENT OF THE FERMILAB DETECTOR

It was decided we would build a Fermilab-type detec-
tor for prototyping at 200 MeV. The device (Figure 2)

30 cm

RFin
Tuner

Beam Pipe
"Target

Figure 4, Schematic of the Fermilab Deflector
requires substantial power in the rf deflector. A suitable de-
flector has been fabricated, shown in Figure 4. We have
applied 200 W to this cavity for a gradient of 5000 V/cm
across its 3 cm gap. The interior of the deflector was coated
with a thin (150 Angstrom) layer of titanium nitride to in-
crease the limit for multipactoring.

In order to reject
the primary electrons

3ath of Secondary Electrons scattered off the wire

from our H- beam, it
is necessary to install
a permanent-magnet
deflector (Figure 5)
between the selection
slit and the electron
detector. The energy

Selection Slit

3 cm

Electron Detector

Magnetic Field
Trim

SmCo
Permanent

Magnet

Figure 5, Selection Magnet

of the scattered elec-
trons which would
pass into our detector
is several hundred
keV, so rejecting
these electrons is

easy. The permanent magnet used in this deflector is a
samarium-cobalt magnet with a surface field of approxi-
mately 8000 Gauss. The field in the bending region has been
trimmed to a value of about 133 Gauss, which corresponds to
p=2.54 cm for 10 keV electrons.

We have discovered two debilitating problems with
this style of detector. (1) The electrons from the secondary
electron beam will induce multipactoring at a power level no
greater than 700 V/cm for our 3 cm gap. That threshold is
reduced if electrons hit the inside of the rf chamber. This
means we cannot achieve adequate gradient in the cavity to
produce a satisfactory resolution. (2) The trajectory which
passes through the first and the last collimator slits (and
through the rf deflector) does not pass through the axis of the
einsel lens. Thus, the einsel lens must have a relatively large
aperture, larger than one would expect for an abberation-free
lens. Moreover, this trajectory also exits from the rf deflec-
tor considerably off axis which may induce multipactoring.

We will not pursue this design further.
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Ion Beam
Direction

Figure 6, Deflector Schematic for FNAL/INR BLD

THE FNAL/INR DETECTOR

A BLD with the best features of the other two has been
developed. It combines the deflector and the einsel lens into
a single unit. This arrangement has several benefits. It al-
lows the deflector to be placed very close to the target, as in
the Fermilab detector. Also, since the rf deflector plates have
a negative DC potential applied to them for the lens, mul-
tipactoring should not occur.

The design of the deflector/lens is as follows (refer to
Figure 6): Each of the two arms of the deflector form a res-
onant coaxial cavity, 1; the length of each arm is X/2 at our
frequency of 805 MHz. One coupling loop provides the in-
put rf power, 2, and the other loop provides the readback, 3.
The resonant frequency of the two arms of the deflector is
tuned by adjusting the end-caps, 4, and by trimming the size
of the deflector plates, 5. Small slug tuners, 6, provide the
final trimming to the desired resonant frequency.

The DC voltage for the lens is applied near the point of
zero rf field along the center conductor of the coaxial arms,
7, at the 7J4 point of each resonator through a 1 MQ resistor,
8, Secondary electrons pass through the input slit and are
deflected and focussed in the central region of the deflector,
9, and exit through the rear of the rf chamber. The exit ap-
erture is large enough not t intercept any beam. The arms are
supported by nylon rings, 10. The equivalent impedance Req

= Umax
2/2P is measured to be 90 000 Q, where Umax is the

maximum rf voltage between the deflector plates and P is the

dissipated power.

The optimum deflecting gradient for this deflector has
been estimated by computer simulation. The electric field in
the deflector is calculated as a superposition of the electro-
static focusing field and the rf deflecting field using a quasi-
static approximation. The field distribution is considered to
be flat. The distribution of the electrostatic fields in the de-
flector chamber is taken to be the same as for a coaxial line
and has been calculated analytically.

A delta-function incident ion beam is assumed and the
size of the secondary electron image on the final selection sit
is calculated. The resolution here is defined to be

A<D = 2a£/Xmax,

where o e is the size of the electron beam at the detector slit
and Xmax is the maximum deflection on the plane of the de-
tector slit caused by the rf deflector. 200 electrons are used in
the simulation for the calculation of each point. The results
are presented in Figure 7. It is interesting to note that the
increase in the size of the electron beam is approximately
cancelled for by the increasing amplitude of its deflection.

The deflector has been tested in vacuum. To obtain
Umax=1000 V, 5.6 W of rf power is required.
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Figure 7, FNAL/INR BLD Resolution for various input collimators.
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Abstract

The preinjector of the SPring-8 linac is constructed in
Tokai Establishment. Several monitors are installed in the
preinjector. They are designed to measure a low current beam
such as a positron beam as well as a high current beam. A
wall current monitor has achieved a fast rise time of <3OOps.

Introduction

In the electron linac, principal beam characteristics such
as beam current, emittance and energy deviation are
determined by the beam dynamics from the gun to the point
where the beam energy is several MeV. The preinjector was
constructed to examine the beam characteristics as a part of
SPring-8 linac. A beam test started from August 1992. In
the preinjector several monitors are installed not only to
measure the beam characteristics but also to examine the
performance of monitors using the electron beam. This
article presents the design and the performance of these
monitors.

Design of SPring-8 Linac

The injector system of SPring-8 (Super Photon ring 8
GeV) [1] is composed of a lGeV linac and a 8GeV booster
synchrotron. The positron beam is available in this system
as well as the electron beam. In order to produce a positron
beam, an electron/positron converter is installed in the midst
of the linac. Therefore the linac consist of a 250MeV high
current linac (HL), a converter and a 900MeV main linac
(ML).

The beam characteristics such as an energy, an emittance,
an average peak current and a microbunch length are
measured at three points; at the preinjector, around the
converter and at the end of ML. Table 1 shows the beam
parameters for designing monitors. The positron beam must
be measured after the positron converter. For R&D monitors
were designed so as to detect a low current beam, even
though they are used in the high current preinjector.

The preinjector includes an electron gun, two
prebunchers, one buncher, focussing magnets and beam

WAVE GUIDE SYSTEM
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monitors (see Fig. 1) [2]. In order to measure the
performance of gun the current monitors are installed at the
exit of gun. The current monitors are also installed at the
exit of buncher to measure transmission rate through the
prebunchers and the buncher. The beam characteristics are
measured at the location after the buncher where the beam is
bunched and accelerated up to 9MeV. A transverse emittance
is measured by the slitl and the wire grid monitor. An
energy spectrum is measured by the spectrometer that
consists of the quadrupole magnets, the slit2, the bending
magnet, the slit3, and the Faraday cup. To measure a
microbunch length, the Cherenkov radiators are installed.
The Cherenkov radiatorl is installed for the precise
measurement. Profile monitors are installed at four locations
for the beam transport.

TABLE 1
Parameters for Beam Diagnostics

Pulse Width and
Average Peak Current

Microbunch Length
Beam Energy

Transverse Emittance

Des

1
1
10-40
10-40
1
>1
>5
9
250
120
1
-10
1

ien of

ns.
ns
ns,
ns
ns.
US,
ps
MeV
MeV
MeV
GeV
7annv
jcmnv

10
10
10
10
300
100

•mrad
•mrad

Monitors

A
mA
A
mA
mA
mA

for Preinjector
before Converter
after Converter
for ML
for Preinjector
for Others

S C M
PREBUNCHEfl

Fig. 1 Arrangement of the preinjector.

This section describes the designs of each monitor, such
as design parameters, a structure, an electronic circuit and so
on.

Long Pulse Current Monitor (LCM)

The LCM is a monitor to measure the average peak
current and the pulse width of the long pulse beam (~lu.s).
The required parameters are as follows; output of >1V/A,
maximum peak current of >1 A, rise time of <20ns and droop
of <l%/u.s. The model 2100 (Pearson) satisfies the
parameters.

Short Pulse Current Monitor (SCM)

The SCM is a monitor to measure the average peak
current and the pulse width of the short pulse beam (l~40ns).
The required parameter are as follows; output of >1V/A,
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maximum peak current of >10A, rise time of <300ps (if
possible lOOps), droop of <10%/100ns. Two types of SCM
were manufactured in order to obtain fast rise time.

One is a wall current monitor (see Fig. 2). It is
composed of a ring-type ceramic resister (ASW, Tokai) with
a resistance of 1.8ft connected across the ceramic insertion, a
signal pick up and a loading core (FT-1M, Hitachi).

, Pick up with
/ N-type connecter

ICF070 —i
SUS3CM \

Ceramic insertion'

_ Ring-type ceramic resister
1.8ft (ASW, Tokai)

^Loading core
FT-1M (Hitachi)

Fig. 2 Cross section of the wall current monitor.

Another is an amorphous CT (Current Transformer) (see
Fig. 3). It is composed of an amorphous core (FT-1L,
Hitachi) with 13 turns windings, and a signal pick up. The
windings and the pick up are connected direcdy.

Amorphous core
FT-1L (Hitachi)

Ceramic insertion

Fig. 3 Cross section of the amorphous CT.

Transverse Emittance Monitor

Two different methods [3] are introduced in SPring-8
linac for the transverse emittance measurement

One is a method using a slit and a wire grid monitor. The
phase space is scanned directly. The width and thickness of
the slit are 0.3mm and 30mm respectively. The wire grid
monitor has a single wire with a diameter of 0.3mm for the
charge detection. And it also has two wires to extract
secondary emission.

Another is a method using the three profile monitors
(wire grid moitors). This method will be used in the higher
energy region. Three profiles measured in the different points
provides the twiss parameters and the emittance.

A charge sensitive amplifier is prepared for the signal
processing. An expected charge is lpC~0.1)i.C/pulse. A
sensitivity is required as lV/pC in the smallest range. At
present the model 142A and 113 (Ortec) is used as the
amplifier. Another charge sensitive amplifier (see Fig. 4) is
developed. If it presents a good performance the multi-wire

type monitor (-10 wires) and the integrated type amplifier
will be used.

Input

"(Clear-Palie) " • ; (Anatof Devices)-

Sample/Hold

Fig. 4 Block diagram of the charge sensitive amplifier with
the hybrid IC.

Microbunch Length Monitor

In order to measure the microbunch length with the
smallest error the observation of Cherenkov radiation by the
streak camera is preferable. Synchrotron radiation is also
available but the measurement error becomes large. When the
beam is bended, a geometrical bunch lengthening occurs. The
bunch lengthening (Az) is a product of beam size (Ax) and
bending angle (9).;

Az=Ax-9 (1)

For example Az is 0.7mm (2.3ps) where Ax=5mm and
9=0.14rad. Therefore the Cherenkov radiatorl is prepared on
the straight line of the beam duct as shown in Fig. 1. In the
case of the machine study, the air is filled in the radiatorl and
the Cherenkov light is measured through the beam axis.
However, it is unable to use the radiatorl in the normal
operation because the vacuum vent is required in the beam
duct, so that the Cherenkov radiator2 is prepared on the line
with the bending angle of 0.14rad to the beam axis.

The Cherenkov light is transported out of the accelerator
room and focused on the slit of streak camera. The focusing
elements are composed of mirrors because chromatic effect is
small in the case of mirrors compared with the lenses. The
chromatic effect causes time error of lps when the light
(wavelength; 250~750nm) is transported for 12m. The
focusing element is a type of the Newtonian telescope (see
Fig. 5). Its diameter is 150mm. The focal lengths from the
elliptical mirror are lm and l lm. In order to reduce the
shadow of submirror the elliptical mirror has 75mm off set
from the symmetric axis.

The streak camera is C3735-01 (Hamamatsu). Its time
resolution is 0.6ps originally. It has a sufficient sensitivity
to the Cherenkov radiation of the positron beam.

Total error in this measurement becomes 1.6ps
(minimum) and ~4ps (beam bended).

Energy Monitor

The absolute beam energy and the energy spread is
measured by the spectrometer in the preinjector. The slit2
and slit3 is located on the double waists of the beam. The
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slit3 determines the energy spread and the Faraday cup
measures the beam current passed through the slit3.

radiation
point

.metal mirror
"electron beam

mirror elliptical
mirror

Fig. 5 Arrangement of microbunch length monitor.

Profile Monitor(PM)

This monitor is prepared for the beam transport. The PM
has a scintillator screen, AF995R lmm thickness
(Desmarquest), and the profile is observed by the TV
camera. The screen center is aligned to the beam axis within
0.3mm accuracy.

Present Status

The fabrication of the beam monitors for the preinjector
are completed. The individual beam diagnostics show the
good performance. The examination of beam monitors using
the electron beam is under way. This section describes the off
beam test of SCM (see Fig. 6). A pulse current transmits
through the conductor instead of the electron beam. The
waveform of output and transmission are measured by the
sampling oscilloscope.

Pulse Generator
8131A (HP) Sampling Oscilloscope

S4121T (HP)

Fig. 6 Arrangement of the off beam test.

Fig. 7 shows the waveform from the wall current
monitor; upper one is transmission and lower one is output.
Both waveforms shows fast rise time of ~300ps which is
thought to be the limit of pulse generator. The measurement
of frequency spectrum indicates the upper cut off frequency of
~2GHz. Thus the rise time is expected as 17O~30Ops.

Fig. 8 shows the waveform from output of the

55.2400 ns 27.74B0~ns " 3B~cT4B~B~"nY~

Fig. 7 Waveform from the wall current monitor. (50Ops/div)
Upper: transmission (500mV/div)
Lower: output (10mV/div)

_—.

j |

24.9600 ns

(

i V

)

;

t

| \

27.4608 ns

\

\
\

v
1
1

k 1 /V

l
29.9GBB ns

Fig. 8 Waveform from the output of the amorphous CT
(500ps/div, 20mV/div)

amorphous CT. The deformation due to ringing is very large
compare with wall current monitor's. Table 2. is the
specification of SCM obtained from the test.

TABLE 2
Specification of SCM

Parameter Wall Current Monitor Amorphous CT
Rise Time <300 ps -300 ps
Droop 25 %/us 0.7 %/jis
Output 1.4 V/A 3.8 V/A

A linear response for the large current (-10A) is not
confirmed yet. In order to calibrate SCM a coaxial Faraday
cup is prepared. The calibration will be done using the
electron beam. The coaxial Faraday cup will measures the
absolute pulse width and the absolute average peak current.

Conclusion

The monitors of the preinjector are well manufactured as
the design. Especially, the fast time response is obtained in
the wall current monitor without deformation of waveform.
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Abstract

A Master Timing Generator (MTG) was developed using a
single Motorola MC68332 embedded micro-controller. The
MTG produces electrical synchronization pulses that coordi-
nate the action of all pulsed subsystems and the acquisition of
pulsed data. Pulse width and delay-offset of each of the 13
output channels can be changed on-line. The MTG is inter-
faced with a GE Series-Six Programmable Logic Controller
(PLC), which coordinates overall control of the IMPELA™
linac. Serial communications are used between the PLC and
the MTG. The PLC needs only transmit data to define the
pulse repetition rate, the be;un pulse width, and the subsystems
that should be active. The MTG determines the widths and
relative delays required to achieve the requested beam pulse-
width. Changes in width and repetition rate are effected using
a smooth ramp to avoid power-demand transients. All MTG
tuning requirements are met with the current implementation,
having the following characteristics: 1 Hz < repetition rate
< 500 Hz with ±1% resolution, 12 u.s < width < 1000 u.s in
1 [is steps, and a delay-offset range of 4.5 ms in 1 (is steps.

Introduction

Pulsed linacs require synchronization of the electron gun, the
HV power supply modulator, the rf drive and the data
collection electronics. In the IMPELA™* industrial appli-
cation,1-2 the synchronization implementation must meet the
potentially conflicting demands of flexibility, cost-
competitiveness and operational simplicity. These demands
have been met using a micro-controller that integrates a multi-
channel "timing engine", a CPU, serial communications
modules, as well as other processor support functions.

Synchronization of IMPELA is achieved using an MTG
(Master Timing Generator) that is interfaced with an industrial
PLC (Programmable Logic Controller). The MTG consists of
the above-mentioned micro-controller, line drivers, and a
circuit card that permits on-site, non-volatile adjustment of
tuning parameters.

Following an overview of timing requirements, the MTG de-
sign and operating experience are outlined.

Requirements

The MTG was developed for the 10 MeV, 50 kW (avg.) mem-
ber of the IMPELA family. However, broader requirements
were called for to meet the demands of future IMPELA linacs,
covering 5 to 18 MeV and 20 to 250 kW (avg.). Basic

t .AECL Accelerators, Kanata, Ontario, K2K 1T9, CANADA
+ Industrial Materials Processing Electron Linear Accelerator

CA9700243

requirements are:

1 Hz < PRF < 500 Hz (Pulse Repetition Frequency)
with 5% or better resolution (1% achieved).
12 (is < pulse width < 1000 (is with 1 (is resolution.

• pulse positioning (delay) range of > 4.5 ms with 1 |is
resolution.

On-line changes are possible for: PRF, pulse width, delay, and
pulse enable/disable. Supervisory control is realized over a
serial communications link, using the CCM* protocol. A set
of switches provides in-field timing adjustment by unskilled
operators.

Nine separate timing signals are required. Most are required
in two locations, thereby requiring fan-out. In addition, an
output at 10 PRF, 50% duty-factor, is provided for monitoring.

Example Pulse Sequence

Another MTG responsibility is pulse positioning as a function
of be;un width. The PLC command need only specify the
desired be;un width and PRP. The MTG must determine the
required tuning. Fig. 1 illustrates a long and short width case.

J

Fig. 1 Example Pulse-Timing Relationships

The gun and rf pulse widths exceed the beam width by a fixed
amount. These pulses must also precede the beam by a fixed
amount. The early and late pulses are data sampling triggers.
The early pulse is positioned a fixed lime into the beam, while
the late pulse is positioned a fixed time before the end of the
beam pulse.

Communications Control Module protocol is a simple
packet-based protocol typically used to connect a PLC
with a display station or another PLC.
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MC68332 Features

The development of the MC68332 was a joint effort of
Motorola and Delco, the latter for automotive applications. It
incorporates a 16 MHz, 32 bit CPU (68020-based), a System
Integration Module^ (SIM), serial communications hardware,
a 16 channel synchronous Tuning Processor Unit4 (TPU) with
250 us resolution and 2 kB of on-chip RAM. In the MTG, the
CPU manages the serial link with the PLC. It interprets the
commands, then sets TPU registers appropriately. The SIM
manages pin function assignment (e.g., chip select range) and
support functions, such as a watchdog; hence, very little
support circuitry is required.

A MC68332 "Business Card Computer" (BCC) further re-
duces design effort. This BCC circuit card holds a MC68332,
128 kB EPROM (with debugging monitor), 64 kB RAM, se-
rial drivers, clock circuitry, and two 64-pin con-
nectors/headers. The BCC can be plugged into an eval-
uation/development system for code development, and then
transferred to the target hardware. The headers permit attach-
ment of a breakpoint computer or other debugging aid. The
convenience of the BCC has been applied elsewhere in the
construction of "smart" data acquisition and control
electronics for a pulsed linac.-**

MTG Structure

Hardware

A VME (3U x 84 hp x 160 nun) chassis houses the MTG cards
and two power supplies. One card consists of 8 bytes of
memory-mapped DIP switches, providing 16 (is width and
delay adjustment to each channel. Baud rate and device iden-
tity are also set on this c;ird.

The controller card is shown in Fig. 2. Due to the high level
of integration on the BCC, the support electronics on the con-
troller card consist simply of: RS-422 transceiver, EPROM,
watchdog alarm buffering, and key-switch access to the BCC
debug EPROM via a front-panel RS-232 port.

One chassis supports eight line driver cards, delivering a total
of 32 electrically-isolated, differentially-driven pulses. Any
timing channel may be selected for output by appropriate
jumper selection. Outputs are buffered for front-panel mon-
itoring with an oscilloscope. A front-panel LED for each
output line is also provided. These LEDs indicate whether the
lines are adequately loaded, thus providing a means of broken
line detection.

Timing Software

CPU The CPU code was written in ' C language using a
PC-based compiler. A skeleton of this code is shown in Fig. 3.
An infinite loop services the watchdog, monitors com-
munication activity and updates timing parameters during
width or PRF ramps. Once PLC communication has been
interpreted as a valid CCM packet, the command is extracted
and checked against limits in PRF, width, duty factor, etc.
Valid commands are used to generate a new set of timing
p;irameters for use by the TPU.

Initialize

Infi!
Loc

p

Site
P

watchdog
comm.
ramps

1 1 4
/1
1 V
Interpret
Comm.

Interpret
Command

Periodic Interrupt
Timer

Comm. Rx
Interrupt

PRF
Interrupt

Update
Interrupt

977 ns

byte
received

H end , ITC
10-count

-TP15,
+ve
edge

Fig. 2 Controller Ciird, BCC Extracted

Fig. 3 Software Structure

Parameters are written into the TPU during service of TPU-
generated interrupts. One TPU interrupt is used for updating
the PRF and the other is used for updating (he width and delay
of all output channels.

Interrupt service routines are also used for each byte received
from the PLC, and for an internal real-time clock that is used
to time CCM protocol events.

TPU By manipulating TPU control registers, the CPU can
configure a TPU channel to perform one of 16 functions pro-
gnunmed in TPU ROM. The ROM functions are not capable
of simultaneously meeting the low PRF and 1 (is width/delay
specifications. Custom TPU functions can be stored in the on-
chip 2 kB RAM, which can be configured to replace TPU
ROM.

A custom Synchronized One Shot (SOS) function was created
by extracting the TPU ROM, using in-house programs to dis-
assemble the code, and then manually programming the bit
patterns for the SOS function in place of an unused function.
The SOS function begins with a TPU-intemal interrupt (link).
Following a programmed delay, the voltage on the channel's
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upon the cycle completes and the channel remains inactive
until the next link.

Application of the 16 channels is shown in Fig. 4. A Pulse
Width Modulation (PWM) function produces a 50% duty fac-
tor signal at 10PRF. Generation of this signal is based on
Timing Control Register 1 (TCR1), which increments on a
3.8141 us interval. Two Input Transition Counters (ITC) di-
vide the 10 PRF signal to produce links at the PRF. Two ITC
channels are required, due to a link-limit of 8 channels. The
first ITC interrupts the CPU on each 10-count, so that the PRF
can be updated. This interrupt also notifies the CPU of each
pulse trigger; thus, the CPU can implement single-pulse
events.

TCR1 •

CPU - *

Links

PWM
N

10

ITC (2)
10

10x PRF

SOS

TCR2

delay, then
width

SOS
TCR2

CPU

SOS
TCR2

Fig. 4 TPU Configuration

SOS channels base their pulse delays and widths on TCR2,
which counts on a 476.8 ns interval. The last SOS channel
must be configured such that its pulse rising edge follows the
rising edge of all other SOS pulses. The rising edge of this
last pulse interrupts the CPU, allowing the synchronous update
of all widths and delays.

Jitter between SOS channels is 80 ns. For the IMPELA 10/50,
the minimum beam pulse length is 50 u.s; hence, the jitter
contributes < ±0.1% to beam current variability.

Communications

The MTG implements the slave portion of the CCM multi-
drop master-slave protocol. This protocol contains a Q (for
Quick) and N (for normal) message type. The Q-message is
used for status polling, while the N-message performs more
substantial data transfer. The Q-message, issued typically
every 100 ms, is responded to with a read-back of the current
PRF and beam width. A single byte gives the operating status.

In this application, N-message transfers are limited to those
originating with the PLC. The first byte of the 16 byte packet
defines the command. The remaining 15 bytes carry com-
mand parameters such as PRF, width and/or a list of channels
to be disabled/enabled.

The original design called for a continuous background of Q-
messages, with N-messages issued only when a change was re-
quested. It was assumed that the error detection and re-
transmission features of the CCM protocol would ensure reli-
able communication. While a reliable implementation of this
design has been achieved, considerably more PLC code is re-
quired than was anticipated. One example of the problems en-
countered is the determination of when the MTG has received
an N-message. The PLC buffer for the N-message must not be
overwritten until the MTG has received the message. Despite
explicit message-complete acknowledgement within the CCM
protocol, no reliable means of obtaining this information was
found at the PLC ladder-logic level. Hence, an additional
status code was added to the Q-message response to synchro-
nize PLC transmissions.

A simpler communications scheme is planned, whereby the
PLC will maintain a setpoint area in memory that the MTG
will read. The MTG then will write a complete status report
back into PLC memory. PLC access to these memory areas
would be asynchronous with MTG access.

Conclusions

The high degree of integration provided by the MC68332 and
the BCC, coupled with the inexpensive PC-based development
tools, permitted cost-effective development of a flexible, cus-
tom MTG.

An MTG has been in continuous service since 1991 August.
Following the correction of subtle errors in the PLC communi-
cations code, service has been error-free. The on-line capabil-
ity to adjust both pulse widths and PRF has proven useful dur-
ing if conditioning, and offers a simple means of extending the
range of average beam power.
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Abstract
The analog controller for phase and amplitude control of a

402.5 MHz super conducting cavity is described in this paper.
The cavity is a single cell with niobium explosively bonded to
a copper cavity. It is used as an energy compressor for pions
at the Clinton P. Anderson Meson Physics Facility (LAMPF).
The controller maintains cavity frequency to within 4 degrees
in phase of the LAMPF beam frequency. Field amplitude is
maintained to within 2 percent. This control is accomplished
at critical coupling (Q loaded of 1 x 10^) with the use of only
a 30 watt rf amplifier for accelerating fields of 6 MV/m. The
design includes the use of piezoelectric crystals for fast
resonance control. Three types of control, self excited, VCO,
and a reference frequency driven, were tried on this cavity
and we present a comparison of their performance.

INTRODUCTION

The SCRUNCHERfl] is a single cell superconducting
cavity operating at 402.5 MHz. It is constructed from a 3
mm thick copper shell with a 3 mm explosively bonded
niobium layer. Liquid helium flowing in copper pipes
attached to the outer copper surface cools the cavity with the
boiled-off cold gas used to cool the heat shields surrounding
the cavity. A 60 liter liquid helium storage dewar is installed
at the top of the cavity and is used as a reservoir for the
cooling pipe system. Coupling to the cavity is by a 3-in.
coaxial line with a movable center conductor that allows
operation at loaded Q's of 1 x 107 to 3.6 x 109. Three
mechanical lead screws, each in line with a piezoelectric
crystal, are mounted between one end of the cryostat and one
of the beam tubes attached to the cavity. Cavity tuning is
accomplished by compressing the cavity with these actuators.
External mounting of the piezoelectric crystals eliminates the
high voltage breakdown problem experienced in a helium
atmosphere. The range of the tuner is 1.6 MHz while the
piezoelectric crystals generate a tuning range of 12 kHz.
Since the cavity is used to manipulate the phase space of the
secondary pion beam at LAMPF, the cavity frequency must
be phase locked to the beam bunching frequency of 201.25
MHz as set by the accelerator. The Pion beam represents a
minuscule loading effect on the cavity allowing the operation
of the cavity at high loaded-Q with a low power solid state rf
amplifier. Use of the piezoelectric crystal fast tuning in
concert with the high frequency mechanical resonance's,
resulting from the stiff large mass copper-niobium-cavity,

allow frequency control to within 4 degrees of phase at
operating Q's of 1 x 10^.

ANALOG CONTROL

A. Amplitude Control
Amplitude control for the cavity is typical. A sample of

power from the cavily-transmitted-pickup-probe is detected

Limiter Attn

<3
52db 30W

|4 way pwr divided

Fig 1. Amplitude Controller for Cell.

Bias

and compared to a reference voltage level (see Fig. 1). This
error signal is amplified using a Proportional-Differential-
Integral (PDI) controller that biases the diodes on double
balanced mixers used as attenuators. These adjustable
attenuators are in series with the rf drive for the final cavity
amplifier. A sample of the amplifier forward output power is
used for the differential state variable in the amplitude control
loop. Operationally the differential input has very little effect
and is not used. The pedestal is a steering signal and can be
used for open loop operation of the system. Q is measured by
clamping the control output to pulse the rf.

B. VCO Mode
A Voltage Controlled Oscillator (VCO) was incorporated

for use in making Q measurements on the cavity. A crystal
VCO operating at 201.25 MHz with frequency doublers was
used because of signal to noise concerns when working with
high Q. This type of oscillator has a narrow frequency range,
but has the lowest noise sidebands available and worked quite

671



well in this application. The control loop for this system was
again typical. We used a phase bridge between the oscillator
output and the cavity transmitted pickup probe with a
proportional controller. No attempt was made to control the
absolute frequency of the cavity in this mode of operation.

C. Driven Mode
Phase Controller

This is the mode that we originally intended to operate in.
A 5 kW amplifier was procured and the coupler was designed
to operate the cavity overcoupled for broader bandwidth.
The source of rf for the cavity amplifiers is derived by
frequency doubling the 201.25 MHz from the accelerator
master reference oscillator in passive doublers. The if from
the cavity transmitted pickup probe is mixed with a sample of
the 402.5 MHz reference in a double balanced mixer designed
to operate as a phase detector. The phase error is amplified
using a PDI controller and operates a phase shifter in series
with the rf supplying the cavity amplifiers (see Fig. 2). Two

Refere
Shifter

LAMPF
Referenc

201.25mhz

Gate

Beam_
Pickup

[4 waySplitteq-

Fig 2. Control with drive from frequency reference.

different types of electronic phase shifters were tried in the
controller. One was a Vector Modulator operating at 402.5
MHz. This unit has 3 dB amplitude modulation of the proper
sign for amplitude control of the cavity in conjunction with
180° of phase shift. The second shifter is a LAMPF designed
shifter operating at 201.25 MHz. This analog shifter has 200
degrees of ultra-linear phase shift and less than one dB of
amplitude change over the phase shift range. Comparisons of
system performance between the two shifters showed the
minimum phase error of 4 degrees and amplitude error of less
than 2 percent achievable before loop instability were the
same. As it turned out this mode was abandoned and neither
of the shifters is used in the final operation.

Resonance Control
A phase comparison was made between the forward

power from the final amplifier and the rf from the cavity-
transmitted-pickup-probe to generate an error signal for
resonance control of the cavity. This error signal was fed
back by a proportional controller with a 60 Hz pole to the
piezoelectric crystal drivers (see Fig. 2). The driver
piezoelectric crystal combination has a pole at 140 Hz. This
controller was intended to be a slow resonance controller and

the mechanical lead screw tuners were to be used only to get
the cavity within range of the crystals. The helium boil-off in
the reservoir for the cavity causes a constant changing
pressure on the cavity that results in a steady frequency
change about a 100 Hz per minute. Depending on how well
the refill system from the helium dewar is set, more than the
entire 12 kHz range of the piezoelectric crystals is often used
to keep the cavity on frequency. The piezoelectric frequency
adjusters are necessary to operate the cavity, as the 5 kW
amplifier could not drive the cavity when it is several kHz off
resonance, even in the overcoupled condition.

D. Self Excited Mode
This mode was originally intended only for starting and

conditioning the cavity. It consists of feeding the cavity
transmitted pickup probe directly back to the amplifiers with
phase adjustment and 30 dB of inter-loop rf gain, so the

Reference
Shifter

27db 52db 30W

LAMPF
Reference 0
201.25mhzpninel

Beam
Gatete 7 lA

Beam
Pickup"

0
Det

Bias
Fig 3. Control for the self oscillating mode.

system will self oscillate (see Fig. 3). It was included because
of perceived ease of operation and was finally selected as the
operating mode for the cavity for that reason. The frequency
locking of the of cavity to the LAMPF beam is accomplished
by using the piezoelectric crystals in a fast tuning loop with a
Proportional-Integral controller. A phase lock to the beam
frequency is also included. It consists of a phase comparison
between a beam pickup and the cavity operating frequency
that drives an electronic phase shifter in series with the
reference phase shifter (see Fig. 3). This loop is to
compensate for the reference 201.25 MHz timing signal
phase drift due to several hundred feet of air dielectric cable
that is not temperature controlled. This loop incorporates a
sample and hold circuit for the error signal as the beam is
pulsed. We use an Integral controller for this loop.

RESULTS

Operation of the system in its various modes and
controller setups gave the same close loop response when
operating at high loaded Q's (1 X 10^). Due to the stiffness
and mass of the cavity construction, microphonics have not
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been much of a problem. The cavity is shock mounted on a
stand attached to an isolated floor to reduce driving
frequencies. The first mechanical resonance appears at 78 Hz
and a thermo-acoustic resonance at 87 Hz is severe but
intermittent. It may be related to the level of the helium in
the reservoir. The driven mode was extremely difficult to
operate. The slow response of the cavity when operating at
high Q made aligning the cavity resonance to the operating
frequency and locking the resonance control loop extremely
difficult. It was necessary to use a spectrum analyzer with a
noise floor of -120 dBm to find resonance. One tended to
scan right through the resonance point before the cavity
began to respond. With 1.6 MHz of tuning range to search,
scanning slowly takes a prohibitively long time. One can
adjust the trombones in the self excited loop and when the
feedback is positive the cavity will start. The resonance can
easily be set by observing reflected power from the cavity and
is quite stable. By viewing the difference frequency from the
phase control bridge, one can easily set the cavity to the null
frequency with the mechanical tuner. A switch can close the
control loop, locking the cavity to the reference frequency.
The system has been operated in the LAMPF accelerator for
two run cycles. The experimenters using the device have
operated the system. Loop gains are set at the beginning of
the cycle and have not required any service during the run.
Coupling is set for critical coupling at the operating field
level. We found that the cavity could be controlled at the
high loaded-Q levels when we first turned on the system and
the 5 kW amplifier has never been hooked up to the cavity.
We operate with the 30 watt solid state pre-driver that will
supply 6 MV/M accelerating fields at loaded-Q of 1 x 10".
Operating with the low power amplifier limits the possible
accidental X-ray level that could be generated, simplifying
worst case accident scenarios. After the first run period, we
increased loop rf gain to 30 dB from a few dB, to increase the
turnon speed of the cavity. This was to eliminate switching
back to the VCO mode to measure the cavity Q that required
disconnecting and reconnecting some cables. With proper
padding and the use of two control elements, the turnon
overshoot was reduced but we could never eliminate it at the
higher loop gains. Cables and couplers were calibrated and
the experimental computer is used to take data on the forward
and reflected power levels to calculate the Q with the
overshoot occurring.

The system is extremely sensitive to noise introduced
through the electronics. When closing the control loops, we
were introducing 60 Hz noise into the system. Separating the
dc power supply wires from the signal wires in the cable
dressing for the bin helped this problem. We also found it
necessary to move the power supply out of the bin because of
magnetic pickup from its transformer. We still experience
some performance degradation from 60 Hz pickup.

MICROPHONICS

We made a few measurements on the microphonics
associated with the cavity using a digital scope with a fast

Fourier transform. The scope could not contend with the
frequency drift due to the helium boil off. I had to lightly
lock the phase loop with the integral gain control to keep the
cavity close to frequency during the time it took for the scope
to accumulate enough data to generate an averaged spectrum.
I measured the output of the phase detector comparing the
cavity frequency with the LAMPF reference. Applying an
inverse sign function to the ratio of bridge full output to
measured spectrum gives the data reported in Fig. 4. The
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Fig 4. Phase Error due to Microphonic Vibrations.

loop is able to suppress the first three or four low frequency
modes when it is tightened. Note that the 60 Hz components
increase when the loop is tightened indicating that the 60 Hz
is being introduced by the controller. The mechanical
resonance at 78 Hz is spurious. The thermo-acoustic
oscillations at 87 Hz occurred during part of the data taking
for the Locked Loop spectrum. The loop does maintain lock
when this oscillation occurs and may suppress it somewhat.
The error due to this oscillation effects data being taken on
the experiment although the original specification for control
was 5 degrees in phase and 5 percent in amplitude. The
experimenters correct for the pion beam energy shifts due to
the phase changes by reading the loop phase error with the
experiment computer.
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Abstract

This paper describes the application of video image
processing to beam profile measurements on the Ground Test
Accelerator (GTA). A diagnostic was needed to measure beam
profiles in the intermediate matching section (IMS) between
the radio-frequency quadrupole (RFQ) and the drift tube linac
(DTL). Beam profiles are measured by injecting puffs of gas
into the beam. The light emitted from the beam-gas
interaction is captured and processed by a video image
processing system, generating the beam profile data. A
general purpose, modular and flexible video image processing
system, imagetool, was used for the GTA image profile
measurement. The development of both software and
hardware for imagetool and its integration with the GTA
control system (GTACS) will be discussed. The software
includes specialized algorithms for analyzing data and
calibrating the system. The underlying design philosophy of
imagetool was tested by the experience of building and using
the system, pointing the way for future improvements. The
current status of the system will be illustrated by samples of
experimental data.

Video Profile Monitor (VPM) Overview

The purpose of the video profile monitor is to measure
horizontal and vertical beam profiles in GTA. [1,2] A
secondary goal is to measure horizontal and vertical beam
positions. The measurement takes place in the Intermediate
Matching Section (IMS) located between the Radio

Frequency Quadrapole (RFQ) and the Drift Tube Linac
(DTL). The video system uses intensified video (TV) cameras
to look at beam activated gas fluorescence. Basically we want
to insert a camera in the beam line and take a picture from
which we'll measure the beam's location and size. Since the
amount of light produced is in relation to the number of
particles interacting with the gas, this technique should be
able to provide physical measurements of the beam as to size
and shape. The concept seems simple but the implementation
is not quite so straight forward.

Video System Configuration

The video system equipment configuration is shown in
figure 1. It is located in three main places: the accelerator
beam line, the racks, and the control room. Its use for
diagnostics is described more fully in [2].

The accelerator beam line equipment consists of two
computer controlled video cameras. Each camera has a
controllable image intensifier and a motorized lens system
which allows computer control of its focus, iris and zoom.
They are pointed at a calibration light emitting diode(led).
There is one camera situated to obtain images of vertical beam
profiles and another situated to obtain images of horizontal
beam profiles. A piezo electric valve is used to inject gas into
the accelerator.

The racks contain electronics that interface the equipment
on the accelerator to the computer control system. Video
monitors, a video oscilloscope and manual controls are

live
video

video monitors

[digitized ]
video

Ethernet

Sun

Control Room

I

Camera #1 cable
(video, intensifier, lens controller)

IMS control
gas valve, leds)
nitrogen
gas

Camera #1
>eracal)

ra#2
ntal)

IOC/VME
Racks

Fig. 1 Video Profile Monitor System

Camera #2 cable
(video, intensifier, lens controller)

Accelerator / IMS

* Work supported and funded by the US Department of Defense, Army Strategic Defense Command, under the auspices of the
US Department of Energy.

674



available for off-line testing of the equipment. An Allen
Bradley interface and a VME based input output controller
(IOC) supply the actual computer interfaces. In the VME crate
are two video digitizers, two video memories and a video
display unit all purchased from Datacube.

The control room uses Sun workstations as operator
interfaces. These are connected to the rack equipment via
ethernet. A display of the digitized video image is brought
into the control room from the VME crate over a fiber optic
link. Two video monitors display the analog data from each
camera. A video oscilloscope is also available.

Video System Software

The video system software can be broken down into a
number of distinct parts: basic hardware controls; video
controls; real time plotting and analysis; and off-line analysis.

The software is distributed between the Sun and the IOC.
The operator interface and off-line analysis execute on the
Sun using OpenWindows and the Unix operating system. The
control programs and real time programs for plotting and
analysis execute on the IOC using the VxWorks (real time
Unix) operating system. VxWorks executable subroutines to
support the video hardware are provided by Datacube.

Off-line analysis is accomplished through a program,
imagetool [3], which displays images and allows user written
analysis codes to be invoked through menus. Initially
imagetool also provided a menu driven operator interface
which passed commands to VxWorks, via a remote shell
interface, to invoke Datacube video subroutines. Figure 2
shows a typical image and plot generated by imagetool.

The GTA Control System (GTACS)[4] is used for control
of the basic hardware including auxiliary video controls such
as lens control, intensifier control, gas valve controls and
video timing. GTACS applications are built with a set of

Fig 2 Image and plot of image profile

control system building tools which require very little
programming. These tools worked very well for the simple
controls and operator interface involved. Figure 3 shows the
main video control screen generated by GTA.

The video controls themselves were more challenging,
They were initially developed independently from GTACS.
After the video controls were working well they were
integrated with GTACS. This was done by using GTACS
subroutine records and sequences to call datacube
subroutines. The imagetool menus used for control were
replaced by standard GTA operator screens.

The implementation of the real time plotting and
analysis utilizes a hardware graphics overlay. This is used to
plot a line or a column of image data which can be updated at

DIAGNOSTICS

VIDEO CAMERA ONE and TWO

INVALID
PRESSURE GAUCE

IMIB6IFIER
GAIN

INTEN8IFIERS

Fig 3. GTACS Video Control Screen
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a rate of up to 10 Hz. In addition, measurements such as full
width half maximum may be printed on the plots.

Experience with System

It took some time before its operational characteristics
were known. During this time of uncertainty, helium was used
as the injected gas rather than nitrogen to prevent ice
formation on the cryogenic RFQ. We are still learning about
the system but some of the experiences to date are outlined
below.

The first challenge was to find and correct major system
problems that would prevent operation of the system. As an
example of the problems encountered, an illegal set point
caused the GTACS timing unit to generate a series of small
pulses instead of one single pulse. Since this particular
channel was connected to the gas valve, it repeatedly opened
the valve causing a tank of gas to be emptied into the
accelerator vacuum. To prevent recurrence of incidents of this
type we now use a small reservoir to limit the amount of gas
that can be dumped into the vacuum at one time. The GTACS
system was also modified so that it would not respond
disastrously to bad set points.

The first data collected indicated that the beam width was
approximately the width of the accelerator beam pipe just up
stream of the video profile monitor station. This beam width is
much larger than expected. At this point we were confident
that the gas valve subsystem was working correctly and we
started using nitrogen as the injected gas. We also gated the
image intensifier to integrate over no more than the duration
of one macro pulse. After these adjustments were
implemented the data began to give results which were closer
to what was expected. A careful examination of the data led us
to the hypothesis that the data was the sum of a broad low
amplitude Gaussian and a narrower, high amplitude Gaussian.
We have written software to fit two Gaussians of this type to
the data. When the low amplitude fitted Gaussian is subtracted
from the original data the resulting signal appears to be a
reasonable representation of the beam with much flatter tails
that the original.

Calibrating the system was also difficult. To obtain spatial
calibrations a face plate with two columns of 4 holes each was
put over an LED in the field of view of the camera. The exact
location of the upper left hole was then measured. The idea
was to turn on the LED and automatically find the position of
each hole in the image. A simple code was written to find
these points of light and calculate their centroids. In practice it
was very difficult to take an image that would give sufficient
contrast between the lights and the background. The light
points were frequently of different intensities. To add to the
problem, the focus of the lens was set to the beam position
which was approximately 5 nun in front of the LEDs. As a
result the points of light were out of focus. Despite the above
problems, calibrations were successfully run and plots were
made of the center of the lights to check the calibrations. Data
was then taken with the calibration lights on to visually verify

that the calibrations were being correctly applied to the
beam data.

Future Directions

We shall continue to refine our data collection and
analysis techniques so as to obtain useful data. As we gain
experience we are discovering how best to operate the
equipment. This will lead to more complete automation of
the system for equipment operation as well as data
collection.

Another improvement would provide calibrations that
are more reliable and more easily obtained. This is still the
hardest part of the process. The calibration procedure
depends on automatically finding the calibration lights. If it
fails to find the lights, it is not readily apparent to the
operator what adjustments should be made to insure a better
calibration. This is an open ended problem at present.

The final task is to integrate the results of the video
profile monitor with the rest of the accelerator diagnostic
data. When this is done the system will cease to be an
interesting experiment and turn into a useful diagnostic.

Conclusions

We have successfully designed and implemented the
controls for a video diagnostic system to measure beam
profiles. Experience has shown us that even though the
system is not straight forward to use, it is not too difficult to
achieve reasonable results. In the future we hope to achieve
a turnkey operation and demonstrate the usefulness of the
diagnostic.
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Abstract
The development of a one gigawatt, high current

relativistic klystron tube is underway for producing one
microsecond long, 1.3 GHz microwave pulses at a 5 Hz
pulse repetition frequency. This paper describes the theory,
modeling, and experimental development of the microwave
tube. The one microsecond pulse length is almost an order
of magnitude beyond what has been achieved with a high
current relativistic klystron. Achieving a peak power
approaching 1 GW for 1 (is requires a stable electron beam
on that time scale, and an optimized extraction efficiency in
the output cavity. The microwave tube design was guided
by theory and particle-in-cell code modeling that relate
output cavity extraction efficiency to the amplitude of the
beam harmonic current modulation and output cavity shunt
impedance. Current experimental results are presented. The
1 MV, 10 kA, 1 ̂ is pulse length, 5 Hz pulse-repetition-rate
pulsed power modulator used to power the relativistic
klystron is also described.

Theory and Modeling
In this section, we review basic relativistic klystron

amplifier (RKA) physics. We show how the power
extraction from the device depends on both the harmonic
current content of the beam and also on its excess kinetic
energy, which is the difference between the actual kinetic
energy and the minimum required to transport the beam. As
the beam is bunched, the kinetic energy is decreased, and
there exists an optimum amount of bunching which leads to
the maximum power extraction. For devices operating on
time scales of 1 \is, the optimum harmonic current is only
about 75%, leading to a dc-beam to microwave efficiency of
less than 35%. The theory and modeling results, briefly
summarized here, are treated much more extensively in
references [1] and [2].

In our RKA, an annular, intense (5 kA), mildly
relativistic (500 keV) electron beam passes through three
cavities. The first cavity is externally driven and impresses
an axial momentum variation on the initially uniform
beam. Current modulation grows as the beam travels, as
the momentum variation causes variations in the beam's
axial density. We can describe the beam current in terms of
its Fourier components

t,z) =JQ + I\(Z) COS(GW

The maximum harmonic current possible, for a delta
function bunch of current, is twice the DC current. The
fundamental current I\ is typically around 1.4/o for

Work supported and funded jointly by the DoD Office of
Munitions and the DOE Defense Programs through the joint
DoD/DOE Munitions Technology Development Program, and
by the Army Harry Diamond Laboratories and Missile
Command.

conventional klystrons. For an RKA, the harmonic content
is usually <l.O/o. We must simultaneously maximize I\
and extract the maximum kinetic energy from the beam in
order to have the highest microwave power.

We wish to understand how Ay, the maximum kinetic
energy we can extract from the beam, depends on I\. The
amount of available energy is the difference between the
injection energy (the depressed kinetic and potential energy)
and the minimum injection energy (again summing the
kinetic and potential energies) required to transport the
bunched beam. Two effects are occurring as the beam is
bunched and then decelerated in the output cavity. First, as
the beam is bunched, the kinetic energy is depressed and the
beam velocity decreases because more energy is required in
the space-charge fields. Additional conversion from kinetic
to potential energy is required in the output cavity as the
bunch velocity is decreased further. As the bunched beam
current is increased, we see that the kinetic energy available
for extraction is decreased by both the larger potential
depression requirement and by the larger minimum kinetic
energy needed for transporting the higher current beam.

The largest permissible beam current, lmax> corresponds
to a beam potential energy increase (and kinetic energy
decrease) of

so

_ 2neomoc^ \ it(i-)
We see that the kinetic energy drop is not the injection

voltage and that there is residual kinetic energy. One might
think that since some kinetic energy remains, additional
current can be pushed through the cylinder. However,
removal of any additional kinetic energy drops the beam
velocity v0, which in turn increases the charge density and
requires more increased potential energy from the beam than
was given by the drop in the kinetic energy. This nonlinear
slowing of the bunch as it forms aids its growth, and can be
responsible for significant harmonic beam currents (greater
than 1.0 Io). If the beam current is near the threshold
current lmax> and is increased slightly, a significant
reduction in the beam's kinetic energy (and velocity) is
possible. At the threshold current, a majority of the
injection energy is partitioned into the potential energy
fields; in Fig. 1 we see the partitioning of the total energy
into kinetic and potential energy parts as a function of the
injection gamma, yinj, and the beam current

We can invoke energy conservation to calculate the
minimum total beam energy for a given beam current.
Solving for the minimum potential and kinetic energy gives

677



b 02-

' 0

Fig. 1. Partitioning of injection energy for different injection
energies and beam currents

O2-

o 02 a.* OB as i u
H/WMONC CURRENT I / .

Fig. 2. Extraction efficiency versus harmonic current for a 500
kV, 5 kA beam with radius of 3.2 cm and wall radius of
3.65 cm. Best extraction is for 65% harmonic current.

2

r_3; - IPE + KE

moc
2

+ 1
/ \8.5 kA

2.
'-w|3+ 1

For a given peak current, Ipeah the difference between
yinj and ymin >s the available kinetic energy for
conversion to microwaves. The maximum power extraction
possible is

Pout/nax = L 1\ (511 kV) (yinj - ym,„) .

It is clear we want to simultaneously generate as much
beam harmonic current as possible while minimizing "irnin-
If the beam was collected by a conducting surface within the
output cavity, this limitation would no longer be valid,
since the beam's potential energy would be reconverted into
kinetic energy. However, the plasma generated will become
too large for microsecond pulse lengths.

Although a smaller beam radius leads to more harmonic
current, we found that the maximum extraction occurs at the
minimum beam-to-wall spacing possible. For a beam pipe
radius of 3.65 cm and beam at 500 keV and 5 kA, the
maximum extraction for a beam radius of 3.2 cm occurs
with a harmonic current of 70% (dc beam to microwave
efficiency of 25%), and for a beam radius of 3.4 cm with a
harmonic current of 75% (efficiency of 30%). In both cases,
beam harmonic current could easily exceed 100%. In Fig. 2
we plot extraction efficiency versus harmonic current for a 5
kA beam at a radius of 3.2 cm. We see that the maximum
extraction, 25%, occurs at a fundamental current component
of only 70%, far below the maximum current we can
generate.

Experimental Tube Development
The first generation RKA has been constructed and

operated on the BANSHEE pulsed power modulator. These
results are described in detail elsewhere [3,4], but are briefly
summarized here. The RKA design consists of a field
emission diode producing a hollow beam that passes
through the coaxial quarter-wave input cavity and idler
cavity, and on to the rectangular waveguide output coupler
placed transversely to the beam. The RKA drift pipe
diameter is 7.3 cm. The rf drive to the input cavity is 5 kW
and is coupled to the input cavity through a loop. The
annular electron beam is supplied by a 6.35 cm-diameter
circular stainless-steel field-emission cathode. Guiding of
the electron beam is accomplished by a pulsed, strong
uniform magnetic field (0.5 to 1.0 T) along the electron
beam axis. For rf beam modulation measurements, a linear
array of eleven B-dot loops were placed 5 cm apart along a
section of drift pipe. Annular beam thickness is 2 to 4 mm.

Early RKA work produced a modulated electron beam for
1 us with a peak rf current (\\) of 1 kA and a voltage of 350
kV. Some experimental configurations produced beam
modulation in excess of 2 (is which was the full width of
the pulsed-power modulator pulse driving the RKA. The dc
beam current was about 2.5-3 kA giving approximately a
30% beam modulation (Ii/Io = 0.3). The component of
beam power at the microwave drive frequency (1.3 GHz) was
approximately 175 MW. Approximately 50-70 MW was
coupled into rectangular waveguide and gains of 20-40 dB
were measured. The modulated-beam power to microwave
output power coupling efficiency was ~30%. The low
output coupling efficiency was due primarily to the inability
to adjust the output gap tuning and shunt impedance.

A second generation RKA design, currently being tested
[5], has incorporated the following three major design
improvements: (1) The nominal input beam voltage and
current produced from the field emission diode electron gun
and transported through the RKA has been increased from
350 kV and 2.5 kA, to over 600 kV and 5 kA with a pulse
duration of 1 |is. (2) A measurement of the output power
dependence on input power level gave no hint of saturation
up to the maximum available 5 kW drive level, indicating
that a higher input drive would give a larger output power.
A 500 kW magnetron source has replaced the 5 kW input
drive amplifier previously used. (3) The theory and
modeling indicate the sensitivity of output power on output
gap shunt impedance, tuning, and Q. A new output cavity,
described in reference [5], has been built with variable
tuning, loading, and shunt impedance to allow adjustments
of these parameters for optimal conversion efficiency of
modulated-beam power to microwave output power.

A new input cavity was needed because the microwave
input drive was increased from 5 kW to 500 kW by the
installation of a high power magnetron. Power was coupled
to the original cavity through a loop fed by 0.5 in coaxial
cable. Since this scheme was inadequate for the new 500
kW power level, a new input cavity was designed that is fed
through an iris by reduced-height rectangular waveguide.
The stainless steel cavity is a quarter-wavelength coaxial
line, shorted at one end and capacitively loaded by the gap at
the other end. The loaded Q of the cavity, at low power
without beam, was measured to be 20. The customary
copper plating is unnecessary because the beam loading is
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so heavy (cavity Q with full beam loading is -10, compared
to an unloaded Q of -400) that resistive losses in the cavity
walls are negligible compared to the power absorbed by the
beam. This is seen by comparing the beam impedance,
which is 2000 to 4000 ohms, to the cavity shunt impedance
which is around 100,000 ohms. Since the magnetron driver
must be matched to the cavity at full beam loading for
efficient power transfer, the cavity, without beam, had to be
strongly overcoupled to the magnetron. This condition
results in a VSWR (looking into the cavity from the input
waveguide) of 27 without beam. The VSWR approaches 1
with full beam loading.

Figs. 3 and 4 show the beam current pulse overlaid with
the magnetron reflected power and the modulated beam
current envelope 25 cm downstream from the input cavity
gap. The salient features that should be noted are that: 1)
the reflected magnetron power goes to zero as the beam
current increases from zero indicating good coupling to the
beam loaded cavity, 2) the if pulse length of the modulated
beam is about 2.5 (is, and 3) the rf current on the beam is
about 8% with 60 kW of rf drive. Only about 5%
modulation is needed from the first cavity for the RKA to
operate as we have designed it.
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Fig. 3. Beam current overlaid on magnetron reflected power
signal showing how the impedance change due to beam
loading leads to a matched condition between the input
waveguide and the input cavity. (Scale on vertical axis
is arbitrary.) Peak beam current is 4.5 kA.
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Fig. 4. Detected signal from B-dot loop located 25 cm down-
steam from the input cavity gap. This B-dot loop
measures the 1.3 GHz current modulation on the beam.
The rf modulation imparted to the beam by the input
cavity with 60 kW of input power is about 8% or Ij/Io =
0.08.

Repetitively Pulsed Modulator Development
BANSHEE is the repetitively pulsed, high voltage

modulator used to produce a high current relativistic electron
beam for high power microwave tube development at
microsecond pulse lengths. The design goal for BANSHEE
is to achieve a 1 MV, 10 kA pulse, with a 1 us flat-top,
driving a load impedance in the range of 100 Q at a pulse
repetition frequency of 5 Hz. The long term goal is a prf of
100 Hz. With BANSHEE, thyratron-switched line-type
modulator technology is being extended to the megavolt and
multi-kiloampere level. Performance to date has achieved
600 kV at 6 kA for 1 MS at a 1 Hz prf [6]. Apr fo f5Hza t
600 kV and 5 kA has been also been achieved for 60,000
shots. The successful operation of two state-of-the-art high
power thyratrons in parallel, at a voltage, current, and pulse
length appropriate for 1 \is, repetitive-pulse development of
the RKA has been demonstrated.

Summary
We have described our RKA experimental results and our

second generation RKA design that is currently being tested.
We have added to the understanding of RKA physics with
the importance of the role of intense space charge in
limiting the efficiency of the device because of the beam
potential depression that reduces the kinetic energy available
for conversion to microwaves. We have produced a stable
650 kV, 5 kA annular beam of microsecond duration from
an explosive field emission cathode. Repetitively pulsed,
1 \is pulse-length RKA operation is possible because of the
capability of the BANSHEE thyratron-switched line-type
modulator. Rep-rate RKA development awaits the
availability of a dc magnet for beam transport through the
klystron.
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Abstract

This paper describes the RF system being used to
provide RF power and to control the cavity field for the
ground test accelerator (GTA) radio-frequency quadrupole
(RFQ). The RF system consists of a low-level RF (LLRF)
control system, and RF Reference Generation subsystem,
and a tetrode as a high-power amplifier (HPA) that can de-
liver up to 300 kW of peak power to the RFQ cavity at a 2%
duty factor. The LLRF control system implements in-phase
and quadrature (I&Q) control to maintain the cavity field
within tolerances of 0.5% in amplitude and 0.5° in phase in
the presence of beam-induced instabilities.

Figure 1 is a simplified block diagram depicting the
major components required to provide a stable RF field in-
side the accelerating cavity. This paper describes the identi-
fied components and presents measured performance data.
The user interface with the systems is described, and cavity
field measurements are included.

RFQ Cavity

hp

I LLRF
I Control
; System

Fig. 1 RF system block diagram.

RF Reference

The RF reference generation subsystem provides
coherent, phase-stable signals to each cavity field-control
subsystem of the GTA. The reference output signal is low-
noise and extremely phase-stable. Figure 2 is a measure-
ment of the RF Reference output spectrum to the LLRF
control system.

LLRF Control System

In actuality the LLRF control system performs four
separate functions: cavity field control, timing distribution,
diagnostic monitoring, and cavity resonance detection. In or-
der to maintain a stable RF field in the cavity, the first two
functions are mandatory. These will be discussed.

•Work supported and funded by the US Department of De-
fense, Army Strategic Defense Command, under the auspices
of the US Department of Energy.
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Fig. 2 RF reference spectrum input to feedback loop.

RF Field Control

The field control subsystem regulates the RF field
inside the RFQ cavity in the presence of external distur-
bances by implementing PID-feedback control. This is done
by comparing a sample of the accelerating RF field to the in-
put RF reference signal, downconverting this signal to base-
band and then resolving it into its in-phase and quadrature
components. These I and Q components undergo PID con-
trol simultaneously in parallel circuits. The modified compo-
nents are the control outputs used to modulate the baseband
signal. This modulated signal is upconverted to form the
LLRF output signal that drives the high-power amplifier.
Figure 3 is a functional block diagram of the field control
subsystem, whose performance specifications are as follows:

LLRF output (max.) + 18 dBm
Steady-state phase error

of cavity RF field (max.)
Steady-state amplitude error

of cavity RF field (max.)
Response time
of LLRF system (max.) 2 ^s

The cavity field control system is packaged in the
modular VXIbus architecture. Individual VXI modules per-
form the various functions depicted in Figure 3.

Calibration and setup of the field control subsystem
must occur before the accelerator can be operated and
whenever accelerator hardware is replaced or modified. Two
calibration procedures exist. The first is performed to adjust
the phase of the cavity field signal. Due to different electrical
lengths of cabling and different devices in the cavity field
control subsystem, the cavity field sample has an arbitrary
phase rotation. By varying the arbitrary phase shift through
the software and observing its effect on test points in the
hardware, the phase shift required to produce proper l/Q re-

±0.5 elec. degrees

±0.5%
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Fig. 3 Functional block diagram of cavity field control
system.

lationships is obtained. This phase shift differs with operat-
ing setpoint, so a table of proper phase set points is exper-
imentally determined.

The second setup procedure that must take place is
the creation of a gain-scheduling table. All of the gains, set-
points, and initial conditions in the control system can be al-
tered by the operator. The gain-schedule table provides data
for an interpolation algorithm that automatically calculates
these control parameters for any given operating setpoint
and is created prior to accelerator operation. This table ac-
counts for any non-linearities within the cavity-fill sequence
and within the tetrode amplifier. Creation of the gain-sche-
duling table requires manual experimentation by an expert
user in order to determine proper field control parameters
for various operating setpoints. As the parameters are ad-
justed and determined, the control software enters them
into the gain-scheduling table. Again, this procedure in-
volves both interfacing with the hardware through VXI mod-
ule front panel test points and use of the control software via
a workstation.

Timing

The GTA requires synchronous clocks and triggers
for the various components of the RF system. These signals
are generated within the timing subsystem and are distrib-
uted throughout the components. Each field control VXI
module incorporates these signals locally, in circuitry based
primarily upon the Analog Devices Am9513A system timing
controller. The properties of each internal timing signal can
be modified through the software. In addition, some mod-
ules transmit external timing signals. For example, the HPA
RF gate is specified by the operator and is transmitted via a
fiber optic cable to the tetrode amplifier. This gate provides
an operating window for the HPA driver.

High-Power Tetrode Amplifier

The high-power tetrode amplifier is a three-stage
amplifier designed to deliver up to 300 kW of RF power at
425 MHz to the RFQ for 2-ms pulse durations at pulse repe-
tition rates up to 10 Hz. The amplifier consists of an 800-W
solid-state driver, which has approximately 45 dB of gain,
followed by an air-cooled, 14-kW triode cavity amplifier and

a water-cooled Burle 4616 tetrode amplifier, which has a
gain of approximately 20 dB and an average anode dissipa-
tion of approximately 30 kW. In the GTA application the wa-
ter-cooled tetrode is operated so that the pulsed saturated
output power is approximately 350 kW. However, in short-
pulse applications (100 (is), an output of up to 700 kW of
peak power has been achieved from the same amplifier ar-
chitecture with only a 20% change in operating condition
and slight cavity modifications. Table 1 includes the operat-
ing conditions for the final stage of the tetrode amplifie.

Table 1
Burle 4616 Tetrode Operating Conditions

DC Plate Voltage
DC Screen Voltage
Grid Bias
DC Plate Current
DC Screen Current
DC Grid Current
DC Cathode Current
Fundamental Peak Plate Current
Fundamental Peak Cathode Current
Peak Plate Swing
Peak Grid Swing
Peak Plate Dissipation
Peak Screen Dissipation
Peak Output Power

19.000 V
1800 V
-300 V
25.8 A

1.0 A
.04 A

26.84 A
43.3 A
45.3 A

14.000 V
300 V

178.1 kW
1800 W
300 kW

Figures 4 and 5 represent data taken from some of
the latest measurements from the amplifier development
for the Superconducting Supercollider. The operating con-
ditions for these measurements differ from those described
above in that the anode voltage is 25 kV, the screen voltage
is 2200 V, the dc and fundamental current levels are higher
due to a higher drive level, and the operating frequency is
427.6 MHz. Figure 4 shows the power transfer characteristic
of the amplifier. Note that the input/output characteristics
are linear over the range of interest (0-300 kW). This is
achieved by operating the first stage class A. The second
stage is also operated class A through the use of cathode
modulation. The final stage is operated class AB. Figure 5
shows the bandwidth of the amplifier, illustrating a 3-dB
bandwidth of approximately 1 MHz at 427.6 MHz.

%, 800
v
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I 400

| 200
o

(2 10 20

Power input to solid-state amplifier (mW)

Fig. 4 Amplifier power transfer characteristics.
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User Interface

No input from the operator is required for RF Ref-
erence during accelerator operation. However, the subsys-
tem does perform self-diagnosis throughout operation and
notifies the operator should something fail. For example, the
output frequency and power level are constantly monitored
and compared to allowable operating ranges. The operator
is notified only should these values fall outside of the permis-
sible ranges.

A remote SUN workstation serves as the primary
user interface for operating the LLRF and high-power te-
trode amplifier systems. The remote operator can turn the
systems on/off and control operating parameters. Actual
equipment control for the RF subsystems is performed by
the local processor resident in each system. Figure 6 shows
the relationship between the local area network (LAN) and
the RF subsystem processors

The high-power tetrode amplifier system is also lo-
cally operable. It is equipped with an Allen Bradley (AB)
programmable logic controller, which provides the sequenc-
ing of startup, fault and status monitoring, and sequencing
of the shutdown of the amplifier equipment. (The user can
initiate startup/shutdown of the amplifier system by means
of front-panel push buttons when it is in local operating
mode.) The local processor is connected through fiber optic
cable to a VME-based AB scanner module. The scanner
makes portions of the AB processor memory accessible over
the VME bus. A VME-based processor and an Ethernet
card provide the link to the remote workstation for remote-
mode monitoring and operation of the high-power amplifier
system.

System Performance Data

When the LLRF, HPA, and control systems were in-
stalled and integrated, a series of tests was undertaken to
verify that the entire system met the defined specifications.
Figures 7 and 8 show measurements of the RFQ RF field I
and Q components during operation under closed-loop con-
trol with the particle beam present during the pulse. The

U.RF
Control
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Ethenxt
Module

VXI otckp \MtK

IProceMor J

Fig. 6 User interface configuration.
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Fig. 7 RFQ cavity field I component during RF pulse.

points where the beam is turned on and off are apparent, as
is the level of stability achieved during the beam pulse. The
data show performance well-within the 0.5% amplitude and
0.5° phase error budgets.
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Fig. 8 RFQ cavity field Q component during RF pulse.
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Abstract

This paper describes an adaptive feedforward system
that corrects repetitive errors in the amplitude and phase of
the RF field of a pulsed accelerator. High-frequency
disturbances that are beyond the effective bandwidth of the
RF-field feedback control system can be eliminated with a
feedforward system. Many RF-field disturbances for a
pulsed accelerator are repetitive, occurring at the same
relative time in every pulse. This design employs digital
signal processing hardware to adaptively determine and
track the control signals required to eliminate the repetitive
errors in the feedback control system. In order to provide
the necessary high-frequency response, the adaptive
feedforward hardware provides the calculated control signal
prior to the repetitive disturbance that it corrects. This
system has been demonstrated to reduce the transient
disturbances caused by beam pulses. Furthermore, it has
been shown to negate high-frequency phase and amplitude
oscillations in a high-power klystron amplifier caused by
PFN ripple on the high-voltage. The design and results of
the adaptive feedforward system are presented.

Introduction

The potential closed-loop bandwidth of most feedback RF-
field control systems is limited to a few hundred kHz due to
the physical properties of the high-Q accelerator cavities, the
high-power RF amplifiers, and the time delays attributed to
the large physical distances between equipment. Any
disturbances to the RF-field amplitude or phase that have
spectral components beyond the closed-loop bandwidth will
not be corrected. In fact, the closed-loop system often
compounds the disturbances that occur around the loop roll-
off frequency due to loop gain-peaking. The optimization of
rise-time for a PFN design can lead to high-frequency ripple
on the high-voltage supply to the high-power RF amplifier.
The PFN ripple translates directly into high-frequency
amplitude and phase ripple in the RF field within the
accelerating cavity. For pulsed accelerators, the beam tum-
on disturbance causes transient errors in the field amplitude
and phase for a few microseconds as the feedback loop
recovers. These high-frequency RF-field errors cannot be
corrected with conventional closed-loop feedback
techniques and can result in errors in the output beam
energy. Consequently, other means must be used to negate
the effects of high-frequency disturbances.

Feedforward techniques are commonly used to predict
system disturbances and correct them before the output
parameters are affected. Feedforward functions can either
be analytically derived in an open-loop manner or
experimentally measured and adjusted in a closed-loop man-
ner. The open-loop technique measures an input parameter
(such as the disturbance source) and determines a correction

function based upon the known system dynamics. The
closed-loop method requires that both input and output
parameters be observed to determine a cause-and-effect
relationship in which the input is adjusted.

For the RF-field control system, the system dynamics
relating PFN ripple and transient beam disturbances to the
cavity RF field are complex and not well defined.
Consequently, a closed-loop feedforward method is used in
which the correction function is continuously adjusted or
adapted as the system operates. Due to the repetitive nature
of the pulsed accelerator, errors in the RF-field parameters
can be measured for many RF pulses, creating a collection,
or ensemble, of error signals. The LANL closed-loop
adaptive feedforward system uses the ensemble of past error
signals as inputs to calculate the correction function. As
each successive correction function is applied to the system,
its waveform is improved through adaptation, eventually
reducing the average error close to zero. Because the
feedforward function is updated with each successive RF
pulse, it will continuously adapt as the accelerator is
operated and track any time-varying system dynamics.

Theory Of Operation

A feedforward system creates a correction signal that is
applied concurrently with the disturbance that it attempts to
correct. In this sense, there are no inherent limitations to the
bandwidth of a feedforward system. The LANL system
topology shown in Fig. 1 indicates that the feedforward
system provides the correction signal at the system input,
because a feedforward output signal would require
impractical RF levels. Because the correction function is
applied at the system input, the dynamics of the system must
be accounted for so that the feedforward signal occurs
concurrently with the field disturbance.

ADAPTIVE
FEEDFORWARD

MODULE

7 DISTURBANCE
Td(t)

u(t)

SYSTEM

h(t)

Fig. 1 Topology of LANL feedforward system

•Work supported and funded by the University of Twente,
The Netherlands.
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An analysis of the system using Laplace transform
methods results in the following equation:

Y(s)=TT^s)U(s)-
" ( s ) F ( S ) - '

1 + H(s) K) 1 + H(s) Td(s). (1)

In order for the disturbance effects to be offset by the
feedforward signal, the last two terms in this equation must
be equal. Accordingly, the following convolution equation
must apply:

f(t) = h'(t) * Td(t) (2)

Ideally, the characteristics of the feedforward signal should
include an inverse of the system transfer function, h''(t), in
order to offset the effects caused by applying the
feedforward signal at the system input. Because the system
transfer function is time-varying and difficult to predict,
adaptive techniques are used instead. The essential property
of the correction function required to accurately model the
inverse transfer function is the time advance necessary to
offset the group delay caused by the limited bandwidth of
the system. The correct time advance enables the adaptive
convergence upon the exact correction function that will
minimize the average error signal. The adaptation process
results in a correction function that includes the impulse
response for the inverse of the system as part of its
waveform. The feedforward correction function is advanced
in time when it is applied at the input to offset the group
delay of the system. Advancing the correction signal in
time creates a non-causal system that is physically
unrealizable. Consequently, in order to use this feedforward
technique, past error signals must be used to predict the
current error signal.

Within a pulsed accelerator, many of the high-
frequency disturbances are repeated with the pulsed
occurrence of the RF field and the particle beam. An
average of the ensemble of the loop error signals has a non-
zero waveform. This average is the expected error
waveform that depicts the high-frequency repetitive errors
that are not corrected by the feedback control system. The
purpose of the adaptive feedforward system is to predict a
feedforward correction function that will force the expected
error signal to zero. The correction function is computed
from the current error function along with the accumulated
ensemble of past error functions. A mathematical model
describes this computation as follows. Each pulse, a new
prediction for the feedforward correction function, fN(t), is
computed from the ensemble of past error signals, eo(t)...eN.
j(t). While the index indicates the time within the current
pulse, the subscript defines the waveform number within the
ensemble of waveforms for many RF pulses. This operation
is described by the following equation:

N-l
fN(t) =

N-2

i=O

1 + kN., • eN.j(t+AT)

• kN., • eN.,(t+AT) . (3)

The time advance is depicted in these equations by the AT
that appears in the time-index of the error signals. Notice
that the data for all but the most recent error signal is
accumulated into the previous feedforward function. This
allows the calculations to be accomplished with a single
multiply/accumulate function.

The characteristics of the feedforward function must
cause the adaptation algorithm to converge on a stable result
that minimizes the average system error [1]. In order for the
adaptive feedforward system to operate properly, the
individual weights and the time advance must be optimized.
The feedforward technique seems to be robust with stable
solutions resulting from many combinations of weight and
advance parameters. A methodology for optimization needs
to be evaluated in more detail.

Implementation

The LANL RF control system operates upon the in-
phase and quadrature (I&Q) components of the cavity RF
field [2]. Consequently, the LANL feedforward system is
implemented to measure and correct the error signals for the
cavity field I&Q (See Fig. 2). The dynamic properties of
the I&Q variables are equivalent, and thus feedforward
prediction and adjustment is simplified because the
weighting constants and time advances are identical. An
amplitude-and-phase feedforward system would require the
simultaneous but separate adjustment of the weights and
advances for both amplitude and phase, thus doubling the
order of complexity. The LANL feedforward hardware is
implemented as two independent channels that can be used
as two generic signal processors. This flexibility allows the
same device to be used in an I&Q or amplitude-and-phase
control system.

Fig. 2 LANL RF control system

The mechanical medium selected for the adaptive
feedforward module is the VXIbus architecture. This is
consistent with the rest of the LANL RF control system,
which is implemented using the VXIbus packaging format.
Consequently, the adaptive feedforward functionality can be
added as a modular addition to any LANL RF control
system. The VXIbus allows all timing, diagnostic, and data
transfer functions to be accomplished over the backplane.
The adaptive feedforward instrumentation can make use of
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the high-performance processing capabilities of the VXIbus.
This feature allows complex processing algorithms to be
used to adjust the weighting factors and advance parameters
to optimize the adaptation performance.

Digital signal processing technology was chosen for the
adaptive feedforward design because error and correction
waveforms for a large number of pulse must be processed,
stored, and used to generate outputs. Consequently, each
error signal must be digitized for use in a digital signal
processor. Using the error data from a number of previous
pulses, a digital processor calculates the desired feedforward
signal required to reduce the magnitude of the next error
signal. In addition, digital filtering techniques can be used
to adjust the spectral properties of the feedforward signal.
Both finite impulse response (FIR) and infinite impulse
response (IIR) filtering can be performed upon the data
structures. IIR filtering is used in the LANL design to
reduce memory requirements, because only the
accumulation sum needs to be stored in memory. Complex
IIR filtering techniques can be used to affect the spectral
properties of the correction function by varying the
weighting factors as the system operates. If a fixed
weighting factor is used for all pulses, the adaptive
feedforward function becomes an integral control function,
with the adaptation speed adjustable by the fixed weighting
factor. There is a tradeoff between adaptation settling time
and the stability of the adaptation algorithm. Gains greater
than 0.1 create oscillatory conditions where the impulse
response of the inverse system cannot be adaptively
incorporated into the correction function.

For the LANL adaptive feedforward design, the digital
signal processor is based upon the Analog Devices ADSP-
1010B multiplier/accumulator integrated circuit. The
module contains 512 kbtyes of memory for storage. This
system architecture allows a maximum pulse width of 6.5
msec, and a maximum duty cycle of 25%. A sampling rate
of 10 Msamples/second and resolution of 12 bits was chosen
for the analog-to-digital and digital-to-analog conversion
processes. The anti-aliasing and reconstruction filters used
in the digital-to-analog and analog-to-digital conversions
have cutoff frequencies of 3.5 MHz. This 3.5-MHz
bandwidth for the feedforward system represents an increase
in bandwidth over the feedback control system by a factor of
ten. The current configuration of the LANL RF control
system allows errors as small as 25 ppm to be detected by
the adaptive feedforward system.

Results

The original design of the adaptive feedforward device
was initiated by the system design requirements for the free-
electron laser (FEL) project at the University of Twente in
The Netherlands. The Twente RF system is based upon a
1300-MHz klystron amplifier that is supplied with high-
voltage through a PFN. The PFN design resulted a fast rise-
time for the high-voltage pulse, but with a ripple frequency
of 500 kHz. This 500-kHz ripple resulted in phase errors in
the accelerating RF field greater than 1%. The
corresponding fluctuations in the beam output energy were
larger than the design goals for the FEL. Consequently, this
feedforward system was implemented to negate the affects
of the 500-kHz PFN ripple.

Fig. 3 Feedforward results over a number of cycles

An elaborate modeling effort was pursued as a design
mechanism to select and verify the implementation. Fig. 3
shows the modeling results for the design described in this
paper. These results show that as the system operation
progresses, the correction function improves and the error
signal is reduced. In actual tests, the adaptive feedforward
module has been shown to reduce the error magnitude
caused by a 500-kHz disturbance from 10% to 0.05%. A
step transient disturbance has been reduced similarly. The
adaptive feedforward techniques have demonstrated a
manner to significantly reduce repetitive high frequency
disturbances in an RF control system. These techniques are
effective even in the absence of detailed information
regarding the system dynamics.
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Abstract

The APLE accelerator structure is a CW, RF-driven
standing wave electron accelerator structure which will be
moderately beam-loaded (> 250 mA). The following work
details the design of the damping scheme for the TN^ iO-like
band of modes to prevent the onset of the beam break-up
instability due to this band.

Introduction

The APLE accelerator is a 5-cell magnetically coupled
standing wave structure, which is detailed elsewhere in these

proceedings1. It operates in the pi-mode at 433.333 MHz.
The RF power is magnetically coupled to the structure
through WR-1800 waveguide. Just as the accelerator mode
is one of a band (TMoi) °f ^ v e H 1 0 ^ - the TMi l 0 " ^ e band

has five modes. Elsewhere in these proceedings^ are esta-
blished requirements for the quality factor for each of the
five modes in the band as a function of average beam current,
in order to insure we do not start oscillation of these modes.
This gave us a requirement that the loaded Q of these modes

must all be less than 104. We set about to damp this classical
beam break-up mode, while minimally damping the accele-
rator mode. This was critical since APLE is a CW accele-
rator and we did not want to have to cool the damping probe,
due to joulean heating from currents driven in the probe from
the accelerator mode. Furthermore, the elaborate cooling
system design virtually determined that any damping probes
would need to be put in the end walls of the end cells. We
chose a 4 slot per web configuration to allow a dipole mode
of arbitrary orientation to propagate throughout the structure,
so that damping in the end cells can be performed.

Experimental Apparatus

The following studies were performed at 13/24 scale (accele-
rator mode at 800 MHz) with RF fed into the structure
through WR-975 waveguide. The structure is a clamped
aluminum (6061-T6) mock-up. A computerized bead-pull
apparatus is used to map field strengths for both the accele-
rator and dipole modes. A matched set of five weakly mag-
netically coupled sample probes in each cell was used for

relative phase measurements between cells. Each of the five
cells is equipped with a slug tuner for frequency adjustment
With the structure in an operational state (flat accelerator
mode) the dipole band is first characterized and a damping
scheme developed. Below in figure 1 is shown a longitudinal
view of the cells looking down the beamline.

sample v
probe tuner

•USASDC/BMD contract # DASG60-90-C-0106

w e l l

Figure 1
Longitudinal View of Accelerator Structure

Some of the more relevant details of the structure1 are
listed below:

1) the 4 slots in the web are 30 degrees long, resulting
in a 1.9 % and 2.9% relative bandwidth in the
accelerator and dipole modes, respectively.

2) the input coupler, symmetrization well, tuners
and sample probes are positioned between slots.

3) 1.280" diameter holes for the damping probe are in
both of the end walls of the end cells. Their centers
are at the same distance from the beam as the center
of the slots.

The damping probe is a magnetically coupled loop

which is made of wire 1/16"1 inch in diameter. The end of
the loop is a 1/2 inch full radius. The loop is oriented to
couple to radial magnetic field. In this way excellent
rejection of the accelerator mode is inherent in the design,
easing the requirements on the external filter network.
Damping measurements are made as a function of this
insertion length into the cavity. Integral to this probe, a filter
network of some sort will be necessary to stop some of the
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accelerator mode that may still be present found to insignificantly affect the damping requirements.

Procedure

Since the accelerator mode will see a very large impe-
dance presented to the HOM damping probes (due to the
aforementioned filter network) the pi-mode accelerating
field is flattened by bead pull techniques with the type-N
coaxial connectors on the HOM probe open. This means the
accelerator is tuned as in operation. We then examine the 5
normal modes of the TM j ̂ Q-like band and compare their
structure with what one would find in a structure tuned for a
flat pi-mode in the dipole band. The scheme for spoiling the
Q's of these modes is developed as we make de-Qing
measurements.

Results

Survey

It is found that for the dipole band that there are two
distinct polarizations for each of the five modes. They are
arbitrarily named 1 and 2 as defined below in conjunction
with Figure 1:

polarization #1: Transverse B field across beam pipe is
horizontal,

polarization #2: Transverse B field across beam pipe is
verticaL

The orientation of these basis modes is determined by
the symmetry reducing items such as the coupling slot,
tuners, well, etc. Rotating the slots 45 degrees does not
change the orientation of the two polarizations. In fact, the
relative bandwidth remains about the same. We chose to
have the four slots where they are, because rotating them 45
degrees had some undesirable effects on the operation of the
accelerator mode.

The de-Qing requirements for the 5 modes in the
band assumed the modes had amplitudes in the various cells
based on the ideal model, where the HOM pi-mode is flat.
We proceeded to measure the real modes in order to assess
the impact of these corrections to the starting currents
required for oscillation. These 5 modes, m=l, 2, 3,4, 5
correspond to (m/5) x 180° phase shift per cell on the
Brillioun diagram. For example, for polarization 2, in figures
2a through 2e we show the comparison between this
idealized case and the actual mode structure. The idealized
amplitudes are shown as histograms, the actual values as
rectangles.

The values of the eigenvectors are normalized arbi-
trarily to the largest amplitude of the bunch. The +/- signs
show a 180° phase shift between cells. Expressing these
APLE modes in terms of a linear combination of the ideal
modes, we find the APLE modes contain at least 96 % of
their stored energy in the ideal mode. These differences were

Figure 2

Comparison of Idealized Dipole Mode Field Distri-
bution to Actual Values in the APLE Structure

Cell number

a 0

—B" —

+ 1

m=l or :r/5 mode

- 1

+ 1

- 1

m=2 or 2ir/5 mode

a

a

u

I

- 1

m=3 or 3JT/5 mode
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D

oriented the two HOM damping probes 90 degrees from each
other, on opposite ends of the accelerator structure. We

+ 1 measured the following outcoupled power for the indicated
modes. We first flattened the accelerator fields with infinite
impedance on the HOM probes. Then we made our measure-
ments for the HOM modes.

Figure 3
0 Total Damping of Both Polarizations Due to Both of

the Higher Order Mode Damping Probes

m=4 o r 47T/5 mode

- 1

+ 1

- 1

o r ff mode

darnDine results

The damping probe locations in the end plates are each
45 degrees from the input coupler, but 90 degrees from each
other. The requirement we have is that the Q's for all 5
modes (both polarizations) must be below 10^. This turned
out to be most difficult for the m=l mode, polarization #2.
Three of the 5 modes (m=odd) have substantial amounts of
stored energy in the coupler cell. For polarization #1 these
three modes are additionally damped by the input coupler.
The external Q provided by the input coupler for these are as
follows (assuming a perfect load, looking back toward the
klystron):

Table 2
Damping of Polarization #1 Due to Coupler

mode
m=l
m=3
m=5

(total)
3,250
3,130
850

We took data for B r coupling orientation with the fol-

lowing probe penetrations; 0.343, 0.593, and 0.843 inch. We

Qext 0.34 in.

70000

7000

0.59 in. 0.84 in.

700

probe penetration in inches

It should be noted that the coupling to the accelerator
mode is most likely due to probe imperfections and can per-
haps be minimized in production by rotation. Also, the
rotation of the probes 45 degrees to couple only one pola-
rization per end of the structure, achieves nothing different
The total loading on the modes is the same. Both polari-
zations are equally loaded by each of these probes.

Conclusions

The 0.59" penetration satisfies our requirements for the
damping of these modes (For a Qe= 6800 and a QQ = 40,000,
Q L = 5800). Greater damping would increase the risk of
heating the probe with the accelerator mode, as well as
broadening the modes to the point were although the Q's are
very low they would interact with harmonics of the electron
pulse train, making far more current available to begin
oscillation.

References

[1] TJL. Buller, T.D. Hayward, D.R. Smith,
V.S. Starkovich, AM. Vetter
"Design of the APLE Accelerator Cavity"
Proceedings of this conference

[2] A. Vetter and T. Buller
"Regenerative BBU Starting Currents in Standing Wave
Cavities"
Proceedings of this conference

688



DESIGN OF THE APLE ACCELERATOR CAVITY

T. L. Buller, T. D. Hayward, D. R. Smith,
V. S. Starkovich, and A. M. Vetter
Boeing Defense and Space Group

P.O. Box 3999, M/S 8Y-39
Seattle, WA 98124-2499

CA9700250

Abstact

A 433-MHz, 5-cell, slot coupled, standing wave ca-
vity, operated in the pi-mode, has been designed for the
Average Power Laser Experiment (APLE) at Boeing in
Seattle. The cavity is designed to provide approximately 5
MeV acceleration for electron beams of roughly 200 m A
(CW). The design parameters, results of low power RF
measurements on model cavities, thermal analyses, and
fabrication approach are described.

Introduction

The proposed APLE experiment at Boeing is an RF-
driven FEL operating at 10.6 microns. The required per-
formance parameters for the 5 cell standing wave structure
are shown in table 1:

Table 1
Required Performance Parameters

Duty Factor
Accelerating voltage
Average beam current
Klystron power (peak)
Pulse length (FWHM)
Pulse charge
Reptition frequency
Maximum pressure

CW (100 %)
> 5 M V
230 mA
< 2 MW at 433 MHz
60 ps
8.5 nC
27.1 MHz
1 x lO"7 Torr

The 5 cell structures are driven in tandem by one 4 MW,
433.333 MHz klystron (25% duty factor). The power split
is accomplished with a quadrature hybrid arrangement, with
equal power reflected from the two cells combining into a
water load. The two cavities are operated (n + 1/4) x 360
degrees apart in phase (where n is an integer)and located
(n + 1/4) x free space wavelength apart They are designed
to be matched at the full beam loading. This relates to a ca-
vity coupling coefficient of 3 (no-beam VSWR = 3 : 1). We
now proceed to outline some of the more important details
in the design of the structure.

Mechanical Design

The APLE accelerator cavities are formed from 3- and

5-cell configurations. A 5 cell structure is shown in figure
1. The cell structures are copper plated 6061 aluminum.
Cells are bolted together and capped with an end plate to
form the cavity. The separation plane is near one end of the
cells so that it does not interfere with the ancillary equip-
ment (RF waveguide coupling, slug tuners, and RF probes,
that are mounted near the equatorial plane of the cells). The
high current RF contact between the cells is made with a 6.5
mm section silver plated C-seal1. These seals are vented to
eliminate virtual leaks, and the vacuum seal is made with a
7 mm section viton O-ring located outside of the C-seal.

"USASDC/BMD contract # DASG60-90-C-0106

Figure 1

The cells which are slightly different, depending upon
their position within a cavity, are all formed from a com-
mon aluminum forging. The only cooling water-to-vacuum
interface occurs at the closure of the nose cone cooling pas-
sages. These interfaces are closed by aluminum vacuum
brazes prior to final nose cone contour machining. External
cooling manifolds and mounting flanges are TIG welded
prior to final machining. After final machining, the RF sur-
faces are bright copper plated using the zincate process.
The cells are vacuum baked at 200° C for 24 hours, to verify
the quality of the plating and to drive off any moisture from
the plating process. Next, the cells are assembled and the
resonant frequency is measured. The compliance of the C-
seals is 0.5 mm, which allows a final cut to be taken across
the end of the cell. This is used to compensate the cell fre-
quency for manufacturing tolerances in the machining and
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plating process. This frequency correction can be up to 200
kHz.

Each cavity is pumped by a 100 mm diameter cryo-
pump mounted on the waveguide between the coupling iris
and the vacuum window. In particular, this waveguide will
be a H-plane mitre bend so the window is not visible from
the electron beam path to reduce damage to the window ce-
ramic from recombination radiation. This bend will have
vacuum pumping ports built into the H-planes. Provisions
are also made for the addition of a titanium sublimation
pump. After assembly and initial pump down the evacuated
cavities are baked at 180° C for 24 hours. After this, the an-
ticipated base pressure is 5 x 10"8 Torr.

The advantages that we have found for the bolted
copper plated aluminum structure compared to a brazed
solid OFHC copper are: significantly reduced materials and
manufacturing costs; one third the assembly/component
weight, making handling, installation, support and align-
ment easier; a stronger less fragile assembly; and we anti-
cipate that the bolted structure will facilitate inspection,
repairs, and modifications.

Support and alignment of each cavity is very similar to
that used on the PEP cavities. It is a three point kinematic
support (hexapod) with negligible coupling between the
alignment parameters. An offset alignment approach
accommodates alignment checking and or monitoring.

Electrical Design

As can be seen from examining figure 1, the APLE structure
is driven through a full (WR-1800) to half-height tapered
coupling box on the center cell. This reduces the size of the
coupling slot. The minimum thickness of the 'edges' of this
aperture are kept large (-0.4") to keep the temperatures
down at CW operation. A symmetrization well opposite the
coupling slot serves to move the electrical field center back
to the physical center of the cell.

The cells are of a re-entrant nose cone shape. The
aperture is 2 inches. This keeps the shunt impedance high
and has a negligible effect upon the wakefield effects. The
cell to cell coupling is provided by 4 kidney shaped slots
each subtending 30 degrees of arc. The slots are 90 degrees
apart. Each cell is equipped with a cooled slug tuner and
field sampling probe. The tuners have damping for beam
driven tuner modes. The damping of higher order modes in
the accelerator structure is done as described in references 2
and 3. Some of the electrical characteristics are listed in
table 2. As the heat load in the structure increases, the five
cells become lower in natural frequency. The active tuners
in cells 2 and 4 are moved in, keeping the input VSWR a
minimum. This raising of the resonant frequencies of the
number 2 and 4 cell tends to deplete the field in them,
leading to a field unflatness. The bandwidth of nearly 2 %
keeps this to an insignificant amount, even if the field is
initially flat when cold.

Table 2
Electrical Characteristics
Five Cell APLE Cavity

Shunt Impedance ;,
Shunt Impedance (no coupling)
Relative bandwidths

accelerator mode
dipole mode

Input coupling parameter
Joulean losses (CW)
Cell de-tuning (CW)
Peak electric Field
Field unflatness (CW)
deQing (due to slots)

Cooling Design

>45 Mohm
60 Mohm

1.9%
2.9 %
3 : 1
600 kW
~ 300 kHz
0.7 Kilpatrick
< + 10 %
20 %

The 5 cell structure must be cooled to remove the
resistive losses in the cavity walls. Each cell is indepen-
dently cooled using a series of manifolds and drilled pas-
sages designed to provide maximum cooling in the areas of
highest heat concentration. The coolant travels axially
through the outer cylinder of the cells, radially inward
through the web, circulates around the nose-cone, then exits
radially outward through the web and axially again through
different drilled passages in the outer cylinder. The re-
quired performance parameters for 100 % duty operation for
each cell are given in table 3:

Table 3
Cooling System Performance

per cell

Duty factor
Coolant
Power Dissipation
Average Wall Temperature
Frequency Detuning
Thermal Stress
Coolant Flow

100%
De-ionized water
120 kW
<100°C
<500kHz
<0.5 yield strength
11 gpm

The performance parameters were verified by analysis
using computer models. The MAFIA4 and POWER5 codes
were used to produce a heat flux distribution within a cell.
The heat flux distribution was then mapped into a 3D
ANSYS6 model to produce thermal, stress, and displace-
ment profiles. These profiles were used to modify the initial
design and ultimately produce the cooling system described
above which is compatible with the manufacturing approach
and meets the performance requirements.
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Summary

In conclusion, the APLE accelerator cavity should
meet or exceed the required performance for successful
operation of the APLE high average power 10.6 micron
oscillator.
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Abstract

Tests of the first superconducting RFQ structure [1]
indicated that high surface electric fields could be sustained in
a quadrupole geometry. However, the geometry used in those
tests was not appropriate for an accelerating structure and the
area sustaining the high electric field was too small to assume
that such fields could be achieved in actual RFQ structures.
We have initiated a program to analyze and model a variety of
geometries suitable for superconducting RFQ structures. We
are also designing a niobium RFQ "sparker" to experimentally
measure the surface electric fields that can be achieved on
large areas in an actual RFQ structure.

Introduction

The first tests of a superconducting RFQ (SCRFQ)
structure [1] produced cw surface electric fields of 130 MV/m
at 64 MHz, far in excess of the fields that could be expected
in a normal-conducting structure.

The high fields were obtained, however, over a smaller
area than would be needed in an actual RFQ and in a
geometry which was not appropriate for testing with beam.
While the magnitude of the fields which can be sustained over
large areas in an actual SCRFQ in an accelerator environment
will have to be determined experimentally, the early results
indicate that the superconducting rf technology may
appreciably extend the applications of RFQ and even enable
new ones [2].

The superconducting rf technology, however, brings its
own set of constraints and characteristics which will need to
be addressed if the full potential of SCRFQs is to be realized.
Thus we have begun a research program to determine
experimentally the surface fields that can be sustained in
realistic SCRFQ geometries and at the same time a design and
analysis program to develop RFQ geometries which take into
account the constraints and characteristics of the
superconducting rf technology. In this paper we report on
some of our work concerning the design and modeling of
SCRFQ structures.

Design Considerations for SCRFQs

Superconducting structures are characterized by high
intrinsic Q and, correspondingly, narrow bandwidth. For

"Work supported by the U.S. Department of Energy under
contract W-31-1O9-ENG-38 and the U.S. Army Strategic
Defense Command.

low-current applications where beam loading will be
negligible, superconducting structures can be sensitive to
frequency variations caused by external noise and
microphonics, and ponderomotive instabilities. This problem
was resolved for low-velocity structures by a combination of
electronic control and the development of mechanically stable
geometries. Thus, mechanical rigidity will be a principal
consideration in the design of low-current SCRFQs.

The manufacturing techniques used for superconducting
structures are different than those used for normal-conducting
structures and will have an impact on the electromagnetic and
mechanical design. For example, the only joining method in
high-current regions is electron-beam welding. Demountable
joints are avoided or used only in low magnetic field regions,
and sliding contacts have not been successfully developed for
superconducting structures. Thus, the amount of adjustment
that can be accomplished on a completed SCRFQ will
probably be limited to mechanical deformation. Adjustments
by sliding contacts and shimming which have been used
extensively in normal-conducting RFQs will probably not be
useful for SCRFQs. Thus the designs of SCRFQs will have
to be robust, in the sense that the electromagnetic mode purity
will need to be insensitive to dimensional inaccuracies.

Preliminary designs of high-current superconducting ion
accelerators indicate that the transition between the RFQ and
the "drift tube" cavities will take place at higher energy than
in normal conducting accelerators, typically around
5 MeV/amu. Even taking into account the possibility of
higher gradient, this indicates that the capability of building
long SCRFQs might be beneficial. Since, for a given amount
of mode mixing, the required manufacturing tolerances
decrease as the square of the length [3], it is even more
important to develop designs for high-current SCRFQs which
are relatively insensitive to manufacturing inaccuracies.

The third important consideration in the design of
SCRFQs is the necessity of cooling to remove the heat
generated by the rf currents. Furthermore, for high-current
RFQs, there will always be a certain amount of beam
impingement, and additional cooling will be required to
remove the heat deposited. Thus, the challenge for SCRFQs
is to develop designs which are rigid, simple to manufacture,
provide a quadrupole mode isolated from other modes, and are
easily cooled.

Two main designs of RFQs have evolved in the last
decade (see for example [3-4]). The first one, the 4-vane
RFQ geometry, is basically a waveguide modified to
emphasize the quadrupole TE2, mode. This geometry leads to
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designs which are conceptually simple, with a high degree of
symmetry, and mechanically rigid. Its main drawback is that
the dipole TEn mode is often close to the quadrupole mode,
and small perturbations of the quadrupole symmetry lead to
strong mixing between the quadrupole and the dipole modes.
The near degeneracy results from the fact that the fields in the
four quadrants overlap only in a small region, near the beam
line. Ways of removing the degeneracy by increasing the
frequency of the dipole mode have been found such as
strapping opposite vanes together by vane coupling rings [5].
Such a solution, however, would be difficult to reconcile with
the manufacturing techniques of niobium resonators.

The other often-used design is the 4-rod structure. This
structure relies more on a Mumped element' design than the
distributed design of the 4-vane geometry. Its main advantage
is that the quadrupole mode is widely separated from other
modes, resulting in a robust design. However, it is less
attractive for SCRFQs, because it may be less mechanically
rigid and more difficult to build and cool than a '4-vane'
geometry.

We have investigated designs which have the advantages
of both the 4-vane and 4-rod designs and provide a continuous
evolution between the two. This intermediate geometry seems
well suited for SCRFQs and may also have advantages for
normal-conducting RFQs.

In an ideal RFQ design, the quadrupole mode would
have the lowest frequency and be widely separated from the
dipole mode. In the typical 4-vane geometry, however, the
quadrupole mode frequency is close to the dipole mode
frequency and slightly higher. This near degeneracy can be
understood in lumped-element representations of both modes
of oscillations, which are identical, except for a small
additional capacitance between opposite vanes for the dipole
mode [6]. This results from the fact that there is no overlap
of the magnetic field of adjacent quadrants. Since, in the
dipole and quadrupole modes, magnetic fields in adjacent
quadrants have opposite configuration, providing an overlap or
coupling of the magnetic fields would remove the degeneracy
and increase the frequency splitting.

We have pursued this idea by calculating with MAFIA
[7] the frequencies of the dipole and quadrupole modes of an
infinite waveguide of the 4-vane geometry with periodic
cutouts through the vanes shown in Fig 1. These cutouts
allow magnetic coupling between adjacent quadrants. The
results of the numerical calculations are shown in Table 1. It
can be shown by energetic arguments that, this way, the
quadrupole mode frequency is lowered by an amount between
one and two times the decrease of the dipole mode frequency.
This conclusion is supported by Fig. 2 which summarizes all
the results. Thus, with cutouts which are large enough, one
obtains a geometry which is still simple, with a high degree of
symmetry, but, at the same time, has a quadrupole mode
which is lower and widely separated from the dipole. This

geometry also offers a continuous evolution from the 4-vane
to the 4-rod geometry. In the most extreme case of large
cutouts, the structure consists of 4 rods periodically supported
by posts located in a quadrupole pattern.

Fig. 1 Schematic drawing of one quadrant of the periodic
quadrupole waveguide. The full geometry can be
obtained by a reflection around an end face and has
a periodicity L.

TABLE 1
Results of MAFIA calculations for various cutouts of the
vanes

R = 12 cm, d = 1.0 cm, r = 1.0 cm

L
(cm)

25

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
20
30

t
(cm)

25

21
21
21
21
21
21
13
13
13
13
13
5
5
5
5
5
5
5
5

a
(cm)

0

4
4
4
4
4
4
12
12
12
12
12
20
20
20
20
20
20
15
25

h
(cm)

-

2.7
5.4
8.1
5.4
8.1
8.1
2.7
5.4
8.1
5.4
8.1
2.7
5.4
8.1
5.4
8.1
8.1
8.1
8.1

b
(cm)

-

0
2.7
5.4
0
2.7
0
0
2.7
5.4
0
2.7
0
2.7
5.4
0
2.7
0
0
0

Quad.
(MHz)

292.4

291.2
291.2
291.6
290.2
290.7
289.7
273.8
272.6
276.4
263.5
258.7
232.5
229.5
237.7
211.0
214.5
202.1
225.1
183.8

Dipole
(MHz)

282.2

281.2
281.2
281.5
280.4
280.8
280.0
271.0
270.4
272.5
263.9
260.0
244.8
242.0
247.0
227.3
228.7
218.1
236.8
201.2

fd-fq
(MHz)

-10.2

-10.0
-10.0
-10.1
- 9.8
- 9.9
- 9.7
- 2.8
- 2.2
- 3.9
0.4
1.3

12.3
12.5
9.3
16.3
14.2
16.0
11.7
17.4
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Fig. 2 Decrease of the quadrupole mode frequency vs.
decrease of the dipole mode frequency for the
geometry of Fig. I and the various cutouts shown in
Table 1.

The right hand side of the characteristic equation for X is

valid for t < L - £!?. When L - fil < t < L, then the right
2 2

hand side is replaced by —

This transmission line model has been used to calculate
the quadrupole mode frequency for the geometry shown in
Fig. 1 with b=0 and h=8.1 cm, for a wide range of cutout
size a and period L. In all the cases the calculated frequency
was within a few percent of that obtained by MAFIA.

This transmission line model can also be used to calculate
other electromagnetic properties, such as the z-dependence of
the voltage on the tip of the vane, the energy content,
currents, shunt impedance, etc.

Conclusions

We have investigated numerically and analytically a
family of resonator geometries which has attractive features
for superconducting RFQs, namely, simplicity, ease of
manufacture, mechanical rigidity and isolation of the
quadrupole mode. Our plans include the development of a
model to predict the frequency splitting between dipole and
quadrupole modes as a function of cutout size and geometry.
In parallel, a superconducting cavity designed to test this
geometry and measure the surface fields that can be achieved
is being developed.

While MAFIA is very powerful in predicting various
electromagnetic properties of the structure, it is quite time
consuming to investigate their dependence on all the
dimensional parameters and it does not give much physical
insight. In the case of cutouts extending to the outside
diameter of the structure (b=0 in Fig.l), a transmission line
model can be developed to calculate the electromagnetic
properties of the quadrupole mode of the infinite waveguide.
The wavelength X associated with the resonant frequency of
the quadrupole mode satisfies the equation

where C, the capacitance per unit length of the rod, is given
in pF/m by [8]

C = 39.365

cosh" d+r
+ 3 1 0 4 5 + 2S.281n[l+JLl,

a is a constant which, for our dimensions, is of the order of

3 [9], and g = _L(2R-h)-r.
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Abstract

Following the successful development of a niobium
coaxial half-wave structure [1], we have designed, built and
tested a new half-wave geometry: the spoke resonator. This
geometry is better suited for high frequency resonators and for
the acceleration of high velocity ions. The prototype cavity is
a 2-gap structure resonating at 855 MHz, and optimized for
particle velocity of 0.30 c. It is easier to manufacture than the
coaxial half-wave resonator and the geometry can be
straightforwardly extended to multigap designs. Rf-tests have
been performed on this cavity both prior to and after high
temperature annealing. An accelerating gradient of 7.2 MV/m
(cw) and 7.8 MV/m (pulsed) was observed at 4.2 K. After
annealing, a low power Qo of 1.2x10* was observed with small
Q degradation due to field emission at high accelerating fields.

Introduction

Most of the development work on superconducting
resonators has been done in connection with high-energy
electron accelerators [2-4] and heavy-ion boosters for
electrostatic accelerators [5,6]. While the former have
accelerated beams of several mA current, the latter have
accelerated beams of only pA current. Our development
efforts have concentrated on investigating superconducting
structures for acceleration of high-current ion beams to high
velocity.

The eigenfrequency-velocity space for heavy-ion
acceleration using superconducting cavities spans a band from
roughly f=50 MHz, fl=0.01 to f=200 MHz, fl = 0.2 [7].
These low-velocity structures are typically based on a resonant
line with the beam traversing the high-voltage region. We are
extending this resonator class to higher frequencies and
velocities. We have previously reported on the development
of a coaxial quarter-wave structure at f = 400 MHz which was
optimized for flo=0.15 [8], and a coaxial half-wave structure
at f=355 MHz which was optimized for Bo=0.12 [1]. The
present effort extends this work to higher frequency (855
MHz) with a geometry suitable for acceleration to velocities
higher than 0.5c.

Resonator Design and Fabrication

A schematic of the spoke resonator appears in Figure 1.
This resonator is electromagnetically similar to the coaxial
half-wave resonator we tested earlier [1]. The fundamental
electromagnetic mode is that of a half-wave TEM transmission
line shorted at both ends with a voltage maximum at the
center. Besides the similarity, however, the spoke geometry
offers some advantages over the coaxial one. First it lends
itself to close inspection of the inside surfaces until the last
closure weld, and second it can be used as a building block to
form multigap structures.

The electromagnetic design was done using a combination of
analytical modeling [9] and numerical modeling using
SUPERFISH and MAFIA [10]. The axial electric field
profile, shown in Figure 2, was measured by pulling a 3.2-
mm-diameter brass bead along the beam axis [11]. Within the
measurement error, the measured accelerating field profile
agreed qualitatively and quantitatively with that obtained by
calculation. The average (wall-to-wall) accelerating gradient
calculated from this profile was E. = (13.25 MV/m)/Jl/2. The
associated plot of the energy gain versus particle velocity is
given in Figure 3. It indicates that this cavity can efficiently
accelerate ions of energy in the range 10-100 MeV/amu. The
properties of the resonator are summarized in Table 1 below.

Fig. 1 855 MHz, 0O=O.3O, 2-gap spoke resonator.

The inner and outer conductors were formed from 0.16-
cm-thick and 0.32-cm-thick sheet niobium, respectively, of
high RRR value (200-250). All welds were made with an
electron-beam welder. There were no demountable joints in
this cavity.

The Qo of the resonator is strongly influenced by the condition
of the cavity surface. High RRR niobium is a relatively soft
metal, therefore precautions were taken to minimize surface
abrasion during the fabrication process. Niobium pieces were
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periodically anodized so that the surfaces could be inspected
for inclusions of foreign material. Macroscopic defects were
removed mechanically and the area was repaired by a
combination of hand polishing and chemical etching.

Table 1. Properties of the half-wave spoke resonator.

Frequency
Bo
Energy gain*'
Peak surface E field1'
Peak surface B field"
Energy content*'
Geometrical factor QR,

a)at an accelerating field of 1 MV/m.
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Fig. 2 Accelerating field of the spoke resonator at an energy
content of 1 J. The circles are from the bead test and
the solid line is from MAFIA.

The resonator components were chemically polished to
remove damaged niobium surfaces resulting from mechanical
stress introduced during the piece-forming steps. After the
closure welds were completed a final chemical polish was
performed to eliminate weld spatter and sharp edges which
could not be identified by visual inspection. The chemical
polishing procedure consisted of immersing the niobium piece
in a 2:1:1 solution of H3PO4, HNO3 and HF. Approximately
60 microns of Nb were removed by this process. The cavity
was then rinsed in a 5 % solution of H2O2 to remove insoluble
niobium salts. This was followed by rinsing and storing the
resonator in deionized water of semiconductor purity.

After the initial rf test the resonator was heat treated to
remove possible hydrogen contamination introduced during the
chemical polishing procedure. The annealing process also
promotes the growth of large crystals on the niobium surface.
The cavity was annealed at 1200 C under vacuum of 4xlO"7

torr for approximately 13 hours (5 hours at full temperature).

Fig. 3 Energy gain at an energy content of 1 J for various
particle velocities. The circles are from the bead test
and the solid line is from MAFIA.

Resonator Testing and Results

Because of its high frequency and the relatively low shunt
impedance of low-velocity structures, this resonator is intended
to be used at temperatures lower than 2.5 K. All the tests to
date, however, have taken place at 4.2 K.

Rf power was coupled to the electric field within the
resonator using a hermetically sealed variable coupler installed
on a port on the outer conductor of the resonator. An rf
pickup probe was installed on an opposing port. After
installation in a LHe dewar, which for this experiment was
surrounded by mu-metal to shield the resonator from ambient
magnetic fields, the resonator was baked at 100 C for
approximately 48 hours in a 10"* torr vacuum. Effluent gases
were monitored with an residual gas analyzer (RGA). With
the resonator still at this temperature and pressure, the liquid
nitrogen tank in the test dewar was then filled. The resonator
cooled to 110 K in approximately 20 hours. The interior of
the resonator remained evacuated during cool-down. The
dewar was then filled with liquid helium beyond the top of the
resonator, cooling the resonator to 4.2 K. All losses of power
between the rf amplifier and the cavity were measured directly
with a power meter after cool-down. A phase-locked loop
was used to counter the effects of eigenfrequency noise due to
ambient vibrations and microphonics. During the experiment,
rf power was critically coupled to the cavity by suitably
adjusting the position of the variable drive antenna.
Multipacting levels appeared at low power when the cavity
was first tested, however these processed out very rapidly.

A Q-curve was measured both before and after annealing
of the resonator. As shown in Figure 4, the Q, improved by
approximately 35% with annealing. In the rf-test performed
after annealing the Q, varied from 1.2x10* at low rf field
amplitude to 8.0xl07 at the highest field achieved. A low
level Q of 1.2x10* corresponds to a surface resistance of 0.5x
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10"7 0 which is in agreement with the expected value at 855
MHz and 4.2 K [12]. X-ray radiation was monitored along
the beam line with a NaI(Tl) detector located outside the
cryostat. The low x-ray intensity indicated that field emission
was always low. Upon calibrating a NaI(Tl) photon detector
and measuring the brenunstrahlung from the most energetic
electrons, the average accelerating gradient was calculated and
found to agree with the gradient calculated from power
measurements and the energy content of the cavity.

1.10

1-10
2 4 6 °

Ea IMV/m)

Fig. 4 Q-curve of the 855 MHz, j3o=O.3O, 2-gap spoke
resonator at 4.2 K.
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Fig. 5 Power dissipation in the 855 MHz, /3O=O.3O, 2-gap
spoke resonator at 4.2 K.

The power dissipated in the resonator during these tests is
shown in Figure 5. An average cw accelerating gradient of
7.2 MV/m was achieved with 24 W of rf power input to the
cavity after the resonator had been annealed. This
accelerating gradient corresponds to an energy gain of 0.43
MV per unit charge. The associated peak surface electric and
magnetic fields were approximately 24 MV/m and 560 G,
respectively. Because electron emission was low, no attempt
was made to condition the cavity with helium gas.

Conclusions

Prior to this work, the only superconducting structures
which had been built and tested in the same range of
frequency and velocity were a 720 MHz Alvarez structure and
a Slotted Iris structure developed at Karlsruhe in the mid 1970
[13]. They achieved gradients of 3 and 5 MV/m respectively
at 1.8 K. By contrast, our spoke resonator achieved an
average cw accelerating gradients of 7.2 MV/m at 4.2 K, a
limit set by the power dissipation in the cavity. The
corresponding peak surface magnetic field was 560 G, which
is well below the rf critical field of niobium. Thus, this
geometry provides the potential for even higher gradients and
will be further tested at lower temperature.
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Abstract

Half end-cell geometry of RFQ is suggested by
showing the results of modified-PARMTEQ runs. In a
particular example of the 33.3 MHz heavy ion RFQ, we
have found that at the 10/16th of the exit cell of the
RFQ the beam phase-space parameter a becomes small
and nearly identical in x-xp and y-yp plane.

Introduction

Since RFQ is considered to be a periodic focusing
and defocusing acceleration structure, the beam phase-
space ellipse at the end of each cell - especially in the
acceleration section - exhibits focusing and defocusing
characteristics which alternate in two orthogonal
transverse coordinates as the beam accelerates through
the RFQ cells. In some application, this characteristic
is not desirable and more symmetric and less divergent
beam - in transverse plane - is preferable for both
economical and ion optical reasons. We sought such
possibility using a PARMTEQ code which is partially
modified for the present purpose [1]. The results of
computer simulations and the applications of the half
end-cell geometry of the RFQ are summarized in this
brief report.

Table 1
RFQ.

Key parameters of the 33.3 MHz

Frequency
Average bore radius
Focusing strength
Inter-electrode voltage
Charge to mass ratio
Injection energy
Output energy
Length of electrode
Number of cells
Cavity diameter

33.3 MHz
0.8 cm
6.79
54.9 kV
1/11 ~ 1/16
2.73 keV/u
83.5 keV/u
222 cm
93
60 cm

PARMTEQ Simulation

An added feature to PARMTEQ is called upon a
new label HALFCELL. A number following after this
label lets the code knows how many segments beam
dynamics calculations are to be done for the last cell of
the RFQ linac. By default one cell of RFQ is divided in
8 segments so that when one wants to simulate the half
end-cell of an RFQ linac, he or she has to put 4 after

the label HALFCELL. Simulation studies are done
using the parameters of the 33.3 MHz RFQ which is
designed for accelerating a heavy ion beam [2].

Key Parameters of the 33.3 MHz RFQ is listed in
table 1. Figure 1 depicts a situation of an RFQ cell
divided in 8 segments. Figures 2 and 3 show the plots
of calculated beam phase-space parameters a and p as a
function of number of segments in the last cell - the
93r(* cell - of the RFQ. Note that the beam parameter a
is almost identical in x-xp and y-yp phase-space at the
end of 10 tn segment. In the calculations, one cell is
divided in 16 segments and included no space-charge
forces. The important parameters used in the simulation
runs of the half end-cell geometry of the 33.3 MHz
RFQ are listed in table 2.

Table 2 Important input parameters used
in the modified PARMTEQ simulation
runs of the half end-cell geometry of the
33.3 MHz RFQ.

Normalized emittance, x-xp
Normalized emittance, y-yp
Space-charge force
Inter-electrode voltage
Number of segments in a cell
Number of particles followed
Ion species

0.7 7i mm-mrad
0.7 7t mm-mrad
Not included
54.9 kV
16
500
11B+

Segment number.

0 1 2 3 4 5 6 7 8

One cell One cell

Fig.l A schematic drawing showing a longitudinal
profile of two RFQ cells. One cell is divided in 8
segments.
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Fig.3 Plots of calculated beam phase-space parameter
P at the end of segment as a function of segment

number at the 93 r d cell of the 33.3 MHz RFQ. The
parameter is computed from 90 % of transmitted
particles.

Figure 4 is the calculated phase-space plots at the
end of 10th segment of the 93 r d cell of the 33.3 MHz
RFQ, where the beam parameter a is approximately
identical in x-xp and y-yp phase-spaces.

Fig. 4 A calculated beam phase-plot at the 10/16th

cell of the 93 r d cell of the 33.3 MHz RFQ.

Applications

The idea of the half end-cell geometry would be
used in a variety of applications where symmetric and
less divergent beam is required. The application is also
found in simultaneous positive and negative ion
acceleration since the beam phase-space depends only on
the RFQ exit geometry but not on the charge polarity
of a beam. Let us describe such applications in more
details.

Descriptions

There is a situation where the orientation of RFQ
electrodes is rotated by 45° with respect to the
horizontal plane for some mechanical requirements.
When the field of a dipole magnet is set either in the
horizontal or in the vertical directions, the output beam
from such an RFQ should be properly transformed to
that of the dipole magnet if one is to avoid any extra
emittance growth that occurs in the magnet. This
problem can be removed by using the proposed half
end-cell because the output beam from the RFQ
becomes symmetric: thus no coordinate transformation
is necessary.

The output beam from an RFQ is usually focused
by magnetostatic or electrostatic Q-lenses. Whether an
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ion beam diverges or converges after going through
such lenses depends on the charge polarity of a beam. In
simultaneous acceleration of positive and negative
charged particles, this property presents some
difficulties in output beam matching design without rf
Q-lenses. Thus by applying the proposed half end-cell,
we can expect that a matching between an RFQ and a
DTL will become much easier. For instance, a
symmetric beam of either charge polarity can be readily
matched by static Q-lenscs to a DTL - with the
focusing Q-lenses in its drift tubes - even when the
azimuthal orientation of the static Q-lenses is different
from that of the RFQ.

An Example

We are going to show one of the examples of the
half end-cell : the 33.3 MHz RFQ with 10/16th end-
cell is followed by a 200 mm drift space and a two-gap
rf accelerator [3]. The width of the two-gap resonator is
120 mm and the gap to gap separation is 54 mm. A
schematic layout of the RFQ and the post-accelerator
system is shown in fig. 5. No matching element is used
in the transport line. A TRACE 3-D result of the beam
optics calculation is shown in fig. 6 where 80 kcV/gap
energy gain is allowed in the calculation [4]. The input
beam parameters in the optics calculations are the same
as those shown in the PARMTEQ Simulation section.

RFQ with half end-cell

Drift
t

Two-gap post
accelerator

Fig. 5 A schematic drawing of (he 33.3 MHz RFQ with
half end-cell and a two-gap rf post-accelerator.

Concluding Remarks

As far as the beam parameter (3 is concerned, the
output beam becomes symmetric in x-xp and y-yp

planes at the 10/16tn of the exit cell of the RFQ; not
exactly half of the exit-cell. So we may generalize the
idea of the half end-cell to a use of any arbitrary number
of segments to get prescribed phase-space profiles in the
two transverse planes. In addition, we can include the
other parameters - possibly the aperture radii of the exit
end of an half end-cell - to be varied along with the
number of segments in the computations so that we
may obtain a truly symmetric beam with respect to
both a and (3.

To understand more about the RFQ half end-cell
geometry, detailed fringing field calculations are going
to be followed after this simulation works.
Experimental confirmation is also planned in the near
future.

BE«- RT fCLl-

1C.CTX i n K

ft- E.DfXfXE-a

30.C0C D*i X

X 00 nr t .

BEFn «1 • C U -

Fig. 6 A TRACE 3-D result of a matching section
between an 10/16th exit-cell of the 33.3 MHz RFQ
and a two gap rf post-accelerator.
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Abstract

One of the disadvantages of the disk-and-washer (DAW)
linac structure is the mode overlapping of the TM11 like
passband, known as the deflecting mode passband. The
difficulty is avoided with biperiodic 4-T support configuration
where a couple of washers is supported by 4-T or 4-Y
supports. The structure is studied by MAFIA calculation.

Introduction

Although the disk-and-washer ( DAW ) linac structure has
many advantages over the other structures such as the side-
coupled structure as the high beta particle accelerating
structure, it is not widely used. The advantages are the high
coupling between cells, high shunt impedance and good
vacuum properties. The higher coupling between cells makes
the mechanical tolerances loose and the fabrication becomes
easy. The disadvantages arc the mode overlapping, and the
difficult analysis of the mode structure U.2,3,4.5,6,7] _ y n e

washers have to be supported by supports like the drift tubes
in the Alvarez structure. Because two modes (the accelerating
mode and the coupling mode ) are working in the cavity, and
they have different field patterns, there is much stem effect on
either mode or both modes. This situation is different from the
Alvarez structures. The computer analysis is difficult, because
the cylindrical symmetry is broken by the stems. The detailed
analysis should be done with 3-D calculations or the cold test
models. The MAFIA code t^l is used to calculate the
dispersion curves of the DAW structures.

Cavity Geometries

The calculated geometries are as follows;
1) 2-T support lined up
2) 4-T support lined up
3) 4-T support skewed
4) 8-T support

Figure 1 shows the DAW half-cell geometry. The cavity
dimensions are shown in table 1. The shunt impedance is
obtained by the SUPERFISH results. The DAW cavity is one
of the varieties of the large diameter DAW which has larger
disk radius than the washer radius.

B
Frcq.
L
Re
Rd
Td
Rw
Tw
9
Rn
Rb
ZT2

1.0
1300
5.765
18.14
16.2
2.752
9.024
0.324
30°
0.256
1.128
91

Table
DAW Cavity

MHz
cm
cm
cm
cm
cm
cm
deg
cm
cm
MQ/m

1
Geometries.

Fig.l DAW half-cell geometry
Fig.2 The mesh geometry for the skewed 4-T support

configuration
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Symmetries are used to reduce the computing resources.
Because the lined up 2-T support configuration has one
symmetry plane, only the right half of the 2-half cell is
calculated. The 4-T support configuration has two symmetry
plane, and the upper right quarter of the 2-half call is
calculated. Because the skewed 4-T support configuration has
much complicated symmetry, the full cavity of 2-half cell is
considered. The 8-T support configuration has more symmetry
than 4-T support one, and the combinations for the boundary
conditions are reduced in azimulhal direction.

The mesh geometry for the skewed 4-T support
configuration is shown in Fig. 2. The obtained dispersion
curves are shown in Figs.3-6.

Mode Spectrum

TM11 Passband

TM11 modes are known to cause beam-deflection
problems in some applications. TM11 passbands are
degenerated except for the 2-T support configuration. The
unperturbed TM11 passband has the unacceptable property of
crossing the operating frequency. The necessary washer
supports, however, represent significant perturbations to a
number of the passband. It has been shown that the biperiodic
4-T washer-support configuration has a favorable effect on the
TM11 passband in this respect. The biperiodic T-support
splits the TM11 passband into two narrow passbands separated
by a wide ( more than 10% of the operating frequency ) stop
band. In all seven geometries studied, the DAW operating
frequency falls well within this stop band. The 4-T and 8-T
configurations have only the perturbed passbands, because they
makes degenerations. It also acts as a mode filter to this
passband, and reduces the coupling between each cell, and
makes each passband narrow. It is now clear that the 4-T and
8-T configurations are superior to the 2-T (in-line ) in cases
where the deflecting modes are of concern.

TM01 and TM02 Passband

The operating mode ( accelerating mode ) is the TMO2TC

mode and the coupling mode is the TMoirc mode. These two
passbands should be made confluent. The supports perturb the
coupling mode frequency, Rd is modified to meet with the
condition in each support configuration.

TEH Passband

TE11 passbands are degenerated except for the 2-T support
configuration. The 6=1 line on the figure crosses the 650MHz
point at TC/2 and the TEHTT/2 passbands in some geometries
cross this line very close at nil. Because TE11 modes are the
dipole mode, the coupling situation should be studied

TE21 Passband

TE21 passbands are degenerated only in the 8-T support
configuration. Although quadrupole modes have no field on
the beam axis, the field is perturbed to have the axial electric
field in 2-T support configuration. The support current
canceled out in 4-T and 8-T support configuration. The higher

ends of the passbands are close to the operating mode in the
large diameter DAW, and the attention should be paid about
the separation.

TE31 Passband

TE31 passbands are degenerated except for the 2-T support
configuration.. Although sextupole modes have no field on
the beam axis, the field is perturbed to have the axial electric
field in all support configuration. The unperturbed passband in
2-T support configuration overlaps on the operating mode.

Stem Mode Passband

Stem modes are seen in all geometries. The frequencies of
the stem modes go up with the number of the stem. Because
the phase advance in the figures are not based on the stem
period, but the accelerating period, the dispersion curve written
on the figures may not be adequate to express the property of
the passband.

Other Modes

TM21 passbands lay above the operating mode frequency.
Because these modes have no field on the axis, and the
coupling to the operating modes is small even if the field is
perturbed by the supports, these modes are of little concern.
TE01 modes are seen above the 1.5GHz, these modes are of
little concern too. Some unidentified modes are seen above the
operating frequency, which have too complicated field pattern
to analyze.

Summary

MAFIA calculations have been done on the several T-
support geometries. Among these options, simple 4-T lined
up configuration seems the best. The 2-T support
configuration has many undegenerated passbands, and the
dipole passband of TM11 overlaps on the operating frequency.
Hence the 8-T support configuration has only degenerated
passbands up to the quadrupole passbands (TE21 and TM21).
The lowest undegenerated passband is an octupole one, which
should have rather high frequency than the operating
frequency. This configuration, however, is not suitable for the
large diameter DAW, because the support perturbations are so
large that the dipole and sextupole modes are pushed up to
overlap with the operating mode. It maybe useful for the
small diameter DAW. The skewed 4-T support configuration
has less undegenerated passbands, but there are some strongly
coupled, or mixed modes of dipole and sextupole modes
around the operating mode.
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Abstract

Microphonics in multi-cell linac structures lead to energy
and pointing modulation of the electron beam despite RF
stabilization. Evaluation of the microphonic behavior of a 500
MHz two cell structure is planned in collaboration with
Lawrence Berkeley Laboratory and Brookhaven National
Laboratory. In this paper we describe a method of evaluation
based on accelerometer measurements.

Introduction

Excitation of the mechanical modes of multi-cell linac
structures can lead to modulation of electron beam
properties[l]. Longitudinal vibrations produce energy
modulation of the beam, while transverse vibrations produce
both energy modulation and pointing modulation. Such
behavior occurs despite RF stabilization and regardless of
whether the vibrational motion produces a modulation of the
structure frequency. Even at rather modest amplitudes,
excitation of the mechanical modes will produce observable
effects. In a nine cell 1300 MHz structure, an electron beam
energy modulation greater than 1% must be expected for a
lOftm amplitude longitudinal mode oscillation.

The mechanical mode spectrum of a freely suspended 1300
MHz linac structure of the CERN/DESY design has been
reported previously[2]. Longitudinal and transverse modes are
observed at frequencies well below 1 kHz. At room
temperature in vacuum, the Q-values of these modes can
exceed 6000, while at helium temperature they can be expected
to rise beyond 106 if undamped. In the absence of vibrational
isolation and mode damping, external vibrational noise sources
could drive these modes to large amplitude. Despite this, little
attention has been given to issues of vibration isolation and
damping in the design of cryogenic systems for
superconducting linac structures.

To properly address this microphonics problem, design of
the cryogenic system must consider the spectra and coupling
paths of all potential noise sources, the mode symmetry and
spectrum of the linac structure coupled to its environment, and
the mechanisms and magnitude of damping for the most
important modes of motion. Although our long term objective
is to provide a suitable cryogenic system design, in the near

term we simply hope to evaluate, in collaboration with
Lawrence Berkeley Laboratory and Brookhaven National
Laboratory, the microphonic behavior of a 500 MHz two cell
structure and cryogenic system built by Siemens for TRW. Our
goal in this paper is to define and establish a satisfactory
method of evaluation.

The ultimate means of evaluating microphonic behavior of
a linac consists of beam tests. Careful measurements of beam
position, pointing, energy, and timing stability provide a
complete characterization. At Stanford in 1972, the energy of
the 8.5 MeV superconducting injector system was shown[3] to
be stable within ± 3 X 10'5. Although this does not represent
a complete measurement set, it places an important constraint
on the magnitude of microphonics problems for the Stanford
superconducting linac. For evaluating other superconducting
linac systems, it would be useful to develop a method that does
not require electron beam measurements. In this paper, we
describe a method of evaluation that is based on accelerometer
measurements at helium temperature.

Accelerometer Characteristics

Two types of accelerometers were evaluated for possible
use in low temperature microphonic measurements. The first
type was a commercial piezoelectric accelerometer (PCB
Piezotronics 303A02) which at room temperature has a
sensitivity of 10 mV/g (g = 9.8 m/s2) or 0.4 mV//on at 100 Hz.
When cooled to 4K, these accelerometers suffer a reduction in
sensitivity by factors ranging from 20 to 200 and sometimes
fail due to thermal stress. Since our requirements for
frequency range and frequency response flatness are minimal,
we were able to switch to a much simpler and more robust disc
accelerometer made from a single layer of piezo crystal
attached to a thin brass plate, as used in many inexpensive
audio transducers. These accelerometers have sensitivities
varying from 5 to 20 mV/g at room temperature and only lose
a factor of 2 in sensitivity at 4K[4], thus allowing us to
measure sub-micron motion even at low frequencies and low
temperatures. Because of their simple construction they are
also more likely to survive thermal stress. The room
temperature frequency response for a typical disc accelerometer
is shown in Fig. 1.

1 Work supported in part by the Office of Naval Research, Contract No. N00014-91-J-4152.

2 Supported in part by NSERC.
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0dB = 10mV/g (g = 9.8 m/s2)

1000 Hz

Fig. 1. Room temperature response of a typical disc
accelerometer.

Measurements on a 1300 MHz structure

We have used the accelerometers described above to
determine mechanical frequencies, Q-values, and RF tuning
rates for the lowest mechanical modes of a freely suspended
1300 MHz two cell structure as a function of temperature. To
measure mechanical modes of a free structure, the support
system must not constrain the motion of interest. In our test
dewar, we were forced to hang the structure vertically, and the
resulting support allowed us to observe only the first
longitudinal mode (LI), and only one polarization of the first
and second transverse modes (Tl and T2). Horizontal support
of the structure would have been preferable as it allows all
longitudinal modes, and one polarization of each transverse
mode.

Mechanical vibrations of the structure were driven by
weakly coupling an external speaker to the support system.
Modes were identified by observing the relative phase of the
accelerometer signals and comparing with known modes of
oscillation[2]. A spectrum analyzer was used to determine
oscillation frequencies precisely. The measured frequencies of
the lowest longitudinal and transverse modes at room
temperature and 77K are listed in Table 1. The data indicate
that the mode spectrum is shifted higher in frequency as the
temperature is decreased. This can be attributed to a change in
Young's modulus. Measurements of the elastic constants of
niobium[5] indicate that Young's modulus increases by
approximately 3% from 290K to 77K. For uniform beams,
longitudinal and transverse mode frequencies are proportional
to the square root of Young's modulus. The integrated thermal
contraction of niobium also plays a role in increasing the
mechanical frequencies, but this effect is an order of
magnitude smaller than the increase in Young's modulus.

TABLE 1
Mechanical Frequencies for a Two Cell Structure at

290K and 77K

Mode Type
Transverse
Longitudinal
Transverse
Longitudinal

Name
Tl
LI
T2
L2

Frequency (
290K
110.2
273.4
374.2

not allowed by

Hz)
77K
111.6
276.3
375.5

support

Mechanical mode measurements on the two cell structure
were extended to helium temperature with special interest in
documenting the possible increase in Q with decreasing
temperature and the possible damping by immersion of the
structure in liquid helium. Unfortunately, the measured Q-
values, which generally varied from 4000 to 6000, were limited
by losses in the support system. No evidence of a temperature
dependent Q-value and no evidence of damping by immersion
in liquid helium was found.

Measurements were also made of the structure RF tuning
rate (the modulation in accelerator mode frequency per micron
of mechanical vibration amplitude) for each mechanical mode.
These measurements were made at room temperature by tuning
an RF oscillator to the half-power point of the accelerator
mode resonance, and detecting the variations in power
transmitted through the cavity which occur when the center
frequency of the accelerator mode resonance shifts. The
amount of power variation occurring at the mechanical mode
frequency and its harmonics was observed on a spectrum
analyzer. At room temperature, with an electrical Q of 104, we
were able to detect RF frequency shifts of 100 Hz in the
accelerator mode. The sensitivity of this test depends on the
electrical Q of the structure and would increase at lower
temperatures.

In Table 2, we list the amplitude of the RF frequency
oscillation observed at the mechanical drive frequency (f^^)
and at its second harmonic ( 2 ^ ^ ) for a 1 micron amplitude of
mechanical motion. Upper limits on the RF tuning rate are
given for cases where the frequency shift was too small to
measure. Since the experiment was conducted at room
temperature, it was possible to hang the structure horizontally
in both orientations allowing us to investigate all the lowest
modes and polarizations. The two transverse mode
polarizations had similar RF tuning rates and are presented
together.

TABLE 2
RF Tuning Rates for the Lowest Frequency Mechanical

Modes

Mode fdrtv, (Hz)

Tlp l /p2 110.2/114.6

LI 273.3

T2pl/p2 370.5/374.3

L2 713.9

RF Tuning Rate

40 Hz//an @ f^
< 6 Hz/̂ wm @ 2 ^

2000 Hz/fan @ f^
< 15 Hz//an @ 2 ^

180 Hz/«m @ f^
< 50 Hz/fan @ 2 ^

<60Hz//«n@ f^
< 60 Hz//mi @ 2 ^
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The tuning rate for the first longitudinal mode LI is
similar to the static tuning rate obtained by simply compressing
the structure (1900 Hz/fan). In LI, the two cells are
compressed at the same time and thus shift the structure
frequency in the same direction. Since the frequency is
linearly related to the length of the structure, RF frequency
oscillation is expected only at the fundamental of the driving
frequency. For the second longitudinal mode (L2), one cell is
compressed while the other is elongated, and thus one expects
the frequency shifts to cancel out All observations on
longitudinal modes are consistent with expectations. It should
be noted that despite the small RF tuning rate for L2, the
electron beam energy will be heavily modulated if the RF
stabilization loop attempts to stabilize the fields in one of the
two cells [1].

For transverse mechanical modes the situation is more
complex. For these modes, one expects a very small RF tuning
rate at twice the mechanical drive frequency caused by a
structure length change associated with bending, but no RF
tuning rate at the drive frequency itself. Contrary to
expectations, the data in Table 2 shows an appreciable RF
tuning rate at the drive frequency, especially for T2. This
result is presumably the consequence of asymmetries in the
mechanical properties of the structure and is likely
characteristic of all structures. It may, however, be larger or
smaller in particular structures depending on structure design
and fabrication techniques.

Although the RF tuning rate data in Table 2 suggests that
LI and T2 are most likely to cause frequency modulation in
the accelerator mode, experience at other labs indicates that the
microphonic noise component present in the phase error of
feedback loops is most likely due to Tl. The expected
dominance of LI is prevented in many cases by boundary
conditions which fix the length of the structure, making it
impossible for LI to exist. The dominance of Tl over T2 can
be partially attributed to the fact that, for a given amount of
power coupled into a mode, a lower frequency mode will have
larger amplitude. Furthermore, it is likely that massive dewar
components have vibrational coupling characteristics which
favor transmission of low frequencies.

Conclusions

Our measurements show that many important aspects of
microphonic behavior can be evaluated with simple
accelerometer measurements at room temperature and helium
temperature. In particular, one can determine the spectrum of
frequencies at which microphonic problems may occur, as well
as the likely severity of the microphonic effect at each
frequency.

We have shown that the RF tuning rate for longitudinal
mechanical modes is consistent with expectations. For
transverse modes, however, asymmetries in the mechanical
properties of the structure generate tuning rates at the
mechanical drive frequency which are much larger than
expected.

We will apply the microphonic evaluation techniques
described here to a 500 MHz two cell structure in collaboration
with Lawrence Berkeley Laboratory and Brookhaven National
Laboratory.
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STRUCTURE TUNING AND ITS EFFECT ON HIGHER ORDER MODES1
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Abstract

Coarse tuning of multi-cell linac structures is required to
achieve the correct accelerator mode frequency and a flat field
profile at room temperature. Fine tuning is required to adjust
the frequency during operation at low temperatures. Our
newly fabricated 1300 MHz CERN/DESY type structures
incorporate longitudinal stiffening bars for reduction of
microphonic effects. In this paper we evaluate the use of
longitudinal rods as a means of coarse tuning and achieving a
flat field profile, and report the effect of fine tuning by end
cell deformation on Higher Order Modes.

Introduction

We have recently constructed a four cell 1300 MHz
CERN/DESY structure incorporating RF measurements and
tuning in the fabrication procedure[l]. The individual half
cells and beam tubes for the structure were made by die-
forming. Room temperature coarse tuning of this structure is
accomplished by increasing or decreasing cell lengths using
three threaded support rods (Fig. 1) that also play a role in
stiffening the structure to reduce microphonic effects. Helium
temperature fine tuning is accomplished by adjusting the length
of one of the end half cells.

Fig. 1. Four cell CERN/DESY structure with longitudinal rods
and end plates.

Tuning of the accelerator mode frequency and profile may
produce changes in the Higher Order Mode (HOM)
frequencies and profiles. These can have important effects by
altering the impedance of some HOMs, and by
changing the external loading provided by HOM couplers. In
this paper, we evaluate our fabrication tolerances and our
coarse and fine tuning schemes with respect to their effect on
mode frequencies and field profiles.

1 Work supported in part by the Office of Naval
Research, Contract No. N00014-91-J-4152.

2 Supported in part by NSERC.
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Fabrication Procedure and Tolerances

The fabrication procedure used in construction of the four
cell structure has been described elsewherefl]. As it includes
RF measurements and tuning of individual half cell frequencies
before making the final equatorial welds, one can expect good
control of mode frequencies and field profiles. To achieve a
fractional cell frequency tolerance of ± 1 X 10"4 and a
fractional structure frequency tolerance of ± 5 X 10'5, it is
necessary to control the final equatorial weld shrinkage to ±
0.002 inches. Subsequent tuning, using the longitudinal rods
shown in Fig. 1, can yield a flat field profile and a structure
frequency within ± 1 X 10"3 of the target.

Due to a non-recurring problem in making the final
equatorial welds, the fractional cell frequency tolerance was
not met. The individual cell frequencies in the as-fabricated
structure were determined by measuring the electric field
profile in the accelerator mode (Fig. 2a) and modelling the
structure as a chain of weakly coupled LCR circuits. Using
perturbation theory one can calculate, for each of the four cells,
the frequency error that produced the measured electric field
profile[2]. The fractional frequency errors were ± 3 X 10"4.

As fabricated, the field unflatness in the accelerator mode,
expressed as the difference between the highest and lowest
peak fields on axis divided by the average of the four fields,
was 9.1%. If one calculates the total voltage gained by an
electron divided by the peak electric field, one finds this ratio
has degraded, in the as-fabricated structure, by a factor of 0.96
compared to an ideal structure.

Field profile distortion in the HOMs, expressed as the
fractional asymmetry of the highest peak in the profile, is
comparable to that seen in the accelerator mode. Although
many of the HOMs are well behaved, one longitudinal mode
exhibits peak field asymmetry of 8% (Fig. 2c). The trapped
mode peak field asymmetry is 2%.

Tuning the Accelerator Mode

As discussed in a previous paper[l], we have installed
three threaded support rods on our structure which can be used
to tune the cell frequencies by increasing or decreasing cell
lengths. As can be seen in Fig. 1, the rods are anchored to the
equator of each cell and to end plates which are bolted to the
beam tubes. Since these rods are fastened by a combination of
nuts and compression fittings, tuning is easily performed by
adjustment of the nuts.

Due to the small number of cells involved in this structure,
tuning was performed by adjusting each cell length while
repeatedly monitoring the field profile and total frequency of
the structure. After only one iteration of this process, the field
had been flattened to 1% flatness in the electric field with a
fractional frequency error less than ± 10'5 (Fig. 2a).

To gauge the effect of this tuning on the frequencies and
field profiles of the higher order modes of the structure, we
obtained frequency and field profile data for all higher order
modes below the beam tube cutoff frequencies before and after
tuning. URMEL[3] calculations were also performed to
determine the expected shape of the field profiles. The
measured profiles before tuning (solid line) and after tuning
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(dotted line) are presented for some of the longitudinal modes
in Fig. 2 and some of the dipole modes in Fig. 3. The modes
presented are the ones that showed the most significant
changes in their field profiles during tuning. Coincidentally,
this set of modes includes the highest R/Q' dipole mode (Fig.
3b), and the dipole mode with the lowest beam breakup
threshold current, Is (Fig. 3c). The higher order mode
frequency changes resulting from tuning were less than 1 MHz
for all longitudinal modes, and less than 3 MHz for all dipole
modes.

As can be seen from Figs. 2 and 3, the tuning procedure
that led to a flat field profile in the accelerator mode, did not
improve the field profile in the higher order modes. The
changes in higher order mode profiles were small and most
often they resulted in a profile more asymmetrical than before
tuning. The field profile of the trapped mode did not change
significantly.

— 1298.915 MHz - 1298.884 MHz

N

X

<

T M 0 1 1 'TC/2' — 2 3 4 2 . 2 0 0 M H Z - 2 3 4 2 . 1 6 8 M H Z

x
<

TM '7i/4' —2351.499 MHz ••••2351.513 MHz

before tuning •after tuning

Fig. 2. Field profiles of some longitudinal modes before and
after tuning of the accelerator mode(2a).

TEni'n/2' —1642.151MHz 1642.540MHz

TMiio'37t/4' —1860.526MHz 1860.427MHz

TMno'n/2' —1889.816MHz 1889.725MHz

N

before tuning •after tuning

Fig. 3. Field profiles of some dipole modes before and after
tuning of the accelerator mode.

End Half Cell Tuning

When the structure is cooled to helium temperature for
operation, small frequency changes will be required to achieve
the correct working frequency. One scheme for doing this is
to tune one of the end half cells of the structure by deforming
it in the longitudinal direction. This tuning will have the
undesired effect of causing field profile unflatness in the
accelerator mode, and causing frequency shifts and field profile
changes in the higher order modes.

To investigate these effects, we compressed the right hand
end half cell .027 inches, causing a shift in the accelerator
mode frequency of-100 kHz, and recorded the structure mode
frequencies and field profiles before and after this change.
With an expected uncertainty in structure frequency at helium
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temperature of ± 1 X 10"5, we will provide a tuning capability
of ± 2 X 10"5 or ± 26 kHz. This is a factor of four smaller
than the change produced in these measurements. The field
profiles for the same six modes shown previously are given in
Figs. 4 and 5. The modes that showed the most change in field
profile are the accelerator mode (TM010 Jt-mode, 1299 MHz)
and the TM011 Jt/4-mode at 2351 MHz. The frequency shifts
for all modes below beam tube cutoff are less than 0.5 MHz.

From the measurements, one can calculate the degradation
one might expect from tuning the structure frequency by 26
kHz. The field unflatness in the accelerator mode profile as a
result of tuning the mode by 26 kHz is 3%. The field
asymmetry generated in the TM011 'vcJA' mode is 7%.

We have paid special attention to the effects of tuning one
end half cell on the external coupling to the trapped mode and
found no significant change in coupling as a result of tuning
the accelerator mode by 200 kHz. We also terminated the
structure with a beam pipe extension containing a movable
short and measured the coupling to the trapped mode as the
short was moved out from the end of the beam pipe. Once
again, no noticeable change in coupling was measured.

=111 'TI/2' —1642.202 MHz •••• 1642.543 MHz

1298.944MHz

TM011 ' i t /2' —2342.166MHz -2342.274MHz
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TM0ii'rc/4" —2351.966MHz 2352.125MHz
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Fig. 4. Profiles of selected longitudinal modes before and after
end cell tuning.
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Fig. 5. Profiles of selected dipole modes before and after end
cell tuning.

Conclusions

We have shown in our four cell structure that tuning of the
accelerator mode by means of longitudinal rods is both simple
and effective in achieving a specified accelerator mode
frequency within ± 10"! and a field profile flat within 1%.
Field profile asymmetries in the HOMs of the as-fabricated
structure are comparable to those in the accelerator mode.
Tuning of the structure to flatten the accelerator mode profile
does not remove asymmetries in the HOMs.

End half cell tuning of the accelerator mode frequency by
i 2 X 105 in a four cell structure leads to a marginally
acceptable degradation of the field profile in the accelerator
mode and the HOMs. For structures of more than four cells,
fine tuning should involve both end cells to avoid unacceptable
distortion of the mode.
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Tuning and Conditioning of RFQ1-1250 Cavity*

J.Y. Sheikh and R.J. Burton
AECL Research, Chalk River Laboratories

Chalk River, Ontario, Canada KOJ 1J0

Abstract

RFQ1-1250, a "new-vane" version of our original RFQ1-600
cw radiofrequency quadrupole proton linac, has vanes
designed for a peak surface electric field of 1.8 Kilpatrick and
a beam output energy of 1.25 MeV. The RFQ1-600 vanes
had OFHC copper tips brazed to copper electro-plated mild
steel bodies; the new RFQ1-1250 vanes are fabricated from a
relatively new material called GlidCop Al-15, an alumina
dispersion-strengthened copper. Installation of the vanes,
tuning, and cavity conditioning went smoothly and
considerably faster than on the original accelerator. Details of
the tuning and the cavity conditioning are described.

Introduction

The RFQ1 facility [1] is a test bed for the development of
100% duty factor RFQ accelerators suitable for a wide range
of applications requiring high-current beams of protons or
other light ions. Experiments with the original structure
(RFQ 1-600) were completed during 1991 and new vanes were
installed to double the output energy to 1.25 MeV. The
increased energy gain in the same resonant cavity was
achieved through a combination of designing for higher peak
surface fields (1.8 instead of 1.5 Kilpatrick) and a new tip
profile with increased accelerating gradient. New mechanical
construction techniques were used [2] and the experimental
program for RFQ1-1250 includes the characterization of the
high-strength copper alloy (GlidCop AL-15) in high-field
accelerator applications. Tuning of the resonant cavity with
the new vanes was accomplished by following the basic
procedures developed for the original structure [3]. RF
conditioning of the new vanes to a higher field level was
significantly easier than with the OFHC copper-tipped vanes
of RFQ 1-600.

Tuning

The vanes were installed in the structure, optically aligned and
centred to within ±0.025 mm. After mechanical alignment of
the vanes, the relative field distribution within the cavity was
checked using frequency perturbation methods. Segment-to-
segment and end-to-end magnetic fields were examined by
introducing a metal perturber at fixed locations around the
cavity outer walls. The frequency shift, which is proportional
to the square of the magnetic field, was measured. For

confirmation, a traditional bead pull was done through the
strong electric fields in the vane tip region. The field
distributions obtained by these two methods were very similar.
Measurements made before the vane coupling rings (VCR's)
were installed showed an end-to-end field variation of 15%.
Appropriate adjustments to the vane positions reduced this tilt
to 10% and the VCR's were then installed. End compensation
stubs for the VCR's were not as effective as with RFQ 1-600.
Fields at the middle of the RFQ were nearly 10% higher than
at the ends. Segment-to-segment variations were <4%. Field
variations of this magnitude do not significantly degrade beam
performance, and assembly was therefore completed for
conditioning and high-power testing.

A typical longitudinal field variation, measured in quadrant 4,
is shown in Fig. 1. An automated bead pull system, partly
developed for this project, is described in detail in a paper
presented at this conference [4].

50 100

LONGITUDINAL POSITION (cm)
150

Fig. 1 A typical bead pull through one quadrant along
the axis of the RFQ1-1250 cavity showing
variations in relative field amplitude.

The predicted (SUPERFISH) resonant frequency of the cavity,
with corrections for the end effects as determined from
RFQ 1-600, was 267 MHz. At the conclusion of low-power
tuning, the 0 and lst-order quadrupole and dipole mode
frequencies were measured (Table 1). These measurements
showed that the desired frequency was within 180 kHz, well
within range of the motor-driven tuners.

"This work was partially supported by Los Alamos National
Laboratory under contract No. 9-X5D-7824D-1.

710



Table 1

Frequency
266.820

275.108
275.632
285.734
324.608

Q (loaded)
3106

1687
3982
6235
6387

Mode Type
quadrupole
(accel. mode)
dipole
dipole
quadrupole
dipole
(degenerate)

n=0

n = l

High-Power Conditioning

For conditioning it is desirable to use high-power short-rise
time pulses to break through multipactoring. However, the
present rf system is not designed for pulsed operation and any
extended operation in the pulsed mode results in excessive
heating of the power-supply filters' circuits. Therefore, our
strategy for conditioning was to use the pulsed mode as little
as possible and do most of the conditioning in cw mode.

After pulsing for 22 minutes using 30 /JS pulses at 100 Hz, cw
operation was tried. The tank accepted about 40 watts after
15 minutes. The system vacuum was used as a guide to the
multipactoring activity and as an indicator to when the power
could be increased further. With no rf in the tank, the
vacuum was approximately 3 * 10"7 torr; as power was
increased, it was kept in the mid-106 range to avoid sparking.
Two TV cameras, one on-axis and one across from the drive
loop, were used to observe sparks in the tank. For protection
against the high reflected power, an rf trip circuit removed the
low-level drive if it persisted beyond a preset time. Initially,
the trip was set for 2.6 kW and 58 ms. This was increased to
30 kW and 100 ms during conditioning to full power. X-ray
end-point measurements at 120 kW predicted that 150-155 kW
would give the required intervane voltage of 78 keV.

150.0 -

Conditioning the tank to 150 kW took about 16 hours, spread
over seven days. Figure 2 shows the conditioning history,
neglecting the time at the start of each day required to reach
the level attained the previous day.

During conditioning, it was noted that the resonant frequency
of the tank was changing. Figure 3 shows the change in the
cold frequency shift over the seven-day conditioning period.

267.0

0.0

Fig. 2

265.8
2 4 6 6
Day Of Conditioning

Fig. 3 Frequency shift versus the day of conditioning.

The ends of the RFQ1-1250 cavity were removed for
inspection and it was confirmed that the vanes had moved by
as much as 0.2 mm at the high-energy-end and about half this
amount at the low-energy-end. This shift was corrected and
the frequency was restored close to the original value. No
comparable shift was noticed during the RFQ1-600
conditioning. This may be because it took several weeks to
achieve a well-conditioned tank and, during that period, the
tank was opened several times. The cumulative 700 kHz
frequency change was attributed to minor modifications.

A new automatic frequency controller (AFC) was recently
installed on the rf system. Previously, the signal generator
tracked the cavity by modulating the low-level rf signal at
2 kHz. The AFC extracted the modulation signal from the
reflected power and compared it with the reference to develop
a dc correctional signal proportional to the frequency error.
The new unit measures the frequency error by comparing the
phase of the rf power entering the structure with the phase of
the fields in the structure. The difference between these two
signals is used to determine the polarity and magnitude of the
frequency error and drives the dc-coupled FM input of the
signal generator to bring the phase error to zero.

).O 2.0 4.0 6.0 8.0
Conditioning Time (Hour)

High-power conditioning versus time.

10.0
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The sparking frequency appears to be much reduced with the
new AFC. An increased intervane voltage of 94 keV (peak
fields of 2.1 Kilpatrick) has been reached with this system, as
shown in Fig. 4.

Design Voltage
92 July 15

• • i i • • i i i • i i i i i i • i • i i i i i i i i i i i i i i i i i

5 75 95 115 135 155 175 195 215 235

RFQ Tank Power (kW)

Fig. 4 X-ray measurements.

The rf power is coupled to the structure via a single drive
loop. The adjustment for rf coupling is done by rotating the
loop and adjusting its penetration in the tank. When first
installed, the loop was over-coupled. The 3 mm (0.080") rf
gasket (Fig. 5) had to be increased in thickness to 35 mm
(0.880") to reduce the coupling (but at the expense of
introducing a =300 kHz frequency shift). A new loop that
removes this shift was recently built. Further mechanical
design improvements were also made, that reduced the number
of parts and allow easier assembly and disassembly. A section
of the new loop with modified end-shape is shown in Fig. 6.
This loop was recently tested on the RFQ1-1250. Apart from
minor modifications to the tank tuners for frequency
adjustment and a few hours of conditioning, the loop delivered
power without problem. The coupling and frequency shift are
as designed.

SPACER WITH
_ RF GASKET

\ ( 0.880" )

PHANTOM LINES
SHOWING

-. RFQ1 TANK

GAP OPENING
ADJUSTED

FOR COUPLING

RF GASKET
\ ( 0.080" )

PHANTOM LINES
SHOWING

. RFQ1 TANK

Fig. 6 Section of the new loop.

Conclusions

The initial rf conditioning of high-power devices is often
difficult because a number of systems are usually being
operated for the first time. For RFQ1-1250, the cw
conditioning was noticeably faster than for RFQ 1-600.
Glidcop AL-15 proved similar for conditioning to OFHC
copper. The rest of the structures had been conditioned with
the old vanes. The rf circuit that was installed to shut off the
low-level drive if reflected power stayed high helped in
conditioning by improving the overall rf system operation, and
relieving the crowbars of unnecessary stress. The new AFC
has significantly reduced the frequency of tank sparking and
allowed the tank to condition to 2.1 Kilpatrick cw. The
modified loop conditioned quickly to full power.
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Abstract

Field instability due to a dipole mode mixing is themost
significant disadvantage of an original four-vane type radio-
frequency quadrupole(RFQ)linac. In order to avoid any dipole
mode mixing, several pairs of vane couplingrings( VCRs) have
been mainly used so far. However, the VCR has complicated
shape and is difficult to fabricate particularly in the RFQ linac
operated with a high-duty factor. Thus, anew field-stabilization
concept was proposed and was referred to as a 7t-mode stabi-
lizing loop (PISL) in the previous paper. The empirical results
of the rf characteristics measurements on a low-power model
cavity with or without PISLs are presented in this paper. The
measurements showed th at the PISLs were capable of stabiliz-
ing the accelerating mode, reducing the ratio of a dipole mode
mixing from 7 % to less than 1.5 %.

Introduction

In an original four-vane type RFQ cavity, the lowest-
order mode is a dipole mode (TEj iQ-mode). Its resonant fre-
quency is slightly lower than the accelerating mode of the
lowest-order quadrupole mode (TE2io-mode). An RFQ, being
long compared with its rf wavelength, has many other higher-
order dipole modes (TEnn-mode). Their resonant frequencies
are higher or lower than that of the accelerating mode, or
sometimes very close to that of the accelerating mode. The
dipole mode with a resonant frequency closer to that of the
accelerating mode is more easily mixed with the accelerating
mode by a small amount of perturbation. In this way, these
dipole modes make it difficult to tune the field distribution.
The difficulty in tuning the field distribution was also experi-
enced at KEK in the long low-power model cavity [1], which
was fabricated in order to study the rf characteristics of a
cavity designed for the Japanese Hadron Project (JHP) [2]. In
this cavity, we experienced not only the tuning difficulty but
also the field instability due to the dipole mode mixing caused
by the thermal stress in the vanes: a few-percent changeof the
square of the magnetic field arose from a few-degree change of
the ambient temperature. Since the dipole mode gives rise to
beam bending, the mixing of the dipole mode reduces the
acceptance of an RFQ.

In order to enlarge the frequency separation between
the accelerating mode and the dipole mode, several pairs of
vane coupling rings (VCRs) [3] have been used in most of the
successfully operatingfour-vane type RFQs. Although an RFQ
with VCRs is stable against the mixing of dipole modes, it is
difficult to fabricate. A VCR with a complicated shape must be
machined in a narrow region inside of the cavity. In particular,
the cooling of the VCR and the electrical contact between the
VCR and the vanes (important for the high duty operation) are
very difficult.

Thus, a new field stabilization concept was proposed
and was referred to as a Tt-mode stabilizing loop (PISL) in the
previous papers [4,5]. This concept is based upon mode
stabilization by magnetic coupling between two neighboring
quadrant cavities with closed loop couplers. In order to examine
the effects ofPISLexperimentally, several pairs of PISLs were
installed in the low-power model cavity fabricated for the JHP.
In this paper, we present the results of rf field measurements
on the cavity with or without the PISLs. The detail of the
measurements are presented in ref. 6. The results are com-

pared with the theoretical calculations using the MAFIA code
package [7,8] and the computer code SUPERFISH [9].

Design of PISL unit-cell

The original low-power model cavity was designed with
SUPERFISH as shown in refs. 1 and 6. This is an unperturbed
RFQ cavity without vane-modulation, a radial matching sec-
tion or a side-tuner, but with the vane-ends and the end plates.
Therefore, theempiricalresultscan bedirectly compared with
the theoretical values. The calculated resonant frequencies
and Q-values of the accelerating mode and the lowest-order
dipole mode are listed in the first line of Table 1. In this table,
suffixes of QO and DO stand for the accelerating mode and the
lowest-order dipole mode, respectively. The terminology of
ORG-SF stands for the original cavity analyzed with
SUPERFISH.

We designed the PISL installed in the low-power model
cavity as follows [5,6]. At first, we attempted to carry out the
three-dimensional analyses on the structure with the same
cross-section as ORG-SF by using MAFIA. The structure was
referred to as ORG-MF (original RFQ cavity analyzed with
MAFIA). The calculated results are listed in the second line of
Table 1. The absolute values calculated with MAFIA are
slightly differentfrom the values calculated with SUPERFISH
probably due to the insufficient number of meshes (limited by
the ability of the computer used). However, the relative values
calculated with MAFIA, such as frxrfQo ar>d QDO/QQO.

 a r e m

good agreements with those calculated with SUPERFISH.
Therefore, it is probably possible to accurately calculate the
frequency separation between the accelerating mode and the
lowest-order dipole mode with MAFIA. This frequency sepa-
ration determines the field stability of the accelerating mode
against the dipole mode mixing. The design value of the
separation is set to be more than 30 MHz, since the ATS RFQ
with VCRs succeeded to accelerate a H- beam with a separation
of 30 MHz [10]. In practice, the PISL structure was designed
to comprise several periodic unit-cells and the two vane-end
regions. In this case, only the PISL unit-cell must be analyzed
with MAFIA since the shapes of vane-end regions are deter-
mined empirically. In Fig. 1, we show the structure of the unit
cell (referred to as PISL-MF) thus designed after iterative
calculations. The length of structure PISL-MF is the same as
that of structure ORG-MF (170 mm) in order to make possible
the comparison between the calculated results of these two
structures. It is noted that only one-quarter of the cross-section
was analyzed by utilizing the symmetry of the cavity. The
calculated results are listed in the third line of Table 1. The
calculated frequency separation between the acceleratingmode
and the lowest-order dipole mode is foo(PISL-MF)-fQo(PISL-
MF)=35.6 MHz. The calculated frequency shift of the acceler-
atingmode by installing the PISLs is fQo(PISL-MF)-fQo(ORG-
MF)=-16.6MHz.

RF field Measurements

At first, the experimental setup is described in draw-
ings. The scheme of the end plate is shown in Fig. 2. The low-
power rf signals are fed through and detected with loop
monitors installed on the end plates. The rf field distribution
is measured with the bead-perturbation method, introducing
a bead into the inside of the cavity through one of thefiveholes
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Fig. 3 Cross-sectional and longitudinal views of the low-
power model cavity after equipment of the PISLs.
a. Cross-sectional view in the plane of horizontal PISLs.
b. Cross-sectional view in the plane of vertical PISLs.
c. Longitudinal view.

TABLE 1 Calculated and Measured Resonant
Frequencies and Q-values.

Cal.(ORG-SF)
Cal.(ORG-MF)
Cal.(PISL-MF)
Meas.(ORG)
Meas.(PISL)

fQo(MHz)
431.221
427.497
410.904
431.438
416.331

QQO
10,013
9,729
9,323
7,460
6,800

fDo(MHz)
417.873
414.409
446.508
420.114
450.468

QDO
9,835
9,557
7,040
7,073
4,310

Fig. 4 Measured dispersion curves : (a) the original cavity, (b) the cavity with PISLs.

bored in each of the end plates. One hole is bored at the center
of the end plate in order to measure the electric field strength
near the beam axis (no field on the beam axis). The other four
holes are bored in order to measure the stored energies in the
four quadrant cavities. In Fig. 3, we present the drawings of the
cavity after equipment of the PISLs : (a) the cross-sectional
view in the plane of the horizontal PISLs, (b) the cross-
sectional view in the plane of the vertical PISLs and (c) the
longitudinal view.

The measured dispersion curves before and after the
equipment of the PISLs are shown in Fig. 4a and 4b, respec-
tively. As can be seen from Fig. 4a, the accelerating mode
(TE2io-mode) is located near the middle of the two dipole
modes (TEm-, TEn2"m o^e s) ' n t n e original cavity. The fre-
quency separation between the accelerating mode and the
nearest dipole mode is small (about 4.5 MHz). By installingthe
PISLs, the reson ant frequencies of all the dipole modes (TE ] j n-
modes) were increased by about 30 MHz and becomes higher
than that of the accelerating mode. The measured resonant
frequencies and Q-values of the accelerating mode and the
lowest-order dipole mode in the original cavity are listed in the
fourth line of Table 1. Those values in the cavity with the PISLs
were also measured as listed in the fifth line of Table 1. The
resonantfrequency (431.438 MHz)oftheacceleratingmodein
the original cavity is in good agreement with the value calculated
with SUPERFISH (431.221 MHz). The small difference be-
tween these two values is consistent with the mechanical
measurement: the inter-vane distances are about 20 \xm larger
than the design value. However, the measured frequency
separation (fD0(PISL)-fQ0(PISL)=34.1 MHz) between the ac-
celerating mode and the lowest-order dipole mode is slightly
smaller than the calculated value(35.6 MHz). Also themeasured
frequency shift (fQ0(PISL)-fQo(ORG)=-15.1 MHz) of the accel-
erating mode due to installing the PISLs is slightly smaller
than the calculated value (-16.6 MHz). These discrepancies are
probably arisingfrom the modifications of the cross-sections of
the bar and the clearance hole due to the insufficient number
of meshes. The main reason for the smaller Q-values than the
calculated values can be attributed to the roughness of the
cavity surface machined by the concave or convex cutters.
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The magnetic field distributions in the four quadrants
of the cavity before and after the equipment of the PISLs is
shown in Figs. 5a and 5b, respectively. These distributions are
presented in forms of the squares of the magnetic fields, since
thereson ant frequency shift measured by thebead perturbation
method is proportional to the square of the field strength. As
can be seen from Fig. 5a (before the equipment of the PISLs),
the magnetic field strengths of the second and third cavities
are slightly larger than those of the first and fourth cavities,
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Fig. 4 Distribution of the square of field strength.
a: Magnetic fields in four quadrants of the original cavity.
b: Magnetic fields in four quadrants of the cavity with the PISLs.
c: Electric field near beam-axis in the cavity with the PISLs.

indicating the mixing of the accelerating quadrupole mode
with a dipole mode. The distributions are uniform within ±7%.
(The field uniformity is within ±3.5 %.) By installingthePISLs,
every field distribution in each of the four quadrant cavities
becomes almost identical (Fig. 5b). The difference between the
two distributions of the four results is less than ±1.5 %, which
is of the same order of the measurement error. (The difference
of the field strength is ±0.75 %.) It is noted that there are many
steep peaks, which do not appear in Fig. 5a. These are the
modified magneticfield patterns observed at the positions very
close to the bars, where the distance between the bead and the
bar of the PISL is very short (about 7 mm). In Fig. 5c, we
present the measured electric field distribution near the beam
axis in the longitudinal direction. The distribution is shown in
a form of the distribution of the square of the electric field. It
is noted that the small peaks are also observed at the longi-
tudinal positions of the PISLs. However, the uniformity of the
square of the field distribution is significantly better than that
of the magnetic field distributions (Fig. 5b) and is within about
±1.5%. (The field uniformity is within about ±0.75%.)Therefore,
the PISLs have only slight effect on the accelerating electric
field.

Conclusions

The PISL unit-cell was designed with the MAFIA code
package. Several pairs of PISLs thus designed were installed
in the low-power model cavity in order to examine the effects
of PISLs empirically. By installing the PISLs, the field non-
uniformity due to the dipole mode mixing was reduced from 7
% to less than 1.5 %. The measured frequency shift of the
accelerating mode by installing the PISLs, which is important
to adjust the resonant frequency, is slightly different from the
calculated value with MAFIA. Since this discrepancy is arising
from the insufficient number of meshes used in the MAFIA
analyses rather than the computing errors, the PISL unit-cell
for the JHP RFQ cavity can be designed with M AFI Acombined
with the measured results in this paper. Since the effects of
PISLs were experimentally confirmed, we started to fabricate
the JHP RFQ with PISLs.
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Abstract

This paper is a progress report on studies carried out at
SLAC to assess the high-gradient behavior of 11.4 GHz copper
accelerator structures for future linear colliders. The structures
which have been examined in the last year are a 7-cavity stand-
ing-wave (SW) section and a 30-cavity traveling-wave (TW)
section. Both structures are of the constant-impedance uniform-
aperture type with a 2?t/3 phase shift per cavity. The results pre-
sented here include new information on RF breakdown, field
emission, RF processing and dark current The captured dark
current depends on the rise time of the RF pulse.

Introduction and Experimental Set-up

Work on the high-gradient behavior of accelerator structures
for future linear colliders started at SLAC in 1984 with experi-
ments at S-Band (2.856 GHz). The most recent report summa-
rizing the SLAC results as of September 1990 can be found in
reference [1]. The work presented here has been done since that
time and applies only to X-Band (11.42 GHz). It has been made
possible by the development at SLAC of X-Band klystrons and
the so-called Binary-Pulse Compression (BPC) system [2]. The
maximum peak power from a klystron was 30 MW with a
pulse width of 800 ns at 60 pps. When combined with the BPC,
it produced up to about 80 MW peak power with a 60 nsec
pulse width. Experience with earlier breakdown and field emis-
sion experiments was used to plan the tests described below.

The first test was done on a 7-cavity standing-wave
(resonant) section, very much like an earlier 7-cavity standing-
wave S-Band section [1], since the peak power available at first
from the X-Band klystron was too low to obtain the breakdown
limit expected at this frequency in a non-resonant structure.

With increased power and the use of the BPC, the second
test was done on a 30-cavity traveling-wave structure with a
symmetrically fed input coupler cavity. Both structures were of
the constant-impedance uniform-aperture type. Aside from the
power source, it was necessary to provide the proper shielded
environment to carry out the high radiation tests. A bunker adja-
cent to the klystron test-stands was built and is shown in Fig. 1.
The rectangular waveguide bringing the power from the
klystron and BPC can be seen on the right with several vacuum
pumps, and the dual input of the traveling-wave section can be
seen on the left, also surrounded by vacuum pumps. The lay-
outs of the respective set-ups are shown in Fig. 2.

Fig. 1 Experimental set-up inside bunker for high power tests of the
30-cavity TW section. The SW section set-up was very similar.

Faraday
- i Cup

C=H±=I
7-Cavity

SW Section

Load

Loadi Faraday

L Cup
HZZI3-Stage

BPC
30-Cavity

TW Section

Magic T 8 92
7227 AS

* Work supported by Department of Energy contract DE-AC03-

76SFOO515.

Fig. 2. RF system layouts for high power tests of the 7-cavity SW
and 30-cavity TW sections .

Note that the SW test did not require the BPC but used a
Magic Tee to partially decouple the klystron from the reflections
from the section. The straight-ahead Faraday cup was con-
structed from a modified commercial (MDC) feedthrough com-
bined with a tantalum cylinder and a graphite cap. A coaxial
shield was added to suppress electrical noise. Momentum anal-
ysis of the captured field-emitted current was not yet available.
A Residual Gas Analyzer (RGA) was attached to the vacuum
system.

Experimental Results

The characteristics of the two X-Band sections and the ex-
perimental results are shown in Table 1. The S-Band results ob-
tained earlier are shown in the first column for reference and
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comparison. Note that the maximum surface field on the disk,
E s , reached 500 MV/m in the SW section (as compared to
310 MV/m in the corresponding S-Band section) but could not
be measured in the TW section because of insufficient power.
The breakdown limit did not vary much when the RF pulse was
shortened from 800 to 200 ns.

TABLE 1

Frequency f (MHz)
Iris diameter, 2a (cm)
Cavity diameter, 2b (cm)
Total length (cm)
Shunl impedance (MQ/m)
Factor of merit, Q
Input coupler type
Filling time (ns)
RF pulse length (ns)
Peak input power (MW)
Max. surf. Es (MV/m)
Max. av. Eacc(MV/m)
Field enhancement p
Es/F-acc

* Limited by RF breakdown
t Limited by klystron output

S-Band
7-Cavity

(SW)

2856
1.99
8.19
24.5
62.6/2
13800
Single
770
2500
47*
310*
80*
60
3.88

power

X-Btnd
7-Cavity

(SW)

11424
0.75
2.12
6.13
98/2
6960
Single
80
800
14*
500*
110*
50
4.55

X-Band
30-Cavity

(TW)

11424
0.75
2.12
26.25
98
6960
Double
26.5
60
751
194t
85t
—
2.28

Fig. 3 shows typical pulse shapes for the 7-cavity SW sec-
tion tests. The dark current or field-emitted current measured by
the Faraday cup is seen to reach its asymptotic peak after about
160 nsec or two filling times. Fig. 4 gives this peak current as a
function of maximum surface field which in the resonant case
occurs only in the 3rd and 6th cavity from the coupler. From the
theory of linear accelerator injectors, it can be shown that an
electron at rest on axis will be captured by a velocity-of-light
traveling-wave if the peak accelerating field in MV/m reaches
1.6A(m), i.e., 61 MV/m at 11.42 GHz. In this figure, this

-475

8-92
722 7A2

-216 1784
200ns/div

Fig. 3. Pulse shapes of klystron output, section input, reflected
power, and dark current for 7-cavity SW section.

corresponds to about 280 MV/m surface field. Of course, the 7-
cavity section is so short that even some of the electrons that are
not captured are likely to reach the Faraday cup. At the higher
field levels, a momentum analysis would probably show a
double-peaked curve corresponding to the contributions from
the two high-field cavities. When the surface field reached
500 MV/m, the current was 120 mA and the radiation dosage
around the section was ~ 700 R/hr. For E a c c ~ 50 MV/m (just
below capture) the peak current was about 0.5 mA. Fig. 5
shows a typical Fowler-Nordheim plot from which the field
enhancement factor p can be obtained by using the standard
formula given in Reference 1. The value of (i depends on which
portion of the curve is taken but is about 50 if one lakes the
portion above 280 MV/m where true capture occurs.

103

100 200 300 400
Surface Field (MV/m)

500

Fig. 4. Peak dark current measured by Faraday cup as a function of
maximum surface field on disks of 7-cavity SW section.

2 4 6 8

1/E (10-9 mA/)

Fig. 5. Fowler-Nordheim plot for 7-cavity section lesis.

Fig. 6 shows the effect of RF processing on dark current in
the TW secuon during two distinct periods separated by several
weeks of downtime during which the klystron was repaired.
Both processing periods lasted 40 hours. The maximum field of
85 MV/m (limited by klystron output) was reached after a total
of 80 hours at the end of which the dark current as a function of
Eacc fell along the curve of June 24, 1992. The peak current
was about 2 mA at 85 MV/m vs. 10 |iA at 50 MV/m. These
numbers are fairly consistent with the SW ones. Assuming that
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one is close enough to the capture threshold at 50 MV/m to catch
most of the electrons, this would indicate that each of the
30 cavities contributes 0.33 p.A or about 10^ e' in 60 nsec.
Fig. 7 shows the RF pulse shapes and dark current for three
different pulse rise times. This is probably the most revealing
piece of information in this paper. It shows that for a steep input
rise time of about 10 ns (Fig. 7a), which probably causes an
upward frequency shift of several tens of megahertz (and a
slight overshoot in amplitude), the capture is significantly in-
creased. When the frequency shift subsides after about a filling
time (26.5 ns), the dark current subsides accordingly. The effect
becomes less pronounced as the rise time increases to about
15 nsec (Fig. 7b) and disappears completely for a rise time of
about 20 nsec (Fig. 7c). This effect can be explained by the fact
that the higher frequency leads to a lower phase velocity which
causes more electrons to be captured. This hypothesis was veri-
fied by changing the RF drive frequency for the entire pulse
(Fig. 8) and observing the increase in dark current at a fixed
value of average E a c c (77 MV/m). As this paper is being

I
O

15

- 10

I • I

^acc " 77MV/m
Pulse Length: 60ns

I I

11.40 11.44 11.48
Frequency (GHz)

Fig. 8. Peak dark current as a function of RF frequency.

written, the BPC is being equipped with two klystrons at the
input which will boost the peak power to about 200 MW. The
tests on the TW section will then be resumed to obtain fields
above 100 MV/m. Later in the year, new 75 cm and 180--cm-
long sections will become available for more definitive tests.
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Abstract

We calculated the frequencies of transverse and
longitudinal mechanical-vibration modes of the HEPL-
modified, CERN/DESY four-cell superconducting cavity,
using finite-element techniques. We compared the results of
these calculations, including the stiffening of the cavity with
rods, with mode frequencies measured at HEPL. The
correlation between data was significant. The same
techniques were also used to design and optimize the
stiffening scheme for the seven-cell 805-MHz
superconducting cavity being developed at Los Alamos. In
this report, we describe the final stiffening scheme and the
results of our calculations.

Introduction

The seven-cell 805-MHz superconducting cavity being
developed at Los Alamos will be used to accelerate low-
intensity pion beams [1]. Because of the low beam loading,
it is planned to drive the cavity with an rf power coupler that
has an external Q of 2* 10*7 or higher. Operating with such a
high external Q saves rf power only as long as the cavity is
not subject to mechanical vibrations (microphonics), which
excessively modulate its resonant frequency. If the cavity
frequency excursions, however, are of the order of half a
bandwidth or greater because of microphonics, they force the
control system to provide large amounts of power off
resonance to control the cavity's field phase and amplitude to
required tolerances. Microphonics can thus prevent rf power
savings that would otherwise be possible at high external Q
operating conditions.

Most cavity mechanical vibrations are driven by ambient
noise sources. These noise sources have large amplitudes at
low frequencies (<~12O Hz). Stiffening the cavity to raise its
mechanical vibration frequencies above -200 Hz decouples it
from these noise sources.

Before designing the stiffening scheme using finite-
element techniques to estimate the mechanical vibration
frequencies of the seven-cell cavity, we felt we needed to
validate these techniques. To do this, we calculated and
compared the frequencies for a stiffened (and unstiffened)
HEPL-modified CERN/DESY four-cell cavity to the actual
frequencies measured at HEPL [2].

After validating the finite-element techniques, we
analyzed and optimized the stiffening structure for the seven-
cell cavity at Los Alamos.

HEPL FOUR-CELL CAVITY CALCULATIONS

Figure 1 shows the four-cell CERN/DESY structure that was
modified at HEPL for 1300-MHz operation. The cavity is

approximately 68.7 cm long and nominally 0.3175 cm
thick. It has 20.5-cm-diam cell equators and 6.5-cm-diam
cell irises (approximately).

\{r\)

Fig. 1 Four-cell CERN/DESY structure.

We built a three-dimensional PATRAN® model of the
cavity which consisted of 792 shell elements and 2400
nodes. We used ABAQUS®, which relies on the subspace
iteration technique [3], to extract the eigenvalues so that we
could determine the fundamental modes. We modeled the rf
coupler ports and end flanges as masses distributed on rings
around the beam tube extensions at the proper longitudinal
positions.

We first ran the model for the unstiffened cavity, using
the same end conditions used at HEPL (free-free). Figures 2-
3 show some of the exaggerated mode shapes. The lowest
mode is a 76-Hz transverse-vibration mode.

Fig. 2 First transverse mode.

•Work supported by the US Department of Energy, High
Energy and Nuclear Physics Office.

Fig. 3 First longitudinal mode.

The results for the unstiffened cavity are compared with the
HEPL test data in Table 1. As can be seen, the correlation
between data is significant.
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Table 1 Comparison of HEPL Test Data and
Finite Element Model—Four-Cell Cavity
(Unstiffened)

Model
First Transverse
Second Transverse
Third Transverse
First Longitudinal
Second Longitudinal

HEPL Test Data
72 Hz
172 Hz
288 Hz
236 Hz
460 Hz

Analysis
76 Hz
185 Hz
309 Hz
232 Hz
467 Hz

Next, we modified the analytical model to include the
three rods used at HEPL to stiffen the cavity. These rods,
made of 1.27-cm-diam threaded steel, were attached at each
cell to Nb tabs welded to the cell wall and then modeled with
33 three-noded bar elements. Nodes on the cavity shell
elements and on the rods were constrained to move together
in all six degrees of freedom.

Results of the modified analysis are compared to the
HEPL test data in Table 2. Again, the correlation between
data was significant, thus proving the validity of the finite-
element techniques.

Table 2 Comparison of HEPL Test Data and
Finite Element Model—Four-Cell Cavity
(Stiffened)

Model
First Transverse
Second Transverse
Third Transverse
First Longitudinal
Second Longitudinal

HEPL Test Data
440 Hz
532 Hz
No Data
744 Hz
800 Hz

Analysis
423 Hz
536 Hz
982 Hz
720 Hz
862 Hz

SEVEN-CELL 805-MHz CAVITY
CALCULATIONS

The basic unstiffened seven-cell 805-MHz cavity [4] is
159.4 cm long and is nominally 0.3175 cm thick. The
cavity's seven cells have an equatorial diameter of 34.1 cm
and an iris diameter of 13.0 cm.

Figure 4 shows the analytical model of the seven-cell
cavity. Shell elements were also used to build this model
(912 elements and 2760 nodes) and the end conditions for
this calculation were also "free-free".

Table 3 shows the results of the unstiffened cavity
analysis. The mode shapes are not presented here, but they
are quite similar to those of the four-cell cavity.

Table 3 Finite Element Model Results—Seven-
Cell 805-MHz Cavity (Unstiffened)

Mode Resonant Frequency

First Transverse
Second Transverse
Third Transverse
First Longitudinal
Second Longitudinal

37 Hz
91 Hz
160 Hz
115 Hz
231 Hz

We first tried raising the vibrational frequencies by
increasing the nominal wall thickness. The analysis,
however, showed that the vibrational frequencies were
actually lowered, indicating to us that the mass increase
actually offset the modest gain in stiffness caused by the
increase in wall thickness.

Our next attempt to increase the vibrational frequencies
was to add stiffening rods to the cavity. Because of the
cavity's larger size, we used a total of six 2.54-cm-diam rods.
The addition of the rods raised the mechanical vibration
frequencies significantly. For example, the first transverse
mode frequency increased to 263 Hz.

To determine the optimum rod diameter, we performed
calculations using different rod diameters. The results of
these calculations are summarized in Table 4. As before, the
increased mass of the rods offset the gain in stiffness with
increased diameter.

Table 4 Parametric
Increasing Rod Diameter

Analysis—Effect of

Rod Diameter (cm) First Transverse Mode
2.54

3.81

5.08

263 Hz

271 Hz

250 Hz

The results of the rod-stiffened seven-cell cavity were
encouraging, but we could see from the deformed-geometry
plots that the unsupported rod ends and the cavity end half
cells with the attached beam tubes were deflecting
excessively. To lessen the problem and provide an
attachment point for the cavity's frequency tuning
mechanism, we shortened the rods and tied them together
with a 2.54-cm thick titanium bulkhead [4]. The results of
this calculation are shown in Table 5.

Table 5 Finite Element Model Results—Seven-
Cell Cavity (Stiffened with Rods and Bulkheads)

Mode Resonant Frequency

Fig. 4 Seven-cell cavity model.

First Transverse
Second Transverse
Third Transverse
First Longitudinal
Second Longitudinal

257 Hz

464 Hz

673 Hz

530 Hz

>670Hz
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Rather than raise the first transverse mode frequencies,
the addition of the bulkheads actually resulted in a drop of 6
Hz in the resonant frequency because of the bulkheads'
weight (2 x 13.3 kg) that was added to each end of the cavity
The solid titanium rods were replaced with 3.8-cm- and
OD/3.3-cm-ID hollow rods, and the solid bulkhead was
changed to an "efficient bulkhead" that had an equivalent
stiffness with only one third the mass. Implementing these
two changes increased the first transverse mode frequency to
280 Hz.

At this point, we added 17.6 kg to the model's bulkheads
to represent the approximate added mass of the tuning
mechanism. Other hardware, such as flanges and coupler
ports, was simulated by adding masses to the model at
appropriate locations.

Figure 5 shows a representative sample of the different
models we analyzed. The terms "efficient bulkhead" and
"infinitely efficient bulkhead" refer to a lightweight bulkhead
and a zero weight bulkhead, respectively. Because the
vibration frequency of the zero weight bulkhead case is not
substantially higher than that of the lightweight bulkhead
case, we made no further attempt to optimize the bulkhead
design and settled on a design that has a first transverse mode
frequency of -241 Hz. Figure 6 shows the cavity with the
selected stiffening structure and tuning mechanism.

302.2
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Fig. 5 Summary of Pilac Vibration Analysis.

Fig. 6 Seven-cell cavity with stiffeners and tuners.

We also looked at torsional modes close in frequency to
the transverse modes. For these modes the stiffening rods
transformed torsional motion into a cavity length change that
could dramatically change the cavity's frequency. We did not
consider these modes to be detrimental to the developmental
cavity because its symmetry will prevent the excitation of
such modes. However, there can be configurations in which
such modes can be excited, as in the case of cavities with a
flange cantilevered off to one side. In such cases, even if the
torsional mode amplitude is small, the longitudinal
contraction amplitude and, therefore, the frequency variation
could be large.

Conclusions

The significant correlation between the analytical models
and the test data validates the use of finite-element techniques
to investigate mechanical vibration problems affecting
multiple cell superconducting cavities. This technique was
used to optimize the stiffening scheme for the seven-cell
805-MHz superconducting cavity at Los Alamos. This
cavity, when clamped to six hollow stiffening rods tied
together with a 2.54-cm-thick ring bulkhead, is expected to
have a lowest transverse-mode mechanical-vibration
frequency of approximately 241 Hz.
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Abstract

We applied high temperature heat treatment to 3GHz
cavities to determine the preparation of niobium cavities
using the titanium solid-state gettering process. Some
preliminary results showed peak surface electric fields of up
to 65MV/m at a Q-factor of 2x10' °. We evaluated
improvement in the purity of the niobium by measuring the
residual resistance ratio (RRR) at 10K. The purest niobium
we prepared reached a RRR of 670. To study the potential
application to large-scale accelerator structures at lower
frequencies, we are testing the possibility of heat treating the
cavity half-cells before welding them. Therefore, we
investigated the influence of electron beam welding on the
RRR of high-purity niobium. In this paper we present the
results of the investigations.

Introduction

Single cell, 3GHz cavities are being used to investigate
various techniques for preparing superconducting niobium
accelerator structures. The performance of niobium cavities is
mainly limited by field emission [1]. As the final step prior
to cavity testing, two techniques are used in all laboratories:
1) A preparation by a heat treatment above T=1200°C or, 2) a
chemical preparation with a final ultrapure water rinse.

It has been found that the high temperature heat treatment
reduces the field emission and improves the performance of
the cavities [2]. Heat treatment of niobium above T=1200°C
must be done by using the titanium solid-state gettering [3]
in order to avoid the contamination of niobium by the
residual gases of the furnace. This process is also used for the
post-purification of niobium structures. A reduction of the
interstitial impurities results in a higher thermal conductivity
of the material which reduces the probability of cavity
quenches.

At Los Alamos the chemical preparation technique was
successfully modified. In addition to the normal polishing by
BCP(1:1:1) the cavities are pretreated for fifteen minutes in
nitric acid [4],

This paper compares the heat treatment with the improved
chemical preparation technique. We also prepared samples to
evaluate the performance of titanium heat treatment in our
furnace. A first result of a cavity built out of heat treated
half-cells is presented in the last section of this paper.

Experimental Techniques

All cavities and samples were machined out of Wah
Chang™ niobium with a RRR of 230±20.

All heat treatments were done at T=1375°C. We chose
this temperature based on the mean diffusion length of the

interstitial impurities in niobium, the vapor pressure of
titanium, and the maximum obtainable temperature of our
furnace. At T=1375°C the pressure in the cold zone was
approximately 1*10"6 Torr. Heater elements and heat shields
are built out of molybdenum sheet. The furnace is sealed
with elastomer and pumped with a cryo pump.

To do the single-sided titanium heat treatment (SST) [5]
the entire cavity was placed vertically in a niobium box; the
inner surface of the box was covered with titanium sheet.
Niobium caps were placed over the flanges of the cavity to
avoid titanium contamination of the inner cavity surface.
Before the SST the cavity was chemically prepared with the
standard procedure (15min HNO3 soak and 2min BCP(1:1:1)
polishing). After the heat treatment the cavity was first
rinsed with clean methanol before it was assembled in the
clean room (class 10).

The double-sided titanium heat treatment (DST) of half-
cells was done by placing the half-cells with some additional
titanium sheets in the Nb-box so that both sides were coated
with titanium during the heat treatment.

We heat treated niobium samples in the same way as the
cavities so that we could evaluate the process of niobium
purification in our fumace. Simulation of DST was done by
placing a sample, surrounded by a titanium strip, in the
niobium box. To simulate single-sided titanium heat
treatment (SST) we placed the samples in the furnace so that
only one side was coated with titanium. The other side was
either exposed to oven vacuum (SSTov) or to the inside of
the cavity (SSTcv).

The RRR is defined as the ratio between the normal
conducting resistivity at T=300K and at T=4.2K. We
measured the resistance of the samples just above the
superconducting transition temperature, eliminates the need
for a magnet to quench the superconductivity. The
measurement was done in a Helium-Flow-Cryostat. The
value for the RRR was extrapolated using the measurement
and fit from Webb on a niobium sample of RRR= 16500
[6]. The error of the RRR measurement was ±5%.

For the RRR measurement, we cut a piece (about 0.03in.
x 0.063in. x 0.85in.) from the center of the original sample.
The electrical connection was done by spot welding small
platinum wires on the sample.

Results

Heat Treatment of Niobium Samples

We were unsuccessful in our first attempt to heat treat the
niobium samples with titanium. The RRR of the samples
were reduced from 230 to 190 for the DST and from 230 to
95 for the SST (other side exposed to the oven vacuum). A

*Work supported by the US Department of Energy, High Energy and Nuclear Physics Office
""University of Wuppertal
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chemical analysis1) of the C, N and 0 content of these
samples showed an increase in the C content from 7±3 to
16±3 wt.-ppm because of the SST. There was no change in
the O and N content. A residual gas analysis of the furnace
vacuum indicated a raised peak at mass 28 caused by carbon
monoxid and nitrogen. The mean diffusion length of carbon
in niobium for our parameters (8 hours at T=1375°C) is
O.O55in. (1.4mm) [7]. The presence of carbon monoxid can
explain the decrease of the RRR. The carbon monoxid in the
furnace may have been caused by the degasing of the
molybdenum shields and heater elements [8] and the
decomposition of the Buna O-rings[9], in use at this time.

For the next sample treatment some changes were made:
Increased pumping was achieved by covering the entire inner
surface of the Nb-box with a titanium sheet. Titanium has a
good gettering ability for CO2, CO, O and N at these
temperatures [10]. We also replaced the Buna O-rings by
Viton O-rings. These changes resulted in a reduction of the
peak at mass 28 by more than a factor of two.

After these modifications we improved the RRR of the
niobium. In addition to investigating the performance of
SST and DST we also investigated the influence of the
sample thickness and the duration of the DST. The results of
these investigations are shown in Table 1.

Tabel 1:
RRR Results of heat treated samples

sample #

la
Ib

fc
Ha
lib
Dc
ma
nib
me
A
B
C
D
E

thickness
[in .(mm)]
0.03 (0.8)
0.03 (0.8)
0.03 (0.8)

0.063(1.6)
0.063 (1.6)
0.063(1.6)
0.125 (3.2)

JL!2JL(32L.
0.125(3.2)
0.02 (0.5)

0.063 (1.6)
0.063(1.6)
0.063(1.6)
0.063 (1.6)

heat treatment

6hDST
12 b DST
18 h DST
6hDST
12 h DST
18 h DST
6hDST
12 h DST
18 h DST
8hDST

8h SST ov
8h SST ov
8h SST cv
8h SST cv

RRR

473
504
510
450
501

' 497
264
292
346
671
182
232

, J 7 6 _
274

All results were obtained on different samples. With the
samples of size I (0.03in.) and II (0.063in.) no further
improvement was noted after 12 hours DST. The size III
sample showed almost a linear increase in the RRR up to 18
hours. Considering the mean diffusion length of O (0.026in.
(6.5mm) for 18h at T=1375°C) [7], the RRR improvement
from 230 to 346 was surprisingly low. Further tests in order
to investigate possible saturation effects are necessary.
Sample #A does not agree with sample #Ia-Ib. The small
difference in thickness should not affect the RRR
improvement. A possible explanation could be that the
impurities were not uniformly distributed.

The SSTov did not improve the RRR but compared with
the results of the initial test, sample #B and #C demonstrate
the improvement of the vacuum. On sample #C and #D
(SSTov) the increase of the RRR from 230 to 275 indicates
that the vacuum in the cavity was better than the furnace
vacuum.

From these results we see that only the DST purifies the
niobium. With SST the RRR can only be improved slightly.
A further test of the time dependence of the SSTcv would be
interesting.

Welding Samples

Investigations of the RRR of the weld were made on four
samples (#W1-W4). For samples #W3 and #W4 we changed
the parameters of the electron beam welding:

vacuum:
cool down time
before let up :
let up with

#W1,#W2

< l*10-5 torr

7 min
air

#W3, #W4

<5*10-6torr

15 min
argon

Sample pair #W4 was DST prior to the welding which
improved the RRR from 230 to 386. The RRR of these
samples which were cut out of the center of the weld is:

#W1: RRR =136
#W2: RRR = 142
#W3: RRR = 153
#W4: RRR = 140

In a chemical analysis of the welding samples, we could
not detect any difference in the carbon and nitrogen content.
For the oxygen content we measured:

untreated sample: 18±3 wt.-ppm
after DST: 12±3 wt.-ppm
after welding: 23±3 wt.-ppm

These results demonstrate that oxygen is the relevant
impurity in our case. As expected we are able to remove
some oxygen during the purification process. But during the
electron beam welding even more oxygen diffuses in the weld
region.

The decrease of the RRR in the welded region indicates
that the heat-treated half-cells are not suitable for building
accelerator structures. Further investigations to improve the
welding process are required. Therefore a residual gas analysis
of the weld chamber and the use of another pumping system
(at the moment: oil diffusion pump) would be the first items
to investigate.

Cavity Results

The first heat treatment on cavities was done with the
same setup used for the first sample preparation, namely, two
titanium strips inside the niobium box. Based on the sample
measurements we know that the RRR decreased. Figure. 1
shows the Q vs. Epeak curves for the first two cavities which
were prepared by SST. These two cavities were picked out of
ten cavities which had been chemically treated and previously
tested. The ten cavities produced the distribution in Figure 2.

' ) The chemical analysis was done by LECO Corporation with a
combustion method for C and an inert gas fusion for O and N.
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Figure 1: Q(Epeak) curve ofcavity #9 and #10

After SST, cavity #10 did not show any field emission at
all. The Q vs. Epeak curve showed a constant Q of 2*1010 up
to Epeai^SMV/m (Hmax=76mT). We could reproduce this
behavior after an additional SST using only a nitric acid soak
(no BCP) prior to repeating the SST. In this second test, the
cavity had a lower Q (Q=5*109) because of titanium
contamination in the cavity resulting from difficulties while
assembling the cavity in the furnace. With cavity #9 we still
had field emission after the SST which limited the field at
Epeak=71MV/m. With all three heat treated cavities we
reached high fields, at the upper part of the distribution for
the chemically treated cavities (see fig 2).
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Figure 2: Cavity Result Distribution

It seems that the improvement achieved by the changing
the chemical polishing procedure can be further improved by
applying of SST, even if the RRR of the niobium was not
improved in the tested cavities. More tests are necessary in
order to obtain a distribution for the heat-treated cavities
which can be compared in detail with the distribution of the
chemically-treated cavities.

The first two cavities with heat treated half cells have
been fabricated. After DST of the half-cells, the step joints
for the welding were machined and the cavities were welded
under the same conditions as welding samples #W3 and #W4.
The first cavity was tested after a removal of 140nm by
chemical polishing (BCP(1:1:1)). Figure 3 shows the
obtained Q vs. E p ^ curve.

1E+09 - -

1E+08

run after rf-processing

t
s •

initial run

20 40 60
peak electric field [MV/m]

80 100

Figure 3: Q(Epea)i) curve for cavity with DST on half cells

In the first power run the cavity went up to
Epeak=57MV/m. After rf processing, in which we put about
70W in the cavity for ten minutes, the next power run
reached Epeak=85MV/m.

As a result of this encouraging measurement we will try
to investigate the efficiency of rf processing on cavities with
a higher thermal conductivity.

Summary

Heat treated niobium samples show, that with -10 6 Ton-
vacuum and a high partial pressure of CO and N in our
furnace, we can purify niobium only by a double-sided
titanium heat treatment. Results from single-sided titanium
heat treated cavities achieved high gradients even after a
reduction of the RRR during the process. This indicates that
further improvements by heat treating the cavities after the
chemical treatment can be obtained compared to the improved
chemical preparation. The first cavity, where only the half-
cells were heat treated, achieved an electrical peak field of
85MV/m.
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Abstract

The use of copper-plated aluminum for cryogenic rf
structures requires that a transition fitting be placed between
the rf cavity and the stainless steel cryogen manifolding.
The fitting must accommodate the significant loads that
result because the aluminum and stainless steel contract
differentially as the cavity undergoes thermal cycling from
300 K to 20 K. The fitting must also accommodate loads
resulting from installation forces. Because the commercial
fittings we evaluated for this application were
unsatisfactory, we initiated a development program to
produce a fitting that had good structural properties, was
easily repairable in the event of a leak, and could be
customized to a specific application. We evaluated both an
explosive-bonded fitting and a low-temperature-soldered
fitting. We conducted structural tests at 300 K, 20 K, and
4 K to determine failure mechanisms, and allowable
stresses.

Introduction

The development of a copper-plated aluminum radio-
frequency quadrupole (RFQ) that operates at cryogenic
temperatures represents a major accomplishment for the
Neutral Particle Program. Many difficult design and
fabrication problems had to be solved in the development of
this RFQ. The one that is the subject of this paper is the
transition fitting between the stainless-steel coolant
manifolding for the RFQ and the aluminum RFQ vanes (see
Fig. 1).

Fig. 1. RFQ vane section illustrating the transition fitting
between the 2219 aluminum vane and the 304
stainless steel manifolding.

*Work supported and funded by the US Department of Defense,
Army Strategic Defense Command, under the auspices of the US
Department of Energy.

The RFQ operates at 35 K and is cooled by gaseous
helium at a pressure of 300 psi. The coolant manifolding is
constructed of 304L stainless steel and the RFQ of copper-
plated 2219 T851 aluminum. It was necessary, therefore, to
incorporate a transition fitting between the aluminum RFQ
vanes and the stainless steel manifolding. The fitting would
have to withstand the following loading conditions:

a. A 35-ft-lb torsional load required for assembly.
b. A 350-psi proof lest of the helium manifolding.
c. The thermal stress produced by multiple

temperature cycles between 300 K and 35 K.
d. Additional thermal stress resulting from the

electron-beam (e-beam) welding of the fitting into
the RFQ vane.

Commercial fittings developed for applications similar
to this are readily available in 1000-, 3000-, and 5000-series
aluminum alloys. A commercial fitting known as a Trision
fitting, developed by Applied Fusion Inc., was selected for
our application. It incorporates a silver interface between the
aluminum and the stainless steel that is produced by a
proprietary e-beam brazing process. This process has
produced successful Trision fittings using both 1100- and
3003-series aluminum with 304 austenitic stainless steels,
and we assumed it would work equally well on the 2219
T851 aluminum selected for the RFQ. This type of
aluminum was selected because of its excellent properties at
cryogenic temperatures and its high strength in the welded
condition. It produces excellent e-beam welds, which is
absolutely necessary for installation of the transition fitting
with minimum distortion of the RFQ vanes.

Testing of Commercial (Trision) Fittings

Prototype Trision fittings were developed and
successfully underwent extensive mechanical and thermal
testing. But when the fittings were welded into the vanes,
several leaked. These were removed and replaced, but some
of the new fittings still leaked. A careful check showed that
the leaks were in the stainless-to-aluminum bond in the
fittings, not in the e-beam weld to the vanes. Some leaking
fittings exhibited considerable evidence of corrosion of the
aluminum (caused by exposure to machine-tool-cutting fluid
and cleaning fluids, such as deionized water, alcohol, and
trichloroethylene). Examination of the failed fittings
showed that in some, the joint had separated at the interface
between the aluminum and the silver. We concluded that
the production Trision fittings had been subject to poor
process control during cleaning and preparation prior to e-
beam brazing. (This was quite evident from micrographs
of fittings, showing flaws and porosity at the interface
between the silver and the aluminum.) The aluminum/silver
interface alloy also exhibited brittle material behavior,
leading to catastrophic failures.
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Transition Fitting Development Program

In response to the problems encountered with the
Trision fitting, we developed three alternative approaches to
the aluminum-to-stainless-steel joint. These approaches
were an explosive-bonded fitting, a soldered fitting, and a
mechanical joint. In this paper, we discuss the results of our
development program on the first two.

Explosive-Bonded Fitting

A section drawing of the explosive-bonded fitting is
shown in Fig. 2. The explosively bonded portion of the
fitting was produced by machining samples cored from a
larger plate composed of 2219 aluminum bonded to 304
stainless steel with a 0.5-mm interstitial layer of silver.
Both aluminum and iron are soluble in silver, which
provides the mechanism for bonding. An explosively
bonded composite plate of 2219 aluminum/silver/304
stainless steel was obtained from Northwest Technical
Industries, Inc., for evaluation. Initial testing was conducted
with tensile test specimens having a 3.12-mm diameter test
section. Tests were conducted at both 300 K and 77 K. The
results are shown in Table 1.

EXPLOSIVE
BOND I NG
ZONE

Fig. 2. Explosive-Bonded Fitting

TABLE 1

Tensile test results of 3.125 mm (.125 in.) diameter
explosive-bonded test specimen.

Specimen

XB-0.1250

XB-0.125

TeM
Temper*'
ture(K)

300

77

Load
at

Yksld
Ob)

-

Stress
si

Yield
(psi)

22857

26646

Load at
Fail me

(Ib)

287

yr>

Siren it
Failure
(psi)

22857

26646

Failure
Descrip-

tion

Brittle

Brittle

NOTE: Load rate was 1.25mm/min (0.050 in./min).

The explosive-bonded joint displayed excellent strength
but failed because of brittleness. Failure occurred in the
intermetallic zone between the silver and the aluminum.

Tensile tests were then conducted on full-scale
prototypes. The results are shown in Table 2. Ultimate
stresses achieved with the prototype fittings were

considerably less than those achieved with the smaller
specimens, indicating the likelihood of unbonded regions
within the joint of the prototypes. Brittle failure
mechanisms were again evident at the silver/aluminum
interface, which would support the likelihood of unbonded
regions; these contribute to crack initiation and
propagation, resulting in lower apparent ultimate strengths.
Examination of the load-vs.-displacement charts revealed no
plastic deformation prior to failure.

The following conclusions may be drawn from the
effort to develop explosive-bonded transition fittings.
Explosive-bonded joints have the potential of achieving
very high ultimate strengths. The small diameter samples
demonstrated ultimate strengths of 27,000 psi at 77 K.
However, the explosive-bonding process gives rise to
regions of poor bonding. The intermetallic between the
aluminum and the silver exhibits a brittle failure
mechanism, which is of concern for this application. This
particular type of transition fitting for the RFQ was deemed
unacceptable as developed to this point

TABLE 2
Tensile test results of prototype transition fittings.

Specimen

XB

XB

'A-U

B 22

' B - 2 2

' B - 2 4

B-29

' B - 2 9

A-450

A-450

A-450

Test
Tempera-

ture
(K)

300

77

77

77

77

77

77

77

300

77

4

Load
ar

Yield
(1b)

5300

5450

5000

2900

4150

3150

Stress
at

Yield
(pai)

3433

2613

6586

6684

6623

6076

3524

5043

3828

5620

4678

Load
si

Failure
flb)

2825

2150

5420

5700

5520

5530

3050

4340

3300

4625

3850

Stress
at

Failure
(pai)

3433

2613

6586

6927

6788

6720

3706

5274

4010

5620

4678

Failure
Descrip-

tion

Brittle

Brittle

Bcinle

Ductile

Ductile

Ductile

Ductile

Ductile

Ductile

Brittle

Brittle

XB - Explosive-Bonded
[1] - Specimens were cyclically loaded 5 times to 1500 lbs at 77K
prior to testing.
NOTE: Load rate was 1.25mm/min (0.050 in/min).

Soldered Transition Fitting

Our decision to consider a soldered transition fitting
was based on the results of a recent successful development
program on copper-plating aluminum, and on earlier work
on this type of fitting that had demonstrated the feasibility of
the concept.
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Description

A section drawing of the soldered transition fitting is
shown in Fig. 3. The base of the fitting is 2219-T851 and
incorporates a socket for the 304L stainless steel Cajon
VCR weld gland. The socket in the aluminum base is
copper plated using a copper zincate process. The diameter
of the stainless steel weld gland is 0.125mm smaller than the
diameter of the copper-plated aluminum base, to provide a
0.0625mm gap between the two parts for a low-temperature
solder. The two parts have an engagement length of
9.25mm. The aluminum portion was selected as the female
half of the fitting, so that upon cool-down thermal stresses
would be compressive (aluminum contracts more than
stainless steel).

TABLE3
Torsion Test Results of Prototype Soldered Transition

Fittings

Fig. 3. Cross sections showing the geometry of explosive-
bonded fittings compared with that of soldered
fittings.

Selection of an appropriate solder for the joint was
based on three criteria:

1. It must have minimum shear strength of 3600 psi
(25.5 MPa) at 30'C, for assembly.

2. It should exhibit ductility at cryogenic
temperatures, for unanticipated loads.

3. It must have a melting point below 300" C to
minimize potential for damage to the copper
plate/aluminum interface but greater than 200° C to
allow e-beam welding.

The following solders were considered for the joint: A-
14 (50 Tin/50 Indium)-melting point 115°C, B-22 (75
Lead/25 Indium)-melling point 230°C, B-24 (95 Tin/5
Lead)-melting point 232°C, B-29 (95 Lead/5 Indium)-
melting point 314*C, and A-450 (96.5 Tin.3.5 Silver-
melting point 230'C.

Testing

Tensile pull tests were conducted on full scale prototype
specimens. The results of those tests are also shown in
Table 2. Several specimens were cyclically loaded to 1500
lb at 77 K and then tested to failure for any tendency to
work hardening in the joint as a result of thermal cycling.
These results are also shown in Table 2. Table 3 shows the
results of torsion tests conducted at room temperatures on
various specimens.

Specimen

A-450

B-22

B-29

T«
Tempera-

ture
(K)

300

300

300

Yield
Torque
(ft-lb.)

90

70

Yield
Stna.
(I»i)

4683

3644

Failure
Torque
(ft-lb.)

141

95

85

Fail UK
SOKU
(P»i)

7340

4945

4425

Failure
Ducrip-

ticn

Ductile

Ductile

Ductile

NOTE: The yield torque of the A-450 specimen was not measured.

Test Results

A literature search revealed that solders containing
more than 15% tin are likely to undergo a brittle transition at
temperatures below 200 K. (This behavior was confirmed
by testing; and we consequently eliminated the high-tin-
content solders.) Two of our high-tin solders (A-450 and A-
14), while exhibiting higher strengths than the lower-tin
solders, also exhibited brittle failure mechanisms at 77 K.
Specimen B-24 despite exhibiting a ductile failure
mechanism at 77 K and a relatively high ultimate strength,
was eliminated as a candidate because of its high tin content
(there was not sufficient time to conduct further tests).
Specimens B-22 and B-29, both high-lead solders, exhibited
acceptable ductility and strength at 77 K. B-22 exhibited
the higher torsional strength and was finally selected as an
acceptable solder for the transition fitting. The fitting is
repairable in situ should a leak develop. Thirty-two of these
fittings have been incorporated into the RFQ and have
functioned properly during day-to-day operation.

Summary

A soldered (75-lead/25-iridium) transition fitting was
selected for use on a copper-plated aluminum cryogenic
RFQ with stainless steel manifolds. This fitting proved to
have more than adequate strength at both cryogenic and
room temperatures and displayed acceptable ductility at
both.

A commercial fitting known as a Trision fitting was
also evaluated and found to be unacceptable because of
brittle failure characteristics and poor quality control. This
fitting also appeared to be vulnerable to corrosion-induced
failure.

An explosive-bonded fitting was also evaluated and
found to have excellent strength characteristics in small
specimens. Large specimens exhibited considerably lower
strengths because of lack of uniform bonding. Explosive-
bonded fitting also exhibited brittle failure mechanisms at
both room temperature and 77 K, thus making them
unacceptable candidates for application to the cryogenic
RFQ.
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CA9700263
EVALUATION OF SURFACE CONTAMINATION AND CLEANING TECHNIQUES ON

SUPERCONDUCTING RF CAVITIES*

B. Rusnak, J.N. DiMarco, W.

Abstract

Diete**, R.G. Maggs,
Los Alamos National

Los Alamos, NM

Surface contamination is a major factor influencing
field performance in superconducting if cavities. Present
processing techniques used to clean niobium surfaces leave
substantial paniculate densities in the 20 to 100 urn range.
A capability to quantify contamination from cavity-cleaning
processes has been established using optical and SEM
microscopy on niobium samples which can be run in
parallel to cavity-processing steps. Laser surface scanning
has also been used on silicon samples to quantify
noncorrosive steps. Niobium cavities at 3 GHz and 805
MHz processed with various cleaning procedures have
obtained peak surface electric fields as high as 78 and 44
MV/m, respectively. Results from the evaluations and the
cavity tests will be presented.

Introduction

Superconducting cavities typically have two
characteristic behaviors which limit performance: quenching
and field emission. Quenching at low field levels was
minimized by using higher RRR (>250) niobium to
thermally stabilize hot spots. Today, field emission is the
major limit to performance in superconducting if cavities.

Studies of field emission at Cornell[l] indicate that
particulates on the surface play a role in limiting cavity
performance. Extensive SEM/EDS microscopy of emitter
sites indicates that cavity fields strongly interact with
particulates, leading to vaporized contaminants, melted
parent material, and arc-damaged zones.
Cavity performance tests at 3 GHz at Los Alamos show data
distributions with a deviation of ± 26% about the mean.
Particulates are felt to play a role in establishing the
deviations, as shown in Figures 1 and 2. Evaluating the
magnitude of the contribution is one aim of the surface
contamination work. Data has been taken with single-cell
cavities at 805 and 3000 MHz.

In an attempt to improve cavity performance and
decrease deviation, work has been done to characterize and
better control surface and bulk contaminants. These studies
are being used to develop an improved quality assurance plan
to enhance reliability and consistency.

Surface Contaminant Evaluation and Cleaning

Surface contamination studies were done in collaboration
with the Microelectronics Development Laboratory at Sandia
National Laboratory. Their experience with microelectronics
fabrication in a class 1 environment was invaluable. Initial
work focused on evaluation of contamination from the

•Work supported by the US Department of Energy, High
Energy and Nuclear Physics Office.
••University of Wuppertal
•••Sandia National Labortory

P. Resnick***,
Laboratory

87545
tp 'EoT = 3.64

A.H. Shapiro, P.V. Wright

72 runs, 9 cavities temp=1.6-i.8K
ave 50 MV/m s = 13.1 (26 %)

Fig.

peak electric field (MV/m)

1 3000 MHz performance distribution for nitric+111
chemistry

12 tests on 2 cavities

ave23.5MVAn,s-6.1.4K

11ave29.1MVAn.s-8.2,2K

I
peak electric field (MV/m)

j4KresuKs| 2 K results

Fig. 2 805 MHz performance distribution for nitric+111
chemistry.

"standard" chemical treatment. This was done in two ways.
First, blank silicon wafers were exposed to noncorrosive
processing steps such as rinsing and drying, then analyzed
with a laser surface scanner, similar to work done at
Saclay[2]. This approach was very useful, but had two
drawbacks: the surface scanner gave an integrated result for
particles 5 p.m and larger and 111 bcp aggressively etches
silicon, so that the scanner no longer works.

Since etching is a significant cleaning process, blanks
of niobium were used to measure particulates coming from
blocks of processing steps, e.g, etching, short rinsing, and
long rinsing. On etched niobium, the surface topography
turned particle counting on the SEM into an extremely
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turned particle counting on the SEM into an extremely
tedious exercise. Particle counts obtained for niobium, then,
are only indications of particle densities. Even so, the levels
are on the order of a particle per square centimeter, which
would provide significant emission sites. This is taken as a
significantly high count for particles above 5 urn, because
silicon-wafer cleaning technology gives densities typically
less than 0.02 particles/cm^ greater than 5 |im.

size groupings

umlike

A (drsk) = 141 cm sire youpinqs (2->5 urn)

Fig. 3

I \^~\ short (dm*) rinse f^ long rinse j

Laser surfscan of particulates on silicon obtained
from chemistry room, and the effect of short and
long rinse on removing the dirt.

As shown in Figure 4, significant particle densities
remain after a "standard" chemical etch treatment. The
sources for these particles are many. Analytical grade
chemicals abound in particulates [3]. The area where we do
chemistry is a normal "dirty" room, with more than 106

particles per cubic foot. Containers are wiped with regular
wipers and ethanol. The data shows that processing through
etching is dirty, and that taking the cavity into a clean room
and rinsing it with water does not reduce paniculate levels.

w e group™, parVsqcm

^Tfc* 01-1.0 15 510 1025 2550 50-75 75-100 > 100 (urn) A

11 -
HM

I i i
i

• M M

"125

21

1«

14

11

07

04

00

183cm Sizep7oupings(.1-100um) A(805MHz)-2«9cm *

\\~^) etched SI etched Nb I

Fig. 4 SEM microscopy of particles on niobium from
standard bcp chemistry and long rinse.

The particle densities indicated are for fairly large
particles (>5 |im) from a microcontamination point of view.
Particles of this size can be cleaned by various techniques
including ultrasound, megasound, surfactant sprays, lower
pressure gas and liquid jets, and wiping [4]. This is
encouraging, because many of these techniques are not
extremely high cost or high tech, but they must be done
properly.

Cleaner Chemistry

Two experiments were performed to investigate how
cleaning up the chemical processing would influence cavity
performance. In the first, a HEPA module was installed
over our chemistry area, as a mini-clean room. Analytical
grade chemicals were used. The results of eight tests were
not significantly higher than the standard distribution, as
shown in Figure 5. This could be attributed to the
paniculate levels present in the analytical grade chemicals.

temp=1.6-1.8K

ill 1

Ep/EoT = 3.64

ave 50 MV/m

mJi.
5 10 15 20 25 10 35 40 <5 SO 55 60 65 70 75 80

peak electric field (MV/m)

g ^ ] cleaner chemistry m nitric belore 111

Fig. 5 Distribution showing clean chemistry results.

The second test involved doing ultraclean chemistry
and assembly, again at Sandia National Lab. In this test,
two cavities were etched in nitric acid, then 111 bcp, both
filtered to 0.5 p.m. They were rinsed for 60 hours in
ultrapure water, then assembled in a class 1 bay. These
cavities also performed within the distribution, as shown in
Figure 5.

Samples were run in parallel with the cavity
processing. Optical microscopy on these samples did not
show paniculate matter as was seen on samples taken after
unclean chemistry, but light scattering from surface
topography precluded obtaining meaningful density values
using this approach.

Even though the statistics of the tests are small, these
results indicate that though particulates certainly affect
performance at a certain level, they may not be the only
limitation to cavity performance. Of the 25 tests at more
than 50 MV/m, 36% were quench limited, supporting the
idea that other limiting mechanisms are occurring. If
particulates were a major factor in limiting cavity

729



performance, the cavities cleaned at Sandia should have
performed significantly better than our distribution, because
the paniculate densities in the processing chemicals were
lower by at least a factor of 100 than what is typically used.
The fact that no electrons were observed in either test also
supports this idea.

Work supplementing the aforementioned tests is being
done with cavity cleaning techniques involving high-
pressure spray rinse, surfactants, and sonics. These are
being quantified with liquid-borne particle metrology.

Fabrication Control

Investigation of new cavity fabrication on 3 GHz
cavities has shown that removal of approximately 120 |i.m
of material per side is required before the cavities perform
optimally. A study of performance as a function of removal
on 10 cavities indicates poorer performance between 20 and
100 \m removal and consistently higher performance above
100 (i.m as shown in Figure 6. This is in contrast to the
opinions expressed by the TESLA superconducting
technology working group at the 5th Workshop on RF
Superconductivity, which held that 60 Jim removal is
sufficient for optimum cavity performance.

etch depth, interior (um)

Fig. 6 3 GHz cavity performance as a function of material
removed per side.

To account for the difference in removal, various
analytical techniques have been used. Fixed thermometers
on the cavities indicated heating in the equator-weld region
of the cavity. This heating was the dominant limiting
mechanism in a new set of cavities, where less than 100 nm
removed. Analysis was done using SEM/EDS, SIMS, x-ray
crystallography, Auger, and metallography, looking for
obvious signs of impurities. The results so far are not
obvious. Metallography has shown a large number of tiny
pits throughout the bulk material. The density of these pits
is enhanced by a factor of 3 in the weld melt region to a
depth of around 100 |im. The nature of these pits and what
caused them have yet to be determined. SEM analysis
shows the pits are empty, indicating that either whatever
was there was etched away or they are gas pockets.

The disparity in etch removal, combined with a desire
to reduce the performance deviation and better understand the
factors that contribute to the deviation has led us to institue
a broad quality assurance plan to check, document, and
control cavity fabrication from material purchase to cavity
retirement. The goal of this program is to achieve a high
level of consistency in cavity production and establish a
detailed record of procedures followed, to better understand
the factors that influence cavity performance. This will lead
to a clear set of guidelines for production cavity work. In
this way, we are building on work done by labs which are
presently in production mode, in the hope of enhancing our
procedures to give higher production gradients in the future.

Conclusion

Cavity test results are yielding good gradients. In
chemically treated 3 GHz cavities, peak fields as high as 78
MV/m have been seen. In chemically treated 805 MHz
cavities, peak fields up to 44 MV/m have been observed.
Testing continues to establish statistics.

Paniculate contamination is a recognized problem in
superconducting cavities. Measurements show large particle
densities above 5 \im, compared to microelectronics-clean
silicon. Experiments in cleaner chemistry do not show
drastic improvements in performance, indicating that cavity
performance is only partially affected by particulates in this
size range. Since particulates in this size range are fairly
easily removed by established cleaning technologies, work is
continuing to enhance understanding. These results are
prompting further investigation into the role of cleaning in
performance, with emphasis on high-pressure rinsing,
sonics, and surfactants. Additional surface analysis and
evaluation are also planned.

To better control cavity production, processing, and
testing, an improved quality assurance plan is being
instituted. The goal of this plan is to more thoroughly
document procedures to better understand the factors that
affect cavity performance.
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The long qi.iadnjpole channels were
studied in the works [1,2] as well as the
equations describing the beam transverse
dimensions increase under random
perturbations. In present report these
investigations is extended to focusing
channels of arbitrary type and structure.

The equation of perturbed motion may be
presented in the following way:

FCz.~>.

= 0

periodic function

iu-z

wi thand B<zJ is the
unit period.

Assuming that x = e"*"'• CaCzy +
is the solution of the non-perturbed
equation, and aCzy and bCzy are periodic
functions with a unite period, the equation
(. 1) may be brought into the following form:

f r' -p- sinCuz+n+y} • f (zp' cosCuz + T)+yO . z~\

I , .. C2>
]rr) =p- cosC uz+n+uO • f \rp- cosC uz + n+vO ,z\
I r *• r J

where p — a + b is the amplitude and
V = arctgCb/ay is the phase of the Flauket
function, u — frequency of smooth
oscillati ons.

Let us consider noncoherent
oscillations, in which case the equation of
particles motion may be presented as
follows:

r' = 0

Assuming SYzJ> = GCziCt + &Cz3y and
using the main equation of the perturbed
motion in the form <2), one obtains:

r • a C p sin Cuz + t)

a G p cos C/JZ + 17

with the initial condition rCOS> = 0,
T)CO} = p .

o
If 7)C 2O is the solution of the second

equation, the first one may be resolved as
fo1 lows :

• cosC fjt

from which it is clear that the distribution
of the random variable 6Czi is determined by
the distribution of the random variable

N

The FCNy function may be presented as:

N

k = i k

k

J aGp sinCut*n+yO •cosCut+n+yO dl

k - i

w h i l e

r = 5T -r a G p2£ • sin2Cut + n + V' -
k 2 i ir i i v i

i. = l

where li is the number of perturbed elements
per period, a G is the field error in the

i — th element, t = K—l+Z. , ? — is the middle

of the i-th element, p = pCZ.}, r>.= i)f(.J,

f ('([.'!, c is the element relative length.

(The perturbed element may be represented
either by a focusing lens or by an
accelerating gap).

One obtains with the accuracy up to a :

N

k= 1
M

N

c* G p
1

k - t

Cut +<p +v -
i o i

One may assume the FCz} variable to
have normal distribution with the

N
mathematical expectation HIF1 - T MIF ] and

k= 1
N

dispersion DCF) = T ^
k= 1

Taking FCN? with the accuracy up- to et
and making allowance to the independent
character of the initial perturbations, one
obtains:

L o t{ N M

T T (if a G p2 •
k = 1 1 = 1

- a G p • cos2CiJt +f> +w } • cos Cut +«> +«/ 5~\ \
a G

which being average over the frequencies,
multiple of u, .gives

DCFCN21 = MCFCN1 = L a2G2p* = NA*
8 iri

where a is the dispersion of the initial
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error.
So, the amplitude growth

transverse oscillations of a

particle is given by 8 =

where random variable
distributed, and

r
o

FCN1
i s

of the
certain

FCN>J,

normally

MCFCNJJ = DIFCN}] = HA

The quantity CG p J> must be summed up

over all perturbed elements of a unit period
in order to find A . With the aim to
estimate A quantity, one may replace each

item of it by the value G p averaged
a period. One may assume that

over

4 t

p = r
4 -. if ' * \

2

the dispersion of the beam displacement from
the channel axis at the end of a section
under consideration

N F
DLxCN)] =

1 he amp 1Itude
. , , 2 2oscillations a = x +

FC a.} - 1 -

wrier e

of
.22

the center
di str lbuted

'- a2/

~ o r i
~4~ ~ *. ~J

< Si)

and finally one obtains that

2 MC2
 t 1 -. ~~x

A = ft + J • o i
, 2 *- 4 J

The quantity 6 represents refractive
force gradient of the element F . Finally,

MC FC N>1 =
—

- — • ft + "] • a2 =N

where H is the overall number of perturbed
o

elements in the channel.
Repeating the mathematical treatment of

Ref.[l] and taking the initial equilibrium
crossection in the form of ellipsoid matched
with a unit period, one obtains that
0 CN2 - max 8CNS> - is a random quantity

having the following distribution:

PC6 y = t - exp(-ClnB 52/C2H A2-~
r -̂ r o o

(5)

It follows, that the beam dimensions
growth coefficient will not exceed the a
limit with the probability P, if tolerances

defined by the equation

N A = -
C Inal

( t ;

a n d b y t h e e q u a t i o n (<1> f o r N A
o o

Now we pass on to coherent oscillation
equations. Random errors causing them result
in deviation of the channel axis from an
ideal line. We assume the channel axis yCz)
to be a polygonal line consisting of
segments connecting centers of neighboring
drift tube ends.

Assuming that drift tube ends are

displaced independently with dispersion A
and averaging over oscillations with /J
frequency, one obtains in a similar manner

The transverse oscillations amplitude
will not exceed the preset value x with the
probability f", if the transverse
displacement of the drift tube ends
tolerances are found from the equation

N A*

and from equation

If one
di sp lacement

tube center A , then

LrxCl-py

(V) for N A2
oc

assumes that the
is the displacement

~ - 7̂
= Z • A .

( 1 O )

initial
of drift

The aforecited equations be valid for a
focusing channel with an arbitrary periodic
structure. They demonstrate the relation
between the effective emittance growth, the
initial errors, the number of perturbed
elements and the channel parameters (the
mean refractive force and mean beam
envelope) .

Analyzing formulas defining the beam
radius growth caused by random errors, as
well as the coherent oscillations amplitude
growth, we found that the lens refractive
force P = Gi,/v, where £ is the relative
lens length, is the universal parameter
which, on the one hand, determines the beam
growth caused by random errors, and which,
on the other hand, may be varied in a rather

wide range harmlessly to
admittance capacity in order
error susceptibility.

For simplicity we
investigation to the most
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admittance capacity. For
consider the equation

this purpose we

min
-"> = const

the transverse oscillationswhere v is

relative frequency minimum. This
transcendental equation may be solved using
a Computer. The solution shows that function
P depends weakly on the parameter f/£ which

changed in a wide range (from O.O1 up to 1).
But the point of peculiar interest for linac
focusing systems designers is the following.
There is strong nonlinear dependence of lens
refractive force on relative inter—lenses
distance. For example in Fig.l are shown
these curves with v = 0.6 and r = e . As

mm o
r diminishes the required lens refractive
o

strength increases. While t is rather big
its change in a wide range does not result
in a considerable refractive strength growth
and only for ? 5; 0.06 parameter P grows

o
cons i derably.

LAMPF

0.1 O.i O.J O.M 0.5

Fig.l.Plot of refractive lens force P = Gc/v
versus distance between lenses (in units of

focusing period length)
for the c — c , v = 0.6 case

o mm

The following recommendations might be
of use for designers:

1) The choice of small f for which

P » P is inadmissible.
min

for

2) It is advisable to increase f ,
o •

chosen f to reduce f as far

and

as

technology allows.
As an example 'we may cite the high

energy LAMPF part. In its first eight
resonators ? = 0.05, on the average, (the

focusing period length is 370...425 cm,
distance between lenses centers in doublets
is 20 cm) and in other 36 resonators f is

o

even smaller ( = O.O25 (the focusing period

length is 760...860 cm with the same

distance between lenses centers). The too
small value of ? resulted in a biq coherent

o

oscillations amplitude and considerable
growth of the beam radius. Had the designers
increased the value of ? up to 0.08, the
coherent oscillations amplitude growth as
well as the beam radius growth would have
been 1.5...2 times smaller with the same
tolerances and the same admittance capacity.

The aforenamed recommendations were
taken into consideration when the Moscow
Meson Facility focusing channel was designed
as a result of which the average value of f

was chosen to be 0.095 (the focusing period
lenqth is 22O...35O cm, the distance between
lenses centers is 27.5 cm).
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ACCELERATING^FOCUSING CHANNELS

B. P. Mur \ n, B. I. Bondarev, A. P. IXirkin,
G. T. NlkolaishvlU, T. N. Tsygankova, O. Yu. Shlygin

Moscow Radiolechnlcal Institute
of the Russian Academy of Sciences

Varshavskoe shosse, 132, 113519, Moscow, Russia

Computing code package LIDOS (Linac Ion
Dynamics Optimiration and Simulation) has
been designed. LIDOS makes it possible to
solve problems connected with the choice of
structure and optimal parameters of all
accelerator types including RFQ. DTL,
High-Beta Linac etc. LIDOS permits users to
make choice of accelerating/focusing channel
parameters and channel tolerances, to carry
out matching of various channel parts and to
simulate beam dynamics with space charge as
well. Unlike the other existing codes LIDOS
is an expert system, so it not only solves
equations of ion motion, hut gives
intellectual advise and helps users to come
to the optimal decision.

Computation codes are supplemented by a
number of service programs, allowing to
visualize and quickly asses computation
results. They are also supplemented by
optimization programs allowing to automate
the process of the parameters choice which
is often labor consuming and troublesome. In
particular, matching of the injected beam to
the RFQ with -any LEBT (Low Energy Beam
Transport) structure and a number of other
processes have been automated. The codes for
the investigation of correction algorithms
allowing to carry out "correction" of a
single or two component beam on the display
are also included in the package.

LIDOS is a three-level code making
computation and estimation, having various
computation speed and accuracy at different
1 eve 1s .

Programs of the first level are based
on simple models, which are characterized by
segmentally constant ("rectangular") fields
r<fzJ> in acceleration gaps and BCs>, HCzl in
focusing elements and by a beam represented
by a uniformly charged cylinder having an
ellipsoidal phase portraits in the phase
space of transverse coordinates and
ve locities.

It is expedient to use these codes at
the initial stage of a linac design, for
example when choosing the type of focusing,
the focusing period structure, the pattern
of the synchronous phase variation and so
on .

Though the simple model does not give
the resonator design geometrical parameters,
it allows fairly well for the main factors,
influencing the beam dynamics in the process
of its acceleration and transport. High
speed of the computation makes possible to
use multivariant optimization methods for
choosing the parameters variation patterns.
The accumulated experience shows to a good

quality of the patterns obtained at this
stage which are in good agreement with the
results produced by more sophisticated
models .

Programs of the second level are based
on models with the real distribution of
external accelerating and focusing fields.
It is expedient to use these models when
designing geometrical parameters of an
accelerating channel and focusing fields.
Computation of the channel parameters in the
real fields are carried out with the
allowance being made for the results
obtained at the previous level with the aid
of simpler models, for example, using the
pattern of a synchronous phase variation,
optimal positioning of focusing elements and
so on. The statistic simulation codes
allowing to estimate the individual and
overall contribution of destabilizing
factors to the deterioration of the beam
parameters, which is especially important
for a high energy linac part, also to the
second 1evel.

Programs nf !'" ! >i i rd level are based
on the most sophisticated models which
represents the beam as the ensemble of "big"
particles and on the Poison equation
solutions. These programs make allowance for
the nonlinear influence exerted on the beam
both by external and by the proper fields.
It is expedient to use the third—level codes
for final estimations of the beam quality
(for example, the beam emittance growth,
particles losses and so on) in channels with
preset parameters computed at the previous
stage.

A few example follow.
Example 1. RFQ Linac. (First Level)
One of the branches of the LIDOS allows

to estimate operatively the beam parameters
in RFQ linac and to optimize it. The codes
is analogous to the well-known program
RFQSCOPE, but excels it in functional
capabi1ities.

The initial data for the channel
computation are as follows: the ions charge
Z and mass H numbers and also the vane
modulation rnC'ny, the average bore radius
RCnJ and synchronous phase <p Cnl evolution

along the channel. Besides the table
containing the channel parameters, the
computational results are also visualized on
the display showing the trajectory of the
operational point on the stability diagram.
On the first diagram (Fig.l) is shown the
stability region: the strength q grows along
the ordinate axis, while the defocusing
parameter a - along the abscissa axis, where
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q and a are depended on the channel and beam
parameters as follows:

2

(X is the RF field wave length, U
intervane voltage, e and m — the proton

o

charge and mass, T(n> is transit time factor
as a function of the period number n. Wfn)
the synchronous particle energy, MeV/u). The
isolines of transverse oscillations
frequency, of the matched beam radius and of
the envelope modulation also as the lines of
the parametric and ordinary resonances are
shown on the diagram.

q l.l

Fig.l

The plane CQ,CC>, where the parameter a
depends on the current / and the normalized
emittance V as a - (L - the focusing

/ VP
2

o
period length, p — the ion reduced impulse,
/ = 3.13E7-M/Z A>, is shown on second
o

diagram (Fig.2). The operational point
trajectory immediately shows the matched
beam dimensions at the channel input, and
also its maximum growth during acceleration.

The F:FQ codes checks up the Kilpatrick
criteria exceeding and chooses the intervan"?
voltage and bore radius if necessary. If the
obtained results are satisfactory the beam
simulation in the computed channel is
carried out.

The envelope trajectories of the
transverse cross—sections "starting at
various initial RF phases are displayed
durinq computation simultaneously with the
longitudinal beam phase
separatrii! background. The
is used when computing
motion. The effective beam

portrait at the
beam disc model
the longitudinal
transverse phase

also theportrait is displayed
transmission percent.

The whole optimum F'FQ version
computation takes no more then 40 minutes
at the computer of PC AT Z?t> (33 MH^) type.

The two pictures are shown as the PFO
linac computation illustration. The beam
envelopes and phase portraits in Cx.x'S> and
CA?>,Ap/pJ> planes are shown for zero
intensity beam (Fig.3) and for proton
current 1OO mA (Fig.d).

F i a . 3

***

V

IK-MM

,llllttt

*

I f V

.N ' /

Fig.2

Fig.4

Example 2. LEBTM (Low Beam Transport
and Matching). First Level.
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Many calculations are needed in order
to match different transport channel parts
with linac input.In LIDOS search of the
matched channel parameters is carried out by
means of minimizing a certain function F
showing how the beam is matched to the
channel [ 1 ] .

The problem is posed as follows. It is
necessary to transform the two preset
ellipses in the planes fx,x'.\ <Ty,v'-'> into
two other ellipses with the aid of a
transport channel consisting of a number of
quadruple lens, solenoids. bending magnets
with drift spaces between them. All the
element lengths are preset and the
sought-for parameters are magnetic fields in
focusing elements. One finds the require'.!
field gradients in matching lenses when the
aforementioned function F reaches its global
minimum. If the transport channel is
quadrupole, the solution may be sought
separately for x and y planes; the
solenoidal channel presents no such a
possibility. The global minimum equal to 2
if the accurate matching has been reaches.
If the matching is not accurate, minC'F? > £.
The effective beam radius growth coefficient
caused bv an inaccurate matching is related
to the function F minimum 35 follows:

Reference

1. B.I.Bondarev. A. P.Dur I: in . Different
Focusing Channels Matching.- Trudi
Radiotechnicheskogo Instituta, No 14,
p.17-25, 1973, Moscow.

- I

The LEBTM codes demonstrate the beam
envelope evolution before and after the
channel optimization with the allowance
being made for space charge. The degree of
the beam mismatch, which decreases when the
channel is optimized, is shown by T

coefficients and by the simultaneous of the
output channel acceptance and of the input
linac acceptance in fx,x'.\ Cy,y'-"> and Cx,yJ>
planes ( F i g . "5 > .

Fig.5
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Abstract

Two different requirements are driving engineering studies
and hardware development to improve LAMPF. The first is
concerned with component and system improvements to
increase beam availability during the LAMPF production
cycle. Hardware changes in RF, power supplies, and magnets
are being implemented to increase mean time between failure
and reduce time to replace or repair failed units. A joint
LAMPF-Industry project is on-going to improve reliability of
RF components. A component test stand is being refurbished
to include significant development capability. The second
approach includes several changes that will increase the duty
factor of the existing accelerator. Major changes are being
evaluated for replacing the front end of the accelerator. Other
changes improving the high brightness capability could result
in a new performance plateau for LAMPF.

Introduction

The Los Alamos Clinton P. Anderson Meson Physics
Facility (LAMPF) is a half-mile-long linear particle
accelerator. Beams of H+, H-, and polarized H- are available.
Both positive and negative ions are accelerated simultaneously.
LAMPF produces an 800 MeV ion beam at an average current
of near one milliampere.

Improvements to increase the beam availability include
hardware changes to the 201 MHz RF, replacement of 805
MHz RF switch tubes that are no longer produced, changes to
power supply controllers, and redesign of critical magnets in
the Proton Storage Ring to be more radiation resistant. Other
changes that cannot be covered in a three page paper include:
increased vacuum system pumping capability in key systems,
replacement of heat exchangers to permit easy cleaning and
avoiding hazardous chemicals in cleaning, upgrade water flow
switches and water-cooled cables, a system approach to
replacement of hardware, and a systems approach to include
maintenance in any and all equipment changes.

Improvements, which will allow increase in the duty
factor, include additions to the facility water cooling towers,
system evaluation of improved cooling distribution to
accelerator and experimenter hardware, use of newly
reconfigured RF test stands for tube testing and development
programs, system studies and tests to optimize the efficiency
of the 805-MHz RF klystrons, and duplication of vacuum
pumps and other key equipment in which performance
degradation or failure would cause beam down-time.

Improvements to Increase Reliability

High Power Radio Frequency Systems

The LAMPF 201.25 MHz Alvarez drift tube LINAC is
powered by four modules. Each module consists of a cascade
of four grided tubes. The maximum duty factor for the RF
systems must be approximately 14% for an accelerator beam
duty factor of 12%. The peak power for Modules 2, 3, and 4
is 3 MW during accelerator tank fill time and drops to 2.6 MW
while the beam is present. The LAMPF 805 MHz side-
coupled LINAC consist of forty-four structures each powered
by a klystron. The peak pulsed power level is about 1.2 MW.
Compared to the reliability of the forty-four 805 MHz
modules, the four module 201.25 MHz system has been
responsible for more than twice the accelerator down-time in
recent years.

201 MHz RF

The 201.25 MHz module used over the last twenty years
is a four vacuum tube chain consisting of two 7651 tetrodes, a
4616 tetrode and a 7835 power triode. Figure 1 shows the
proposed changes in these modules. A solid state 5 kW
amplifier will replace the first two vacuum tubes and seven
associated power supplies. This simplifies the RF system and
reduces annual maintenance.

The 4616 modulator circuit will be replaced with a
switching type anode power supply. Tentative requirements
for the power supply are 17 kV, 3 A average current, and 15
A peak. Protective circuitry for fast shut-off will be necessary.

The 7835 power amplifier is plate modulated by two
4CW250.000 tubes in parallel. Circuitry will be redesigned to
accommodate unmatched tubes. The tube type video driver
will be replaced with a hybrid circuit consisting of an
incoming fiber optic link, high power MOSFET followed by a
3CX25OOF3 triode.

A major improvement will be the addition of more
abundant instrumentation and an advanced data logging system.
This equipment will be the key to providing failure trend
analysis, maintenance lists, and materials for training.

A joint development program between Burle Industries and
LANL has modified the 7835 system power triode to include
two penning gages. This modification makes it possible for
the first time to observe filament turn-on gas bursts and to
monitor the vacuum during the lifetime of these tubes. With
this additional diagnostic, the tube conditioning procedure has
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been changed to avoid operating under poor vacuum
conditions. The penning gages act as vacuum pumps,
shortening the down-time after turning on the filaments.
Other joint activities include analysis and dissection of failed
units, alternate ceramic material, and ceramic seal
development

805 MHz RF

The major changes in the klystron system are in the
switch tubes. The modules originally used Machlett LPT-44
tubes that are no longer manufactured. In one of seven sectors
of LAMPF the Machlett tubes have been replaced with Litton
L-3408 switch tubes. Conversion to these tubes require
modification of the klystron modulators. A search for sources
to rebuild LPT-44 tubes and an evaluation of alternate tubes,
which would not require extensive module modification will be
completed before converting the remaining sectors.

The 805 MHz system uses two different klystrons. The
Varian VA-862 and the Litton L-5120. As these tubes fail
they are rebuilt and tested at the LANL Equipment Test
Laboratory. Future direction may require replacement of
windows on some units. This may provide another
opportunity for LANL-Industry development.

Power Supply Controllers

The major improvement to the d. c. magnet power supply
systems at LAMPF is the recent design and introduction of a
new power supply controller that contains embedded

microcomputers. These controllers are being used in 25 new
supplies and in the magnet mapping area. The controller is
designed as a self-contained unit that can be used in any power
supply.

In the LAMPF standard power supply design, a stepper
motor-driven potentiometer was used to set output current.
These potentiometers have limited resolution, (1 part in 2000),
are subject to mechanical problems and must be used as open
circuit input devices. This results in an appreciable amount of
down-time for service and makes tuning of the beam a time
consuming task. The new controllers have no moving
mechanical parts, can be set in milliseconds, operate as closed
loop controllers, and set themselves accurately to the desired
output currents. In addition the controllers have diagnostic
routines to assist the technicians in their repair back in the
power supply shop.

In the current LAMPF standard power supply control
system there are 176 interconnecting wires between the remote
control, the reversing switch and the power supply. The new
system does the same job with just 14 wires. In addition, the
power supply can be directly wired to the control computer by
two, twisted pairs of wires via an RS 422 port. The new
controllers use all digital logic except in the heart of the
regulation loops. The new one-box design lends itself to
automated testing and computer-aided trouble shooting back at
the shop rather than manual diagnostics on 10 plus units in
the field. The controller software can be easily changed to
meet new conditions as they arise.

The result of all of this is that the new controller is more
reliable, easier to maintain, and lends itself to be easily adapted
to changing requirements.

Magnets

Magnets within the LAMPF and PSR are continually
being evaluated to estimate when they may need to be replaced.
Spares are provided for many critical magnets so a sudden
failure would not result in a lengthy machine down-time.
Magnets which have provided only a limited life in a harsh
environment are being redesigned. The PSR septum magnet,
shown in Figure 2, is used as an example.

A septum magnet is used to further separate two adjacent
beams after they have been split. There is typically very little
space between the beam paths for beam pipes, coils,
insulation, and iron. Consequently the current density in the
coil septum is very high.

Inadequate cooling or errant beams can cause overheating
and damage to the insulation resulting in ground currents. The
ground currents then contribute to the heating and possibly
even damage the vacuum envelope.

Epoxy base insulation is subject to breakdown in high
radiation shields. High temperature inorganic (rad hard)
insulators also have limitations. The standard mineral
insulated conductors have a rather low packing factor and are
not suitable for the septum coil. Vitriol coatings are fragile
and arc sprayed alumina is susceptible to water damage. All of
these insulators have been used in various magnet applications
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at LAMPF.
All techniques listed above and any new possibilities

should be reviewed for specific septum applications in the
future to enhance magnet reliability.

Improvements to Increase Duty Factor

Cooling Towers

Additional cooling tower cells are needed to meet the
expanding experimental needs. With increased duty factor,
additional cooling will be needed for the accelerator and RF
systems as well. By providing a versatile cooling water
distribution system and interconnects, the system can be
optimized to meet ever changing needs.

RF Test Stands

201.25 MHz and 805 MHz test stands in the Engineering
Test Laboratory Building have previously been used to
condition tubes and klystrons. These test stands have been
upgraded and reconfigured to be versatile as development test
stands. Components and circuits can be certified at increased
performance levels and proven reliability before being
incorporated into the LAMPF accelerator.

Klystron Efficiency

Beginning with the FY91 production cycle, fine
adjustments were made on individual klystron modulators to
optimize efficiency. The limitation on this approach is that as
modules need to be removed during the operating period, the
performance of the replacement modules will not be optimized
and efficiency will temporarily be reduced. An alternate, which
would also increase efficiency, would be to upgrade to high

efficiency klystrons.

Future Direction and Opportunities

Many different operating modes are being considered. The
changes needed in LAMPF to meet various options are vastly
different in approach, complexity, and cost.

The present Medium Energy Physics program is directed
towards meeting the needs of users and providing for the
maximum number of simultaneous experiments. This
program is supported best by improving the reliability of the
accelerator at present operating conditions and the addition of
new beam lines providing new capabilities.

An upgraded proton storage ring program may well need
operating of LAMPF for eight or more months each year at
high availability. High power multi-MW beam applications
would require a new front end. One possibility is a volume
ion source, radio frequency quadruple, longitudinal chopper,
and 402.5 MHz drift tube linac.
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Abstract:

The 65 MW S-Band klystrons (5045) used to power SLC
have been in service for over seven years. Currently, 244 of
these tubes are in place on the accelerator, operating full power
at 120 pulses per second. Enough tubes have now reached
cathode end of life, or experienced other failures to allow a good
analysis of failure modes, and to project average lifetime for this
type of tube. This paper describes the various modes of failure
seen in klystrons returned from SLC service, and pro-vides
data on expected lifetime from current production based on
accumulated SLC operating experience.

Introduction

Over seven years ago, the first 65 MW klystrons, Fig. 1,
were installed and started operation at SLAC. Since that time,
almost 600 klystrons of this design have been manufactured. A
number of these klystrons that failed and were removed from
service produced the initial failure analysis of References 1 and
2. Some of these failed klystrons were remanufactured and
returned to service. Presently, 244 klystrons are operating
continuously in SLC service at full power and 120 Hz repetition
rate. The average age of installed klystrons has increased to over
23,000 high voltage operating hours, but the failure rate has
accelerated with 120 Hz PRF operation. Most failure
mechanisms that produced premature failure have been
identified and corrected so that now failures are mostly due to
end-of-life processes such as cathode depletion and anode
barium deposits that cause arcing and gassing in the tube. The
lifetime is directly related to operating cathode temperature with
50,000 hours projected for a "good" low-temperature operating
cathode and less than 15,000 hours for a "poor" cathode
requiring initial operation at a high temperature. Overall,
operation of these klystrons has produced very stable RF for the
SLC with little beam downtime due to klystron malfunctions.

Klystron System Faults and Failure Modes

Klystrons are assembled on pulse tanks, and undergo a full
power system test in the Klystron Test Lab before being
transported to the SLC Gallery for installation. Any failure in
the klystron, or the pulse tank system necessitates the removal
of the klystron assembly from the SLC gallery and return to the
test lab for repair and retesting. In Reference 2, the principal

* Work supported by Department of Energy contract DE-AC03-
76SFOO515.

Fig. 1. 65-megawatt klystron.

causes of failure were listed as window failure, high voltage
seal puncture, RF output faults including regenerative instability
(Ref. 3), RF output gap breakdown, gassy cathodes, and
various mechanical, water, and pulse tank problems. At the
writing of that paper, we had experienced very few end-of-life
cathode failures.

During the last seven months of intensive full-power 120
PPS SLC running, we have been removing an average of six
klystron assemblies per month from gallery sockets for various
faults including klystron failure. Twenty-five of the removed
tubes, upon retesting in the test lab, were failed; the rest were
repaired, retested, and returned to gallery service. Several of the
tubes returned to service were close to end-of-life. All but three
of the failed klystrons were failed for reasons associated with
the end-of-life of the cathode. One tube, an early model, failed
for an unrepairable water leak, and a second non-cathode failure
was attributed to a hot window, although it was almost at end-
of-life on the cathode. Excessive RF breakup was the reason for
the third failure.

Figure 2 shows the emission characteristics of five selected
klystrons removed from the gallery, and retested in the test lab.
The first three tubes had "good" to "excellent" cathodes, have
given long service, and are still in operation. The last two
examples started out with "marginal" cathodes that required
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Fig. 2. Beginning and ending emission characteristics
for klystrons with "good" to "bad" cathodes.

initial high temperature operation. Both failed due to end-ol-life
symptoms at rather low operating hours. The pictures in Figures
3 and 4 show the annode surface of one of these failed lubes.
The failure mode was arcing and gassing in the tube. Note the
barium compound buildup on the anode surface, and the
flaking. Most of this flaking happens after the tube is cut open,

but any small break in the barium buildup tends to arc in the
high-voltage gradient between the cathode and anode, and
causes a massive gas burst. The barium buildup is accelerated
by high operating cathode temperature. On a few high operating
hour lubes thai failed for reasons olher than cathode problems,
very litlle barium buildup was in evidence during autopsy. The
dominant mode of failure of klystrons now operating in SLC
service is cathode depletion, and the associated arcing and
gassing from anode barium buildup.

Figs. 3 and 4. Barium buildup on klystron anode.

Figure 5 is a graph of cumulative high voltage hours lor
klystrons that have been, or arc currently in operation. There is
a large group of tubes that is approaching 40,000 hours of life.
Most of the "infant mortality" type failures occurred during the
initial installation phase seven years ago. Currently, lubes
passing lest lab tests do not show any serious "infant mortality"
problems when put into SLC service. The average age of failed
tubes returned from SLC service is 19,000 hours of high-
voltage running lime. The average age of operating tubes in
SLC service is 23,000 high-voltage hours, and 29,000 hours of
cathode heater lime. The mean time between failure of SLC
service klystrons is presently 52,000 hours. The history chart of
ihcse numbers is shown in Figure 6. In a random-population,
slcady-staie-syslem, ihcse three averages should converge, but
even with seven years of operation, this convergence has not
occurred for the SLC klystron population. During this lime.
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operational conditions have changed, and we have modified the
klystron design to reduce early failure mechanisms.
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— On-Line
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Fig. 5. Graph showing cumulative H.V. hours
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Fig. 6. 12-month average time between failures,
average HVRT of failed 5054 klystrons, and

average HVRT of online 5054 klystrons.
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Abstract

Although vibration issues have been realized to be
among the most crucial problems regarding future large-scale
accelerator design, there have only been a few experimental
studies carried out concerning the effect of vibration on linac
beam characteristics. A new project was started at the KEK
electron linac division in collaboration with the University of
Tokyo in April, 1992, involving a detailed investigation of
vibration issues regarding linac beam characteristics: vibration
measurements and a statistical analysis at linac sites as well as
correlation measurements between vibration and linac beam
characteristics. We have carried out the research and
development of laser interferometers for the precise alignment
of accelerators and beam lines required for future linear
colliders. Using this interferometer technique vibration data
was obtained at the 2.5-GeV linac as well as in a tunnel of Mt.
Tsukuba 10 km distant from KEK. A new technique
involving transverse alignment using a Fabry-Perot cavity is
also proposed.

Introduction

A detailed investigation of vibration issues regarding
linac beam characteristics is indispensable for future large-
scale accelerator design [1], since environmental vibrations
may cause emittance growth or a reduction of the luminosity
at collision points. In order to avoid these effects, a feedback
system should, in principle, play an important role in beam
diagnostics; detect the beam position or size, and then feed it
back to a beam steering system or magnet supports. The
performance of a feedback system, however, generally
strongly depends not only on the frequency response of the
system, but also on external noise (in this case, vibration
noise). A survey of vibration noise in an accelerator site or its
candidates as well as systematic investigations of their
influence on the beam characteristics is thus urgently
necessary for a well-designed feedback system. Since the

time response of the feedback system in beam diagnostics may
be relatively slow, vibration information over a frequency
range of 0.1-100 Hz is especially important.

We started in April, 1992, at the KEK electron linac
division in collaboration with the University of Tokyo a new
project involving detailed investigations of vibration issues
regarding linac beam characteristics. The main subjects have
been divided into two categories: (1) vibration measurements
and a statistical analysis at linac sites; (2) correlation
measurements between vibration and linac beam
characteristics.

We report here on some results concerning vibration
measurements at the 2.5-GeV linac and (as a standard quiet
place) in a tunnel located at the Tsukuba Seismological
Observatory of the Earthquake Research Institute of the
University of Tokyo at Mt. Tsukuba about 10 km from KEK.

A new technique for transverse alignment using a Fabry-
Perot cavity is proposed here regarding the use of laser
interferometers for gravitational radiation[3].

Seismic Vibration Measurements

Three types of accelerometers (a homemade seismometer
utilizing a laser interferometer developed for gravitational
wave experiments at the University of Tokyo [2], and
commercial servo accelerometers, RION LA-50 and RION
LS-20C) were used in order to increase the confidential level
of measurements. The data was Fourier-analyzed over the 0.1
- 100 Hz frequency range and then transformed into
displacement per a unit bandwidth (m/tHz)1/2). Laboratory
tests have indicated that the homemade seismometer and
RION LA-50 have almost the same sensitivity in the above-
mentioned frequency region, while RION LS-20C is less
sensitive, especially below 1 Hz. Since accelerometers have
sensitivity not only to vibrations, but also to environmental
sounds, measurements were performed at the time of a linac
shutdown, although the sound effects turned out to be
dominant over 100 Hz.
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The observation points are indicated in Fig. 1. At the
KEK linac three points were chosen: on the floor of the linac
tunnel, on an accelerator support and on the floor of the
klystron gallery. The foundation of the KEK linac tunnel sits
on a slab which is supported by many 33 m long pillars
reaching hard rock at 44 m depth. The tunnel of Mt. Tsukuba
is situated at an altitude of about 200 m and is surrounded by
the hard rock of ML Tsukuba.

Klystron Gallery

1.3m

4m

lm

Fig. 1 Observation points at the KEK linac.

Typical examples of the Fourier spectrum density of
various vibration data taken at the KEK linac are given in Fig.
2. The vibration level on the tunnel floor is considerably low
at the observation frequency range compared with that on the
underground floor of the University of Tokyo [2]; vibration
noise on the gallery floor and on the accelerator support are
larger within a frequency range above 1 Hz. This signifies
that even if the foundation of the floor is made to be very hard
and a low level of vibration is established, the vibration
environment around the accelerators would not necessarily be
quiet, probably due to a mechanical resonance of the concrete
structures of the gallery floor and the accelerator support
structure.

On the other hand, the vibration level in the tunnel of Mt.
Tsukuba is even ten times lower than that in the KEK linac
tunnel (see Fig. 3).

A comparison between the data taken on the tunnel floor
of the KEK linac and in the tunnel of Mt. Tsukuba (Fig. 3)
may indicate some interesting characteristics of the same
origin. A broad peak at 0.35 Hz is explained by the effect of
ocean wave, as reported in ref. [4]; that at 2.5 Hz is
understood to be as rock vibration; a narrow peak at 1.27 Hz

has not been identified. The two broad peaks are relatively
small in the tunnel of Mt. Tsukuba.
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Fig. 2 Fourier spectrum density of vibration at the KEK linac.

Iff3

10'

S Iff9

"EH

5

10°
0.1

Mt-Tsuk

KEK Lin

/I ^'<
'W \

1 1 1 1 1 HI

1 ' '

jba

ac Tunnel

•; f.

i i i e

H
IT

! I F
 T

 '

.

IH
IIIi 

i

K:
T I

• 1 1 1 1 i n

1001 10
Frequency (Hz)

Fig. 3 Fourier spectrum density of vibration at Mt. Tsukuba
and the KEK linac.

744



Transverse Alignment

In gravitational wave experiments using Fabry-Perot-
type laser interferometers a laser light must be introduced into
the Fabry-Perot cavity very carefully; the alignment of the
laser light and the cavity is very important. Otherwise, higher
modes are excited and the effective available power of the
first longitudinal mode in the cavity decreases. We began to
examine the feasibility of making a transverse alignment
utilizing these characteristics.

In Fig. 4, a possible conceptual layout of the transverse
alignment system is shown. A stabilized laser and the near
mirror of the Fabry-Perot cavity are on the reference table,
while the end mirror is located on an accelerator component.
In this configuration, if one modulates, for instance, a
transverse direction of the end mirror with some frequency,
this frequency component of the light intensity is reflected by
the cavity and represents a transverse misalignment. A
demodulated signal can be fed back to the mover of the
accelerator component. A sensitivity analysis is under
investigation.

Stabilized Laser

I ! '
Vibration Isolation Table

I—I I

Modulation

Fig. 4 Possible conceptual design of the transverse alignment.

Conclusions and Discussions

The influence of vibration on a linac beam may take
place through a route which originates from external
disturbances, such as ground vibration motion, passing to an
accelerator support and finally to a beam. In order to
minimize such vibration influence on a beam it is first of all
clear that one should select a quiet site. Besides the present
measurement, we have been accumulating various vibration
data at several sites in Japan; for instance, in a tunnel of the
Kamioka mines[2]; we found that the noise level of vibration
in a mountain tunnel is generally more than ten-times lower
compared with that in other locations. It seems that the
existence of a large amount of mass above the sites might be
essential for low seismic noise. Secondly, within a frequency
range from 1 to 100 Hz it is also important to prevent or damp
in some way low-frequency mechanical resonance of the

accelerator support. Fig. 5 shows a transfer function between
the tunnel floor and the accelerator support. Several peaks at
around 10-100 Hz may be due to a mechanical resonance of
the support, which enhances the ground motion.

A direct observation of the correlation between vibration
and the linac beam characteristics will be performed along
with the development of sensitive beam position monitors in
the near future.

1 10
Frequency (Hz)

100

Fig. 5Transfer function of the accelerator support to the
ground.
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Abstract

Beam from the 45 MeV CEBAF injector linac can
be used to drive a high-power infrared (IR) free electron
laser (FEL), while the 400 MeV north linac beam can drive
an ultraviolet (UV) FEL. The FELs require separation of
high-intensity FEL driver bunches from the CEBAF nu-
clear physics beams into transport sections containing wig-
glers within optical cavities with appropriate matching.
The FEL systems must fit within the CEBAF accelera-
tor tunnel. Optical solutions for both the IR and UV FEL
beam transports are described and discussed.

Introduction

The CEBAF superconducting linac will have unique
capabilities for the acceleration of high-intensity electron
beams. This capability can be applied to obtain beams
suitable for driving infrared and ultraviolet free electron
lasers. The IR FEL would use ~ 50 MeV beam from the
CEBAF injector, while the UV FEL would use ~ 400 MeV
beam from the CEBAF north linac. The FEL operation is
being designed to accommodate simultaneous, undegraded
nuclear physics operation [1,2].

FEL operation requires the addition of a high-peak
current injector to provide FEL driver bunches and the ad-
dition of beam transport lines to separate the FEL driver
bunches from the nuclear physics bunches and transport
the beam into the FEL wigglers with betatron and disper-
sion matching. The FEL injector is described in [3,4]. In
this paper we describe the IR and UV FEL beam transport
lines and discuss their optical properties.

Beam Transport to the IR FEL

The IR FEL transport line must separate the FEL
beam bunches from the nuclear physics (NP) beam at the
end of the injector linac, with the NP beam continuing
to the north linac, while the FEL beam is diverted into
the IR wiggler. Figure 1 displays the proposed design. In
this design we have chosen to obtain beam separation by
accelerating the FEL and NP beams to different energies
and using dipoles to separate the beams in a three-bend
chicane.

Because of their large space-charge forces, it is desir-
able to accelerate the FEL bunches immediately to higher
energy in the preinjector [2,3], where the two beams are
initially combined. Thus the FEL bunches enter the injec-
tor linac at 10 MeV, while the NP bunches are at 5 MeV.
For IR FEL operation this energy difference is maintained
to the end of the injector linac where the FEL and NP
beams are 50 and 45 MeV, respectively.

* Supported by the Commonwealth of Virginia

At that point (see Fig. 1), a 0.033 T-m bending mag-
net displaces both beams from a linear transport, with the
FEL beam bent at 11.5° and the NP beam bent at 12.8°.
At 1.2 m downstream the beams are separated by 2.5 cm,
which is sufficient for a septum dipole which bends the FEL
beam back by -23° toward the opposite side of the injector
line. (The NP beam continues undeflected for another 0.5
m, where a -25.6° bend returns it toward the north linac
injection line.) A 4 m transport containing three quads
for dispersion correction carries the FEL beam to a third
dipole, where the FEL beam is bent back 11.5° toward the
wiggler. A 3.5 m transport containing four quads matches
the beam into the wiggler, which is in the center of the 20
m optical cavity. After this last section, the FEL transport
is parallel to the NP transport, displaced horizontally by
0.43 m. Following the wiggler, the FEL beam is diverted
by a bending magnet into a beam dump.

The optical matching conditions are requirements of
zero dispersion and betatron functions matched to the wig-
gler vertical focusing (/?* = -J2 Bp/Btml = 0.5 m at
j } r m , = 0.45 T). Betatron functions for such a solution
are shown in Figure 2. Note that dispersion suppression
requires relatively strong focusing of the beam in the in-
terdipole transport with relatively large betatron oscilla-
tions. These matching conditions are somewhat stronger
than the minimum necessary for FEL operation; FEL op-
eration simply requires that the beam be smaller than the
optical mode size Wo, given by Wo = (ALJJ/TT)1 /2 , where A
is the light wavelength and LR is the Rayleigh range. Typ-
ically Wo is about 1.7 mm. At expected CEBAF beam
properties (ejy = 15ir mm-mrad, Sp/p < 0.001), optical
constraints of /3* < 10 m, TJ < 1 m would be adequate.

Since dispersion correction most seriously constrains
the matching, an alternative transport without the inter-
dipole quads has also been developed. Without dispersion
suppression, a betatron match is more easily found by sim-
ply using the final four quads. Focusing to small beam
size ({3* = 1 m) also naturally reduces dispersion; the un-
matched dispersion remains small (77 < 0.15 m) through-
out the wiggler. Dispersion matching is only necessary to
avoid emittance dilution from wiggler radiation; that is of
critical importance if the FEL beam is to be returned to
the north linac to drive the UV FEL (a future option).
However, since initially the FEL beam will not be reused,
initial operation can use the simpler unmatched-TJ solution.

Beam Transport for the UV FEL

The transport to the UV FEL presents more difficult
challenges because of the higher beam energy, more strin-
gent phase-space matching constraints and a relatively re-
stricted geometry. The transport must separate the FEL
bunches from the NP bunch trains, provide longitudinal
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phase compression of the FEL bunch with a 6-D phase
space match into the wiggler, and fit within the east end
of the north linac tunnel. This last constraint implies a
combined horizontal and vertical translation of the beam
from the north linac transport line (outside lower corner
of the tunnel) to the U V wiggler transport line (inside up-
per corner), which is placed to avoid interference with NP
operation. A horizontal translation of 2.5 m and a vertical
displacement of 1.75 m are required. Our proposed solu-
tion contains an innovative use of a solenoid (or skew-quad)
phase-space rotator between the vertical and the horizon-
tal beam translations; the rotation is designed to provide
an isochronous 2-D dispersion cancellation.

As in the IR FEL, beam separation is obtained using
energy separation. The UV FEL bunches are phased 25°
off-crest, and arrive at the end of the north linac at 400
MeV, 10% lower energy than the first-turn NP bunches.
The off-crest operation also places an energy tilt in the
FEL bunches which is used to obtain compression.

Optical matching requirements are stricter for the UV
FEL. The matched vertical /?* is ~ 4 m (for 400 MeV
beam, 0.45 T wiggler), which would give a beam size of
r» ss 0.3 mm. However, the optical mode size is also
Wo fa 0.3 mm (for A = 200 nm, LR = 1.5 m). For enhanced
gain it is desirable to focus the beam to a smaller spot than
the optical mode; r^ = 0.15 mm or (3* = 1.0 m is used.
Accurate dispersion suppression is also required. The UV
FEL beam has an enlarged 6p/p(±0.004 full-width); keep-
ing that large momentum width within the optical mode
sets a strict constraint on residual uncorrected dispersion
(|JJ| <~ 0.05 m).

Relatively stringent transport specifications have led
to a modular, achromatic, and nearly isochronous beam-
line design. A layout of the system is shown in Figure
3. The FEL beam is separated from all NP beams by
the common vertical dipole at the beginning of the east
spreader. Vertical and then horizontal translations are fol-
lowed by modules for bunch compression and matching
into the wiggler. We now describe these in order.

After the common spreader dipole, the FEL beam (at
10% lower energy) is offset vertically from the nearest NP
beam by over 10 cm at the first dipole of the NP recircula-
tion line. This is adequate for insertion of a quad doublet
to control FEL betatron sizes. The FEL beam is then bent
back parallel to the linac axis, displaced vertically by 2 m.

To avoid the NP east arc while remaining in the tun-
nel, a horizontal translation is required. To avoid the com-
plication of two-dimensional dispersion matching and to
correct simultaneously the path-length dependence on mo-
mentum, a phase-space rotator is introduced to transform
the (negative) vertical dispersion at the end of the vertical
translation into a (positive) horizontal dispersion at the
beginning of horizontal translation. The phase-space rota-
tor consists of a single quadrupole followed by a solenoid.
The quadrupole and the solenoid transform the vertical
angular divergence into a horizontal dispersion with zero
slope. The required solenoid strength is given by the con-

dition: J Bdl = ic(Bp). For 400 MeV beam, this requires
a field integral of 42 kG-m. A phase-space rotator based
on skew quadrupoles has also been designed but is opera-
tionally more complex and appears less cost-effective. The
horizontal translation is generated using a dipole geometry
identical to the vertical, and a quadrupole triplet is intro-
duced for dispersion suppression; the resulting combined
horizontal/vertical translation is achromatic and nearly
isochronous.

Following the horizontal translation, a quad doublet
is introduced. After the doublet, a bunch compression
module based on a symmetric two-doublet insertion with
an embedded horizontal three-dipole chicane provides an
achromatic variation of path length with momentum with-
out modification of betatron functions.

A pair of quad doublets then provides matching to the
wiggler across a final dispersion-suppressed vertical trans-
verse translation. This final translation onto the axis of
the wiggler and optical cavity is a 0.5 m offset provided to
ensure the optical beam clears all beam transport equip-
ment. The final matching telescope can be tuned to pro-
vide a range of matching conditions. We have investigated
the case of a 3 m, 50 period wiggler. Figure 4 presents rms
beam spot sizes though the system for a quasi-isochronous
(no compression) case with final match to upright ellipses
with /?wiS8ler = l m at the center of the wiggler, in both
planes. Following the wiggler, spent beam is transported
to a beam dump in the north linac tunnel stub.

The strong bending and focusing of the beam in this
transport channel, coupled with the desired large momen-
tum acceptance and strict transport requirements, lead
to a requirement for chromatic correction. Suppression
of chromatic aberrations to acceptable levels is performed
using a pair of sextupoles, one normal and one skew, im-
mediately upstream of the phase-space rotator. The skew
sextupole acts on Tfy and corrects the final Tiee, where Tioa
is the second-order transport element dx/d(^*-)2. The
normal sextupole introduces some horizontal/vertical cou-
pling, which is compensated by the residual coupling due
to the rotator yielding a correction of T3e«. Correcting
these two aberrations also reduces Tsaa to acceptable lev-
els. Variations at wiggler center of central orbit position,
path length, and spot sizes, over the full momentum range,
with and without chromatic correction, have been calcu-
lated with / ^ B B ' " = /J^ssi" = l m a t wiggler center. The
results are consistent with desired criteria.
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Figure 1. Beam transport for the IR FEL, with the injector Linac transport.

II.OS

Figure 2. Betatron functions (/3m,f3y,T)) through the IR
FEL beam transport. The 1.5 m IR wiggler is at the end
of the transport line.
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Figure 4. Horizontal and vertical rms spot sizes (<r matrix
elements <rm and <ry) through transport system, from linac
to wiggler center. Uncoupled unnormalized initial emit-
tances ex = ev = 2 x 10~8 m-rad were assumed. Solid
lines indicate the horizontal, and dashed lines the vertical,
spot size; bold lines indicate beam size with <Tfp/p — 0
(dispersive effects neglected); light lines indicate beam
size with the anticipated <rip/p = 2 x 10~s.
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Abstract

A conceptual design study has been carried out for an
accelerator-driven actinide (TRU) transmutation system
with sodium-cooled subcritical reactor using spallation
reactions. In the present calculations, annual transmutation
rate of about 250 kg of actinides and production of 820 MW
thermal power are obtained by using a 1.5 GeV proton beam
with a current of 39 mA. The plant generates electric power
of 246 MW with a conventional steam turbine, and supplies
sufficient electricity to the accelerator.

The high intensity proton linear accelerator (ETA:
Engineering Test Accelerator) with an energy of 1.5 GeV
and an average current of 10 mA has been proposed by
Japan Atomic Energy Research Institute, JAERI. In a
course of the development, the R&D works for the low
energy portion of the linear accelerator (BTA: Basic Tech-
nology Accelerator) with an energy of 10 MeV and a current
of 10 mA are carried out.

Introduction

The Japanese national program called OMEGA
(Options Making Extra Gains of Actinides and Fission
Products) has started in 1989 by aiming at promoting the
research and development of the nuclear waste partitioning
and transmutation technologies. As a part of the program,
JAERI has laid out several R&D plans for accelerator-based
actinide transmutation system.

In this proposal, nuclear spallation reactions with high
energy proton beams are taken to be one of the effective
transmutation processes. The basic concept of the transmu-
tation system with proton spallation reactions has been
studied at JAERI. The main goal of this program is to
process the TRU of which the yearly production rate is
typically 25 kg for a 1000 MWe LWR. Various engineering
tests have to be performed using a high intensity (high-
energy and high current) accelerator for the transmutation
system before actual plant has been constructed. The need
for the development of such a high intensity proton linear
accelerator (ETA) should be stressed for that purpose.

Nuclear spallation reactions with high energy proton
beams will also produce various intense beams, that can be
utilized for other nuclear engineering applications Those
include nuclear data measurements, material sciences, radio
isotope productions and other basic sciences with the proton,
neutron and other secondary beams(1) in addition to nuclear
waste incineration.

A study of the transmutation system

The detailed description of a transmutation target, neutron-
ics calculation and power dissipation calculation has been
published elsewhere(2). Only the essential part of the
scheme is described in the paper. Fig. 1 shows a conceptual
flow diagram for an accelerator driven target system in
combination with a subcritical reactor.

The target and fuel assembly in the reactor proposed
here are similar to that used for the common fast breeder
reactor with the Na coolant. Primary nuclear spallation
reactions and the subsequent particle transport processes
were simulated using the NMTC/JAERI code13* for the
neutron energy range above Ihe cutoff energy of 15 MeV.
Below this energy, a three dimensional Monte Carlo trans-
port code was used.

The maximum power densities in the fuel and target
regions are about 920 MW/m3 and 360 MW/m3, respective-
ly. Thermal hydraulics calculations were performed to
assure that the fuel and the cladding temperature stay below
the maximum allowable temperature (900 °C in actinide fuel
and 725 °C in cladding). The calculated maximum thermal
output powers were 820 MW. Accordingly, the averaged
power densities were 400 W/cc for the incident proton beam
current of 39 mA. Table 1 summarizes the operating condi-
tions and characteristics of this accelerator transmutation
system.

Table 1. Operating condition of the accelerator-based
transmutation system

Proton beam energy
Proton beam current
Actinide inventory
kff

No. of neutrons
No. of fission(>15MeV)

(<15MeV)
Neutron flux
Mean neutron energy
Bum up
Thermal output
Power densiry(max)

(ave)
Maximum temperature

Output coolant
Fuel
Clad

Electric output

1.5 GeV
39 mA
3160 kg
0.89
40n/p
0.45 f/p
100 ftp
4xl0 l5 nJcmh
690 keV
250 kg/y
820 MW
930MW/cm3

400MW/cm3

473 °C
890° C
528° C
246 MW
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From these calculations, the spallation neutrons and the
subsequent induced fission neutrons can transmute the TRU
produced by nearly ten LWR in a Na cooled subcritical
assembly. As a by-product, this system can be used to
produce excess electric power of about 246 MW, a part of
which can be used to operate the proton accelerator.

Accelerator development

As a first step in the ETA development, the low energy
portion of the accelerator (BTA) is studied, since beam
current and quality are mainly determined by this low
energy portion. The basic specification of BTA is given in
Table 2 and the conceptual layout is shown in Fig. 2. Be-
cause of the high beam current and duty factor, heat removal
problem from the accelerator structures is an important issue
for the mechanical design. Temperature distribution and
thermal stresses are carefully studied with the three dimen-
sional modeling codes. The beam energy for the BTA is
chosen to be 10 MeV in order to avoid proton induced reac-
tions in accelerator structural materials where the Coulomb
barriers are barely exceeded. The acceleration frequency of
200 MHz is selected both for RFQ and DTL mainly due to
the availability of RF source and relatively manageable heat
removal problem.

Table 2. Basic specification of BTA

Operation mode
Duty factor
Output energy
Average beam current
Peak beam current

pulse
10%
10 MeV
10 mA
100 mA

Ion source A prototype of multi-cusp ion source(4) was
constructed in collaboration with the group of the NB1
(neutral beam injectors) Heating Laboratory. The well
collimated hydrogen ion of 56 mA was obtained using the
60 kV Test Facility with the observed normalized emittance
of about 0.45 .-tmm.mrad (90%) and proton ratio of 80 %.
The high voltage power supply of 100 keV is being con-
structed and will be tested in October.

RFQ The design study for the RFQ has been progressed.
Two dimensional machining of the vane ( circular cross sec-
tion of the tip ) for the RFQ was examined and its effects
were estimated with the modified PARMTEQ code. The
undercutting of the vanes and power losses at the end region
were studied with the MAFIA codes. The temperature dis-
tribution and thermal displacement were srudied(5).

DTL A drift tube structure, magnetic field strength and
heat removal problem were investigated under the various
mechanical constraints. A hollow conductor type coil with
5x5 mm2 was chosen for focussing magnet. Configuration
of quadrupole magnet is optimized under the condition on
the coolant water (temperature rise 25 °C in the coil, pres-
sure drop 5 kgf/cm2 and velocity 3.4 m/s). The beam
dynamics design calculations for the DTL have been made

using the computer code PARMILA<6). The MEBT consist-
ing of four quadrupole magnets and one buncher is prelimi-
nary considered between RFQ and DTL to obtain matching.
The DTL parameters are given in Table 3. The hot test
model with 9 cells, among which the #1 drift tube and the
one at the front end plate are installed with actual quadru-
pole magnets, is designed and will be fabricated and tested
for solving the problems in high power operation.

Table 3. DTL parameters

Frequency
Energy
Current
Average field
Tank diameter
Tank length
Cell length
g/L
DT outer diameter
DT inner diameter
Synchronous phase
DT cell number
Focus magnetic field
Q
Wall loss
Beam power
Emittance

x(rms)
y(rms)
z(rms)

201.25 MHz
2 - 1 0 MeV
100 mA
2.0 MV/m
89.3 cm
564.9 cm
9.86-21.55 cm
0.234 - 0.293
20 cm
2 cm
-30°
36
80 - 35 T/m
69800
720 kW
800 kW

0.048 .tcm.mrad
0.035 acm.mrad
0.0053;iMeV.rad

RF source Three sets of RF sources with 1 MW peak
class amplifier are necessary (641 kW for RFQ and two 760
kW for DTL). The tetrode tube 4CM2500KG (EIMAC),
which was originally developed for fusion plasma heating,
will be used with multistage amplifier configuration.

High (3 linac The accelerator cavities and rf system for
high p structures dominate the construction cost for ETA.
The conceptual and optimization studies for the ETA are
performed concerning proper choice of operating frequency,
energy configuration, type of high fi structure based on the
beam dynamics and mechanical engineering considerations.
RF source aspects on the trade-offs between large and small
amplifiers are investigated.

Summary

The R&D works with the design and construction of
prototype accelerator structures for cold model (low power)
test and hot model (high power) test are in progress. For hoi
model test, measurements of the electric and magnetic
characteristics of the accelerator structure will be conducted
with the single unit of high power RF source prepared.
Problems of heat dissipation and heat removal in the struc-
ture are also emphasized. The detailed design works for
BTA construction are followed in the next stage based on
the results of the R&D works.
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Abstract

In this study, the dipole instability of the positron beam
in a linac-on-ring collider is investigated as a multi-collision
process. An integral equation for the vertical displacement
of the positron beam in a beam-beam interaction is derived
based on the cold fluid equations using the ribbon beam
model[l, 2], where the force on the centroid of the elec-
tion or positron bunch is approximated to be linear with
their mutual offset. The integral equation is solved to the
first order of iteration, assuming the phase shift for the
positron bunch during each collision is small. Including
only the linear betatron oscillation for the ring dynamics,
the theory shows that in collisions with non-zero offset,
the kink instability will cause a coherent growth of the
transverse displacement of the positron beam. Simulation
confirms this conclusion with good agreement.

Introduction

In a linac-on-ring B-factory, the high disruption of the
electron beam affects the dynamics of the positron beam,
making the stability of the positron beam in the ring an
important issue for such a colliding scheme. In this study
we have derived an integral equation for the vertical dis-
placement of the positron beam in a linac-on-ring beam-
beam interaction. The integral equation is based on the
ribbon beam model and is solved to the first order of it-
eration, where we assume the phase shift for the positron
bunch during collision is small (wp/«/2 <C 1). This analy-
sis reveals the coherent instability for the positron beam in
a multi-collision process, which agrees well with the sim-
ulation results. Here only a linear matrix for betatron
oscillation is considered in the ring.

Further studies showed that the transverse growth of
the positron beam due to kink instability discussed in this
paper can be suppressed when synchrotron motion is taken
into account; the results will be presented in later works.

Equation of Motion for the Vertical Displacement
of the Colliding Beams

For a charged beam, the dynamics of beam-beam inter-
action is governed by the cold fluid equations. Usually a
beam is Gaussian in both transverse directions. We here
study the case of a ribbon beam {ax » <ry), where the
beams are assumed to be uniform in the x direction so
that the transverse degree of freedom is reduced to one.
This model can serve to manifest the coherent beam-beam
effect with relatively simpler analysis.

Let Np be the total number of positrons in the positron
bunch, and apxi apy and <rpz be the rms bunch sizes in

'Supported by D.O.E. contract #DE-AC05-84ER40150

the x, y and z directions for the positron beam respec-
tively. Also we denote yp as the vertical displacement of
the positron bunch at given z and t, and pp as the line
density function of the positron beam. The oscillation fre-
quency for a single paraxial electron passing through the
positron beam is ueo

2 _

where Dey is the electron disruption parameter

_ 2Nproapz

(1)

(2)

with ro, the classical electron radius; and ye, the energy
Lorentz factor for the electron beam. A set of analogous
definition can be applied to the electron bunch by simply
changing the subscript p to e.

In order to follow the dynamics of each beam, we trans-
form the longitudinal coordinate z to the coordinate sys-
tem ze comoving with the electron bunch, and zp comoving
with the positron bunch. The vertical displacements of the
two bunches are then

Yc(ze,t) = ye(z,t) and Yp(zp,t) = yp(z,t) (3)

for zt = t — z and zp =t + z . Here we set c = 1, so that the
longitudinal velocity of the electron bunch is uez = 1, and
the longitudinal velocity of the positron bunch is upz = — 1.

Let le and lp be the bunch lengths for the electron and
positron bunch respectively. To the first order approxi-
mation, we assume that the average force on each bunch
is linear with the offset of the two beams. As the conse-
quence, we obtain a set of coupled differential equations of
motion for the vertical displacement of the longitudinally
uniform beams:

d2Ye(ze,t)
dt2

d2Ye(ze>t)

w2
eYe(ze,t)=u,2.Yp(2t-ze,t)

(4)
_n

(0 < t < — and - E - ^ _ < t < —£-*•)

for 0 < ze < lt, and

d2Yp(zp,t)
dt2

d2Yp(zp,t) _
- - 2 " )

(5)

dt2 = 0

<t<Zf and l^±^<t<l±±k)
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for 0 < zp < lp, withlp,

(6)

Here fe and fp are correction factors related to both the
electron and positron distributions, which are taken to be
constants in this study. Equations (4) and (5) are the
fundamental tools for solving the behavior of the positron
bunch in the beam-beam interaction.

Integral Equation for the Positron Beam
and Its First Order Solution

We first proceed to solve the equation of motion by shift-
ing the origin of time for any given slice of the electron
beam to the moment when the positron bunch starts to
pass through that slice. Define re =t -, and

Yy\ze,re) = Ye(ze,t); Yp(
e\zp,Te) = Yp(zp,t). (7)

Then Eq.(4) for ze/2 <t < (ze + /p)/2 can be written as

r e j r e + | ) (8)

£for 0 < Te < •£ Solving the above eqation by
Laplace transformation on the re variable, we can ex-
press Yg (ze,Te) in terms of its initial conditions and
Y$e\zp, re). Analogously, we define rp = t —£-, and

it

Yp\zp,Tp) = Yp(zp,t); Y<*\ztlrp) = Ye{ze,t). (9)

The same scheme of Laplace transform is also applied to
Eq.(5). This leads to a coupled integral equation, which
can be combined into one integral equation for the positron
beam. For a constant initial offset j/o of the electron beam,
wehaveY<.(e)(ze,O) = y0 and Ye

(e)'(ze> 0) = °- The ultimate
integral equation for Y£P\ZP, rp) is then

YP \zP>Tp) - 'P. \zP>Tp, Tp) =

W p ( y ) y drpsinwp(rp-rp)
(10)

( 0 < z p < / p , 0 < r p < / e / 2 ) ;

where Yp (zp,rp) represents the initial condition of the
positron beam and the effect of initial electron offset on
the positron beam:

Wn

over rp is related to the evolution of positrons due to their
interaction with the electron beam.

The integral equation can be solved to the first order
iteration when (wp/e/2)2 < 1, corresponding to the case
when the phase shift of the positron beam in each collision
is a small number. This yields

(y s i n W p

dzp sin^ Y^(zp, Tp)

(0<zp<lp, 0 < r p < / e / 2 ) .

(12)

Denoting as Xo the vectors for the initial positron state at
t = 0, and as Xj the vectors for the final positron state at
the end of of first collision at t = tj = {le + lp)/2,

d

' n d

We are able to write the final state of the vertical displace-
ment for the positron beam at t = tj in terms of its initial
state at t = 0 according to Eq.(12):

Xf - M{B)X0 + A + XO(X0) + XP{A). (14)

The matrix M^ represents the linear betatron oscilla-
tion matrix due to beam-beam interaction along with the
drift before and after the interaction. In the case when
Wp/e/2 <C 1, we have

sin
(15)

-u>B s in cos •P """ o " "" o

The vector J4 is defined to describe the effect of the initial
electron offset on the positron beam

Wp/e , "p(lp ~ ZP) _:„ "p
y0cos —

A= * 2
- cos - ^ +

2 2
UJeZp . Wpl,

youp cos —^- sin - | -
(16)

The operators O and P are actually matrices with their
elements being integral operators:

r/«/2

XO(X0) = f
Jo

J dzp y
, we . tJe(^p-^p) , , ,

2 i'1^P'rf

XP(A)= [' dr'pu>pG{lel2-T'p)

(P - COSWprp).

) COS Up Tp

(11)
where the vector G(TP) in the above integrands is

In Eq.(10) the integral over z'p is related to the evolution of
electrons due to the passage of positrons, and the integral

G(rp)=
Upjlp -

, cosworD

• COS WD TD

(17)

(18)

(19)
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and the functions Fi(z'r') and F2{Z'T') are

(20)

(21)

Equation (14) makes it possible for us to study the
positron beam instability in a multi-collision process. Ap-
plying Eq.(14) N times, and keeping only the first order of
A, we obtain a general expression of Xjv for the positron
state before the (N •+ l)-th collision in terms of the initial
pre-collision state Xo, which describes how the positron
bunch evolves with the number of revolutions in the ring.

As a simple example, the linear matrix in the ring is
chosen to be a unit matrix. Also we set the average ini-
tial vertical displacement and momentum for the positron
beam to be zero; i.e., Xo — 0. A detailed calculation shows

x sin

This equation exhibits the character of the motion for the
vertical displacement of the positron beam, which performs
sinusoidal oscillations in both space and time, with the
amplitude proportional to both the number of collisions N
and the longitudinal distance from the head of the beam

The analysis in Eq.(22) predicts that the instability will
keep the vertical displacement for the positron beam grow-
ing in proportion to the collision number. However, in the
simulation we observed that this growth is saturated af-
ter a certain N. It is believed that nonlinear effects are
responsible for this phenomenon.
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TABLE 1
Parameter List in Simulation

Ee

Ne

I.--
(Tey

(Tex

e
= 2GeV
= 0.5x 109

= 500 /ira
= 0.3 /im
= 3 nm

Ep

Np

<7 p y

e+
= 10 GeV
= 1012

= 500 nm
- 0.3 urn
= 3 pm

Dtx

Dey

yo =

Collision
= 18
= 180

Voffiset = 0 1 / i m

Comparison with Simulation Results

The simulation code SWARM[3] is used here for compar-
ison of analytical and numerical results. The recirculation
of the positron beam through the ring by a linear beta-
tron matrix is implemented in the code. The parameters
for the two beams used in the simulation are listed in Ta-
ble 1, where the disruption parameters are calculated by
approximately writing aez « /e/4 and apt « /p/4.

In the code each bunch, simulated by 2000 macroparti-
cles in 50 slices, has a Gaussian distribution in the trans-
verse plane and a uniform distribution longitudinally along
the bunch length. For the 30th slice from the head of the
positron bunch(i.e., zp/lp = 0.6), the plot for Yp vs. the
number of collisions N is shown as the dotted curve in
Fig.l. At the pre-collision state of the 150th collision, we
also plot Yp against zp, as shown with the dotted curve
in Fig.2. By properly choosing the parameters in Eq.(6)
to be fe = 0.9 and fp = 0.47, we get we/p/2 = 17 and
uip/e/2 = 0.1. Eq.(22) can then be used to calculate the
analytic solution of yp(0.6/p,i/v) as a function of N, which
gives the solid curve in Fig.l. Similarly, the solid curve in
Fig.2 was obtained from Eq.(22) with N=150. The good
agreement between the two curves in Fig.l indicates that
the analytic ribbon beam model indeed reveals the mech-
anism of instability shown in the simulation.

Figure 1: Comparison of analytical results (solid curve)
with numerical results (dotted curve) for Yp vs. collision
number N with zp/lp = 0.6.

Figure 2: Comparison of analytical results (solid curve)
with numerical results (dotted curve) for Yp vs. the longi-
tudinal distance zp at the pre-collision state for N = 150.
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Abstract

The longitudinal coupling impedance for a cylindrically
symmetric structure which consists of a pillbox connected
to a beam pipe was previously studied by Gluckstern[4]
using an integral equation method. The solution of the
integral equation was found to be independent of the outer
cavity radius 6 for 2k(b — a)2/g » 1, where the frequency
is kc, the pipe radius is a, and the cavity length is g. In
this paper, the requirement 2k(b - a)2 jg >• 1 is relaxed,
yielding a more general expression for the impedance for a
pillbox with dependence on (6 — a). In addition, it is shown
that the analytic results agree well with the numerical data
obtained using the scheme where the fields are matched
in the transverse planes at the beginning and end of the
pillbox.

Introduction

The longitudinal coupling impedance for a single pill-
box connected to an infinite side tube has been extensively
studied using various analytical methods[l, 2, 3]. In par-
ticular, Gluckstern[4] derived an integral equation for the
axial electric field at the pipe radius, which is solved at
high frequency by smoothing the kernels. All different ap-
proaches lead consistently to the u>~1^2 asymptotic high
frequency behavior for the real part of impedance. Also, as
a consequence of neglecting the contribution of the reflec-
tion from outer cavity wall to the wake field, the impedance
expressions are found to be independent of 6, which is the
outer radius of the pillbox cavity. This approximation gen-
erally holds in the parameter region 2ifc(6 — a)2/g ^ 1,
where k is the frequency, a is the pipe radius, and g is
the pillbox length. However, if 2k(b - a)2/g >• 1 is not
satisfied, one expects that the reflection of the diffracted
wave from outer cavity wall will couple coherently with
the traveling bunch beam which generates the wake fields,
leading to the dependence of the impedance expression on
the pillbox height (b - a).

In this paper, we start with the cavity kernel in the inte-
gral equation given in Ref.[4], and obtain the smoothed ex-
pression for the cavity kernel with an explicit dependence
on (b — a). The integral equation is then solved using a
Laplace transformation. It turns out that the impedance
results thus obtained are in good agreement with the nu-
merical data for various geometric parameters.

Review of Integral Equation Method

We first outline briefly the integral equation approach
developed by Gluckstern. In Ref.[4], the impedance for

•Supported by D.O.E. contract #DE-AC05-84ER40150

an azimuthally symmetric cavity of general shape, which
is connected to a beam pipe of radius a and has length
g at r = a, is studied by calculating the axial electric
field in the structure for the source current Jz(r,z,t) —
Io6(x)6(y)e~3 with a metallic boundary condition (k =
w/c, and the time dependent factor e^w has been sup-
pressed).

The integral equation for the axial electric field /(z)(0 <
z < g) at the pipe radius is found to be

/ ' dz'[Kp(z' -z) + Kc{z\z)]G{z') = ^ (1)
Jo a

where G(z) = 2irkaf{z)eikz/Z0I0, and where Kp{z' - z)
and Kc(z', z) are the modified pipe kernel and cavity kernel
respectively. At high frequency when ka2 >• g, the expres-
sion for the smoothed part of the modified pipe kernels
is

0, z'>z
1/2 , • (2)

, z' < za [k(z-z').
The explicit expression for the modified cavity kernel for
a pillbox with outer radius b is given by

z z'
oo COS TJ7T—COS M7T —

V^ 9 9
9 ^^

P2(ama)[b2P2(amb) -

m = 0
19 n1r2 2
k 7 -°l

(3)

where

P0((rmr) = Yo(<Tmr)J0(<rm6) - M<rmr)Y0{<Tmb) (4)

Pi(vmr) = Yiia^McTmb) - Ji{amr)Y0(amb) (5)

with crm satisfying P0(<rma) — 0. At high frequency, the
dominant modes can be approximated by

crm ~ m7r/(6-a) , (6)

and the asymptotic forms of the Bessel functions can be
used. We note that the main contribution to the sums over
n occurs near n = kgfw. The smoothed part of Kc{z', z)
is then found to be

EE
r» = 0m=0

ag(b - a)

(n - kg/w)9]

Sno)
2** (kg

~n -

755



for 0 = ir(z'-z)/g. In the case when 2k(b-a)2/g^> 1, the
sums over n and m are approximated by integrals, which
gives

0,
( k p ( z ' - z ) > ~ { j - i

a [k(z-z')

1/2
z'>z

z' <z (8)

The solution for the integral equation for the frequency
region ka2 >• g and 2k(b - a)2/g » 1 is then

G{z>) ~ 1 - J
(9)

(10)

where Zo = 120fl" is the impedance of free space, one gets
the impedance for a pillbox cavity

Therefore from the impedance formula

Z(k)_ 1

Here the pole in Eq.(14) is chosen to be in the lower half
of the complex w plane so that the result will be consistent

with that in Ref.[4] at the limit — — > ir.
9

With the modified cavity kernel expressed explicitly as a
function of (6-0) in Eq.(15), the integral equation (Eq.(l))
now becomes

\ dz'G{z')-^S >v + .^3.— dz'G(z')
Jo a\/k(z — z1) ka(b — a) Jo

00 J(z- z')(
 mir \2

e 2k {b-a> =fll. (16)

Here Eq.(2) is used for the modified pipe kernel assuming
ka2 3> g. Let F(s) be the Laplace transform of function
G(z). Applying the convolution theorem, we obtain the
Laplace transform of Eq.(16),

Z(k)
2ira (11)

( I 7 )

Dependence of Cavity Kernel on (b — a)
and the Impedance Result

In order to obtain an explicit expression for the
impedance as a function of (b — a), we here only calcu-
late the sum over n in Eq.(7). Using the same scheme as
applied in Ref.[4], we define kg/v = TV + A, where TV is
the nearest integer to kg/n and - 1 / 2 < A < 1/2. Thus
we have kg/n — n = A — p for p = n — JV. Since the major
contribution to Kc occurs a t n « kg/ir, the sum over n can
be extended to —oo and (1 + <5no) can be approximated by
1. Eq.(7) then becomes

where the parameters are defined as

a — aVk ' 0 = ka(b-a)'

7 = a =a 2k(b-a)2'

From Eq.(17), and using the identity

E°° 1 7T

f2 — rrfi f t a n trf '

(18)

Ke(z,z') =
ag(b - a)

exp[-j(p - A)0]
— — 2kir mir 2 '

•>=-«p=-oo — ( A - P) - ( - — y
g o - a

E E

we can solve for F(s),

F(s) = -
(12)

s — 1

The average of Kc(z,z') over the local frequency corre-
sponds to

{Ke(z,z'))k= I ^Kc(z,z') (13)

(19)

By properly defining the contour of integration, we can
evaluate the function G(z) from the inverse Laplace trans-
formation:

Therefore by writing u = A — p, one gets

1
(Ke(z,z'))k =

G(z) = T-T

m = - o o ' ' -oo UJ — ——(

2ka{b - a)

'-z)/g]

e+joo

mw_m7r_2

2knKb-a>

(14)

JT
j(z-z')

ifca(6-a)mf-
0,

2k
mir 2

{b-a}

The impedance is related to the function G(z) by
Eq.(10), which gives

z > z> (15)

z<z'.
Z{k)

Zo
= _ l - i I* to, _y

4vay/irk Jo y/z \
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We then define z = g/v2, and let t; be the new integral vari-
able in Eq.(21). Integrating the right-hand side of Eq.(21)
by parts, we get

Here the parameter £ is defined by

£ = 2k(b - a)2/g,

(22)

(23)

which characterizes the phase difference between the trav-
eling bunch and the wave reflected by the outer wall of the
cavity. Defining the correction function /(£) as

^ du (sin u2+j cos u2),

(24)
which contains the Fresnel integrals, the expression for
the impedance in Eq.(22) can be written in terms of the
impedance in Eq.(ll),

Z{h) \Z(k)]
Zo [ Zo J{-.oc

where
\
L 2ira

(25)

(26)

For £ 3> 1, /(£) oscillates rapidly with reducing amplitude
as £ increases:

1=1 (20'
(27)

(28)

As a consequence, the asymptotic behavior of the
impedance at high frequency is consistent with the pre-
vious result:

Z(k) \Z(k)]
Zo [ Zo J ^

Comparison with Numerical Results

A scheme of numerical computation of the longitudinal
coupling impedance for a chain of pillboxes has been devel-
oped in the ultrarelativistic limit[5]. In the process, a driv-
ing sinusoidal current is sent through the axis, generating
scattered fields via the interaction with the environment.
The scattered fields in each cavity and beam pipe section
are expanded into TM modes. The solution for the fields is
obtained by matching the fields on transverse planes, with
outgoing wave boundary conditions applied on the far ends
of the beam pipe. The numerical results thus obtained can
then be compared with the analytic results presented in the
previous section.

In Figures 1 and 2 we plotted the dependence of the real
and imaginary parts of Z (in the unit of Z\ = 2na\/gjk~iv)
on the parameter £ = 2k(b — a)2/g, for a = 1, g = TT/4, ka
from 20 to 80, and 6 = 1.1,1.2 and 1.5. Here the lengths

are all in centimeters. The data for (b — a) = 0.1,0.2 and
0.5 overlap in their common range of £. The figures show
good agreement between the theory (Eq.(25)) and the nu-
merical results, which display the behavior that Re(Z) and
—lm(Z) oscillate arround Z\ with decreasing amplitude as
£ increases.

It should be noted that the approximations in the above
analysis do not apply well to the case with very small
(6 — a). In Ref.[4], it is demonstrated that the major con-
tribution to the sum over m in Eq.(3) comes from

mi

b-a \z' - z

1/2

(29)

When deriving Eq.(7) from Eq.(3), the asymptotic forms of
the Bessel functions and am are used under the assumption
that the major contribution to the sum over m comes from
terms with large m. However, in the case when (b — a) is
very small, the first several terms with lowest m also make
important contributions to the sum. Therefore a better
analysis requires a more accurate representation for the
Bessel functions with lower m being applied to Eq.(3).

f

Figure 1: Analytical (solid curve) and numerical (dashed
curve) results of Re(Z)/Zi vs. 2k(b — a)2/g for a = 1 cm,
g = 1.5 cm, b = 1.1,1.2 and 1.5 cm, ka from 20 to 80.

Figure 2: Analytical (solid curve) and numerical (dashed
curve) results of \m(Z)/Z\ vs. 2k(b — a)2/</ for a = 1 cm,
g = 1.5 cm, 6 = 1.1,1.2 and 1.5 cm, ka from 20 to 80.
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ABSTRACT

The Argonne Advanced Photon Source (APS) injection
S-band linac consists of a thermionic gun, a single gap pre-
buncher, a constant impedance buncher with vp = 0.75 c
and a 3-meter long constant gradient traveling waveguide.
Results of the electron beam measurements at 56 MeV
and comparison with calculations and beam simulations
are presented.

INTRODUCTION

The APS electron linac consists of a injection system
and 4 constant gradient accelerating sections to produce
and deliver a 30-nsec, 50-nC macro-bunch of 250-MeV at
60 Hz to a positron production target.

The linac test stand was assembled in order to study
beam parameters and to evaluate the performance of in-
dividual components. The test stand was operational in
April, 1992. The beamline layout is shown in Figure 1. Ta-
ble 1 shows the test stand main beam parameters.

Table 1
Test stand beam parameters

Parameter

RF frequency

Beam energy

Beam current

Pulse length

Pulse rep. rate

Accelerating field

e~ /pulse

Symbol

f

E

I

dE/dZ

Ne-

Nominal

2856 MHz

56 MeV

1.7 Ampere

30 nsec

3 Hz

18 MV/m

3X1011

BEAMLINE LAYOUT

The injector consists of a —110 kV Hermosa thermionic
electron gun, a single gap reentrant cavity prebuncher,
a constant impedance 5-cell traveling waveguide buncher,
and a S-band constant gradient disk-loaded structure with
a length of 3.0 m. The main features of the buncher and
the accelerating structure are shown in Table 2.

•Work supported by U.S. Department of Energy, Office of Basic
Energy Sciences under Contract No. W-31-109-ENG-38.

Table 2
Buncher and accel. structure parameters

Parameter

Frequency

Operating mode

r /Q

Group velocity vg/c

Attenuation (neper/m)

Max. phase excursion

VSWR

Peak power

Buncher

2856 MHz

2JT/3

36 Mfl/m

0.0119

0.228

2°

5.0 MW

Accel. Structure

2856 MHz

2x/3

57 Mfi/m

0.0204 - 0.0065

0.57

2°

<1.2

30 MW

RF SYSTEM

A. High-level

The RF power source at 2856 MHz is provided by a
35 MW klystron amplifier (THOMSON TH 2128 ), fed
by a high power modulator. The modulator consists of a
pulse-forming network (PFN) which is resonantly charged
from a high-voltage supply and discharged by triggering
a thyratron through a triaxial cable into a step-up trans-
former feeding the klystron. Approximately 30 MW of RF
power is fed into the accelerating structure to give an elec-
tric field gradient of about 20 MV/m.

B. Low-level

The 2856 MHz low-level output of a highly stable mas-
ter oscillator is amplified by bipolar transistor amplifiers,
of which the last 6 stages are pulsed and produce an out-
put of 400 W, which provides the RF input signal to the
klystron. The RF phase and power amplitude attenuation
to the prebuncher and the buncher are controlled by four
independent electromechanical phase shifters.

BEAM INSTRUMENTATION

Several diagnostic tools have been used for beam mea-
surements. Briefly, a toroidal current monitor right after
the gun measures the gun's current and pulse width. A
grid pattern fluorescent screen has been used to observe
the beam profile at the end of the accelerating section.
Beam position and intensity are measured by a strip-line
beam position monitor (BPM). A wall current monitor
(FCT) has been provided by the APS Diagnostic Group
to measure the beam current at the end of the injector
linac. A Faraday cup at the end of the beamline provides
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a final measurement of the beam current and is used as a
beam stop.

A dipole magnet of length 120 cm has been used as an
energy spectrometer. The electron beam is bent 10° and
passes through an energy-defining slit of ±1.2% resolution.
A Faraday cup, located immediately after the slit, mea-
sures the beam current and is used as a beam stop. The
beam energy is measured by varying the magnetic field and
maximizing the beam current through the energy-defining
slit into the Faraday cup.

RESULTS AND SUMMARY

A 30-nsec, 1.6-A beam was accelerated to an energy of
56 MeV with ±6.25% energy spread. Figure 2 shows the
measured beam signals on a digitized scope. Left trace
is the toroid signal which shows the gun current and right
trace is the Faraday cup signal showing the beam current at
the end of the beamline. The measured beam parameters
are summarized in Table 3. Beam simulations give an en-
ergy spread of ±1.2% for 0.3 A of beam current (no beam
loading). The beam loading calculation gives an energy
spread of ±4% (for 48 nC). Figure 3 shows the beam en-
ergy spectrum of the accelerated beam. The energy spread
at FWHH is 12.5%.

Table 3
A summary of beam measurement results

Parameter

Horoid

IWCM

IBPM

Trans, efficiency

Beam spot size

Beam pulse length

Total charge/pulse

Beam energy

Energy spread 6E/E

Measured Value

1.6 Ampere

1.1 Ampere

1.1 Ampere

1.12 Ampere

70%

6 mm

30 nsec

48 nC

56 MeV ±6%

±6.25%
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ABSTRACT TRANSVERSE EQUATION OF MOTION

The Argonne Advanced Photon Source (APS) positron
linac contains 24 quadrupoles of which 22 are configured
as a FODO system and are distributed along the last
7 constant gradient accelerating structures. Errors in
quadrupole and waveguide positions deflect the positron
beam centroid, contributing to the aperture requirements
in the accelerating structures and quadrupoles. A correc-
tion scheme using correction dipole magnets is proposed
to compensate for the random errors in quadrupoles.

INTRODUCTION

The ANL-APS linac systems have been described
elsewhere[l]. The main positron linac parameters are listed
in Table 1. A block diagram of the positron linac beam-
line is shown in Figure 1. The positron linac must accel-
erate twenty-four macro-bunches, each of about 0.24 nC
and 30 nsec duration, to 450 MeV for injection into the
Positron Accumulator Ring (PAR). The energy variation
of the positron beam must be kept below ±1% to fulfill the
PAR energy acceptance requirement. Errors in quadrupole
and waveguide positions will produce beam trajectory er-
rors in the linac which will cause the beam to exhibit beta-
tron oscillations in the FODO lattice of the linac and excite
transverse wakefields, which contribute to beam degrada-
tion and possible beam loss. The use of position monitors
and DC correction dipoles are necessary to observe and
correct for beam position error due to misalignment. Here,
we start with the transverse equation of motion for the
positrons and follow the method described by F.E. Mills[2]
to derive a general form to describe the rms errors. The
error "amplification factors" for each of the seven girders
with distributed quadrupoles will be obtained for the case
of correlated errors.

Table 1
Positron linac main parameters

Initial beam energy

Final beam energy

Focusing system

Operating frequency

Peak field gradient

Ei

Ef

f
dE/dz

8

450

2856

18

MeV

MeV

FODO

MHz

MV/m

•Work supported by U.S. Department of Energy, Office of Basic
Energy Sciences under Contract No. W-31-109-ENG-38.

We assume uncoupled x and y motion of the positrons in
the linac. The transverse equation of motion in the x-plane
is given by (' = £ )

X"(Z) + yX(z)' + (A'o + Krf)x(z) = 0 (i)

p _ _

4>a is measured from the zero crossing of the electric field.

Introducing a new variable[3]

X = y/Px, (2)

the transverse equation of motion can be written as

X"(z) + (K+Kacc)X(z) = 0 (3)

with

and

Kacc = —

Kacc is much smaller than K and will be ignored. The
equation of motion becomes

X"(z) + KX(z) = 0 (4)

which is Hill's equation, and the solution can be expressed
in term of amplitude and phase functions as

J?= (5)

where a and /? are the Courant-Snyder parameters satis-
fying:

tX2(z) + 2aX(z)X'(z) + j3X'2{z) = e. (6)

If X(z\) is a solution of Eq. (3) at positon z\ in the linac,

then at a new position Zi ( Zo > Z\ ), the solution X{z^) is
given by

(7)

where R(H2i) is the rotation matrix and /jii is the phase
advance between the two locations Z\ and Zi along the
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linac. For a given quadrupole displacement error (Sxi) ,
the change in X' is

(8)Bp

and the change in Xi(z) is given by

«*-(/**)• <9>

For a given girder with n quadrupoles, the solution Xj at
the end of a girder is

£
where f$j is the value of the /J-function at the end of a given
girder and Rji is the rotation matrix from the position of
the ith magnet to the end of a given girder. The average
of XjXj over all the errors per girder is the expectation
value of the mean square of X

X] =

where

So

Each 6i can be written as

(11)

(12)

A9g (14)

where 66{ is the random quadrupole error on a girder and
A6g is the girder displacement error (this error is the same
for all the quadrupoles on a girder). Thus one can write

^(uncorrelaleif)
* i

(15)

and

^ correlated) =
1

1
(16)

Where A and Ag are the uncorrelated and correlated am-
plification factors, respectively. So

x(tot) — ̂ x(uncoTrelated) ' "x(correlated).

POSITRON LINAC FODO SYSTEM

Positrons are produced by bombarding a thin tung-
sten target with a 250 MeV electron beam. The nomi-
nal positron beam energy is 8 MeV at the production tar-
get. The positron bunches are accelerated to about 120
MeV through the first two accelerating structures. Two
long continuous solenoids surround the first two accelerat-
ing structures with a nominal magnetic field of 0.35 tesla
to keep the beam size within the bore of the traveling
waveguides. The beam then passes through a matching
quadrupole doublet before being accepted by the FODO
array. The FODO array consists of 22 quadrupoles which
are distributed over 7 accelerating structures. All the
quadrupole magnets have been designed for a maximum
field gradient of 4 T/m and an effective magnetic length of
30.0 cm.

The positron focusing system is optimized for maximum
positron beam transmission. Beam simulation indicates
that the positron beam size will clear the bore of the accel-
erating structures by a comfortable margin. Because of the
traveling waveguide aperture limitation, any mechanical
misalignment of the beamline components (in particular,
the quadrupoles) results in an offset of the beam centroid
from the reference beam axis. If these errors are not com-
pensated for by proper steerings, beam degradation will
occur.

The distribution of the magnetic quadrupoles1 among
7 girders is given in Table 2. If the accelerating structures
and the quadrupoles are mounted on girders, then one can
ascribe to each girder a position error. Here, it is assumed
that all the elements on the same girder have the same
error. Eq. (17) is used to determine the errors for the
cases listed in Table 2.

Table 2
FODO system quadrupole distribution

Girder no.

Three

Four

Five

Six

Seven

Eight

Nine

No. of quads

Six

Four

Three

Three

Three

Two

Two

Type designation

DO,F1,D1,F2,D2,F3

D3,F4,D4,F5

D5,F6,D6

F7,D7,F8

D8,F9,D9

F10.D10

Fll .Dll

CORRECTION SCHEME

The waveguide aperture in the positron linac is the main
limiting factor in the overall beam transmission. In or-
der to keep the beam centroid within the aperture and to

1 DO is a matching quadrupde.
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Figure 1
e"*" linac beam-line layout

minimize possible beam loss due to other effects discussed
above, beam positions along the positron linac will be mea-
sured. Correction magnets are provided to compensate for
any transverse errors. At least four beam profile monitors
and correcting magnets are necessary to reconstruct the
beam phase-space ellipses in both horizontal and vertical
planes. We have provided 7 beam profile monitors (fluo-
rescent screens + BPMs) and 7 correction magnets located
after each of the last 7 accelerating structures. The correct-
ing dipole magnets are specially designed to be compact
and to provide both horizontal and vertical steering at a
given location. The magnet has a length of 10 cm and can
produce a maximum field of 1.2 kG[4]. The beam profile
monitors are approximately 90° apart in phase.

How MUCH CORRECTION IS NEEDED ?

In order to keep the beam within the aperture of the ac-
celerating structure, beam positions will be measured and
correction dipoles will be installed between each girder.
An angle 0/ produced by a corrector dipole at / will give
a displacement

(18)SXf+i =

at f+1.
Typically the correction dipole should be strong enough

to produce more than twice the value of ax to cover the
probability distribution. We shall take

)]• (19)

(20)

Table 3
Displacement error and correction strength required

This then specifies the strength

of the correction dipole at / .
For the positron linac the achievable alignment preci-

sions are ±0.15 mm for quadrupoles on the girders and
±0.20 mm for the girders. Column 3 in Table 3 shows the
required deflection angle for each corrector dipole. The
corresponding required strength of each correction dipole
(BL) is given in Column 4.

SUMMARY

The study presented in this paper is a continuation of a
previous work which addressed the effects of misalignment

Girder

3

4

5

6

7

8

9

0x(tot) (mm)
3.45

2.40

1.62

1.50

1.25

1.50

1.20

0/ (mrad)

2.20

1.85

1.80

1.34

1.67

1.32

1.12

(BL)f (T.m)
1.3X10-3

1.4x10-3

1.6X10-3

1.4X10-3

2.0X10-3

1.9X10-3

1.7X10-3

of the APS electron linac[5]. Here, we derived an expres-
sion for the correlated and the uncorrelated errors for each
girder. Since, on the average, each girder contributes about
1.0 mrad, we conclude that a 2.0 mrad correction for each
plane will be adequate. The correction magnets are de-
signed to provide a maximum correction of 5.0 mrad (at
450 MeV) for both planes.
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Abstract

The paper describes a new model of alternating-phase
focusing (APF) dynamics applicable to ion linacs with
short independently controlled superconducting cavities.
The equations of motion are derived for a cylindrically
symmetric electric field represented by a traveling wave
with continuous periodic phase modulation. Solutions are
obtained and analyzed for both the linear and nonlinear
particle motion. Problems of linear stability and overall
longitudinal acceptance are solved using standard mathe-
matical techniques for periodic systems; analytical results
are obtained. It is shown that the main beam dynamical
aspects of APF are adequately described by four param-
eters: equilibrium synchronous phase, phase modulation
amplitude, length of APF period, and incremental energy
gain. The model can be applied to study the feasibility of
realizing APF in a low-/? section of a proton linac.

Introduction

Previous works in the field [1, 2, 3, 4, 5] addressed
APF in the context of a linac with a discrete number of
accelerating gaps spaced in a predetermined manner to
achieve a particular value of the synchronous phase in each
gap (such as the case in the 7r-mode Wideroe linac and
the Alvarez DTL). APF has also been studied for heavy
ion linacs comprised of independently-phased short accel-
erating structures [6] where it was concluded that APF
could be useful in some applications, namely low-velocity,
low-mass particles, provided the rate of acceleration was
sufficiently high. The application we have in mind is a pro-
ton linac with superconducting accelerating cavities of the
type described in [7]. These low-/? cavities are short, can
be independently controlled in adjusting both the phase
and the amplitude of the electric field, and were shown
to produce very high accelerating gradients [8]. The pur-
pose of the paper is to present a model which is thought
to be a good description of essential APF physics for the
superconducting linacs and a starting point in trying to
determine the practical limits of APF.

Beam Dynamics in APF Linacs

Analytical Model and Assumptions

We assume that the electric field is described by a
cylindrically symmetric traveling wave with a continuous
phase modulation. Here, we choose the modulation to be
sinusoidal:

Ez = E
o cos z )dz - *,*« ~ , in

*Work supported by the U. S, Army Strategic Defense Command
under the auspices of the U. S. Department of Energy.

where ui is the angular velocity and k is the wave number
of the rf field, <j>o is the equilibrium phase in the absence of
APF, and A and <j>\ are the APF period and phase mod-
ulation amplitude respectively. For the central reference
trajectory zc, we choose

ujt- I k(z')dz' = 0.
Jo

In subsequent analysis, we will neglect the effect of the
velocity change in one APF period; the reference particle
is assumed to travel with a constant 0 and k(z) = k = | j .

We can compute the average accelerating gradient by
integrating eq. 1 for the reference trajectory:

< E > = Eacos4>oJo(4>i)- (3)

Equations of Motion
The equations of motion are

with Ez given by eq. 1 and Er determined to the first
order in r by Maxwell's equations: Er(r, z;i) — —^^§f~-
For an arbitrary longitudinal deviation from the reference
trajectory Az = z — zc, the equation of motion becomes

d2Az
dt2

gE0-—m < cos \<j>o - * A z -)- fa sin [2*
i l \ A / J

(5)

We will first look at the APF linear motion.

Linear Stability
Let us define dimensionless parameters which we will

use throughout this paper,

"T ^
...
(6

The linearized equations of motion are given by

= irrju [(1/ — <pi cos 2 x r ) sin (4>Q + <j>i sin 2x r ) ] A<j>, (7)
dr2

J2_
>o + <t>\ sin 2)rr)] r. (8)

By expanding the linear coefficients in eqs. 7, 8 in a
Fourier series, we get the familiar Mathieu-Hill equations:

= 0, (9)
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r = 0,

where
B = -*i}v2 Jo(0i)sin0o,

COS 00 I ( V if 71

cos 9n I I n if n
odd
even

n/i/ if n odd
if n even

(10)

(11)

(12)

(13)

The equations are analogous to those obtained in
ref. [5] using a discrete thin-lens approximation and a
standing wave approach. Here, however, the beam dy-
namics variables B and Cn depend only on four indepen-
dent parameters: ^n, <P\, ^- ar>d 77; moreover, the depen-
dence is given explicitly in an analytic form. Keeping only
the n = 1 term, we obtain a well-known Mathieu equation
for which we can compute stable region boundaries.

Fig. 1 (a) shows stability boundaries in the 4>\ — v
space for <p0 = 5°, 77 = 0.05; fig. 1 (b) shows the effect of
increasing the "acceleration parameter" rj to 0.25.

(deg)

Figure 1: Stability boundaries for trajectories not exceeding
90° in either transverse or longitudinal phase advance with
(a) 0o = 5° and r\ = 0.05, (b) 0O = 5° and TJ = 0.25.

We next turn to the nonlinear problem of calculating
the longitudinal acceptance for the APF linac.

Longitudinal Acceptance

The equation of longitudinal motion is given by

d2A<t>
-JT2- = -*"1 s \<t>0 + A0 + 0i sin (2xr - J

— cos [0o + 01 sin 2xr] > . (14)

We can calculate the effective potential for eq. 14 by
using the averaging method given in ref. [9] and applied
to the problem of longitudinal acceptance in ref. [5]. We
do not review the method here.

We find the effective potential to be given by

where

Sn =
"2 — 2s2s2 cos (nji>A(t>) if n odd , .

c\ + cl - 2c\clcos(n/v&.<j>) if 71 even

Co = cos0o, ci = cos (0o + A0),
so = sin 0o, si = sin (0o + A0).

Given the effective potential, we can calculate the
equation for the separatrix in the (A<p, ^jr-) space and
the longitudinal acceptance. The separatrix is given by

^ = ±^7 v/2[Af/-[/eff(A0)], (19)

where
AU = t/eff(A0c) (20)

and A(pc is the unstable fixed point of the motion.
Fig. 2 illustrates the relationship between the poten-

tial well Uef[(A(f>) and the stability boundaries.

(b)

Figure 2: Relationship between (a) the effective potential
f/eff(A0) and (b) the stable region in the (A0, ^^-) phase
space.

The width of the separatrix * is the distance between
the values of A(f> at which (/eff(A^) = AU (cf. fig. 2). The
height of the separatrix is given by

(AW \ _
/max

/2AU
V w / m a x xv

The area of the stability region (acceptance) is

(21)

Below we give an explicit solution for OCL accurate to
the second order in A<p.

Second-Order Solution. The effective potential
Uef! given in eq. 15 can be expanded to O (A</>3) to yield

(23)

where a is the square of the linear phase advance

with

[sin

Sn

(15)

— sin 0o], (16)

(17)

and 6 is given by

6 = —V Jo(4>i)cos<j>o

3
- T , 2 v 2 s in20o

(24)

. (25)
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Then, the width of the separatrix
ai are calculated to be

and the acceptance The constants in eqs. 9, 10 are modified as follows,

3a—
2 6'

QL =
b2 (26)

<*r

Figure 3: Plots of the longitudinal acceptance QL for 0o = 5°,
T; = 0.1. (a) Plot of o i as a function of 0i and v. (b) Plot of
OIL as a function of <TL and <TT, the longitudinal and transverse
phase advances respectively.

Fig. 3 shows the results of acceptance calculations
for <j>a = 5°, T) = 0.1 using eq. 26 and keeping only the
n = 1 term in eqs. 24, 25. Computer simulations indicate
that for most practical cases the second-order acceptance
approximation is accurate with an error of less than 10%.

Amplitude Modulation

It has been suggested [1] that the effectiveness of APF
can be increased by simultaneous modulation of the accel-
eration amplitude. Using the techniques presented above,
we can incorporate the amplitude modulation into our
model by replacing EQ in eq. 1 by

(27)

Here we choose a sinusoidal modulation with the same
period A; the two new parameters are t and 8, the strength
and relative phase of the modulation respectively.

With the above change, it is a straightforward
(though tedious) exercise to obtain the modified equations
of motion and the effective potential.

The average accelerating gradient is now given by

< E >=< E > 0 1 - f cos 6 tan 0O
'Jo Oi)

(28)

where < E >o is the right hand side of eq. 3.
The linear equation of motion for A<̂>, keeping only

the first term in tne Fourier expansion, becomes

o)sin 0o

2 1 -(- (I sin 0o cos bJ[(<j>\

cos 0o sin 6 . ,

- 2JiO0

Jo (00

sin2jrr

sin 0o sin i

(29)

B — B 1 + f cos 6 cot i (30)

Cn — C n X / l - | - ^ i n +f^ 2 n , (31)
where ^ i n , ̂ 2n are closed-form functions of 6, which we

do not explicitly give here for lack of space.
Using the averaging method of ref. [9], we can recal-

culate the modified equations for the effective potential
and obtain the new expressions for a and b in eqs. 23-26.
The results of the changes on the longitudinal acceptance
will be given elsewhere.

Conclusions

The model of the traveling wave with continuous
phase modulation presented in this paper gives quanti-
tative predictions to the problem of longitudinal stability
in APF linacs. The model describes the physics of APF
with four parameters and yields analytic solutions for the
effective potential and the acceptance for the longitudinal
motion. Modulation of the accelerating field amplitude
can be straightforwardly incorporated into the model as
well.

Future work on the model will focus on investigations
of practical limits of APF in linacs with independent su-
perconducting cavities, space-charge current limits, and
ways to improve the acceptance by both the phase and
the amplitude modulation.

References

[1] V. V. Kushin, Atomnaya Energiya 29 (3) (1970);
V. V. Kushin and V. M. Mokhov, Atomnaya Energiya
35 (3) (1973).

[2] A. S. Beley, S. S. Kaplin, N. A. Knizhnyak and
N. G. Shulika, Zh. Tekh. Fiz 51, 656 (1981).

[3] V. K. Baev and S. A. Minaev, Zh. Tekh. Fiz 51, 2310
(1981); V. K. Baev, N. M. Gavrilov, S. A. Minaev and
A. V. Shal'nov, Zh. Tekh. Fiz. 53, 1287 (1983).

[4] F. G. Garashchenko, V. V. Kushin, S. V. Plot-
nikov, L. S. Solokov, I. V. Strashnov, P. A. Fedotov,
I. I. Kharchenko and A. V. Tsulaya, Zh. Tekh. Ftz. 52,
460 (1982).

[5] H. Okamoto, Nud. lustrum. Methods A284. 233-247
(1989).

[6] H. Deitinghoff, P. Junior and H. Klein,Proc. of 1976
Linear Accelerator Conf., Chalk River, AECL-5677,
233 (1976);

[7] J. R. Delayen, Nucl. Insirum. Methods A259, 341-357
(1987); J. R. Delayen, C. L. Bohn and C. T. Roche,
Nucl. lustrum. Methods 295, 1-4 (1989).

[8] J. R. Delayen, C. L. Bohn, W. L. Kennedy,
G. L. Nichols, C. T. Roche and L. Sagalovsky, Proc.
of the 5 t h Workshop on RF Superconductivity, DESY
(1991).

[9] P. L. Kapitsa, Zh. Eksper. Teor. Fiz. 21, 588 (1951).

765



CA9700276
RF CHARACTERISTICS OF THE 33.3 MHz 4-ROD RFQ

Hiroshi Fujisawa*, Masayuki Tamada*, Yoshihisa Iwashita, Akira Noda, and Makoto Inoue
Accelerator Lab., ICR, Kyoto University, Uji-shi, Kyoto-fu 611 Japan

*Nissin Electric Co.,Ltd., 575 Kuze Tonoshiro-cho,
Minami-ku, Kyoto-shi 601 Japan

Abstract

A full-scale 33.3 MHz 4-rod RFQ accelerator cavity has
been constructed for the applications of ion implantation in
commercial use [1,2], The RFQ is operated in cw RF and in
relatively low frequency to accelerate typical semiconductor-
dopant ion beams with moderately large emittanccs. The RF
characteristics of the accelerator cavity were measured in both
low and high power RF with un-modulated RFQ electrodes.
Low power measurements include Q-value, QofRo, elcctric-
ficld distributions in both longitudinal and transverse
directions. High power RF measurements were done to check
the temperature rise of cavity cooling medium and over-all
stability of the RFQ resonator in cw operation.

Introduction

The value of rf power, that requires to excite the RFQ
cavity is, one of the most important parameters because our
4-rod RFQ is to be operated in cw operation. Cooling and
vacuum engineering will be very difficult if the power
efficiency of a cavity is too low. In that case, an accelerator
could become very expensive and difficult to maintain. The
electric-field distributions and the balance of the quadrupole
strength arc the other important properties of an RFQ.
Measured rf characteristics of a full-scale 4-rod RFQ cavity
with un-modulatcd electrodes are presented in this paper.

Table 1 Key
4-rod RFQ.

parameters of 33.3 MHz

Frequency
Average bore radius
Focusing strength
Intcr-clcctrodc voltage
Charge to mass ratio
Injection energy
Output energy
Length of electrode
Cavity diameter

33.3 MHz
0.8 cm
6.79
54.9 kV
1/11 ~ 1/16
2.73 kcV/u
83.5 kcV/u
222 cm
60 cm

RFQ Electrode Assembly

Key parameters of our RFQ is given in table 1. Photo. 1
is a view of RFQ electrode assembly installed in the cavity.
It consists of three major part : the RFQ electrodes, the
electrode supporting posts, and the base plate. The material is
all copper - aluminum version of the supporting posts are
shown in photo. 1, however, which were made for low RF
power testing purpose. The whole assembly is put together
using alignment jigs outside the cavity. It was then installed
in the cavity and securely fixed to the cavity with four M20
bolts. Assembling and disassembling of the RFQ electrode
can be done relatively easily by just two people. The number

of the post is six - this means a pair of RFQ electrodes is
supported by three posts. The width and thickness of the
post are 240 mm and 45 mm, respectively. The beam optics
axis is 330 mm above the top surface of the base plate. The
posts are evenly spaced by 405 mm from each other. RF
contact between the lank and the base-plate of the RFQ
assembly is made by commercially available " RF spiral
shield ". Though not shown in photo. 1, there are three
independent cooling-water channels allocated for the RFQ
electrode assembly: two for the electrodes and one for the
electrode-supporting post and base plate.

Measurements of R(>/Qo and Qo

One common way to determine RFQ's rf power
requirement is to measure both Ro/Qo an(l unloaded Q-value (
Qo ) and then to estimate the shunt impedance ( Ro ) of the
accelerator cavity.

Pholo. 1 Picture of 33.3 MHz 4-rod RFQ.

We have attempted determining Ro/Qo by two different
ways: bead-pull and so-called "capacity variation" ( c.v. )
method [3,4,5]. Q0 ) perturbed resonant frequency ( f), and
unperturbed resonant frequency ( fo ) are measured with a
network analyzer. The measured value - by "transmission
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method" - of Q o is approximately 5000. This value of Q o is
used throughout later calculations.

4 x 1 0 - I

r
CO

0 - I
I

5 0 1 0 0 1 5 0 2 0 0
Position of bead ( mm )

Fig. 1 Results of bead pull in transverse direction
of33.3MHz4-rodRFQ.

Bead pull - transverse direction

The result of bead-pull in transverse direction is shown
in fig.l. The bead is a metallic sphere 3 mm in diameter.

' s calculated as follows [4] :

Re, 2S2 Af
(1)

Qo kcoef AT

,where S=separalion distance of electrodes,
k=3,
co=27c f, f is resonant frequency,
£=pcrmitlivity of free space,
Af=f-f0,
Ax=volume of perturbcr.

Ro/Qo is estimated to be 18.9 Q when the measured
unperturbed resonant frequency, f0 is 33.024406 ±0.0000125
MHz and the lowest perturbed resonant frequency, 33.023910
±0.0000125 MHz. The distance of the closest electrode
separation, S is 7.0 mm. Ro is then calculated to be 94.5 Y.H
per cavity. The required power to excite the RFQ caviiy at the
design inter-clcctrode of 54.9 kV is estimated to be 15.9 kW.

Capacity variation method

This method is schematically depicted in fig.2. The idea
is to perturb an inter-eleciode capacitance of one quadrant of
the RFQ by putting a small ceramic capacitor. The net inter-
electrode capacitance then increases and the resonant frequency
shifts lower. Ro/Qo is determined as follows [5]:

K 2 dot)

to,,
(2)

, where co0 = 2rc f0,
M = 2K f, f is perturbed resonant frequency,
c = perturbing capacitance.

At each quadrant, so called "local" characteristic
impedance of the RFQ was measured by this method. The

average value of R o / Q o is used to estimate rf power
requirement and the variation of Ro/Qo c a r | be interpreted as
representation of the quadrupole field balance.

Fig. 3 shows plots of resonant frequency vs. capacitance
in each quadrant of the RFQ. Capacitors used are 1, 2, 3,
3.3, 5, 10 pF ,which are small compared with the effective
intcr-clcctrode capacitance - approximately 75 pF/quadrant

quadrant 2

quadrant 3 quadrant 1

perturbing
capacitor

A quadrant 4

rod elecrtrode

Fig.2 Schematic description of measuring Ro/Qo
capacity variation method.

quadrant 4
quadrant 1

0 2 4
Capacitance ( pF )

Fig. 3 Resonant frequency vs. capacitance by
capacity variation method in the four quadrants
of33.3MHz4-rodRFQ.

from calculations using POISSON. The slopes of the curves,
which correspond to dw/dc are found by liner-fits. The
average value of dto/dc of quadrant 1 and 3 is 2rc (- 0.0510 )
MHz/pF when f0 is 33.5275 ±0.003 MHz. Ro/Qo is ihen
calculated to be 14.4 Q. This value is roughly comparable to
the result obtained from the previously described transverse
bead-pull measurements. Slight increase of the unperturbed
resonant frequency, f0 from the bead-pull measurement is due
to installation of cooling pipes in the RFQ cavity.
Quadrupole electric-field strength is roughly 6 % higher in
quadrant 2 and 5 % lower in quadrant 4, compared with the
average electric-field strength of quadrant 1 and 3. The results
of this capacity variation method are later compared with that
of measurements of longitudinal field distribution.
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Bead pull - longitudinal direction High Power Tests

Because the RFQ cavity is rather long - over 2 m, a
particular attention has to be given to the measurement setup
of longitudinal bead pull : weight of perturbcr, perturbation
due to the thread and the alignment of and tension in the
thread. The bead is a plastic cylinder 8 mm in diameter and
11 mm in length. The diameter of a fishing thread is 0.22
mm. Unperturbed resonant frequency is measured for each
setup of measurement when the perturber is pulled out of the
cavity but the thread remains in the cavity. Fig. 4 shows the
results of bead pull along the longitudinal axis in all four
quadrants of the RFQ. The observation of fig.5 indicates that
the quadrupole electric-field strength is flat within ±4 % in
each quadrant and that the quadrupole electric-field strength is
higher by roughly 6 % in quadrant 2 and lower by roughly 6
% in quadrant 4 compared with the average of quadrant 1 and
3. Those results agree with the results obtained by capacity
variation method.

The high power tests of the 4-rod RFQ have been
conducted in cw RF up to 10 kW. The results of temperature
rise on cooling water are shown in fig. 5. As described in
reference 2, almost half of rf power put into the cavity is
spent by the RFQ electrode assembly, of which the rod
electrodes contribute 50 %. In the experiments both forward
and reflected power are monitored and a loop tuner is used to
tune the cavity. Throughout the tests, reflected power is kept
below 0.1 kW. Vacuum is about 1.4 x lO"6 torr at 10 kW
input.

Summary

We can summarize the rf characteristics of the RFQ as in
table 2.

Table 2 Summary of rf characteristics of
33.3 MHz 4-rod RFQ

16x10 -

~ 1 4 -

- 1 0 -

r
CO

quadrant 2 q u a d r a n t

quadrant 4 quadrant 3

i i r
5 0 100 150
Position of bead ( cm )

2 0 0

Fig. 4 The results of bead pull in the longitudinal
direction in the four quadrant of 33.3 MHz 4-rod RFQ.

O
4)
0>

5 H

4 -

3 -
O)

•o 2 T .•J

i f

i •

•electrode

bcis©"-*-^

r )

1 -

0 -\± t
I

4 6
RF Power ( kW )

1 0

Fig. 5 Plots of temperature rises of cooling water in the
components of 4-rod RFQ electrode assembly: the base
and a pair of rod electrodes. Water flow rate are 20 and
18 liter/min. for the base and a pair of rod electrode,
respectively.

c.v. method

Qo
Ro/Qo (O) 14.4
Ro («) 72
rf power (kW) 21
Field balance (%) +6, -5

bead pull

18.9
95
16
±6

network

5000

There are some ambiguity left to be cleared before the
results of the two methods are properly compared. One is that
as mentioned earlier the cooling pipes were installed in the
RFQ cavity between the two measurements. We didn't go
back to recheck the transverse bead-pull measurements
because we were only interested in finding the order of Ro

value and in roughly estimating the rf power requirement. On
the other hand, a good agreement is obtained in the RFQ's
electric field balance between the the results of the two
measurements. The asymmetry of the electrode supporting
structure is reflected in the balance of quadrupole field
strength among the four quadrants by as much as 6 % [6].
This zeroth order error may be corrected in real application by
offsetting the beam optics axis by corresponding proportion.
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Abstract

An analytical method for determining
regenerative beam breakup (BBU) starting
current, in which the contributions of
single-cell field configuration and multi-
cell structure mode are separated, is de-
scribed. The field configuration within
each cell is determined to close approxi-
mation through the use of mesh codes, which
also relate the wall losses to the voltage
drop along the beam path. The cell-to-cell
amplitude variation may be determined by
bead pull measurements on model cavities,
or by assuming "idealized" structure modes.
As an example, the I<,QT product for TM . -

O i_l 1 1 0

like modes of a 433-MHz, 5-cell, slot-
coupled cavity is obtained.

Introduction

A conventional analysis of the regen-
erative beam breakup (BBU) instability in
standing wave linac structures leads to
the result

w U

V
(1)

where Ic is the starting current, QT the

loaded Q of the_dipole mode, to its angular
frequency, and V is the potential drop
along the electron path (averaged over all
initial electron phases) when the dipole
mode is excited to stored energy U. Near
the axis, the relevant field components of
the dipole mode may be represented as

Bx(x,y,z,t) = BNx(z) cos (tot) , (2a)

and co y
,(z) sin(tot) . (2b)

c
Reasonable simplifying assumptions (beam is
fully relativistic and does not change en-
ergy appreciably during transit of the
structure) and choice of coordinates (ori-
gin at center of structure, which extends
from z=-a to z=a) permit one to find V by
first finding the path of the beam elec-
trons under the influence of the fields,
and then finding the work done on a charge
moving along that path. For an even parity
mode the result is

Ez(x,y,z,t) =

v
+ =

-eto

2Ymc3

r a

^ -a

4
ENz

a
E

- a

(z) cos

z) z

toz

c
dz

s i n
"toz
—

_c
— dz , (3)

Sponsored by USASDC/BMD under Contract No.
DASG60-90-C-0106.

where Y = l+E./E is the normalized total
JC O

relativistic electron energy and the sub-
script "+" denotes the even parity case.
(The result for odd parity modes is simi-
lar, with the sine and cosine functions in-
terchanged and an overall change of sign.)

In the remainder of this paper, we show
how the integrals can be separated into two
factors, one depending on the detailed
field configuration of the mode within a
cell, and the other containing all the de-
pendence on the structure eigenmode.

Evaluation of the Field Integrals

For the following discussion, we will
assume that the structure has an odd num-
ber of cells designated by the index n,
which runs from -k to +k. We will fur-
ther assume that the cell-to-cell field
strength pattern is one of the eigenmodes
of an ideally tuned structure; i.e.,

ENz<Z> "
(4)

where z = nc/2f is the axial offset of
n o

the nth cell (f being the fundamental

linac frequency), and J is the nth cell
signed amplitude for the mth eigenmode of
the N-cell ensemble

mn

and

sin

Nn (-1)
n+k

, (5a)

• (5b)

Consider the first of the integrals in
Eqn.(3), which we denote by the symbol 1.̂ :

to z
cos dz

Elz(z-zn)cos
CO Z

dz

[cosl
E (s)cos—ds
a |_c J

El2(s)sin
cos

ds

,(6)

769



with s=z-z
n

Assume that the full structure mode
field has even parity. This could result
from either an even parity single-cell mode
(e.g., the TM 1 1 0 mode) in combination with

an even parity structure eigenmode (e.g.,
the pi mode of a 5-cell structure), or an
odd parity single-cell mode (like the TM..

mode) in combination with an odd parity
structure eigenmode (e.g., the 2p/5 mode of
a 5-cell structure). For the sake of ex-
ample, let us assume that we have an even
parity single-cell mode. Then the second
integral in Eqn.(6) vanishes, and

IT = I S , (7)

with the definitions

I - f% ,c J _ a l Z
(

and

cos ds

mn cos
wz

(8)

(9)

Applying the same approach to the se-
cond integral in Eqn.(3) (which is compli-
cated slightly by the presence of an addi-
tional factor of z in the integrand) we

,J^ , (10)obtain

where

I

and

Szs

X c S «

zs • / : .

COS

Jmn 2n c o s

ds

Equation (3) can now be rewritten

''cS S +
c zs

izs

(11)

(12)

.(13a)

Similarly, for odd parity modes,

eco
V =

2-rmc"
s s
s zc

.(13b)

Evaluation of Single-Cell Integrals.

Figure 1 shows the URMEL output for
the TM 1 Q mode of a 433-MHz accelerator

cavity with reentrant nose cones (Fig. 2).
A number of numerical integrals are compu-
ted by the code, which integrates along a
path which is offset a distance R0 from the
axis, R0 being the beam hole radius (2.5 cm
in the example). Thus, we can approximate
our integral I by

" f c o s

-a
2 c

WRO

GO s
ds

M I I I I 4 I 4 I I 4 I t I 4 I I I H 4 I I I t I I M I I I I t
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Fig. 1. URMEL printout for TM mode of

cavity of Fig. 2. Boxes are
drawn around values used for the
example.
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*INT.(EZ*COS(K*Z/B))DZ Fig. 2. Cell quadrant used in example
calculation. Dimensions in cm.
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2 * 2.998*108m/s

2*3.14*8.35*108/s * .025 m

= 1.18 V

* .2574 V

and the integral I byz s
[u s"hs s i n

-a
2 c

d s

- *INT.(Z*EZ*SIN(K*Z/B))DZ
URO

2 * 2.998*108m/s

2*3.14*8.35*108/s * .025 m

= .111 Vm

*.O243 V*m

•(14b)

Evaluation of the Summations.

Note that for jr-mode acccelerator
structures the ceil length is half a free
space wavelength of the accelerator mode;
therefore, z =nc/2f ,where f is the ac-
celerator mode frequency, whence

f2»rf n cin

c 2f
= nir

where f is the dipole mode frequency. Use

of this equality in the summation of
Eqn.(9) gives

Jmn c o s (15)

which is obviously periodic in f /f .

Equation (12) defines summation S

is also a periodic function of the ratio

w
zs

it

V—I k lwz

zs

2f

The summation index runs from -k to +k,
with the terms for positive and negative
values making equal contributions. The n=0
term vanishes; therefore, the summation can
be obtained by doubling the sum obtained
for positive values of n:

zs

c

f

k

n=l
n»r m (16)

For the odd parity structure modes,
similar arguments lead to these results:

Ss = 2
—̂-Jn=l mn

sin mr 17)

and

zc

Example: TM Band.

The structure mode-dependent summa-
tions above apply to any dipole mode band;
the factor in square brackets on the right
of Eqns.(13) depends on the ratio I /I ,

ZS C

and is therefore mode specific. For the
mode found in the URMEL example above, we
know the ratio of the single cell integrals
is .094 m, and the reduced frequency is
about 1.9. The average potential drop is
plotted for each of the five modes in the
band in Fig 3, where we see for reduced
frequency between 1.8 and 2.0 the greatest
value for V belongs to the m=l mode, for
which the average potential drop is 12 fiV/Y
at the field amplitude assumed by URMEL.

The stored energy in the structure
mode is the same as the single-cell stored
energy in the URMEL calculation, because
the eigenmodes are normalized. The corres-
ponding stored energy for this mode is
twice the half-cell value printed by URMEL,
or 4.88 pJ. Using these values in Eqn.(1),
we find IsQL~23,000 A for a 5-MeV beam.

Conclusion.

The approach outlined above allows one
to scan the URMEL output for single cell
dipole modes, noting those for which the
shunt impedance is largest. For each of
these, the reduced frequency and the ratio
I /I can readily be found. These allow

one to identify the structure mode with
the largest value of V and to estimate the
probable value of JcQi/g-

+:m=l X:m=2 diam:m=3 sq:m=4 blnk:m=5

Fig. 3. Average potential drop plotted as
a function of reduced frequency.
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Abstract

The longitudinal instability of intense beams in a
transport channel with complex wall impedances is analyzed
based on the framework of the Vlasov theory. The dispersion
equation derived characterizes the instability with all the
relevant parameters including the space charge, the beam
energy spread, the real and imaginary parts of the complex wall
impedances. For the beam without energy spread, the growth
rates of the slow waves are discussed. For the beam with
energy spread, the illustrative examples show the stable
regions determined by the beam and wall properties.

Introduction

The longitudinal instability of intense beams is a very
important issue in particle accelerators and other applications
such as microwave devices [1,2]. In recent years, the problem
received new attention in connection with the role of the
longitudinal instability in induction linear accelerators which
are a promising driver for Heavy Ion Inertial Fusion [3-5].
When the heavy ions are accelerated by the induction gaps, the
beam sees the generally complex gap impedances along the
accelerators. The interaction between the intense beams and
these impedances causes the longitudinal instability.

Following our previous work [6,7], this analysis of the
longitudinal instability of intense beams in a channel with
complex impedances is based on the Vlasov theory, taking
into account the beam energy spread. The dispersion equation
for the cold beam is expressed as an impedance balance
equation and the growth rates of the slow waves are discussed.
The stability due to Landau damping for the hot beams is
illustrated by examples.

Dispersion Equation

Considering one-dimensional model of a coasting beam,
the perturbed distribution function f, should satisfy the
linearized Vlasov equation:

at dz m-y3

q

my5 M ) -
(i)

where q/m denotes the ratio of the charge and mass of the
charged particles, y is the relativistic factor, Eo is the net
unperturbed field which is supposed to vanish, fo(v) is the
unperturbed distribution function, and Ei(z,t) is the induced
longitudinal electrical field acting on the beam particles.
Under the long wavelength condition, the field E) can be
calculated as [8]

g

4jceny'
E w ( z , t )

(2)
where A](z,t) is the perturbed line charge density, Ew(z,t) is
the induced field on the pipe wall of the transport channel, e0

is the permittivity of free space, and g is a geometric factor of
order unity. Assuming a wave solution in the form of ei(totkz)

for all the perturbed quantities, the induced field on the wall of
the transport channel can be related to the perturbed beam
current and the wall complex wave impedance Zw*(k,co) per
unit length as

Ew(k,(B) = -Z*w(k, oo) AQ Jv f t(k, v,co)dv

where Ao is the unperturbed line charge density.
Solving Eqs. (1-3) along with the continuity equation in

the complex (k.o) domain leads to the dispersion equation

- k g

my

In what follows below, we discuss only the space-charge wave
solutions of Eq. (4) under a sinusoidal perturbation of
frequency (OQ. In this case, Eq. (4) can be written as

K
dv

dv v -co
= 1

(5)
where K is the generalized perveance of the beam, ko=cOo/v0 is
a characteristic wave number with v0 being the average beam
velocity, R'=R*Xo/Z0 and X'=X*Xo/Zo are the normalized real
and imaginary parts of the wall complex impedance with
Xo=2n/k0 and ZQ=377 ohms, and X,' is the normalized space
charge impedance defined by

"o g

' " (6)
Here X,* is the space charge impedance per unit length, which
is a function of the beam energy and the frequency Wo-

Growth Rates of the Instability for a Cold Beam

A beam without energy spread at a meta-equilibrium state
is characterized by the Dirac delta distribution function. Eq.
(5) then can be approximated as

ko|3K
(7)

* Research Supported by the U.S. Department of Energy.
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The quantity on the left hand side of Eq. (7) is usually referred
to as the normalized electronic impedance of the beam, which
is simply equal to the normalized space charge impedance
minus the wall impedance. The general solution of Eq. (7) is

ik = k (1 ±
i 0\ • (8)

where k, is the perturbed wave number and k; is the spatial
growth or decay rate depending on the sign of its numerical
value. More explicit expressions for Eq. (8) can be obtained
in some parameter ranges. For instance, if X,1 »R '+X' , the
wave number and growth rate of the slow waves are

:I = k0{l-[Kp(Xt-X)]12}

R1 | Kp
1/2

(9)
As an example to apply this result, we consider an

induction linear accelerator consisting of many induction gaps,
which can be represented by a succession of essentially
uncoupled resonators. Each induction gap may be equivalent
to a discrete R, C, L parallel resonant circuit occupying an
equivalent interaction length zg along the beam line, as shown
in Fig. 1. The resistance R is mainly an external load for
beam loading purposes. It also accounts for the energy loss of
the beam in the induction gap. The complex wall impedance
of such an equivalent circuit is

Zw(k,
1 + iR coC - 1

coL (10)

Fig. 1. Circuit model for induction gaps.

For a sinusoidal perturbation of frequency coo, the relative real
and imaginary parts of this impedance, i.e. R(coo)/R and
X((oo)/R as a function of (Oo/cor, are plotted in Fig. 2, where
0)r=(LC)1/2 is the resonance frequency of the resonator and it
is also supposed that the components of the resonator satisfies
a relation of R(L/C)'1/2=1. From Eq. (9), the approximate
growth rate per induction gap is given by

k.z. 1+R ( 0 Q C -
1

- 1

(11)

which has a maximum value at the resonance.
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Fig. 2. Impedance of the induction gap circuit model.

Stable Regions for a Hot Beam

The longitudinal instability for hot beams have been
studied for circular accelerators [9,10]. Due to Landau damping
the stable regions can be found in the half R -X plane for
certain beam and wall parameters. To illustrate this, we first
consider the Lorentz distribution

1
jtav,

, - l

v - v c
av n

+ 1
J (12)

The parameter a is a real quantity to specify the amount of the
velocity spread, and 2 a v 0 is equal to FWHM of the
distribution. Carrying out the velocity integration for kj=O in
Eq. (5), the dispersion equation becomes

R + i
MoP

(13)
which describes the boundary between the stable and unstable
regions of the instability in the R'-X' plane. Note that in Eq.
(13) the impedances are normalized with respect to X=2n/kI

instead of X0=27c/k0. An explicit expression for the boundary
then can be written as

X'= 1-4^] 2 ^
2a

Kp(R)
2a(2a-KpR) . (14)

Fig. 3a shows the result from Eq. (14) where the boundary
curves are plotted for three different velocity spreads a at a
fixed beam perveance K. The stable regions are bounded by
the curves and the X' axis. The upper half plane is
characterized by the inductive component of the complex
impedance, while the lower half plane is capacitive. The
stable regions are mainly obtained by the capacitive
components. When the beam energy spread is getting smaller,
the stable region is narrower and, eventually collapses to the
X axis. Fig. 3b plots the stable regions for a fixed velocity
spread but with three different beam perveances K. It is
evident that the space charge increases the instability
dramatically.
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Fig. 3a. Stable regions for the Lorentz distribution in the half
R -X plane for three different velocity spreads at a
fixed beam perveance K, where (5=0.3 and g=2 are
used in the calculation.
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Fig. 3b. Stable regions for the Lorentz distribution in the half
R -X plane for three different beam perveances at a
fixed velocity spread.

For a Gaussian distribution

fo(v) = —y= exp
0 Vitov (15)

the velocity integral for k,=0 in Eq. (5) yields

2

2KP
X ' 5 + i - ^ - ( R + i X ' ) = 1

(16)

Here Z(Q is the plasma dispersion function defined by

dx-
— * - $ , (17)

with ^(ko/kj-iya. The boundaries for the stable regions are
obtained by numerical solutions of Equation (16) and plotted
in Fig. 4a,b. In comparison with the Lorentz distribution, the
stable regions are much smaller for the Gaussian distribution
under the same beam parameters.

Summary

The one-dimensional Vlasov equation has been used to
analyze the longitudinal instability in a linear beam transport
channel with general wall impedances. The growth rates of the
slow waves for a cold beam are discussed and calculated for the
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Fig. 4b. Stable regions for the Gaussian distribution in the
half R -X plane for three different beam perveances at
a fixed velocity spread.

induction gaps. The beam energy spread is a stabilizing factor
for beam transport due to Landau damping. It is possible to
achieve stable operations in the design of induction accelerators
for heavy ion inertial fusion if the right beam parameters and
wall properties are chosen.
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Abstract follows :

The linac of SPring-8, Large Synchrotron Radiation Facility
of Japan, has the option which is positron operation modes. The
electron gun of this linac is designed on base of the optimization
for a high current beam to get positrons as many as possible[l].
But otherwise this linac should be used as an accurate electron
beam generator for commissioning on the whole facility. This
report shows differences of the beam specification between a
high current beam and a low current beam. The bunching section
of this linac has just been constructed this summer at Tokai-Lab.
of JAERI to be confirmed with the specification.

Introduction

The linac for SPring-8 injects l.lGeV electron beam or
alternatively 0.9GcV positron beam to the booster synchrotron.
It consists of 26 accelerator sections of S-band, and the bunching
section has two single cell pre-bunchers and a 13 cell buncher of
standing wave type. The electron beam has a long pulse mode
and a short pulse mode, and the short pulse mode contains low
current mode and high current mode. In the part from the
electron gun to the retractable target, the high current mode
corresponds to positron beam mode. The beam optics is quite
different between those modes, because the number of particles
per bunch of short pulse high current mode is a hundred times as
many as its of long pulse electron mode. The gun is designed to
obtain extra high current up to 15A, Ins. The same electron gun
is used for every modes, and a small diameter iris is set just
behind the gun when it's operated in electron modes. Axial
magnetic field of eight helmholtz coils is superimposed with the
region of two pre-bunchers and the buncher to prevent from
radial expansion of the beam. These eight coils are exactly
aligned by measuring the center of axial field line. Each of coils
has a power source individually to be enable to set arbitrary
magnetic field configuration.

Layout of the Bunching Section

TABLE 1
Layout of Bunching Section

Gun { 200kV }
Driftl { Gun - Prebuncherl } 747 mm
Prebuncherl { SWT, single cell }
Drift2 { Prebuncherl - Prebuncher2 } 220 mm
Prebuncher2 { SWT, single cell }
Drift3 { Prebuncher2 - Buncher } 142 mm
Buncher { SWT, 13 cells }

Low current mode

When electron mode is required, the center region of the beam
which has good emittance is cut out for latter sections by putting
a small iris (2.6mm<|>) located immediately behind the electron
gun. Several types of iris are prepared, and the short pulse beam
of Ins 300mA is expected. The long pulse of this low current
mode is lu.s 100mA. The maximum charge number is lOOpC par
bunch. The correlation of the radial motion of electrons in the
bunch and the external axial magnetic field is satisfied with
Brillouin flow condition. The equation of motion under the
Brillouin flow condition is :

rdv_ B(
' drm (1)

co-

oc is cyclotron frequency :
eB.

(2)

(3)

The electron gun uses the cathode assembly of EIMAC
Y796[l], the voltage is up to 200kV. To measure the
performance of the gun, two kinds of core monitor[2] and a
profile monitor are set behind the gun. Then the drift space from
the gun to first pre-buncher (driftl) is rather long. The drift
length between first pre-buncher and second pre-buncher (drift2)
and the drift length between second pre-buncher and the buncher
(drift3) are designed to make the bunch length into 40 degrees
under optimum operation. After the buncher, the bunch length
becomes 5 degrees. Spacial layout of this bunching section is as When

Charge intensity of the bunch under Brillouin condition is derived
with (1), (2), (3) and Poisson eq. :

- = 0.7786 B2.
2m. *

(4)

If it is assumed that the bunch form is cylinder, the charge
density would be 8.0x10'^C/m3), and the axial field for Brillouin
flow : Bz is 101G. Futhermore, kinetic energy eq. is :

i + (Hj)2 = M. ( 5 )
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from eq(5),

6 =

z =
m. J

(6)

(7)

'a' stands for beam radius, the current of Brillouin
flow is :

in ' (8)

When Vo is 200kV ( 0=0.7 ), Bz for 300mA is required 107.5G.

High current mode

In order to get a good yield of positron, it is necessary to
increase the beam current. The expected emission current of the
electron gun is 15A Ins at a short pulse mode, and 4.6nC per
bunch is rather severe. The scheme of positron production is
almost same as APS and ESRF, consists of a tungsten retractable
target, a pulsed solenoidal and DC solenoidal field are
superimposed on the target and the accelerator section for
positron collection[3].

From eq(8), Bz for this high current beam is 304G. The peak
current of the bunch becomes 42A just before the buncher, and
BL is needed 509G. The low p and high density bunch, such as
this, would have a strong effect of longitudinal diffusion caused
by space charge.

Simulation

The difference between the high current mode and the low
current mode was compared by a simulation. The used simulation
code is TRACE-PC, 3D code including a space charge effect.

The initial beam parameter was gave from a calculation of
EGUN. The emittance is 26JI mm»mrad, the beam size is 8.5mm
and maximum dx is 42mrad. In this simulation, twiss parameters
are assumed from the beam ellipse in a phase space. The beam
ellipse of low current mode, a , = a,, = 2.0 and p, = py = 0.5 is
shown in Fig.l. The beam ellipse of high current mode is
assumed as a , = o^ = 7.0, px = (5y = 1.5 which is shown in Fig.2.

Fig. 1 beam ellipse of low current mode in phase space.

[LJ x-x' tR] y-y' 1

Fig. 2 beam ellipse of high current mode in phase space.

Fig. 3 beam envelope of low current mode.

SIIHI20.0.H.I

Fig. 4 beam envelope of high current mode.
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From the result of this simulation, it is known that the beam
of low current mode is bunched into 40° and the energy spread
is ±30kV in front of the buncher. The beam envelope in the low
current mode is shown in Fig.3. In this mode, it is possible to get
the optimum transport condition by adjustment phase of pre-
bunchers and bunching voltages.

If the beam of low current mode was operated under the axial
magnetic field of the same parameter as the high current mode,
it would be over bunched and the energy spread would be
±80kV.

When the high current mode operation is undertaken, Those
monitors which are put for the measurement of the specification
of the electron gun must be removed, and the drift length from
the gun to the pre-buncherl is re-arranged as short as possible.
The support of machines is already prepared as a separate type,
and the length of drift 1 becomes 350mm. The beam envelope of
the high current mode operation. If driftl can not be shorten, it
is impossible to carry the beam 15A, and the current decreases
because of longitudinal diffusion.

Conclusion

Adjustment of the solenoid field is very important for the good
beam transport in this injector section. The control of the
bunching effect is easier than optimization of solenoid field
because there are many parameter of the coils and field gradient
to fit, and then simulation becomes important. It is difficult to set
accurately the beam size, the waist point and twiss parameters,
because no actual information of the beam envelope inside of the
pre-bunchers can be obtained.

The optimization of the high current mode and of the low
current mode is not consistent, therefore the optimum layout of
machines is different and moreover the design of the electron gun
is.
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Abstract

The Poisson/Superfish codes calculate static E or B
fields in two-dimensions and electromagnetic fields in
resonant structures. New versions for 386/486 PCs and
Macintosh computers have capabilities that exceed the
mainframe versions. Notable improvements are
interactive graphical post-processors, improved field
calculation routines, and a new program for charged
particle orbit tracking.

Introduction

The Poisson/Superfish group of codes was developed
for Los Alamos National Laboratory by R. Holsinger and
K. Halbach for field solutions in two-dimensions. The
Poisson and Pandira programs use a conformal
triangular mesh to find electrostatic or magnetostatic
fields. They can handle non-linear and anisotropic
materials. Superfish calculates resonant electromagnetic
modes in two-dimensional resonant structures. Although
the codes are venerable, they still find wide application in
accelerator science because of their versatility and
robustness.

The increased speed and available RAM on modern
PCs makes them ideal platforms for the
Poisson/Superfish programs. This paper describes the
capabilities of versions of the programs for MS-DOS
386/486 and Macintosh computers. The Poisson running
time for a typical problem (7000 mesh points) is 1-2
minutes on a 486 computer. Table 1 lists the array
dimensions for an MS-DOS computer with 3 MB of
extended memory or a Macintosh with 5 MB RAM. The
technical core of the PC version is the public domain
programs supported by the Los Alamos Accelerator
Code Group ' . The full collection of programs with
mainframe capacities and extensive I/O support is sold
at a nominal price under the name EMP 2.0 (Electric and
Magnetic Field Design Package) by Field Precision of
Albuquerque, New Mexico. A recently completed
educational version will be distributed free-of-charge by
the University of New Mexico to secondary schools and
colleges.

References 1 and 2 describe the capabilities of the
programs in detail. This paper summarizes the
differences between the mainframe and PC versions.
Advances in the PC version can be divided into two
categories: 1) user convenience and ease of learning,
and 2) technical improvements. The following sections
address these areas.

TABLE 1
Array Limits

386 and Macintosh Versions

Mesh points (POISSON) 30,000
Mesh points (PANDIRA-SUPERFISH) 25,600
KMax, LMax (PANDIRA-SUPERFISH) 160
Boundary segments (SUPERFISH-QCALC) 60
Electrical regions 60

Making Poisson User-friendly

Successful software for personal computers must meet
high standards. PC users expect turn-key software with
attractive screen interfaces and built-in compatibility with
a diversity of hardware devices. An individual user should
be able to learn the software easily without counseling -
the programs should have built-in help features.
Although the mainframe versions of Poisson/Superfish
are technically excellent, they are not particularly
responsive to the user or easy to learn. Therefore,
extensive effort was devoted to the human interface in
designing the PC versions. Improvements include the
following.

Instruction manual

A new step-by-step manual covers installation, theory of
operation, and techniques. A broad library of examples
on disk allows users to test their installation and provides
them with templates for a wide variety of program
applications.
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Direct Autocad boundary input

Special menus and translation programs allow use of
Autocad (a popular CAD program) to prepare boundary
input. The full capabilities of Autocad, including
automatic computation of end points for lines and arc
segments, can be applied to problem layout.

Improved input syntax

Input of boundary and electrical information has been
completed revamped. Information is organized in a
logical order with expanded mnemonics. Command lines
are read by a forgiving free-form parser that immediately
points out syntax or organizational errors.

Pop-up reference utility

Pop-up utilities are called by keyboard interrupts on DOS
computers. This feature gives access to information on
input formats and parameters for all the programs within
editors, word processors or CAD programs.

Improvements to the main technical programs

Several features have been added to the standard
technical programs (Lattice, Poisson, ...) to make them
more responsive. When calling the programs, the input
file name can be given as a command line parameter.
This helps in the creation of simple DOS batch files to
control extended overnight runs. Furthermore, error
messages have been expanded and translated to plain
English. The screen display gives a continuous indication
of program status and immediate notification of an error
condition.

Interactive post-processors

In the standard mainframe version, options for field
calculations are limited. Only text output is available. In
Poisson, analyses are performed at the same time as the
field solution and there is no convenient way to extract
information from existing solution files. The post-
processing program Sfout for Superfish finds fields only
on boundaries. Two new programs were developed for
the PC Version, VISION and PROBE. These programs
allow interactive analyses of solution files. The programs
operate in a graphical environment and support position
input from a mouse. They record the history of each
analysis session in an ASCII file for later incorporation
into text files, user-developed programs, or
spreadsheets. Figure 1 shows a reproduction of the
colored screen display of PROBE for a Superfish

analysis. The graphical window shows electric field lines
and the mouse pointer arrow. The information window at
the bottom shows position, logical mesh numbers, and
field values. The program automatically adjusts to
rectangular or cylindrical geometry and TE or TM modes.

***** PROBE *****
AC I, Copyright 1931

•w. PLOIS ••»
Load binary f i le L
Set plot parameters S
Grid line toggle 6
Current plot to f i le ?

•~- FILE HUTS —
Field duap to file F
H duap to file D

• FIELIl'CALCULATIONS •—
Set f ield ugnltude H
Fields at point C
Field scan N
Field energy E

""» CONTROL •«•
Frogru toggles T
To operating systea 0
Quit prograa Q

-5.126E»8B
K : 28
Ez: -1.762E.BS
Bthet: -Z.«1E»B2

r: 3.679E>69
L : IB
fr: 4.8571*83

X:
T:

-5.126E«88
3.67SE.ee

Technical advances
to Poisson/Superfish

Technical advances to the Poisson/Superfish codes
include expansion of existing programs and new
programs the extend the capabilities of the code
package. The key improvement is the addition of field
calculation routines with second-order accuracy, high
reliability and extended versatility. The harmonic
potential routines of the mainframe version can handle
only points in air gaps at positions far from electrodes,
coils or dielectric boundaries. Furthermore, the routines
may crash when there are large changes in mesh
resolution. The field calculation method of the PC version
works with any mesh at all points in the problem region,
including the interior of non-linear materials. The method
also gives the correct field discontinuities at dielectric or
ferromagnetic boundaries.

The first step in the new field calculation routine is to
identify the triangle that contains the target point. This
process is challenging on an irregular mesh - the only
totally reliable method is to search all triangles. For
problems such as particle tracking that involve a
sequence of nearby points, the routines switch to a fast
local search mode. For widely spaced points, another
option is a fast method that uses boundary coordinates
to guess the triangle location followed by a search in the
neighborhood.
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The second step is to collect nearby mesh points. The
search expands around the target triangle until from 6 to
24 valid points are obtained. To assure that all points are
on the same side of a material boundary, valid points
must be adjacent to at least one triangle that has the
same material designation as the target triangle. After
collection of points, a least squares fit determines a
second-order Taylor expansion for the potential near the
target point. The expansion gives an accurate
interpolation of the potential and derivatives to find
components of electric or magnetic fields. The standard
outputs of the field calculation routines are the mesh
coordinates (K,L) of the target triangle, the material
properties at the target point (e or m), the interpolated
potential, and vector field components.

The field calculation routines are the basis for the
VISION post-processor (POISSON and PANDIRA), the
PROBE post-processor (Superfish), and TRAK, a new
particle orbit tracking program. Figure 2 shows a plot of
the results of a PROBE field scan along the r = 2.5 cm
line for the problem illustrated in Fig. 1. The post-
processors have several other improvements, such as
field energy calculations separately listed for the
subregions of the problem. This makes it easy to
calculate capacitance, inductance, and dielectric RF
losses.

Example BUNCH
Electric fields: r • 2.5 cm

- 1 0

The most recent addition to the Poisson/Superfish
codes is TRAK, a program for particle orbit tracking. The
present version is limited to single-particle orbits without
space-charge. The code structure is designed for future
expansion, including self-consistent space-charge
forces, field emission, and space-charge-limited
emission. The present version of TRAK has application to
the design of electro-optical devices and charged
particle lenses.

TRAK has several unique capabilities compared with
other particle tracking codes.

The program uses the standard Poisson
conformal triangular mesh. This gives good field
accuracy, even near irregular conducting
boundaries.

It is possible to enter separate solution files to
determine orbits in combined electric and
magnetic fields. The two solution files need not
have the same triangular mesh. Boundary input for
the fields is simple, following the standard formats
of the PC version.

There are broad options for stopping particle
orbits, including accurate interpolations at
stopping planes.

TRAK includes an advanced graphical post-
processor for interactive construction of orbit plots
with optional grid lines, equipotential lines and
magnetic field lines.

Version 1 of TRAK is currently operational. Extension to
self-consistent space-charge forces is anticipated in
Spring of 1993.
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Abstract

We report on advances in the POISSON/SUPERFTSH
family of codes used in the design and analysis of magnets
and rf cavities. The codes include preprocessors for mesh
generation and postprocessors for graphical display of output
and calculation of auxiliary quantities. Release 3 became
available in January 1992; it contains many code corrections
and physics enhancements, and it also includes support for
PostScript, DISSPLA, GKS and PLOT10 graphical output.
Release 4 will be available in September 1992; it is free of
all bit packing, making the codes more portable and able to
treat very large numbers of mesh points. Release 4 includes
the preprocessor FRONT and a new menu-driven graphical
postprocessor that runs on workstations under X-Windows and
that is capable of producing arrow plots. We will present
examples that illustrate the new capabilities of the codes.

Introduction

The POISSON/SUPERFISH family of codes are widely
used by the accelerator community for the design and analysis
of magnets and rf cavities [1],[2]. Since the mid 1980's, offi-
cial versions of the codes have been maintained and distributed
by the Los Alamos Accelerator Code Group (LAACG). The
most recent version of the POISSON/SUPERFISH family in-
cludes the following codes:

FRONT: pre-preprocessor
AUTOMESH: preprocessor for mesh generator LATTICE
LATTICE: mesh generator for POISSON, PANDIRA,
SUPERFISH and PAN-T
POISSON: magnetostatic and electrostatic Poisson solver
(based on successive over-relaxation)
PANDIRA: Poisson solver (based on Gaussian elimina-
tion) that can treat permanent magnet materials
MIRT: code for optimization using POISSON
FORCE: postprocessor to calculate forces on coils and
bodies
SUPERFISH: rf cavity code (also able to treat waveguides
at cutoff)
SFO1: postprocessor for calculation of Q, transit time
factor, etc.
SHY: postprocessor for printing fields in selected regions

12. FIXPLT: used to generate source code for specific graph-
ics libraries

13. PSFPLOT: graphics postprocessor
14. XPP3 and XPP4: X-Windows versions of PSFPLOT

The current distribution of these codes also includes on-
line documentation, an extensive list of examples, a make-
file (UNIX version) and information on compiling the codes
(VAX version).

POISSON/SUPERFISH Release 3

Release 3.0 of POISSON/SUPERFISH was officially dis-
tributed in January of 1992 [3]. This release included a ma-
jor reorganization of the codes. There were also a number
of bug fixes and physics enhancements, including corrected
stored energy calculations and changes to the built-in perme-
ability tables. In addition, graphics support was expanded
to include not only Tektronix PLOT10, but also DISSPLA,
GKS and PostScript. (On an unofficial basis, a preliminary
X-Windows implementation of the graphics postprocessor was
made available to some users.) Release 3.0 was installed at
the National Energy Research Supercomputer Center (NERSC)
and the Florida State University Supercomputer Research In-
stitute (FSU/SCRI). This release was the first to be ported to
the UNICOS operating system.

POISSON/SUPERFISH Release 4

When the POISSON/SUPERFISH codes were originally
developed in the 1960's and 1970's memory was scarce, and
the authors went to great efforts to pack as much informa-
tion as possible into each computer word. This packing and
unpacking of data (which required shifting and masking op-
erations) made the codes far from portable and has been a
source of frustration for decades. Furthermore, details of the
bit packing made it impossible to run problems with more
that 32767 (=2 l 5-l) mesh points, which is too small for many
users who want to simulate complicated structures. This situa-
tion has been remedied in POISSON/SUPERFISH Release 4;
all bit packing has been removed. Now a user can change the
maximum number of allowed mesh points simply by chang-
ing a parameter statement, and the upper limit to this depends
only on one's available computing power. In addition to the re-
moval of bit packing, Release 4 also the addresses the namelist
input issue, for which there is no FORTRAN77 standard: the

* Work supported by the U.S. Dept. of Energy, Office of Energy Research: Office of High Energy and Nuclear Physics, Office
of Basic Energy Sciences, Office of Fusion Energy, Office of Superconducting Super Collider, and Scientific Computing Staff

f Mail Stop 1042, Superconducting Super Collider Laboratory, Dallas, TX 95237
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new release contains FORTRAN77 routines that encompass
most implementations of namclist. Also, the FREE subrou-
tine (which has been renamed FREEIN to avoid conflict with
system routines on some platforms) has been rewritten to help
minimize numerical roundoff. Release 4 has been compiled
on Sun SPARC, IBM RISC/6000, HP 750, Silicon Graphics,
Cray Y-MP, Cray 2 and VAX computers.

In addition to the above programming changes and minor
bug fixes. Release 4 also contains some important additional
features: the program FRONT, and arrow plotting in the PSF-
PLOT graphics postprocessor, and a new X-windows version
of the postprocessor are all officially included in the family
of codes.

Many versions of FRONT exist in the accelerator com-
munity. It provides an alternative method of generating an
input file for AUTOMESH. FRONT also generates UNIX
script files (or VAX command files) to help make running the
sequence of codes a little easier.

Prior to Release 4, the graphical postprocessor allowed
one to plot contours of constant rH^. This is shown in Figure
1 for a sample problem. With the distribution of Release 4, it
is now possible to make arrow plots. This is shown in Figure
2 for the same sample problem.

Finally, Release 4 contains a new X-Windows version
of the postprocessor written using XView (and soon to be
available using MOTIF.) This provides the user with a menu-
driven interface to the postprocessor. See Figure 3.

9UPERFI3H IMjS RF CAMTY{1/fl FREO- 4M.M4

Figure 2 Graphical output with arrow plots

SUKRFISH I M S RF CAVITY p/7) FREO-

Figure 1 Graphical output showing contours
of constant rH$ for a sample problem

gmtj

rob • WUPtariWH LML* M* OVITT {I/I) t r«g^ Mi SM Click lit drawing i

L

Figure 3 User interface to the X-Windows
version of the graphics postprocessor
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Other versions of POISSON/SUPERFISH

The LAACG maintains and distributes versions of POIS-
SON/SUPERFISH for Cray's, VAX's and most UNIX work-
stations. The PC field has been addressed by others. PC
versions of the codes have been available for several years,
free of charge, from Brookhaven National Laboratory. (See
the entry in the LAACG Compendium [4].) A commercial
version of the codes is available from Acceleration Consul-
tants; it includes extensive enhancements that make the codes
more user friendly and useful [5]. Also, the Los Alamos AT-1
group maintains a PC version of the codes; they will supply
executable code and documentation free of charge, but source
code is not distributed [6].
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Abstract

The space-charge-dominated beams in a Heavy Ion beam
driven inertial Fusion (HIF) accelerator must be focused
onto small (few mm) spots at the fusion target, and so
preservation of a small emittance is crucial. The nonlinear
beam self-fields can lead to emittance growth; thus, a
self-consistent field description is necessary. We have
developed a multi-dimensional time-dependent discrete-
particle simulation code, WARP, and are using it to study
the behavior of HIF beams. The code's 3d package
combines features of an accelerator code and a particle-in-
cell (PIC) plasma simulation. Novel techniques allow it to
follow beams through many accelerator elements over long
distances and around bends. We have used the code to
understand the emittance growth observed in the MBE-
4 experiment at Lawrence Berkeley Laboratory (LBL)
under conditions of aggressive drift-compression. We are
currently applying it to LBL's planned ILSE experiments,
and (most recently) to an ESQ injector option being
evaluated for ILSE. The code's r,z package is being used
to study the axial confinement afforded by the shaped
ends of the accelerating pulses, and to study longitudinal
instability induced by induction module impedance.

I. Introduction
Heavy-ion particle accelerators are attractive candidates

as drivers for inertial fusion energy applications.[1] How-
ever, in a fusion driver it is necessary to transport a
much larger current than has been achieved in existing
ion accelerators, and the physics of high-current beams is
considerably more complicated than that of the beams in
conventional ion accelerators. This is especially the case
for the recirculating induction accelerator being studied at
Lawrence Livermore National Laboratory (LLNL) and at
LBL as a lower-cost alternative to a linear driver for fusion
energy. [2, 3] A variety of numerical tools are employed in
the study of HIF beams. [4]

WARP was developed specifically for the study of space-
charge-dominated beams. In an HIF driver, such beams
must be accelerated and transported over large distances,
and undergo a number of manipulations, which may
include: transport around bends (needed to enter the
target chamber, or for recirculation); transport through

*Thi§ work wa» performed under the auspices of the U.S. D.O.E.
by Lawrence Livermore National Laboratory under contract W-7405-
ENG-48, and by the Naval Research Laboratory under Lawrence
Berkeley Laboratory contract DE-AC03-76SF0098.

imperfectly aligned focusing elements; non-steady acceler-
ation; injection into rings; merging; and splitting.

This work has been described in the Proceedings of the
International Symposium on Heavy Ion Inertial Fusion,
Dec. 3-6, 1990,[5, 6, 7] and elsewhere.[8, 9, 10] In this
paper we briefly review the code concept, methods, and
applications. These applications include studies of: beam
drift-compression in a misaligned lattice of quadrupole
focusing magnets; beam equilibria, and the approach to
equilibrium; the MBE-4 experiment recently concluded
at LBL;[11] and 3d simulations of bent-beam dynamics
relevant to planned ILSE experiments.[12]

The code's newest capabilities include a model for an ES-
Q injector in 3d, using a beam formed "by injection," and
an improved r, z package, incorporating a model of module
impedances which can drive longitudinal instability.

II. Code Overview

The WARP code contains a number of distinct parts,
including: a 3d PIC package, called WARP3D or WARP6,
which uses a "warped Cartesian" mesh in x, y, a to describe
bends; an axisymmetric r, z PIC package, WARPRZ; an
envelope equation solver (used for loading a "matched"
beam); and facilities for initialization, diagnostics, etc.
The code uses BASIS,[13] which provides a code devel-
opment system that facilitates modular construction of
programs, and a powerful interactive user interface.

The code's model accelerator "lattice" consists of a fully
general set of finite-length (for the most part, sharp-edged)
focusing and bending elements. The electric and magnetic
fields of these elements (which have properties such as
location, strength, etc. specified by the code's user) are
computed algebraically at each particle location at each
timestep. In combination with the self-fields, these applied
fields are used in the Lorentz force law to advance the
particle velocity timestep-by-timestep. Each multipole
component (azimuthal harmonic) of the applied field is
handled separately; for flexibility, different multipoles can
overlap axially.

The simulation takes place in the laboratory frame. The
computational mesh fills a moving window and is laid
down anew at each timestep. The self-field is assumed
electrostatic and is usually obtained by an FFT solution
of Poisson's equation; boundary conditions are usually
those of a square metal pipe. Round pipes (via capacity
matrices) and internal conductors are options. The fields
from electrostatic quadrupoles were originally an idealiza-
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tion, with a perfect sharp-edged axial dependence and only
quadrupole and dodecapole terms; this remains an option.

Two other models for electrostatic quadrupoles are
available. A set of rods, complete with self-field image
effects, can be modeled; each group of four rods is handled
by its own capacity matrix (the image coupling between
rods at different axial locations is small). Most recently,
electrostatic quadrupoles and ESQ injector structures can
be modeled in some generality, with plates attached to the
quadrupole elements, holes in the plates through which the
beam can pass, etc. This latter model uses an iterative
(successive over-relaxation) solution technique.

Usually the entire beam is loaded at the beginning of
a run (t = 0), with guidance from the envelope solution
for initial particle positions and velocities. For injector
studies, the beam is formed by injection; particles are
continually created along an equipotential surface as time
advances.

To model driver-scale beams (which have speeds up to
about c/3), we plan to use Lorentz transformations (at
least in simple straight systems) to obtain the lab-frame
self-E and B needed to advance the particles. We currently
use E,eif directly, a good approximation for the slower
beams of near-term experiments.

In leapfrog motion, if a particle were to land within
a sharp-edged focusing or bending element on four steps
while its neighbor did so on only three, they would
receive dramatically different impulses. Thus, the advance
incorporates "residence corrections" for element forces
which account for the fraction of the velocity advance step
actually spent within the element.[8] This allows much
bigger steps than otherwise would be possible.

We have developed a family of techniques for modeling
bends. These are based upon following a particle's position
and velocity in a sequence of rotated inertial (laboratory)
frames. An "exact" method, which is symplectic and
independent of aspect ratio, has been described previously,
for both 3d and 2d (transverse) applications[10], and
successfully applied (with modifications for relativistic
beams).[14] Here, we summarize the inexact, "simplified"
method now in use.[5, 8]

The radius of curvature of the reference orbit (usually
the vessel centerline) is r. = h'1. Time is the independent
variable for particle orbits. The conventional (for accelera-
tor codes) independent variable s is in WARP a dependent
variable for orbits, as are x,y. In straight sections, s = z,
while in bends, 5 = — r,9. The "radial" coordinate is
x = r — r,; the unit vectors x and s evolve as a particle
moves, and are different for each particle. The axial speed
is vt = — r6 (we use subscripts z and 5 interchangeably).
The axial position is advanced in time using:

ds/dt = -rm9 = {r./r)vz . (1)

A particle's velocity vector rotates because of the rota-
tion of the coordinate axes. Due to this alone, the rate of
change of the velocity angle is:

We thus need only augment the dipole (bending) field at
each particle position with a "pseudo-gyrofrequency":

q r, + x
(5)

where m is the particle's mass and q its charge. This
folds the necessary back-rotation into existing coding. The
algorithm is inexact because v, and x change during the
step, but is accurate enough for our needs; "residence
corrections" on entry to and exit from bends are necessary.

Poisson's equation in "warped" coordinates is [15]:

1 6
hx i _

1 d(j>

dt vt r ,
(4)

Expanding the derivatives, we solve this iteratively. At
each iteration the 3d FFT Poisson solver inverts the
dominant "Cartesian" second derivative terms. One term,
proportional to {dh/ds)(d(j>/ds), is included by a simple
finite difference, assuming the change in h at bend en-
try/exit can be spread in s slightly. The iteration converges
rapidly, in two or three passes. It is necessary to obtain the
true charge density from the "conventional" pc collected
from the particles, using p = pcr,/r, since (in a bend) the
separation in s of zones varies with x. Also, the axial field
is Et = -(r./r)d<j>/ds.

III. Summary of Applications

Drift Compression: (current enhancement resulting
from a head-to-tail velocity gradient or "tilt"): Relatively
small misalignments of the focusing quadrupoles can lead
to significant off-axis displacements. Image forces and
fringing fields can then induce emittance growth. We
seek to learn how fast and how much the beam may be
compressed without unacceptable emittance degradation.
The details of the errors, in a system of ILSE scale, are
significant; different random-number seeds for the offsets
lead to widely varying displacements.[9]

Equilibration: We are examining, in 3d and r,z, the
transfer of thermal energy between transverse and longi-
tudinal motions. For certain ranges of physical parameters,
a beam initialized colder in z (axially) than in x,y
(transversely) is observed to heat rapidly in z until T, is
a large fraction of TIj!r This appears to be a collective
process. [9]

Axial Confinement, Nature of Equilibria: To follow
a finite-length beam for a long time, it is necessary to apply
an axial confining force. This is done using shaped ends
of the accelerating pulses, or "ears." We have modeled
(in 3d) near-equilibrium beams that remain "quiescent"
over runs as long as 175 lattice periods without significant
emittance degradation in the simulation. [6]

Simulations of the MBE-4 Experiment: In this
LBL experiment, emittance growth has been observed to
accompany aggressive drift compression. Using WARP,
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we have confirmed that this results from nonlinearities in
the focusing fields which are sampled by the particles to
a greater extent when the beam grows "fat" as a result of
the compression.

Longitudinal Stabili ty wi th Fini te Gap Impedance :
A known instability is associated with the impedance
of the accelerating modules. While careful design and
techniques such as feed-forward stabilization should afford
suppression of the instability, it is important to be able to
model (in a causal, self-consistent way) multidimensional
effects such as wave reflection at the bunch ends and
radial variations of the interaction between particles and
modules. Such effects may be especially significant in the
driver-relevant low growth rate regime. [7, 16]

Other applications of the (r, z) model include studies
of equilibration processes, of the equilibrium axial depen-
dence of the emittance at the beam ends, and of axial
confinement using "ears."

Ben t -beam dynamics: We have examined beam be-
havior in a variety of lattices which incorporate bends;
these include models of the 180° bend planned as an
ILSE experiment, and both round and racetrack-shaped
recirculator configurations. [17]

A lattice we have considered is similar to one proposed
for an ILSE experiment.[18] For this system, the phase
advances per lattice period are <xo = 72°, a = 20°, and
dipoles (20 cm) and quadrupoles (20 cm) alternate in a
FOBODOBO lattice with full period 1.2 m. The first
dipole begins at z — 2.6 m, the last ends at 16.6 m (after
180° of bending), and we ended the runs at 18 m (900
steps). We considered axially-cold and -hot (Tt ~ T±)
beams. The emittance of the axially-hot beam grows;
that of the axially-cold beam does not. An axially-hot
straight beam in a similar lattice without dipoles does not
appear to suffer emittance growth, nor does an emittance-
dominated beam in a bend. The beam centroid locations
(away from mid-pulse) move radially during their transit
of the bend because of the head-to-tail velocity "tilt;"
nonetheless, they are re-injected nearly along the centerline
of the straight section which follows, due to the "first-order
achromat" design.

ESQ injector: We have recently begun modeling this
class of systems in 3d.[19] One item of interest is an "energy
effect" associated with the fact that the electrode potential
differences are comparable to the beam energy, at least at
the low-energy end. This leads to some emittance growth,
which may be reduced through careful design.
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Abstract

A graphical user interface (GUI) has been developed for the
beam transport program TRACE 3-D. The interface was de-
veloped on the Macintosh personal computer platform and em-
phasizes ease of initial problem setup and definition. Each of
the sixteen types of transport elements (drifts, quadrupoles,
etc.) available in TRACE 3-D, as well as the initial and final
(for matching) beam emittance (Twiss) parameters, are repre-
sented by piece icons on a scrollable palette. The configura-
tion of a beamline is set up visually by selecting and dragging
(via mouse) the desired piece icons to a model window.
Parameter values (drift lengths, quadrupole strengths, etc.) are
entered into piece data windows for each element in the beam-
linc. Several expert system type rules arc incorporated into
the piece windows. The user can select any of several units
for his input, including fixed units or dynamic scaled units.
For example, any length parameter can be entered as millime-
ters, centimeters, meters, or fractions of fiX where p" and X are
determined from the particle mass, initial beam energy and ra-
diofrequency. All input parameters have built-in default values
as well as lower and upper limits. The limits are soft (the
user can input any value) but are used to alert the user visually
when some of his input data may have impractical conse-
quences. Examples of this include specifying a PMQ which
requires an extremely high remnant field, or a RFQ cell with a
very large Kilpatrick factor. Virtually all other input is set up
graphically, including the selection of matching variables and
coupling parameters.

I. Introduction

There has been considerable progress in the development of
graphical user interfaces (GUIs) for accelerator control systems
[1]. Selected accelerator design software has benefited from
this, and improved user interfaces have appeared for codes used
in conjunction with control systems. Examples include the
X-window interfaces for TRACE 3-D [2] and RESOLVE [3].
From the beamline designer's standpoint, however, there have
been relatively lew efforts aimed at developing GUIs specifi-
cally to support standalone design and analysis. This paper de-
scribes a software package developed with this objective in
mind. The approach is similar to that suggested by Heighway
at the 1988 Accelerator Code Conference [4].

II. The Shell for Particle Accelerator Related
Codes (SPARC) Environment

To support GUIs for accelerator design and analysis ccxies a
unique interface environment has been developed. This inter-

face is written in C and provides a software shell for each ap-
plication such as TRACE 3-D. Named the Shell for Particle
Accelerator Related Codes (SPARC), it includes the basic ele-
ments to support a GUI: specialized windows, palettes,
menus, icons, etc. Figure 1 shows the SPARC application
screen developed for TRACE 3-D. This example displays the
Menu Bar, Palette Bar, Document Window and, on the Model
Pane of the Document Window, a beamline model for the ra-
diofrequency quadrupole (RFQ) section of Example A in the
TRACE 3-D Documentation 15].

Edit Uieiv Commands Match Preferences

Figure 1. Example of SPARC screen for RFQ
section of Example A of reference |5] .

The SPARC interface has a number of important features
which improve the speed and ease of setting up and defining a
TRACE 3-D problem. These are the focus of this paper and
several are discussed below. Execution of TRACE 3-D is ac-
complished directly from SPARC via the Commands menu.

III. Beamline Set Up

Setting up the input file for TRACE 3-D using the SPARC
interface is simple. The configuration of the beamline is de-
fined by selecting (with the mouse) the desired elements from
the Palette Bar and dragging them to the Model Pane of the
Document Window. Groups of elements which will be used
more than once may be selected and placed on the Work Space,
and then inserted into the beamline. Figure 2 shows a
Document Window after setting up the drift tube linac (DTL)
section of Example A in the TRACE 3-D Documentation [5].
This example also shows two groups of elements on the
Workspace.
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TRRCE 3-D Enample R - DTL
Global Parameters Value Units Limits
Particle Charge

Particle Mass

Beam Energy

Beam Current

Frequency

-1

PMQ fringe field ext. factor [2.5000 |

1938.2800 1 |MeV I 0.5110
12.0000 | iMeV I 0.0000

10.0000 | ImAmps | 0.0000
1400.0000 [ |MHz | 0.0000

0.0000

93

2.79E+05

1 00E+10

100.0000

1 OOE+03

10.0000

1

*

- L -

Figure 2. SPARC Document Window for DTL section of Example A of reference |5 | .

For inputting numerical data the TRACE 3-D input has been
divided into four categories:

- Global Parameters,
- Piece Parameters,
- Matching Parameters, and
- User Preferences.

There are ten Global Parameters which include the particle
charge, particle mass, initial beam energy, etc. The corre-
sponding TRACE 3-D parameters are Q, ER, W, XI, FREQ,
PQEXT, ICHROM, SMAX, PQSMAX, and IBS. These pa-
rameters are input through the Global Parameter Pane in the
Document Window (Figure 2). Many parameters have pop-up
menus for selecting different units. For example the user may
input the particle mass in MeV, or in atomic mass units (amu-
real), or to the nearest atomic mass integer value (amu-int).
The SPARC interface stores all inputs in the units used by
TRACE 3-D, these are the default units which appear on start-
up, but it has the needed conversion factors built-in to accom-
modate individual user preferences. One of the expert system
type features incorporated into SPARC is that some units se-
lections depend upon the values of the Global Parameters. An
example is discussed in the abstract: the ability to input
length parameters, such as SMAX and PQSMAX, in units of
pX. These are referred to as "smart units" and are used in
many other input windows.

The Piece Parameters include the transport parameters used by
TRACE 3-D (arrays NT and A), the initial beam characteris-
tics (arrays BEAMI, EMITI and SIGI), and the final beam
characteristics used for matching (BEAMF array). These pa-
rameters are accessed by "double clicking" on the icons appear-
ing in the Document Window. Figure 3 shows the input win-
dow for setting up the initial beam parameters. This Piece

Window includes another example of the smart units: the lon-
gitudinal emittance can be input in either n-degree-keV or n-
mm-milliradian units, and either as rms or the equivalent uni-
form values. Also note the "Ellipse Display" pop-up menu.
This provides an option, "Update," which automatically dis-
plays the results of changes to any of the parameters. This is
used in SPARC to set initial values for the graphics display
parameters (XMI, XPMI, etc.) used by TRACE 3-D.

Initial Emittance

Para eters Vali Units

Figure 3. Piece Window for initial beam set up,
accessed by double-clicking the "initial" icon.

IV. Setting Up Matching Problems

The TRACE 3-D matching options may be divided into two
groups:

- Finding Matched Twiss Parameters, or
- Finding Variables to Achieve a Match.
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There are four different options of the first type and seven of
the second. The match option is determined by the TRACE 3-
D match type parameter MT. In the SPARC interface this pa-
rameter is set by selecting one option from a pull down menu
(the Set Match Type submenu under the Match menu).

For MT = I to 4 (finding matched Twiss parameters) this is
the only action necessary to set up the matching problem after
the beamline is defined. The interface sets the number of
matching conditions (NC parameter of TRACE 3-D) and has
built in defaults for the number of iterations and convergence
criteria (NIT and DELTA). These may be changed by the user,
but it is not usually necessary.

For MT = 5 to 11 the user must specify the beamline element
parameters which are to be varied by TRACE 3-D. These
matching variables are selected using the Piece Windows.
Each Piece Window, for any element which contains a parame-
ter that can be varied during matching, has a "Match/Couple"
option on the Limits pop-up menu. Selecting this option dis-
plays check boxes for each parameter which can legitimately
be varied during matching. Checking a box (via mouse) as-
signs that parameter to be a matching variable. This is illus-
trated in Figure 4 for a PMQ. SPARC automatically sets up
the two-dimensional MP array (for MT = 5 to 9), or the VAL
and two-dimensional IJM arrays (for MT = 10 and 11), needed
by TRACE 3-D to perform the match. Coupling parameters
are set up similarly and SPARC sets the MVC array.

Element #2 PMQ (Type Code 4)

L tarts
Eteiueat Parameters Valve Units

Max M*g-Fi»U Gradient

Pt»j sical Length of PMQ

Inner Radius

Outer Radius

Figure 4. Selecting matching variables in PMQ
Piece Window.

V. Expert System Type Rules for Limits

For each parameter of the sixteen transport elements available
in TRACE 3-D an upper and lower "limit" are provided in the
Piece Windows. A knowledge rule base has been developed
for calculating the limits [6]. These rules are of two origins:

- TRACE 3-D driven, and
- Practical hardware constraints.

The first type includes some mundane TRACE 3-D con-
straints, such as requiring the input parameter for any "identi-
cal element" (type 16) to lie between the first and last element
numbers of the beamline, and others based on step sizes
(SMAX and PQSMAX) used in the beam dynamics calcula-
tions. Practical hardware constraints are derived from specific
accelerator technology. These limits are intended to provide
the novice user with some guidance when setting up a beam-

line and to reduce the number of off-line calculations by ad-
vanced users. For example, practical limits on PMQ gradients
are directly related to the inner and outer radii of PMQ mag-
nets. This is used to construct rules for the PMQ limits. A
baseline set of rules has been developed for specific technolo-
gies (e.g. samarium cobalt PMQ). It is anticipated that these
rules will be expanded to incorporate other technology op-
tions.

VI. Summary

A sophisticated GUI for the beam optics program TRACE 3-D
has been developed. The GUI has been integrated with
TRACE 3-D to form a seamless application. Problem setup
and definition are accomplished with a minimal amount of
alpha-numeric (keyboard) input. The GUI takes care of setting
up arrays and similar bookkeeping. Expert rules are built in
to the data input windows to assist users in assigning parame-
ter values. These include options for parameter units, both
fixed and scaled smart units, and limit guidelines for each pa-
rameter. The limits are based on a knowledge rule base which
incorporates constraints imposed by TRACE 3-D and practical
constraints derived from hardware experience.
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Abstract

Until recently beam dynamics programs for
electrons and ions have been fundamentally different
because longitudinally the energy can change much more
quickly with respect to the rest mass for electrons than for
ions. A program, DYNAC, was proposed with the aim to
treat long accelerating elements as currently used in
superconducting systems for any type of particle. To obtain
high accuracy, keeping a relatively simple formalism,
DYNAC is now using a new concept of equivalent
accelerating fields. Many examples have been treated
(different fields and particles) and results will be presented
including the comparison with an elaborate step by step
integration method with a realistic electromagnetic field.

Introduction

In the second part of the 1960's PARMILA and
MAPRO codes, developed to compute beam dynamics in
drift tube linacs, made use of a set of quasi Liouvillian
equations derived from the so called Panofsky equations
[1],[2]; these equations are of the form:

AW = qVT(k)I0(krr)cos<p + qV—[T(k)k,I1(kIr)]i'siin>

(1)

Ji- ̂ k Ji[T(k)krI,(krr)]r' cos?)

where AW and A9 are the changes in energy and phase.
Similar expressions can be written for the change in radial
position AT and slope Ar'. In Eq.(l) a "thin lens" approach is
used in the middle of the gap, across which a voltage V is
applied, q is the particle's charge, IQ and Ij are Bessel
functions, T(k) is the transit time factor corresponding to the
particle velocity v with k=oo/v and kr

2=k2-to2/c2 i.e. the
amplitude of the wave k in a Fourier analysis of the axial
field distribution E% . Velocity v, phase 9 and radial
coordinates r and r' are the real coordinates of the particle in
the middle of the gap, all of which require another set of
equations to be computed by an iterative method. The above
mentioned types of codes are still in use nowadays. Several
limitations exist, however.

For heavy ions, complex structures such as
multigap or helical shaped ones have been developed. These
structures are not correctly treated with the first order
perturbation method [3] used in Eq. (1). Second order terms
have been computed in 1986 [4] and 1987 [5], giving
extremely good results, at the cost, however, of computing

time. Treating the transverse motion in the same way
remained unsuccesful.

The motion of electrons can not be treated by
equations like Eq.(l); therefore a step-by-step integration
method is used in PARMELA.

In 1990 a new code, DYNAC, was presented [6],
able to treat both the transverse and the longitudinal motion
in complex accelerating structures and applicable to
electrons, protons and ions. This was obtained by replacing
the non-canonical coordinates r and r' by canonical "reduced
coordinates",

R = rV/3/ R ' = dR / dz (2)
where |J and 7 are the classical relativistic coefficients and z
the axial coordinate. In the paraxial approximation, the
correct transverse equation of motion is :

d'R 1
dza " ipy y 2 m ( c ' (2m.c')'

In MAPRO and PARMILA only the first of these
two terms is considered. The second term is generally
prominent for the case of low energy electrons. The use of
"reduced coordinates" avoids the presence of correcting
terms for non-canonical variables as the equations applied in
MAPRO and PARMILA and provides a much smoother
evolution of the transverse extension, justifying a treatment
over longer distances.

Another change in DYNAC is the use of
coordinates at the input and output, rather than at the middle
of a gap (the latter is still available if necessary).

A last change was the use of an "averaging
method" instead of second order corrections, improving the
accuracy.

Equivalent Accelerating Field

The above mentioned "averaging method" has now
been improved by means of a new concept with an
"equivalent accelerating field ", providing a better estimate
of the k, r and r' terms in Eq.(l) along the accelerating
structure.

In the original version of DYNAC an average value
was taken for k in T(k) and a linear law was assumed for the
energy evolution (or 7). As can be seen from fig.lA, the
evolution of 7 can be very different from linear, for instance
when accelerating particles in long structures with a large
energy or phase offset relative to the synchronous particle.
In fact, the evolution of 7 appears as a "rapidly" changing
curve around a smooth one. The most important error
resulting from an approximation in the evolution of 7 comes
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from the smooth part. This can be checked with a very
accurate step by step integration method.
1 . 3

1 . 0

0 . 6

Fig. 1 Energy evolution of a 0.6 MeV electron injected at
-90 deg from the crest into a 5 cell structure at 1.5 GHz
adjusted to (J=0.84 with a 7MV/m gradient (A) and phase
slip for 0.15 MeV/nucleon Pb25+ ions injected at 90 deg
from the crest into a Quasi-Alvarez cell at 200 MHz
(B).Solid line represents real energy or phase, crosses
represent equivalent field value.

It can be shown by Fourier analysis that an
accelerating field generally consists of a superposition of
waves of which only one is prominent. In the case of a small
accelerating field and very little change in energy, it is
sufficient to take the main wave only, with correct values for
T(k), dT(k)/dk and d2T(k)/dk2 in Eq.(l) (see Appendix:
Equivalent Wave Properties). With this "equivalent field"
concept, however, even for large field amplitudes a good
description of the beam dynamics is obtained.

Computational Methods and Results

An average k is computed which gives, at the field
entrance and exit, the same r.f. phase as the particle
considered . From the field entrance to the exit , a phase
shift 8S occurs between the particle considered and the
"equivalent field" corresponding to the average k, from
which the value of 7 can be deduced at any position (see fig.
1A). The exact phase evolution with respect to the
longitudinal coordinate z can be approximated by a 5th order
curve in z (see fig. IB). A similar approach, also with a 5th
order law in z, is used for the transverse motion (the
calculation of the quadratic term in Eq.(3) is explained in the
Appendix: Calculation of the Quadratic Transverse Term).
With this, all the particle coordinates are known at any
position along the accelerating field, allowing an accurate
integration of the beam dynamics terms like those in Eq.(l).
An accelerating field with asymmetries can be treated; large
asymmetries may, however, reduce the accuracy.

For multi-particle calculations, the coordinates are
computed through expansions around the central particle.

Several accelerating structures have been tested
with different kinds of particles such as low beta heavy ions
and low energy electrons passing through long accelerating
elements with high field amplitudes (see figs. 2, 3, and 4)
[7],[8]. A slow but accurate step by step integration routine
of Hamiltonian form allows a check of the direct
expressions, both for transverse and for longitudinal motion.

1 0 .

0 .

-10.

0.4

0 .

-1 .

60.

Z ( « )

<T21)

Til

0 .

- * 0 .

k«v

/

/

( • )
(b) b 7/

-110. 30.

- 2 0 .

0 .

0.3
- . 2

c- <T21)

T21

F

0.3 1.1

Fig. 2 Comparison between a numerical computation (solid
line) and the equivalent accelerating field method (crosses)
for a 5 cell structure as in fig 1A with the axial electric field
(A), residual error in energy gain and phase jump with a
peak energy gain of 1.7 MeV at 0 deg phase (B), matrix
coefficients in a thin lense formalism with reduced variables
(C, D) and E,F as B,C but for phase with peak gain and
variable input energy.

7.
MV/a

' 0 .
yy w v-o

0.2

0.

- . 2

r.d/cn (T21)

T21

-90. 90.
- 2 .

Fig. 3 As fig. 2 but for 0.24 MeV/nucleon Pb25+ ions
injected into a Quasi-Alvarez cell at 200 MHz (peak energy
gain of 3.5 MeV)
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Fig.4 As fig. 3 but for acceleration through 3 gaps at the
entrance of an interdigital H structure at 101 MHz (peak
energy gain 6 MeV)[8]. Note the asymmetry in the electric
field.

Conclusion

The new version of DYNAC can treat long and
complex structures for electrons, protons or heavy ions used
in a large energy range. Its limit of validity is a compromise
between the length of the accelerating element (total phase
shift of up to lOrt) and the field strength (peak energy gain
corresponding to 10% velocity change).

It is planned to complete the code with a space
charge routine.

Appendix: Equivalent Wave Properties

Fourier analysis of the on-axis Ez field of an
accelerating device can be made with the z origin in any
position. Taking the median plane, the field expansion can
be written according to the parity of the symmetry :

orMT.WcosOczJdk or ^-fso(k)sin(kz) dk
2JC J 2%J

If the origin is displaced, one can show that the field
expression, which now includes both T(k) and S(k) terms is
such that, for any k :

T2(k) + S2(k) = T0
2(k) or Sj(k)

Consider a particle moving at constant velocity
throughout a wave of constant amplitude; its total phase shift
is 8S. The energy gain is reduced with respect to a
synchronous particle by the classical transit time factor

In order to have the same T o and To ' for the real
field and the equivalent wave over the length Le , one has to
solve:

The length Le may be chosen to have the same d2T(/dk2 for
the two fields [9].

A particle with a velocity corresponding to the
average k and with the average phase <p (phase in the middle
of the system with respect to the equivalent wave) will be
subject to the field:

(T(k)cos( (p + ̂ ( z % ) ) S ( k ) s m ( < p + 5 ( z ) ) ]
4 L . 2 2 s i n ( 5 , / 2 )

from which the energy as function of z is computed.

Appendix: Calculation of the Quadratic Transverse Term

The real longitudinal field Ez can be considered as
the sum of a smooth part Esm and an oscillatory part Eosc

which can be neglected for the linear term of motion. This is
not the case for the quadratic term. One has:

<5. 2
0018 2 5 ~

2 T(k)dT/dk + S(k)dS/dk
L, T2(k) + S2(k)

Replacing the third term by a pure sinusoid one obtains:

fE, ^ T2 + S2 b]
J °" 32Le sin2(<5,/2)
Such an estimate gives good results.
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Abstract

The CERN CLIC Tesi Facility (CTF) uses an RF gun
with a laser driven photo-cathode in order to generate electron
pulses of high charge (>10 nC) and short duration (<20 ps).
The RF gun consists of a 3 GHz 1 + 1/2 eel) cavity based on
ihe design originally proposed at BNL which minimises the
non-linearities in the transverse fields. The beam dynamics in
the cavity is simulated by means of the "multipanicle track-
ing" code PARMELA. The results are compared to previous
simulations as well as to the first experimental data.

Introduction

Studies are in progress for a CERN Linear Collider
(CLIC), composed of a main linac and a drive linac. The latter
which generates the 30 GHz RF power for the main linac
requires high beam charges and short pulses. A CLIC Test
Facility (CTF) was installed and brought into operation in
1991, with the following main goals: generation of high
density electron bunches and production of 30 GHz RF power
to test CLIC structures. The first objective is based on the
use of a 3 GHz RF gun where a Csl photo-cathode is
illuminated with an Nd:YLF laser.

First simulations were carried out with the "particle-in-
cell" code TBCI-SF [1]. Here, beam dynamics simulations are
performed with the "multiparticle tracking" code PARMELA
and compared with the previous ones. Following the experi-
ence gained from experiments and the simulation results, a
proposal is made for a set of working parameters which fulfil
the CTF requirements.

Fig.

r f

Cross section of
the CTF RF gun

o
LU

CTF RF Gun Parameters

The CTF RF gun which is shown in Fig. 1 consists of a
1 + 1/2 cell cavity operated in a TMfjlO-rc mode tuned at
2.99855 GHz. In Fig. 2, the fundamental RF field along the
axis, computed with the SUPERFISH code, is plotted and
compared to a sinusoid of wavelength X = 10 cm. The devia-
tions of the computed field from the ideal sinusoidal wave are
mainly due to a cell length slightly too large for the 3 GHz
frequency and field leakages into the beam pipe. We verified
that, for typical CTF working conditions, both types of field
distributions led to similar results. The main gun dimensions
and computed RF characteristics arc listed in Table 1.

Comparison of Simulation Results

Results of simulations from PARMELA and TBCI-SF are
presented in Fig. 3. The main beam characteristics at the
gun exit, 7, energy spread, bunch length and normalised cmit-
tance+ are plotted versus <X>o which is the RF phase at the
time the electron bunch centre leaves the photo-cathode.

z[cm)

Fig. 2 On-axis electric field distribution in the RF gun

+ The normalised rms emittance is defined as follows:

- <r / > 2

TABLE 1
RF Gun Characteristics

1st (1/2) Cell Length
2nd Cell Length
Cell Radius
Iris Aperture Radius
Frequency (7t-mode)

Q
^shunt
Emax/Eo
RF Power (@ 100 MV/m)

(SUPERFISH)
(cm)
(cm)
(cm)
(cm)

(MHz)

(Mfi)

(MW)
(MHz)

2.63
5.195
3.96
1.0

3003.6
12,600

1.6

1.06
5.5

2.0
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The results from [1], reported here, have been adjusted accord-
ing to this <l>o definition. PARMELA used the electric field
distribution, computed from SUPERFISH. The other input
parameters involved in the simulation are listed in Table 2.

TABLE 2

Input Parameters used in the Simulations

Emitted charge

Laser pulse
length

Peak current
Laser spot

size

Current density*

TBCI-SF
(1991)

Q o = 9.4 nC
Ato (HWHM) = 10 ps

(parabolic)
I o = 470 A

r o = 5 mm
(uniform)

J o = 600A/cm2

PARMELA
(1992)

Q o = 1 0 n C
a t 0 = 8 ps
(gaussian)
Io _ 500 A

CTro = 3 mm
(gaussian)

Jo = 880 A/cm2

* Jo = Qo/(V2^CTto 2 " <*ro2)

For these equivalent sets of initial conditions and a max-
imum field E o of 100 MV/m at the photo-cathode, a good
agreement is found between the results obtained from the two
different computer codes. PARMELA also confirmed TBCI-
SF predictions [2] that at this field level, the space charge ef-
fects were still significant along the transfer line downstream
of the gun. Details of all simulations are reported in [3].

Working Point <X>0

Figure 3c shows that the bunch length compression in-
creases as <X>0 becomes smaller. It was also found that the
charge transfer efficiency Qf/Qo essentially remains constant
within a O 0 range from 18° to 50°; for lower O 0 , it drops
rapidly since the particles at the head of the bunch experience
negative field and then are pulled back onto the photo-cathode.
At both field levels, the maximum peak current is thus ob-
tained when O 0 = 18°. Moreover, for E o = 60 MV/m, it
coincides with the maximum energy gain and minimum
energy spread. For Eo = 100 MV/m, maximum energy gain
and minimum energy spread are found around 45°. The charac-
teristics of both working points are compared in Table 3.

It is interesting to note that, at low <Z>0> the longitudinal
phase space distributions are quite linear and therefore well
suited for a further magnetic compression.

TABLE 3

Comparison of 2 Working Points for & 0

Eo

MV/m

100

100

60

60

<I>o

deg

45

18

45

18

Ec

MeV

4.1

3.8

2.4

2.4

CTE

%

0.8

1.5

3.7

1.5

CTZ

mm

1.9

1.3

2.3

1.5

Qf/Qo

%

99

99

87

85

i

A

626

950

450

680

en

m m .
mrad

53

63

67

63

a)

20 M SO H

b)

c)

40 M TO M

d)

1 ,.

TO M

Initial phase [dog.]

Fig. 3 Beam characteristics at the gun exit
E o = 60 MV/m (PARMELA)

E o = 100 MV/m (PARMELA)
+ E o = 100 MV/m (TBCI-SF) [1]
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CTF Requirements and Present Status

Providing for the nominal power of 48 MW in the CLIC
accelerating structure typically requires at the gun exit, 8
bunches of charge Q = 11 nC and length o z =1.5 mm
(a t = 5 ps) [4].

During experiments in 1991 with a Csl photo-cathode,
the gun was routinely operated around 70 MV/m without RF
breakdowns. The beam energy of 2.7 MeV measured in these
conditions is close to the computed value of 2.8 MeV. From
the preceding simulation results, one can anticipate that, at
this field level, the beam characteristics Q o = 12 nC,
O"ro = 3 mm, ozo

 = 2.4 mm (O[0 = 8 ps) and an initial
phase set around 20° should approximately fulfil the require-
ments.

Pulse lengths o"io from 5 to 8 ps and spot sizes
a r o = 3 mm were obtained from the Nd:YLF laser which
was recently installed in the CTF. At this wavelength, a 2%
quantum efficiency was measured from the Csl photo-cathode.
By splitting the total available laser energy of 120 p j , it
should therefore be possible to produce the required charge in
the 8 bunches. The proposed operating conditions and ex-
pected beam characteristics (PARMELA) are summarised in
Table 4. Figure 4 shows the corresponding computed phase
space distributions at the gun exit.

TABLE 4
Typical CTF operating conditions

a)

Laser micro pulse
Wavelength
Energy
Spot size
Duration
Nb of micropulses

Photo-calhode
Quantum efficiency
Emitted charge

Peak current density
Diameter

RF pun
Max. cathode E field
Initial phase
RF power

Bunch at the gun exit
Kinetic energy
Energy dispersion
Length
Size
Charge
Peak current
Norm, emittance
Divergence
Number of bunches

Xl (nm)
E/(MJ)

o r o (mm)
CTio(ps)

np

QE(%)
Qo(nQ

J o (A/cm2)
d(mm)

EoCMV/m)
<t>o (deg)

Prf(MW)

Ec(Mev)
a E (%)

a z (mm)
a r (mm)
Qf(nC)

I (A)
e n (mm.mrad)

o~r' (mrad)
nb

209
4
3
8
8

2
12

1060

8

70
20
2.7

2.8
0.7

1.5
4.8

11
880
53
34
8

0)

UJ

A<{> [deg]

b)

m

x [mm]

Fig. 4 Longitudinal (a) and transverse (b) phase spaces

Conclusion

Beam dynamic simulations of the CTF gun were per-
formed with two different programs: TBCI-SF and
PARMELA. Although the latter does not take into account
the wake field effects, both programs lead to similar results.
By simulating operating conditions based on the first experi-
mental results and the expected performance from the Nd; YLF
laser which was recently installed, it was found that the CTF
requirements can theoretically be fulfilled. Further experi-
ments and simulations (transfer line downstream of the gun,
efficient splitting and transport of the optical power, possibil-
ity of increasing the number of cavity cells,..) are under way.
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Abstract

Particle In Cell codes, typically used in the simulations of beam
dynamics in presence of strong interactions between the beam and its self-
field (space charge and/or wake-field), deal with the problem of
assigning the beam charge and current distributions at the mesh nodes on
the basis of particle positions and velocities. In this paper a new
assignment algorithm is presented, suitable for axi-symmetric beams,
based on Rician distributed macro-particles: this method has been
successfully implemented''' in the PIC self-consistent code ITACA,
exteasively used for the design and study of RF electron guns.

The relevance of such a new algorithm on the calculation of beam
emittances and other beam parameters is discussed: it is shown that the
minimization of unphysical fluctuations in the e.m. field propagation
allows a noise-free evolution of the beam-field interaction process
reaching a greater accuracy in the beam dynamic simulation.

Introduction

The subject of assignment algorithms in PIC simulations
and its relevance for the control of the unphysical charge
fluctuations within the cells, has been extensively
discussed in the literature!2!. These studies have shown
that the gaussian assignment algorithm is in this respect far
superior to other commonly used techniques. In the
following section we discuss a particular version of this
algorithm suitable for the simulation of axi-symmetric
beams. Indeed, cylindrical charge and current distributions
can be described by an ensemble of 2D macro-particles
distributed within a 4D (r,pr,z,pz) phase space, saving a lot
in computation time with respect to a 6D (x,px,y,py,z,pz)
phase space description, which needs larger numbers of 3D
macro-particles to guarantee the same particle density in
the phase space. Here the term macro-particle is used to
define a representative (sample) point in a nD phase space,
that is associated to a charge and current distribution in the
corresponding (n/2)D real space.

The development of an axi-symmetric assignment
algorithm should start from usual basic requirements!2!:

a) the charge assigned to a mesh node M from a macro-
particle Q should scale like the charge of the macro-particle
and should decrease as the distance between M and Q

b) the charge assigned to a mesh node M from an
infinitely large ensemble of uniformly distributed macro-
particles should be independent on the position of M

c) the charge and current density distributions p and J
must satisfy the continuity equation

Condition c) is implicitly satisfied by most 3D
algorithms, while it must be explicitly checked in the axi-
symmetric case. Indeed, a simple extension of the gaussian
algorithm to the cylindrical coordinate system can be
shown to violate such a condition. Let us take the
following expression for the charge density distribution:

where (rp,zp) are the particle coordinates on the mesh and

the normalization coefficient Po'(fp) , given by:

(erf(x) is the error function) is needed to assure Q = JpGdv.
Voo

It can be seen at a glance that the radial derivative of the
charge density distribution 3pG/9r calculated on axis (r=0) is
different from zero for rp>0, in contrast with the
requirement of axi-symmetry. Moreover, the continuity
equation V»J + 9pG/9t = 0 is violated at r=0, as shown
elsewhere!3!, when the 2D macro-particle Q moves radially
off-axis.

The Rician assignment algorithm

To overcome this problem we developed an ad hoc
distribution: we look at a single 2D macro-particle
(hereafter referred as 2Dmp), positioned at a point (Zp,rp)
on the mesh, as given by the superposition of several 3D
gaussian micro-distributions whose centroids are spread
over the circle C of radius rp, laying in the plane (x,y) and
centred on the z symmetry axis at z=Zp. If the centroids are
uniformly distributed with linear density k on the circle,
the 2Dmp distribution will be given by:

2it

p(r,z) = 2n rp k JpdG (2)
0

where p are 3D gaussian functions (G(a,b,c)se~'a2+l>2+c2)/2) of
argument ((x-xp) /o r , (y-yp)/o r , (z-Zp)/o z) , under the
condition xp + y2, = rp (the gaussian widths ox and Oy of the
micro-distributions are taken equal to a common value a r

in order to preserve the cylindrical symmetry). Rearranging
terms under the integral in (2), it can be found!3!:

p(r,z) = 4it rp k

7t

J -(r2+rp)/2a2

Since the linear density k must scale like l / r p in order to
keep the 2Dmp charge Q invariant under change of its
radial position rp, the expression for the 2Dmp distribution
p(r,z) becomes:

P(r.z) = -
(271)

3/2 2

-I(z-Zp) /2<Tr

(3)
°r°z

where Io(x) is the 0-th order modified Bessel function of the
first kind.
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The radial part of such 2Dmp charge density distribution
is actually a modified Rician distribution, well known in
the context of the statistical optics for the laser speckle
studies!4!.

It is plotted in Fig.l the quantity po(a,P)=p(r,z=zp) as
function of the normalized radial position a=r/aT of the
computation mesh node, for different values of the radial
2Dmp position P=rp/oy It can be clearly seen that po(a,P) is
actually a gaussian function of a, i.e. e~a2/2, at P=0, while it
is close to a gaussian function of a with an enlarged width,
i.e. e~a2/2x x>l, for small p's and, after assuming a strongly
perturbed shape for intermediate P's, it resembles again a

e-(a-(V /2
gaussian of a~p, i.e —-. — , for large P's .

B=0-5

P(r,z) -

8

Fig.l - Rician distribution form factors (arb. units) for the radial part of
the 2D macro-particle charge density p as functions of the
normalized mesh node radius a, at different normalized radial
positions 3 of the 2D macro-particle.

This is easily verified recalling the asymptotic behaviour

of Io(x) ~ ex/'\J2n x when x»l . The normalization condition

Q = JdO Jrdr Jp(r,z)dz can be either proved using the
o o

result!5! Je-axIo(b\/x)dx =
0

eb2 /4a
Therefore, each 2Dmp

comes out to be represented by a charge density cloud
which assumes different shapes depending upon the
2Dmp radial position rp. When the 2Dmp sits on-axis
(rp=0) the charge cloud is distributed actually like an axi-
symmetric 3D gaussian with centroid located at
(xp=0,yp=0,Zp) and widths o r and az, such that the equi-
density surfaces are ellipsoids defined by the equation
x2/o2+ y 2 / o 2 + z2/cfz = const . When the 2Dmp is shifted
slightly off-axis (i.e. Tp<or) the density distribution remains
qualitatively of the same kind, but the peak charge density
at the centroid is decreased as long as the effective radial
width o r is enlarged. For larger rp the charge cloud
resembles the behaviour of a smoke ring, with an
increasing hollow-like behaviour: eventually, the cloud
reaches a thoroidal-like distribution when the particle is
well far off-axis (rp»cr). At that time the charge density
distribution approaches asymptotically a thoroidal gaussian
function of the type:

(27i)2ozorrp

e-[(z-zp)2/2a2+(r-rp)2/2a2]

The construction of the current density distribution
associated to a 2Dmp whose charge density is specified by
eq. (3) can be developed as in the following: assuming that
the 2Dmp can move freely on the mesh in the (r,z) plane,
with a velocity specified by v = v r e r + v zk, the
corresponding propagation of its associated charge density
distribution can be thought to be generated by the centroid
motion of all the 3D micro-distributions p , moving all
with the same vr and vz components. This guarantees that
the linear density A. of the centroids distributed on the circle
C (of radius rp) remains uniform all over the circle, varying
like 1/rp as the circle C is expanding (or collapsing) in
radius. In this way the cylindrical symmetry can be
preserved and, as shown later on, the continuity equation
can be either satisfied all over the space.

To find out the actual expression for J(r,z) = Jr(r,z)er +
Jz(r,z)k , first we observe that the axial component Jz has
the same behaviour vs r and z of the charge density, hence
is simply given by Jz(r,z) = vzp(r,z) ; the radial component ] r

must be instead calculated byl3l
2it

Jr(r,z) = 2K r p kvr JpcosOdG (4)

which, upon integration, gives

r rp (5)

where Ii(x) is the 1st order modified Bessel function of first
kind. The radial behaviour of Jr calculated at the 2Dmp z-
position (i.e. Jr(r,z=Zp)) is plotted in Fig.2 as a function of a
for different values of the normalized 2Dmp radial
position p.

Again for large P (i.e. rp»or) we get a gaussian profile for
Jr, peaked at rp at an amplitude scaling like 1/rn, as typical
of the current density distribution of a thoroidal gaussian
charge density distribution which is propagating radially
outward: this is actually due to the result Ii(x)/Io(x) - 1 for
x»l . The behaviour at low P is more complex: it is worth

0.25

0.05

Fig.2 - Rician distribution form factors (arb. units) for the 2D macro-
particle radial current density Jr, as functions of the normalized
mesh node radius a, for different values of the normalized 2D
macro-particle radial position p.
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noting that Jr close to the axis (low a) scales like p\ since the
condition of axi-symmetry ask for a vanishing transverse
component of the current on axis.

In case the 2Dmp has an azimuthal velocity component
ve = Wprpee , the azimuthal component Je of the current
density distribution is clearly given by Je(r,z) = wp r p(r,z) :
this is of interest for the simulation of cylindrical beams
injected into the magnetostaric field of a solenoid.

The modified Rician charge and current distributions (3)
and (5) have a number of useful properties when applied to
an axi-symmetric assignment algorithm:

I) - despite the infinite range of the distribution, due to its
fast decrease only the mesh nodes contained inside the

ellipse E of equation (z-Zp)2/(4oz)
2 + (r-rp)2/(4cr)

2 = 1 ,
centred on the 2Dmp position (rp,zp), are assigned a charge
and current density value according to (3) and (5). The total

charge contained inside the ellipse E, i.e. QE = Jpdv , can be
E

analytically calculated only at rp=0 , where it is found

QE=Q(2erf(4)-l-8e-8/V2Jr), and at rp»CJr, where QE=Q(l-e-8).
It has been numerically checked that Qg is less than Q by a
quantity not larger than 103Q all over the range of rp.

II) - By applying a standard method!2), we evaluated the
unphysical charge fluctuations produced by the assignment
algorithm: uniformly distributing a large ensemble of
2Dmp's on the nodes of a regular mesh of step dp and
moving such a 2Dmp mesh over a regular calculation
mesh of step dc, it is possible to compute (numerically) the
normalized deviation D, defined as the the difference
between the maximum and minimum value of the charge
density over the calc. mesh, i.e. D=(pm a x-pm 'n)/pm a x . An
ideal assignment algorithm (obeying the condition b)
mentioned above) should get D=0 at all values of the
parameter r, defined as the ratio between the two mesh

steps, r=dc/dp (D gives actually a measure of the unphysical
fluctuation amplitude). We found that the Rician
assignment algorithm assures D<1% when r>0.55 ,
meaning that at least 0.3 particle per cell are needed to keep
the unphysical fluctuations below 1% (note that the
number of particle per cell scales like r2). Such a
performance is a little better than the gaussian assignment
algorithm, which needs!2! more than 0.64 particle per cell to
keep D<1% . The required particles per cell can be further
decreased as long as larger Rician widths ar and <rz are used
(previous data have been achieved setting or=a2=dc): in
practice we found that the best compromise between high
resolution (i.e. smaller Rician widths) and low unphysical
fluctuations (larger Rician widths) is achieved setting
or=0z=1.25dc.

III) - It can be analytically proved!3! that the distributions (3)

and (5) satisfy the continuity equation, that, for an axi-

symmetric beam, reads : rx(rjr) + ^ + ^r = 0 . The proof

Irp 3p dzn dp dp

relevance of such a property of the Rician distribution
(matching the required condition c) previously mentioned)
comes out clearly when a wave-equation integration is
applied to describe the field propagation in presence of
coupling to the beam current!1!: in this case, the capability
of the assignment algorithm to satisfy the continuity
equation allows to respect Gauss theorem (i.e. gauge
invariance) during the integration even if not explicitly
imposed.

PIC simulations with Rician sub-beams

The PIC code ITACA has been equipped with the Rician
assignment algorithm and tested in the context of RF laser-
driven guns[6]. In Fig.3 the current density distributions Jr

(dashed lines) and Jz (solid lines), associated to a 1 nC
electron bunch, are plotted as function of z at different
radii, when the bunch is still being accelerated inside the
RF cavity of the gun (note the negative sign of Jr, since the
beam is focussing at that location). It is worth noting that
the bunch current density distribution retain the gaussian
profile both in radius and in time (or z, since the bunch is
travelling at v~c along z) of the laser pulse illuminating
the cathode: no appreciable fluctuations can be observed.
As a consequence, the noise produced in the phase space
distributions is kept quite low, giving very regular
dependence!7! of the beam parameters (emittances,
spreads,..) versus the bunch charge and accelerating field.

V - : . " • • • * " . ' • .-:.!•

follows from ~=^ = -=r— —

the equations . =Ii(x)

and by

=I0(x)-Ii(x)/x . The

Fig.3 • Current density distributions Jr (dashed lines)and Jz (solid line) of
a 1 nC electron bunch accelerated in a RF gun, as produced by the
Rician assignment algorithm (see text for details).
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Abstract

In this paper the results of an extensive analytical study of the beam
dynamics in RF guns are reported: removing some approximations of
Kim's model' ' ' , such as the absence of higher spatial harmonics, the
relevant beam properties at the gun exit (emittances, compressibility,
etc) are derived as functions of the RF cavity characteristics. By means
of the reported formulas one can find, once chosen the desired beam
performances, the optimum value for the first half cell length, the high
harmonic content and the laser pulse shape. A possible method for the
neutralization of the space charge induced emittance is also proposed.

1. - Introduction

Laser-driven RF guns for generating high brightness
electron beam have been built and tested in the past years
at a number of laboratories'^', indicating that such injectors
are the most promising sources both for future linac-based
Free Electron Lasers in the X-UV domain and electron-
positron colliders in the TeV energy region. For both
applications intense electron beams are required with very
low emittance and low energy spread.

It is well known!1-6! that the beam brightness achievable
by RF guns is limited mainly by two effects.

- the emittance growth due to space charge forces, which
produce a distortion of the transverse phase space;

- the time (or phase) dependence of RF transverse forces,
which produces a transverse momentum strongly
correlated to the longitudinal position in the bunch.

Once chosen the frequency and field of the RF gun, for a
fixed bunch charge some optimum values for R and L can
be found which minimize the emittance growth!6!. An
increase of the bunch length L causes actually a decrease of
the space charge contribution to the emittance but increases
at the same time the emittance growth due to RF field. The
same holds for the bunch radius R.

In a standard RF gun it is not possible to decrease the
beam emittance simply by decreasing the bunch charge
density, i.e. using longer and larger bunches, since the RF
induced emittance blow-up becomes the dominant effect.
As shown in the following, the possibility to cancel this RF
contribution allows automatically to damp down also the
space charge emittance simply by using larger sizes for the
bunch (for a given bunch charge).

In particular, the space-charge emittance growth
becomes vanishing for a uniform distributed cigar-like
bunch, since the space-charge field becomes linear in the
limit of very low astect ratio A, A=R/L. The use of uniform
cigar-like bunches, together with some technique to damp
down the RF emittance growth, will allow, as shown
below, to reach ultra-low emittance, high charged, bunches.

Again, separating the two contributions to the space
charge induced emittance growth (longitudinal space-
charge field variation inside the bunch and non linear
transverse components of the space-charge force) it will be

shown that a proper correction of the non linear term will
produce a strong damping of the total emittance growth in
the domain of ultra-short bunches (A » 1)

2. - Correction of the RF Induced Emittance

The basic mechanism of the RF induced emittance blow-
up consists in the correlation between the exit transverse
momentum and the injection phase, as given by the
formula.

pr= Otkr- A<(l-cos<0> ~-sin«(»J (1)

which gives the well known fan-like shape of the
transverse phase space distribution at the gun exit. In this
expression: a=eEo/2moc2k (Eo is the RF cathode peak field
and k=CuRp/c), r is the radial position of a generic electron of
the bunch and <(> its exit phase (defined as <J>=u)T/-kL+<)>o, L
being the gun length, fyo the injection phase at the cathode
and Tf the exit time). The exit phase <|> comes out to be
given by: <t>=<t>0 + l /2cxsin4>o. It is supposed to be slightly
distributed around an average exit phase of the bunch «t»,
such that <J> = «(» + A0 .

Taking the standard definition of rms normalized
emittancel4), we calculate the RF induced emittance blow
up, assuming that the phase distribution is symmetric with
respect to «(» (i.e. <A<t»=<(A<|>)3>=...=0):

RF
= Emin+ a k < x | c o s«t»|

where
(2)

ak<x2>
' <(A<|>) > - <(A<)>) >

The longitudinal emittance ez comes out to be, for a
uniform distributed bunch of length A<(> = kL:

3

Jt(N+l/2)sin«)» + cos«)»

where:

2«5!VTTk
1+jt (N+l/2)'

The second order term in A$2 of the expression for pz '
6l,

is the main source of longitudinal emittance blow up. This
term vanishes only at an average exit phase defined by

(3)
cot«(» = - rt(N+l/2)

Unfortunately the solution of eq. (3) approaches n as the
number of cell N becomes larger: it comes out that the
average exit phase required to minimize the longitudinal
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rms emittance blow up is far from the one required («|» =
TC/2 ) to minimize the transverse emittance at the gun exit.

Since the longitudinal emittance blow up is substantially
due to the curvature of the longitudinal phase space, this
has a relevant effect on the possibility to increase the peak
current of the bunch via a magnetic compression applied
downstream the gun exit.

Defining the compressibility C as the ratio between the
bunch length and its minimum length achieviable by
applying an idel magnetic compression at the gun exit (i.e.
the maximum peak current increase), we get:

V ^HJt(N+l/2)cos«|»-sinot») +

2 2

+ A<|> (JT(N+l/2)sin«t»+cos«|»)
C = -

d (7t(N+1 /2)sin«t»+cos«t»)
(4)

It turns out that, for a fixed natural bunch length A<|>, C
increases significantly as «(» grows above the prescribed
«)>> = 7t/2. That implies a higher transverse emittance, due
to the first order term in eq. (2)

To solve this problem two different solutions have been
proposed so far: a lengthening of the first half celll7l and a
correction of the extra-emittance contribution, due to the
first order term, by means of an unsymmetrical cellt5!
added downstream the RF gun cavity.

2.1 - Lengthening of the first half cell

The divergence at the exit of the first half cell can be
found by calculating the ratio D = p r / pz as a function of
the parameter 8, giving the relative change of the first half
cell with respect to the standard A./4 length.

It can be shown!3! that a shorter first half cell increases
the exit divergence, while the viceversa holds for longer
cells: at 6=0.3 (i.e. a 30% longer cell) the exit divergence is
decreased by 6% .

The compressibility can be computed by the same
procedure used above for the ideal A./4 cell: since the
condition to have a minimum rms transverse emittance is
still «(i> = 7t/2, it is interesting to compute the gain in
compressibility at such exit phase, i.e. the ratio g = C / C ,
where C is the compressibility of the longer (or shorter)
half-cell and C is the compressibility given in (4) for the
standard half-cell. We found:

562it2

1 + 5(4/3+rc2/8) + -™—
g= — (5)

1 ^

g is less than 1 for 5<0 while grows above 1 for 8>0: that
implies a gain in compressibility for longer half-cells. In
particular, a half-cell whose length is increased by a factor
1.3 is able to give a compressed current nearly 50 % higher
than a standard X./4 cell.

It must be stressed, however, that the injection phase is
still locked at a fixed value as long as a minimum rms
transverse emittance is requested at the gun exit.
Moreover, the varied length of the half-cell implies that
non linear transverse components will appear in the RF
field, as shown in ref. [3].

2.2 - Unsymmetrical Cell downstream the gun cavity.

To have together compressibility (i.e. linear longitudinal
phase space) and a transverse emittane close to the
minimum value (i.e. «|» = it/2), the technique of using a
unsymmetrical cell downstream the gun cavity has been
suggested!5I. Since this technique has been estensively
reported and the scaling laws have been given, we just
recall that the effect is mainly produced by the spatial
harmonic content, introduced by the unsymmetrical cell,
in a way similar to that reported in the next paragraph, in
which a multi-mode cavity is described.

2.3 - Multi-mode RF guns.

In the two previous cases the main result is that the
spatial harmonics are capable of correcting a correlated
transverse emittance as long as the beam can keep a
significant divergence (comparable to the natural
divergence in the gun) through the cell. Moreover, if the
field amplitude in the cell is comparable to that one in the
gun only the first order emittance term possibly present in
the beam can be corrected. It looks that the spatial
harmonics play the role just to shift the spatial phase of the
first harmonic, but they do not produce any net
contribution to the momentum change.

Hence we must search for a real harmonic of the
fundamental TMoiO-rc mode, i.e. a higher mode of the RF
gun cavity whose frequency is an integer multiple of the
fundamental one. That is equivalent to the assumption
that the RF field can be written as:

Ez(z,t) = Eocos(kz) sin(cot+<(>o) +• Encos(nkz) sin(n»t+n0o) (6)

In this case it can be shown that, for odd harmonics (of the
type n=3,7,ll,...), the exit longitudinal momentum is
linearly correlated up to the fourth order term to the exit
phase <(>, given that:

a
n3

where: a n = 2nkmoc2 (7)

Again we compute the rms normalized transverse
emittance blow-up using the definitionl4!.

£x = V<
where < > means an average over the phase space
distribution. To compute the transverse momentum we
simply take into account the presence of the odd n-th
harmonic, under the straight-topping condition. Summing
a contribution similar to the one of the fundamental mode:

pr= akr-sin<(i
ctkr

i

we get:

RF
= O«A<t>)4>) + ak<x >"

The longitudinal rms emittance becomes, for n=3:

E z : = •
;rotA<|>5(N+l/2)

288 A/3 k
(9)

which gives a very favourable scaling, implying that the
longitudinal phase space distribution is free from non
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linear distortions: the compressibility is in this case much
higher than in the standard case (without harmonic). As
shown elsewhere!6!, this condition is called "straight
topping" since the energy-phase relationship exhibits a
slanted but straight top, to be compared with the flat-top
typical of different type of RF cavity operation with
harmonics .

Lookong at the transverse emittance, we can say that the
RF induced emittance blow up is neutralized completely,
not only at the optimum phase, but even for average exit
phases slightly shifted around the optimum one.

The two relevant effects of the superposition of a third
harmonic under the straight topping condition (7) can be
summarized as:
- the minimum of the longitudinal and transverse

emittance blow up due to RF effects occur at the same
injection phase for both the emittances

- the transverse emittance blow up is neutralized up to
fourth order terms in A<)>.

- the longitudinal emittance blow up is neutralized up to
fifth order in A$

3. - Correction of the Space Charge induced Emittance

Here we analyze the domain of ultra-short bunches
(with large aspect ratio A), in order to find a technique
capable to neutralize the space-charge emittance blow-up.

Using the same approximation as in ref.l, we compute
the total transverse momentum p r given by the space-
charge field during the acceleration by the formula:

Pr = 2 Eosin<t>o

stating that p r is proportional to the radial component of
the electrostatic field E " produced by the bunch charge at
rest in the laboratory frame, divided by the actual RF field
at the cathode surface Eosin(|>o when the bunch is emitted
from the cathode.

In our case p r will be represented by the sum of two
contributions, one scaling as the radius and the other one
scaling as the cube of the radius, i.e p r = pi r + pm r3 , with
pi and pin functions of the z coordinate inside the bunch.

Since the rms normalized emittance growth due to
space-charge forces is defined as usual, with the previous
general expression for the space-charge imparted
momentum p r , ex

sc will be given by:

e m = <x

4

42 2

- <x > <pm>

where:

ec= 2<x

In order to better understand the role plaied by different
components we list separately: Ei given by the momentum
phase correlation, Em given by the spherical aberration
effect and the total emittance Ex

sc. These are given in the
following as functions of the aspect ratio A, assuming A»l
(i.e. neglecting terms of the type O(l/A3)):

EllI =
3Q

1024EoEosini})o

£xsc = Em

Q being the bunch charge.
It comes out that the total emittance blow up is

dominated for ultra-short uniform bunches by the third
order term, which represents a spherical aberration!8! in the
transverse phase space, and scales unchanged versus A.

A possible cure to the saturation of the emittance blow
up, which exhibits a minimum value at large A, is the
exploitation of ultra-short bunches with a parabolic
distribution in the transverse direction. The optimum
distribution that cancel out the third order component at
the centre of the bunch is found!3! to be given by:

1 r2

d)

Such a charge density distribution can be achieved using
a laser pulse which has a constant intensity profile along its
longitudinal direction, and a gaussian clipped profile in the
transverse direction. Clipping the laser beam at a radius R =
y2/3or, a radial distribution is obtained with the requested
coefficient for the second order term in r2 and a coefficient
of the fourth order term really negligible. .

Repeating the emittance calculation for the optimum
parabolic distribution!3!, we get:

El =
7Q

900V5EoEosin<t>o
 A R

£in=

£xsc =

211

500 256EoEosin<|>o A2R

In this case the scaling law for the emittance blow up
becomes really favourable, being dominated by the linear
term which scales like A 1 . The optimum parabolic
distribution cancels out indeed the third order effect, so
that the emittance scales like the inverse of the current!
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Abstract

Recent Los Alamos designs of high-current, CW, proton
linacs for accelerator transmutation of waste (ATW)
incorporate beam funneling to achieve desired levels of
current, emittance, and RF efficiency in the high-beta
accelerating structure. Typical designs have a front end
consisting of two 350-MHz linacs, each composed of an
RFQ and a DTL, accelerating protons to 20 MeV. The two
beams are funneled into a 700-MHz CCL which has a final
energy in the range 800 to 1600 MeV. The design choice for
a 700-MHz accelerating structure in the 20 to 80 MeV region
would conventionally be an Alvarez DTL with permanent-
magnet quadrupoles (PMQs) in the drift-tubes. However, for
high-current, CW, applications, the radiation damage threat
from beam loss makes the use of PMQs undesirable, and
700-MHz drift tubes cannot accomodate electromagnet
quadrupoles (EMQs). The initial design approach was to
begin the 700-MHz CCL structure at 20 MeV. Recent
engineering analysis has shown that fabrication of such a
structure at low-beta values would be complicated and power
efficiency would be low. We have derived a modified DTL
concept, the bridge-coupled DTL (BCDTL), that provides an
attractive solution for the problem region, with simpler
fabrication and higher efficiency.

Introduction

In an earlier linac design for ATW, we proposed a CCL
structure from 20 to 1600 MeV. Recently, we have examined
the mechanical engineering aspects of such a CCL and have
determined that it may be difficult to construct this structure
in the 20 to 100 MeV energy region. Because of the
difficulties of 1) assembling densely packed cells, 2) power
dissipation, 3) the increased possibility of multipactoring for
short cells, and 4) poor shunt impedence in this energy range
for such a large bore CCL (2.0-2.5 cm radius), we are
examining alternative structures for this energy range.

Figure 1 shows a schematic diagram of an ATW type
machine. The funneling energy is set at 20 MeV because of
increased engineering complexity and stricter beam
dynamics requirements at higher energies (higher deflector
fields and increased number of funnel components) and the
desire to minimize beam-loss-induced activation at the
transition region. The ratio of transverse aperture to rms
beam size has been used as a figure-of-merit in estimating
beam losses. In order to minimize beam loss, we have
required this ratio to be 6 or larger throughout the linac,
above 20 MeV. This condition requires adequate transverse
focusing throughout the linac to maintain beam size and to
minimize emittance growth, which could produce beam halo.
The ratio of aperture to rms beam size is dependant on the
intertank spacing and the type of focusing lattice used. The
number of cells per tank of the BCDTL and the transverse
phase-advance per focusing period were chosen to optimize
the transverse ratio of aperture to rms beam size. However,
the magnitude of this ratio is limited by the aperture size,

which must be chosen to give reasonable transit-time factors
within the cavities.

Fig. 1 Schematic Diagram of an ATW-type accelerator. The
BCDTL would be used to accelerate the beam from
20 to 80 MeV after the funnel.

Bridge-Coupled DTL Geometry

The BCDTL consists of 86 short, 5-cell drift-tube tanks
with EMQs located only between tanks and arranged as a
singlet FODO focusing lattice. Each of the tanks is 5-f31
long and operates at a structure gradient (E0T) of 1.3 MV/m.
This value of structure gradient leads to a constant real-estate
gradient of 1 MV/m throughout the BCDTL. This choice of
real-estate gradient gives a projected minimum in the
accelerator construction cost. The intertank spacing is 2-$\.
Power constraints allow up to four DTL tanks to be bridge-
coupled together to make up an RF module. Figure 2 shows,
in detail what the BCDTL and module geometry might look
like.

Bridge-couplers will be used to couple the TMoio
accelerating mode into individual tanks. To avoid excessive
field droop within individual tanks, when multiple tanks are
coupled together, it may be necessary to the couple tanks at
the center of each tank as shown in Fig. 2. Coupling at the
tank ends would require post couplers for field stabilization.

BCDTL Simulation with PARMILA

The BCDTL was simulated from 20 to 80 MeV as 86
individual tanks with intertank quadrupoles for transverse
focusing, using a modified version of the PARMTLA code.
The PARMILA code was modified for this particular
geometry. The equivalent CCL, which also consists of 86
tanks, was also simulated for this energy region using the
CCLDYN code. Figure 3 shows the drift-tubes in a tank to
all be of equal length, however, they could vary in length as
a function of beta as in a typical DTL. In the simulation, the
cells were generated in the usual manner, with the drift-tube
lengths increasing as a function of beta. Table 1 shows a
comparison between the CCL and BCDTL geometry and
operating parameters.

*Work supported by the US Department of Energy,
High Energy and Nuclear Physics Office.
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Fig. 2 Conceptual engineering drawing of what a 4-tank module of the BCDTL might look like.

The simulation was run using a fixed transverse aperture
radius of 2.0 cm throughout the BCDTL and a beam current
of 125 mA. Table 2 summarizes the results of both the
BCDTL and CCL simulations. Figure 4 shows the emittance
vs cell number for the BCDTL. The beam dynamics results
are very similar to those of the CCL design for this energy
region. There is essentially no transverse emittance growth.
The longitudinal emittance, however, grows because of the
constant accelerating gradient. This constant accelerating
gradient allows the longitudinal focusing per unit length to
become weaker as a function of distance along the linac.
Nonetheless, there appears to be no effect of longitudinal
emittance growth on the transverse emittance, that could
result in a degradation of the ratio of aperture to rms beam
size.

Figure 5 shows that, for our chosen aperture, an aperture
to rms ratio similar to that of the CCL (10-12.5) is achieved.
We have done SUPERFISH calculations which indicate that
using the BCDTL structure with a 2.0 cm aperture radius,
could lead to approximately a factor of 7 increase in shunt
impedance (ZT^) and reduce the heat load per tank by
almost a factor of 6, as compared to a CCL structure. Table 1
also shows the shunt impedence values. The total estimated
structure power for the BCDTL (20 to 80 MeV) is 5.1 MW.
It should be noted that for this type of application, this
structure is heavily beam loaded. The beam power for a
beam current of I = 125 mA is 7.5 MW (60% beam loading).

The results of this study indicate that the BCDTL could
be a practical alternative to a CCL for the 20 to 100 MeV
energy region of an ATW accelerator. This type of structure
provides both adequate transverse focusing of high-current
beams as needed to control beam-loss-induced structure
activation and is electrically efficient in this beta regime.

TABLE 1.
Comparison of CCL and BCDTL Operating Parameters

in the Energy Range of 20 to 80 MeV.
CCL BCDTL

No. of Tanks
Tank Length
Tank Diameter (cm)
No. of Cells/Tank

Cell Length
Intertank Spacing

Aperture Radius (cm)
ZT2 (MQ/m)

E0T, Structure (MV/m)

9s (ramped)
Focusing Lattice

Go
Effective Quad Length (cm)

Quad. Gradients (KG/cm)

86

5pX
32.23
10

1/2 PX
3/2 PX
2.5
3.5-21.0
1.3
-40° to -30°

FODO
80°
4.74

3.72 - 3.53

86

5PX
25.4
5

1 pX
2PX
2.0

27.82- 34.28.
1.3
-40° to -30°
FODO

80°
4.74

3.47 - 3.28
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Fig. 3 BCDTL tank cutaway view showing the drift-tube
geometry.

Fig. 5 Aperture to rms beam size ratio plotted as a function
of beam energy along the BCDTL.

TABLE 2
Comparison of Simulation Results

CCL Designs for

Et in (rc-cm-mrad)

£ t ) o u t (n-cm-mrad)

Ei, in (rc-deg-MeV)

Ej, out (rc-deg-MeV)
ao/xrms

APT/ATW at a
I = 125 mA.

CCL

0.024

0.024

0.21

0.26
11-12

for the BCDTL and
Beam Current of

BCDTL

0.024

0.026

0.21

0.29
10-12

Longitudinal RMS of IOOX

-100 U» 200 300 400
cell number

900

Fig. 4 Transverse and logitudinal emittances plotted as a
function of cell number along the BCDTL.
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Abstract so

This paper describes solutions to the problem of setting RF
phase and amplitude in a 600 MeV proton and H~ linac.
Various tune-up procedures have been developed depending
on the longitudinal beam dynamics along the linac . In addi-
tion to the well known absorber method for DTL and the At
procedure for the high energy part of the accelerator, a tune-
up method based on the measurements of phase spectrum,
momentum spread, absolute energy as well as time-of-flight
are used.

Introduction

The INR linac consists of two gap buncher, five Alvareg
tanks at 198.2 MH* followed by 28 DAW modules at 991
MH*. In a multi-tank linac, it is difficult to set phase
and amplitude in each accelerating cavity. Phase scan
measurements are successfully used in order to set the rf
field amplitudes and phases on the two buncher cavities
and the first four DTL tanks. In this measurement,
the rf phase in a tank N is scanned with respect to the
phase of the beam from tank N - 1, while detecting the
intensity of the accelerated beam beyond an absorber.

The fifth Alvarej tank of the INR linac is used to
match the beam longitudinally into the acceptance of
the DAWL. Therefore the tuning of this tank must be
done with special care.

The first five DAW modules are turned on by using
the At procedure [1]. For higher energy modules the
slope of the variable phase curves is not sensitive to the
rf field change. To set the rf field amplitude in the higher
energy modules several tune-up methods have been pro-
posed and studied.

DTL Tuning

In phase scan measurements the rf phase in a tank N is
scanned with respect to the phase of the beam from tank
N - 1, while detecting the intensity of the accelerated
beam beyond an absoiber. There is a set of absorbers
for which thickness are calculated to discriminate the
unaccelerated particles beyond each tank.

The typical phase scan curves are presented in the
Fig.l. By using these curves, the bucket phase width
at half maximum is determined for various rf field levels
and fitted to theory using a least square method. This

- O -60 -40 -20 0 20 40 60 80

(f~cps, degree
Figure 1: Tank 2 phase scan, rf field level is a parameter

process determines the rf field amplitude and phase to a
precision of 1% and 1° respectively at 99% c.l. Time-of-
flight measurements are made by using the beam har-
monic monitors (BHM) operating on the third harmonic
of the DTL rf frequency. In the phase scan experiments
the amplitude of the induced signal in the BHM installed
downstream the tank being adjusted is similar to phase
scan curve obtained by using the absorber. The de-
pendence of the third harmonic intensity from the rf
phase of the tank being adjusted can be used for setting
the rf field parameters. Once calibrated by using of the
absorber method this procedure works with the same
precision (1% and 1°) but does not disturb the beam.

The main feature of the longitudinal matching is that
the operating frequency of the second part of the linac is
five times higher that of the first part and, consequently,
its longitudinal acceptance is five times smaller. The
length of final (fifth) resonator of the DTL is a quarter
of a longitudinal oscillation wavelength which makes it
possible to reduce the bunch phase length by a factor
of 1.4 and thus fit the beam safely into the acceptance
of the DAWL. Therefore, the tuning of this cavity is
especially important. For this goal several independent
turn-on procedures have been developed which are based
on the following measurements: 1) time-of-flight; 2) the
intensity of the beam at a fixed energy as selected by
a spectrometer; 3) phase spectra. The phase difference
between the induced signals in the BHMs upstream (A)
and downstream (B) of the tank:

— lf>XBo}f + <fiABon (1)

verses the phase of the rf in the tank is presented in
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Figure 3: Tank 5 output beam energy vs accelerating
field phase

Fig.2. The synchronous phase is determined relative to
the intersection points of the x-axes and the sinus shape
curves - the location of these points does not depend on
rf field level in the tank. The amplitude of this curve is
compared with calculated one in order to find rf ampli-
tude in the tank.

The second method for determining the synchronous
phase is the measurement of the average energy as the
phase in the matching tank is varied (Fig.3). The mag-
netic spectrometer is tuned to separate the energy of
Wo ± SW/2, where 6W is the spectrometer resolution
and Wo is the input energy. As the phase is varied
the beam intensity downstream of the spectrometer is
measured. The result is two sharp peaks with a dis-
tance between them AF (Fig.4). The measurements
are repeated for other spectrometer energies Wo + AW,
where AW is known with the high precision. The mea-
sured value of AF must correspond to the calculated
one with the periodicity of 2*. The synchronous phase
is determined relative to the locations of the measured
peaks.

I V
AH

JL V iy \ i l
6 50»1 100 150 200 250 JOO ?2

Tonk 5 phase shift, deq.

Figure 4: Spectrometer output signal vs accelerating
field phase

- Af. deg
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2000 4-000 6000
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Figure 5: Phase difference vs rf phase of module #9.

DAWL Tune up Procedures

The coarse methods for setting the rf parameters as well
as the At-procedure for early modules in the INR linac
are described elsewhere [2]. In order to set coarsely the
rf parameters for modules in the energy range of 160-
600 MeV, the change in the value of the beam energy is
measured using a time-of-flight technique as the phase
is varied. The beam energy is measured using 2 BHM
placed ~ l m apart in a drift space. There is one pair of
BHMs at every third module. Then, the beam passing
through the two detectors induces a phase difference in
the measuring circuits. The measured phase difference
vs rf phase at module #9 is shown in Fig. 5. The mea-
sured At data are shown in the Fig. 6. The fitted line is
the phase variable line for the design rf field amplitude
and corresponds to a constant input energy. The At
application for the low energy part of DAWL up to 250
MeV shows that the relative input energy displacement
from design value is in the range of (0.03 - 0.1)%.

For higher energy modules the slope of the variable
phase curve is not sensitive to the rf field change. There-
fore the synchronous phase is determined by finding the
intersection point of the experimental phase variable
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Figure 7: Phase difference A<PAC VS rf phase of module
#21 with rf amplitude in a range of ±5% as a parameter.

CONCLUSION

The setting of the rf field amplitude and phase in a DTL
is done by using the absorber method with the precision
of 1% and 1° respectively for 99% of probability. The
At procedure has been successfully used for the low en-
ergy part of the DAWL up to 250 MeV which shows that
the input relative energy displacement from the design
value is in the range of (0.03 - 0.1)%. Additional mea-
surements in the higher energy modules are required to
exclude errors in the setting of the rf parameters from
the incoming energy displacement.
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curve for the input energy AW^=const with the per-
pendicular to the line AipA = 0 in the A t-plane [1].
However, this method will produce an erroneous syn-
chronous phase determination if the energy of incoming
beam is displaced relative to the design value. We have
made a computer simulation of a possible turn-on pro-
cedure which allows us to set the phase independently
from the incoming energy displacement AWA as well
as to find the value of AW^. To do this, the time-of-
flight iAc i» measured for the full range of the rf phase
adjustment (see Fig. 7). To find the incoming energy
displacement as well as the synchronous phase a hori-
contal line is drawn which is located in the proportion
a/b from the extrema of the phase scan curves. A com-
puter simulation allows determination of the ratio a/b
which avoids a dependence of the distance AF between
the intersections of this line and the measured curve on
the rf amplitude in the module. Then this distance AF
depends on AWA only. The sensitivity of this method
is 3° — 1° per 0.1% of the incoming energy displacement
AWA in the energy range 200 - 600 MeV in the INR
linac.
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Abstract

In the Institute for Nuclear Research a new facility based
on the primary proton beam of the meson factory is under
development in order to obtain, to separate and to accel-
erate on-line radioactive isotopic ions up to energy of 6.5
MeV/amu with the intensity up to 1012 atoms/sec. The
heavy ion CW linac consists of 2 types of accelerating struc-
tures: 27.12 MHi RFQ in the energy range from 1 keV/amu
to 60 keV/amu and IH-structure from 60 keV/amu to a fi-
nal energy of 6.5 MeV/amu. The most essential advantage
of the Linac for production of accelerated radioactive beams
in comparison with a cyclotron is a higher acceleration effi-
ciency of ions with a minimum charge to mass ratio equal to
1/60. Practically 99% of the injected beam is accepted by
the linac; acceleration occurs without beam losses. Success-
ful development of the IH-structures with shunt impedances
in the range of 200-300 MOm/m allows the linac to run in
CW mode [1, 2]. The using of a stripper at 350 keV/amu to
increase of charge-to-mass ratio does not destroy either the
transverse or the longitudinal emittance.

Introduction

The proposed Linac consists of two types of accelerat-
ing structures: RFQ and IH-structure [3]. The RFQ ac-
celerator provides almost 100% capture of the injected
particles. For the electrode voltage U=100 kV the RFQ
transverse normalised acceptance is equal to 1 * • mm •
mrad for an rf frequency of f ~ 25MHz. Beam specifi-
cations after the RFQ are | A $ |< 20°, | Ap/p \< 1%.
Use of an RFQ for acceleration of ions with the ratio
q/A = 1/60 to energies greater than ~ 60 keV/amu
is not efficient because it is limited to an acceleration
gain of ~ 4keV/amu • m. The interdigital H-structure
provides a gradient of ~ ZlkeV/amu • m. Therefore
in the energy range (60- 350) keV/amu for ions with
q/A=l/60, the IH-structure is preferable. Main prob-
lem for ion acceleration in this range is beam focusing.
Several types of beam focusing in IH-structure were con-
sidered: 1. Alternating phase focusing; 2.Focusing with
electrostatic quadrupole lenses placed inside the drift
tubes; 3. Magnetic periodic focusing. Detailed con-
sideration has shown that the most efficient structure
consists of magnetic quadrupole lenses placed inside the
drift tubes which are alternated with drift tubes without
quadrupole lenses. To make technically achievable lens
gradients, the drift tube length with quadrupole lens
must be longer than (3\. Because the phase spread at the

1 : . ' i , 5 6
B B 0 « B

Figure 1: Schematic layout of the radioactive nuclides
linear accelerator. 1 - RFQ resonator, 2 - focusing lenses,
3 -xebuncher, 4 - IH-structure tanks with magnetic pe-
riodically focusing, 5 - carbon foil, 6 - bending magnet,
7 -IH-structure with quadruplet housing.

RFQ output is sufficiently small, the synchronous phase
of the IH-tank can be chosen equal to if> — —25°. The rf
field level in the accelerating gaps must be low enough
to avoid rf breakdown in the CW operation mode. The
other restriction on the accelerating field is the rf power
dissipation per unit length P'. For reliable operation of
the rf tank the value of P' is equal to ~20-30 kW/m.

Accelerator design

The layout of the radioactive nuclides linear accelerator
is shown in Fig.l.

The compact bunches downstream of the RFQ have
to be accelerated up to the stripping energy of 350 keV/amu
in IH-structure with magnetic quadrupoles periodically
installed in every odd drift tube. By adjusting the edge
shapes of the drift tubes with quadrupoles it is possible
to keep the shunt impedance sufficiently high. The ac-
celerating tank based on the IH-structure in the energy
range of 60-350 keV/amu consists of two sections with
separate rf excitation. The power consumption of each
section is expected to be ~ ZbkW.

A charge state of 1 2 0 5n 1 + after the passing through a
carbon foil at the energy of 350 keV/amu has been calcu-
lated in accordance to ref.[4]. The results are presented
in Fig. 2. For subsequent acceleration, the charge state
with q = +18 has been chosen. The ions with other
charge states are separated and dumped using the bend-
ing magnet.

The accelerating tanks in the energy range 350-6500
keV/amu are based on the IH structure designed for a
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Table 1: Basic parameters
N of tank

Type of tank
Focusing type

Input energy (keV/amu)
Output energy (keV/amu)

Charge (q/A)
Operating frequency (MHz)

Eo • T (kV/cm)
Tank length (m)

Eff. shunt impedance (MOm/m)
Rf power consumption (kW)

of the
1

RFQ
RFQ

I
60

1/60
27.15

-
5.5
-

44

radioactive nuclides accelerator
2

IH
FODO

60
230
1/60
27.15

27
7.5
310
35

3
IH

FODO
230
350
1/60
27.15

27
7.2
180
60

4
IH
QH
350
2500
3/20
54.3
23.4
8.4
250
130

5
IH
QH
2500
4600
3/20
108.6
22.5
8.1

(230)
140

6
IH
QH
4600
6500
3/20
108.6
20.3
8.0

(190)
135

!« 15 16 17 18 19 20 2' 22

q

Figure 2: Charge distribution of the 120Sn2+ ions down-
stream the stripping foil.
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Figure 3: Phase trajectories on the plane (<f>, Af3/(3) for
IH-structure with <f>. = 0 (a,c) and <f>. = -30°(b).

synchronous phase <f>, — 0. The phase trajectories in the
plane (<£, A/3//3) in various points along the tank with
the energy from 350 keV/amu up to 2500 keV/amu are
shown in fig.3. During the acceleration the particles are
moved along the phase trajectories as shown in fig. 3a,c.
To rotate a bunch downstream of the focusing quadru-
plet housing (QH), the synchronous phase is set to -30°.
The focusing housing is placed at a minimum of the rf
field, therefore the shunt impedance of the tank is not
be worsened. Due to the small drift tube diameter in
the accelerating region, a maximum value of the shunt
impedance is provided [2]. Even though there is no sep-
aratrix in the IH-structure tank calculated for <f>, = 0,
acceptance in it shown in fig. 4. By suitable matching of
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Figure 4: Transverse (a,b) and longitudinal (c) ac-
ceptance of the IH-structure with injection energy 350
keV/amu.

the longitudinal phase parameters of the injected beam,
it is possible to accelerate the bunches with A $ = 20°
and A/?//3= 1.5%. A normalized transverse acceptance
of that tank exceeding 1 r • mm • mrad is shown in fig.
4. The basic Linac paiameters are listed in the table 1.

Rf parameters study of IH-structure

The 1:3 scale models of the each type of IH-structure
tank have been developed and manufactured. In Figs
5,6, the photographs of the 2 type IH-structure mod-
els are shown. The resonant frequency as well as the
uniform accelerating field distribution are provided by
changing the angle between the conducting side stems.
Additionally, the diameter of several drift tubes have
been changed to get the required accelerating field dis-
tribution. A uniform distribution of the electric field
can be obtained coarsely by use of the resonance tun-
ing elements, which are the short plungers between the
stem bar and the cylindrical surface of the tank. These
plungers are successfully used to form the proper field
distribution for the IH-structure with the focusing ele-
ments housing (Fig.6).

The accelerating field distribution in the model of
tank # 2 (see Table 1) is shown in Fig.7. Similar dis-
tribution for the tank # 4 model is presented in Fig.8.
A ratio of the electric shunt impedance to a quality
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Figure 5: The 1:3 model of the tank #2

Figure 6: The 1:3 model of the tank #4

Figure 7: Accelerating field distribution (tank #2)

factor has been measured on the model. In accordance
with our experience this value is kept for full scale tank.
Knowing the expected value of the quality factor for
the full scale model, it is possible to find the effective
shunt impedances and to estimate the power consump-
tion. These numbers are presented in the Table 1.

Conclusion

A Linac for acceleration of radioactive nuclides based
on RFQ and inter digital H-type structures is proposed.
The basic features of this Linac are:
- CW operation;
- practically 100% capture and the acceleration with
minimum losses;
- small ratio q/A=l/60 of the injected ions;
- a single stripping foil at an ion energy of 350 keV/amu;
- using the IH-structure with a large shunt impedance
for a moderate rf power consumption (~600 kW) and
Linac length (~45m).
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Abstract
The synchrotron of the ADRIA project, proposed for the
upgrading of LNL accelerator complex, have the capability
to accelerate protons with an injection energy of 210 MeV,
repetition rate of 50 Hz and an average current of about
32 fiA. In this paper we shall spell out a new proposal for
the H~ injector in this mode of operation.

The main components of the linac are a double fre-
quency (32.5 MHz, 65 MHz), an RFQ and DTL cavities
(425 MHz). The buncher gives to the bunch sequences
the time structure corresponding to the Synchrotron RF
frequency at injection. The shunt impedance in DTL cav-
ities (equipped with rare earth quadrupoles) remains suf-
ficiently high up to the synchrotron injection energy.

1 INTRODUCTION

A new project, called ADRIA [1], has been proposed for
the upgrading of the Laboratori Nazionali di Legnaro; its
main constituent is synchrotron able to accelerate both
heavy ions and protons a magnetic rigidity of about 22 T-
m (6 GeV for protons). Moreover for protons high average
current mode (50 Hz repetition rate) is foreseen, a max-
imum energy of 1.2 GeV. In this paper we will spell out
proposal for the linac to be used as a H~ injector in the
proton mode.

At the injection into the ADRIA Booster the beam en-
ergy is 210 MeV, which corresponds to a revolution fre-
quency of 0.65 MHz and, limiting the Laslett tune shift
to less than 0.2, the maximum number of protons that
can be injected within a normalized transverse emittance
of 25 mm-mrad is about 5 0 x l 0 n . The injection scheme
foresees 120 injection turns and that requires an H~ beam
pulse 185 fis long with an average current of 4.3 mA. The
injection will be performed with the charge exchange meth-
ode, "from bunch to bucket", being the RF stationary
buckets formed from the first turn of injection.

The frequency of the bunch sequences for one syn-
chrotron separatrix must be equal to the initial syn-
chrotron radio frequency, which is 32.5 MHz since the
Booster harmonic number is 50; moreover the phase di-
mension of each bunch sequence must be small enough to
be captured in one separatrix. One of the possible means
to fulfill this condition is to choose a linac rf frequency
equal to the initial synchrotron frequency. Of course there
is no need to keep the same frequency along the whole
linac. It is possible to increase the linac rf frequency while
the particle energy grows. One can construct a linac with

several multiple frequencies in subsequent cavities to re-
duce the rf power dissipation and the total linac length.
Such scheme is one of the most direct ways to achieve high
capture of the beam into the synchrotron buckets.

A linac with multiple frequencies was proposed as an
injector of the EHF project [2]. A similar scheme with four
multiple frequencies proposed also for ADRIA [1]. This
linac, successfully combining the RFQ sections with DTL
and side coupled cavities, allows to fulfill all requirement
mentioned above.

We give below an alternative linac injector scheme to
satisfy the same requirements, which contains some differ-
ent features that are worth to be discussed. To achieve
the proper time structure the linac is preceded by a low-
frequency input buncher, operating at 32.5 MHz, and the
following linac does not need multiple frequencies. That
leads to some advantages: the whole accelerator can be op-
erated at the same frequency and consequently the power
supply system will be simpler; the rf frequency can be cho-
sen sufficiently high; the problems concerning the longitu-
dinal matching associated to the frequency jumps between
sections are avoided.

In the proposed scheme the DTL focusing system,
as in some modern accelerators, consists of rare earth
quadrupoles that need no power supply. Due to the use
of those quadrupoles the drift tubes dimensions are very
small and the RF power losses in the cavities at high fre-
quency are comparatively low. The shunt impedance in
DTL cavities (equipped with rare earth quadrupoles) at
frequencies of 400-450 MHz remains sufficiently high up
to proton energies of 200-250 MeV. The value of shunt
impedance reaches the same level as at the frequency of
150 MHz (in DTL with electromagnetic lenses) for the pro-
ton energy of 100 MeV. Rare earth lenses made of magnetic
rods assembled inside drift tubes were developed at ITEP
[3].

2 DESCRIPTION OF THE INJECTOR

Fig. 1 gives a block diagram of the proposed linac. It con-
sists of several subsequent parts: the electrostatic preinjec-
tor, the low frequency buncher, one RFQ section and seven
drift tube cavities. Buncher is operated at the initial fre-
quency of the synchrotron 32.5 MHz (the second harmonic
can be added). Linac rf frequency may also be not an ex-
act multiple of this value. To be able to have a resonable
accelerating field in RFQ and DTL parts the frequency of
about 425 MHz was chosen. The buncher voltage must be
properly phased with linac electric field to avoid intensity
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instability in the ring chamber. The schemes to provide
this with good accuracy are well known. Each synchrotron
separatrix will be filled with three injector bunches.

As evaluations show the input bunching of the beam will
be 757c with one frequency buncher and 85% if the second
harmonic in the buncher is added.

For current limit calculations it was assumed: the nor-
malized beam emittance in the RFQ 1 mm-mrad, in the
DTL 1.5 mm-mrad. The real emittance of the beam will
be much smaller than it is assumed here. We will have
some reserve for a case of mismatch of the beam.

Main parameters of the linac in all its sections are given
in tables 1-6. Basic parameters are taken from ref. [1],

Table 1: Linac specifications
Kind of particles
Output energy
Average output current
Initial radio frequency in PS
Beam pulse duration
Repetition rate

MeV
mA
MHz

US

Hz

H"
211.
4.3
32.5
185
50

kV at the frequency of 65 MHz. The power dissipation in
the buncher is negligibly small compared to linac cavities.
The drift distance needed to have the proper bunching is
about 75 cm.

Table 4: RFQ Linac
Diameter of the cavity
Average radius
Minimum aperture
Equilibrium Phase
Modulation coefficient
Adjacent vanes voltage
Maximum surface field
Transverse phase advance
Minimum transverse phase
shift rate per period
Output bunch width
Output momentum spread
Output separatrix
momentum spread
Current limit

D
Ro
a

m
UL

E,

vt

A<{>
Ap/p
g

Imai

160
3.1
2.07

90° - 30°
1.1-2.0

84

M{2*EKP)
0.373-0.454
0.294-0.364

59°
± 1.1%

± 2.15%

75

mm
mm
mm

kV
MV/m
rad
rad

mA

Table 2: Transmissions
Table 5: DTL Linac

Low frequency bunching in 90
RFQ capture efficiency

85%
90%

The low-frequency buncher, compressing the beam in
90° at 32.5 MHz, fills up 3 buckets of the RFQ. The RFQ
capture efficiency is roughly equal to the transmission of
the linac; the bunching efficiency in 90° gives the pecentage
of the transmitted particles compressed in 3 DTL periods
of the 13 contained in a booster rf period. We will refer to
this scheme as to the 3/13.

The overall efficiency of the linac, considering 85%
bunching efficiency, 90% RFQ and DTL transmission ef-
ficiency and 95% capture efficiency into the synchrotron,
is of the order of 73%. Consequently in order to have
4.3 mA average current delivered to the Booster the dc
current from the preinjector has to be 5.9 mA. The peak
current at the input of the RFQ is of 22 mA.

Table 3: Main Para

Input Energy
Output Energy
RF frequency
Total length
Normalized acceptance
Current Limit
RF power dissipation
RF power for acceleration
RF duty cycle

meters of the Linac

keV
MeV
MHz

m
mm.mrad

mA
MW
MW

RFQ
40
2.5

425.
1.7
1.8
75
0.2

0.05
1.75%

DTL
2500.
211.
425.
93.
3.0
175
12.
4.2

1.75%

The effective gap voltage in the two-frequency buncher is
about 3.1 kV at the frequency of 32.5 MHz and about 1.55

Average electric field
Equilibrium Phase
Diameter of the Drift tubes
Outer radius of Drift
tubes curvature
Inner radius of Drift
tubes curvature
Aperture Diameter
Maximum surface field
Input separatrix
momentum spread

E

d

E,

era

3
-25°
70-62

20

7
6.4
24

± 2.22%

MV/m

mm

mm

mm
mm
MV/m

As mentioned above in the DTL structure the transverse
focusing will be made using the quadrupole lenses made of
rare earth compounds as SmCo or NdFeB. This will lead
to very small lenses and drift tubes. The major result of
this choice is that the shunt impedance, defined as :

Z =
2dP/dz'

is kept at resonable values for all the DTL cavities (ta-
ble 6).

The figures in the tables present preliminary results of
analytical calculations, but they serve only as a direct ev-
idence of feasibility and rationality to make such a linac
They reflect the real situation good enough.

As one can see, there is no reason to construct a su-
perconducting linac. The electric energy stored in each
cavity is about 10-15 J. It is much lower than the energy
deposit needed for acceleration. We may add during the
beam pulse about 0.7 MW for acceleration in each cavity
and therefore there is no reason to use low power RF gen-
erators for cavity excitation. In addition, any instability
of compensation system will lead to quenching.
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Figure 1: Block diagram of the Linac

Parameters
Output energy
Cavity diameter
Length
Gap coefficient
Drift tubes diam.
Quad Gradient
Quad length

vt
Normalized acceptance
Output g
Shunt Impedance
RF Power
-dissipation
-for acceleration
Energy deposit
for beam pulse

Table 6: DTL Linac
cavities:

MeV
cm
m

cm
KG/cm

cm

mm-mrad
%

M n/m

MW
MW

J

I

20
48
7.2

.18-.34
7.0
15
2.5
.586

0.413
3.0
1.26
67

0.5
0.35

65

II

52
42

13.1
.20-.30

7.0
5.34
7.5

0.691
0.481

3.5
1.05
50

1.2
0.64

118

• Cavities
III

84
37

13.4
.22-.30

7.0
3.2
15.

0.764
0.520

3.8
0.96
36

1.7
0.64

118

IV

116
36

13.6
.25-.33

6.2
3.26
17.5

0.885
0.564

4.1
0.90

34

1.8
0.64

118

V

148
35

13.9
.29-.35

6.2
3.33
20

1.061
0.609

4.4
0.86
32

2.0
0.64

118

VI

180
33

14.8
.33-.36

6.2
3.38
20

1.086
0.611

4.4
0.83
29

2.3
0.64

118

VII
211
33

14.6
.34-.39

6.2
3.50
20

1.120
0.615

4.4
0.80
29

2.3
0.62

115

Finally some words have to be spent about injection
requirements into the booster. The injection is delicate
since it is desirable to generate in the six dimensional phase
space a stationary distribution that transversally occupies
homogeneously the available emittance and longitudinally
have the highest possible bunching factor, defined as the
ratio between average and peak current circulating in the
ring. In this way it is maximized the charge that can be
accumulated for a given Lasslett tune shift.

The procedure to generate such a distribution (called
sometimes "painting" ref [2] pag. 199) has been studied
for 2/24 time structure (EHF) and 1/40 (ADRIA, injec-
tion 211 MeV). Our scheme 3/13 has still to be studied,
but according to experience gained, 3 bunches should give
better results for the filling of the longitudinal phase plane.
On the other hand the losses among the 15% of particles
contained in the 10 "empty" buckets have to be investi-
gated. If they are not tolerable some improvements are
still possible in the injector, as for example the substitu-
tion of the double-drift buncher by an RFQ working at
32.5 MHz. In this way is still kept main part of the advan-
tages of this injector design. Moreover we mention that
the linac works well below its current limit, so that the
choice between 80, 100 or 120 turns injection can be done
according to convenience of the injection process.

Between the RFQ and the DTL a chopper could be
placed to create an empty gap of about 150 ns needed

for the booster extraction kicker.
Taking into account the revolution period in the booster

synchrotron 1.54 /^s, about hundred injection turns and
the repetition rate 50 Hz, the total number of accelerated
particles per second will be 2 • 1014p/s, equal to 32/iA.

The losses at injection in Booster are of the same or-
der or less than in the well known projects of similar
synchrotrons. (KEK, number of accelerated particles per
second N=6 • 1013p/$ [4], ZGS, N=3 • 1013p/s [5], AGS,
N=5- 1013p/s I6])-
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Abstract

A finite element field solver for dipole modes in ax-
isymmetric structures has been written. The second-order
elements used in this formulation yield accurate mode fre-
quencies with no spurious modes. Quasi-periodic bound-
aries are included to allow travelling waves in periodic
structures. The solver is useful in applications requiring
precise frequency calculations such as detuned accelerator
structures for linear colliders. Comparisons are made with
measurements and with the popular but less accurate field
solver URMEL[1].

Introduction

The finite element field solver YAP[2] has been ex-
tended to calculate dipole modes to aid the design of
detuned accelerator structures. The detuned accelerator
structure is a disk loaded waveguide with cell parameters
(diameter 26, disk aperture 2o and disk thickness t) vary-
ing along the structure such that the lowest synchronous
dipole modes of the cells have a gaussian density distribu-
tion while keeping the phase velocity of the accelerating
mode constant. The formulation described here yields the
synchronous dipole mode frequency with accuracy better
than 30 ppm. An accuracy less than 10~4 is desired. Com-
bined with YAP's high accuracy monopole field solutions
for the accelerating mode, the parameters of the detuned
structure can be determined with errors less than machin-
ing tolerances. This design process requires only minimal
cold-testing and furthermore, with precision machining, it
could eliminate the need to tune each cell of the structure.

This paper describes the finite element formulation
used to calculate the dipole modes and then presents some
test results verifying its accuracy.

Finite Element Formulation

This paper describes an algorithm for finding the mag-
netic field B. Changing the boundary conditions on the
metal walls will yield the electric field E instead. The
magnetic field B has three components B:, Bp and B0

which have an assumed time dependence e~l{~'' and az-
imuthal dependence e"n<p with m = 1. Modification of
the boundary conditions and elements on the axis will al-
low solutions for m ^ 1. The interior of the structure in
the (z,p) plane is Q. Consider four types of boundaries:
Tmetah Faxis, Fieft and Fright- The last two boundaries
are the left and right boundaries of one cell of a periodic

structure. They are connected by a 2 translation operator,
R '• Tieft —» r,ight- The fields in a periodic structure are
decomposed into modes with phase advance if> in accor-
dance with Floquet's theorem. Symmetry boundaries are
also available.

Strong Formulation

Combining Maxwell's curl equations yields the follow-
ing strong formulation for dipole modes: given the phase
advance ip, find the eigenvalues u?2/c2 and eigenmodes B
such that

V x ( V x B ) - ^ - B = O in

h x (V x B) = 0 on F m c t a l ,

Bz = 0 and B$ = iBp on Faxis,

h x (V x B)| f l , = -h x (V x B ) | x e ^

and B{Rx) = B(x)eiv> Vx € Fieft.

(la)

(lb)

(lc)

(Id)

This formulation does not include all of Maxwell's equa-
tions. In particular, there are irrotational solutions with
w = 0. These unphysical solutions are separate from
the desired solenoidal solutions which have u> > 0. For
solenoidal solutions, the boundary condition (lb) corre-
sponds to n x E = 0 and also implies h • B = 0 on Fmetai-
Boundary condition (lc) states that B is continuous at
the axis, and boundary condition (Id) is the quasi-periodic
boundary condition for periodic structures.

Weak Formulation

The equivalent weak, or variational, formulation of
the problem is: given the phase advance tjj, find u2/c2 and
B G V such that for all test fields C G V,

where

(V x C)* • (V x B) - — C* • B pdQ = 0 (2a)

Vx€F l e f t , (2b)

= iAp on Faxjs}.

V = {A 6 tf(curl) :

A(Rx) = A(x

Az — 0 and

* Work supported by Department of Energy, contract
DE-AC03-76SF00515.

The set //(curl) contains all vector fields A for which the
integral (2a) with C = B = A exists. This condition con-
strains the tangential component of A (i.e., B and C) to
be continuous across an interface, for example between two
elements. There is no such constraint on the component
of the field normal to an interface, but the finite element
solutions below yield normal components of the field which
are near continuous.
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Finite Element Formulation

In order to solve for the fields on a computer, a finite
dimensional subspace V>, C V is used in the weak formula-
tion above. A field A € V/, is a linear combination of basis
functions. Texts such as Strang and Fix[3] and Hughes[4]
describe the finite element method, where the basis func-
tions are assembled from simple functions on each element.

In YAP, the domain ft is partitioned into triangular
elements, as in the example shown in figure l(a). For each
element there is a map xe : 17 —• fte which is used to
transforms integrals over fte to integrals over the master
element ft shown in figure l(b). Quadratic maps are used
to approximate curved boundaries well. Let the coordi-
nates of a point in ft be r and s. The map for element e
gives (z,p) = xe(r,s).

0

Fig. 1 (a) A sphere partitioned into elements. The dotted
line is the axis and the dashed line is a symmetry
plane, (b) The master element ft and its 6 nodes.

The finite element basis is inspired by the works of
Crowley[5] and Nedelec[6]. There are 14 basis functions
for elements which are not adjacent to the axis, such as
fti, ft2 and ft3 in figure l(a). On such elements the field
— ipBff, is represented by the usual quadratic lagrangian
basis functions

TV, = r ( 2 r - l )

/V4 = Ars

7V2 = s(2s- 1)

7V5 = Ast

N3 = t(2t -

N6 = Art
(3)

where t = 1 — r — s. In a typical application of the fi-
nite element method, the lagrangian basis functions would
also be used for Bz and Bp, but this leads to difficulties
with spurious modes. Instead, YAP constructs vector ba-
sis functions for (BZ,BP) as follows. Given the element
map xe : ft —> fie, the vectors V; tangential to side i are

= - ( V 2 = ^ . (4)
or

The reciprocal vectors R, normal to side i are

Ri = — (R2 + R3)

ixV 2
R2 = (V2 x V3)

0 x V3

(V2 x V3)"

(5)

Then a set of vector fields easily assembled into JJ(curl)
are constructed. The fields L,- satisfying Li • V;- = <5,j on
the sides of the element are

Li=rR3-sR2 L3 = tR2-rRi. (6)

Finally, the 8 vector basis functions are

N7

N 8

N9

= rL,
= «Li
= sL2

N1 0 =
N , , =

N1 2 =

«L2

«L3

rL3

N 1 3

N 1 4

= -2 sL 3

= -2tLi. (7)

N 1 3 N 1 4

Fig. 2 Examples of vector basis functions for (B~,BP).
The size and direction of the arrows indicate the
magnitude and direction of the basis functions.

Elements which touch the axis must enforce the
boundary conditions there. Elements with one corner on
the axis, such as ft4 and fte in figure l(a), have 11 basis
functions. Assuming node 2 on axis, the basis functions in
the form ((Bz,Bp),-ipB,(l) are

=(0,r(2r-l)

N3 = (O,4rt)
N4 = (-sL^r
N5 = (sL2,st)

= (rL,,0)
= (<L2,0)
= (tL3,0)
= (rL3,0)
= (-2aL3,0)

(8)

Elements with one side on the axis, such as fts and ft7

in figure l(a), have 6 basis functions. Assuming side 3 on
axis, they are

N 1 = ( 0 , 5 2 )
N2 =

N4 =

N6 = (-2«L3,0).
(9)
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The field B is a linear combination of these basis func-
tions. Substituting these fields into (2a) yields a general-
ized eigenvalue problem which can be solved for the ap-
proximate eigenvalues ui2 /c2 and eigenvectors B. Careful
orientation of the vector basis functions is necessary to
ensure that the tangential component of the field is con-
tinuous across the element boundaries. This and the quasi-
periodic boundary condition are handled when assembling
the element matrices (the integral (2a) restricted to fie)
into the global matrices (the integral (2a) over all of f2).

Tests

Tests on the lowest mode of a pillbox and the second
lowest mode of a sphere are shown in figure 3. A pill-
box lcm high with a lcm radius has eigenvalue ui2/c2 =
13.25956212 cm"2 for the lowest mode. A sphere with ra-
dius of lcm has u>2/c2 — 14.97874667 cm"2 for the sec-
ond lowest mode. The results show that YAP can provide
higher accuracy by over an order of magnitude. The rel-
ative error in the eigenvalue scales as O(h3S) for YAP,
O{h2) for URMEL on a pillbox, and O(h) for URMEL on
a sphere. Inadequate modelling of curved boundaries is
responsible for the poor scaling observed in URMEL on a
sphere.

10 - 1 _

- 2 _10

fe 10-3

U 10-4

10 - 5 _

10 - 6
0.01 0 50 05 0.1

node spacing (cm)

Fig. 3 Test on a pillbox (solid line) and a sphere (dashed
line).

Careful choice of the basis functions makes this finite
element formulation preserve the continuum result that all
unphysical solutions have u; = 0, so the spurious solutions
which plague many field solvers are easily avoided[7]. A
naive choice for the basis functions often leads to a finite
element field solver which is unreliable due to the presence
of spurious modes with ui > 0.

X Band Accelerator Structure

An example of an x-band accelerator structure is
shown in figure 4. The estimated relative error for the
calculated frequency for the lowest dipole n mode using
this mesh is 0.0033, and refining the mesh reduces the fre-

quency error to 10 ppm. This is an estimated error of
150 KHz relative to the lowest dipole n mode frequency of
15 GHz. Measurements on a stack of six identical cells (five
cells with a shorted half-cell on each end) agree with the
calculations. For example, the second lowest dipole 0 mode
frequency was calculated to be 16.764 GHz. Compared
with the measured frequency of 16.761 GHz, the error is
3 MHz, or 200 ppm. This is consistent with the 100 ppm
error estimate for the dimensions of the structure and the
1 MHz error estimate for the frequency measurement.

These results demonstrate that YAP can find mode
frequencies to a high degree of accuracy. In particular, it
has sufficient accuracy to aid the design of detuned accel-
erator structures.

(b)
4 (a) Lowest dipole n mode for an x-band acceler-

ator structure and (b) magnified view of the right
nose. The arrows represent the field (Bz,Bp) and
the circles represent the field —ipB^. The sizes of
the circles and arrows indicate the magnitude of the
fields.
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Abstract

We describe some electron-beam diagnostics and results
from the Los Alamos APLE Prototype Experiment (APEX)
linac. The diagnostics include complementary nonintercept-
ing and intercepting techniques with time integrated and time
resolved capabilities.

Introduction

APEX is a photoinjector-RF linac, free electron laser
(FEL) experimental facility that has been constructed as a
prototype facility for techniques and diagnostics to be used on
the Strategic Defense Initiatives Average Power Experiment
(APLE) demonstration experiment presently being designed
by Boeing. APEX is described in detail elsewhere [1,2].

The standard diagnostics include Optical Transition
Radiation (OTR) screens, wall current monitors and magnetic
spectrometers. All but the first wall current monitor will soon
be converted to beam position monitors [3]. The screens are
viewed by various vidicon, SIT, intensified CID and streak
cameras. Several other techniques are used to measure the
beam properties.

Figure 1 schematically shows some of the techniques in
the vicinity of screen 4 just before the 60 degree bend
between the accelerator and resonator sections, which we will
describe in more detail.

OTR Screens and Emittance Measurements

OTR screens are used to measure beam position and
size. We have tried several types of materials for the screens
including 100 |Jtm to 200 pun polished Mo, Si, Al and Al
coated quartz. We also use 0.8 \nm Al as the first foils of OTR
interferometers. In all cases we find that damage nominally
begins for macropulses greater than 10 [is and charge greater
than 5 nC per micropulse when focused to about 300 |im
diam. spots.

APEX is a low emittance accelerator and is capable of
focusing beam waists of less than 100 \im. Resolution of
these images is difficult and approaches the physical
limitation of the OTR technique. Assuming the majority of

• - BEAU mOt» CATHODE 4 ACCELERATORS

t-WALL CURRENT MONTTOR

OUAORUPOLE

SEVERAL APEX
e - SEAM

DIAGNOSTICS

Fig. 1 Schematic of the diagnostics near the beginning of
the 60 degree bend.

*Work supported by the U.S. Army Strategic Defense
Command under the auspices of the U.S. Department of
Energy at Los Alamos National Laboratory.

OTR light is emitted in a cone three times the angle of peak
emission, with an equivalent f-nutnber of f - 7/6 = 13, the
resolution is diffraction limited in the visible (X = 600 nm) to

= 18 (im.

On-line emituuice measurements are important to de-
termine machine performance versus parameter settings and
for comparison of beam quality with the FEL performance for
modeling purposes. We have recently begun measuring
emittance by varying quadrupole currents and measuring the
resulting spot size versus current at a downstream OTR
screen. The measured spot sizes are then fit with a calculated
curve to determine the emittance [4]. We have coupled the
scanning process to EPICS automated control of APEX [5].
An example is shown in Figure 2. Also shown in Figure 2 are
two curves with slightly different RMS emittance values in
units of 7r-mm-mrad to indicate the sensitivity of the
technique. The error bar is the RMS deviation of the best fit
to the data.

The automated scan technique typically averages pro-
files from several macropulses at each quad setting to im-
prove signal to noise. In the past, we have used an OTR inter-
ferometer to measure the beam divergence along with the
minimum spot size and hence the emittance [6]. The OTR
interferometer has the potential to yield an emittance figure
on each macropulse and thereby determine emittance jitter.
We are currently attempting to automate this technique.
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Fig. 2 Plots of fits to quadrupole scan data for determining
emittance.

Streak Camera Micropulse Measurements

The combination of the OTR light and the RF-
synchronously scanned streak camera provides a powerful
tool for measuring the micropulse properties averaged over a
macropulse [7]. Figure 1 shows the optical setup for imaging
the back side of screen 4 onto the slit of the streak camera.
The camera is deflected synchronously with the 108 MHz
RF.

In Figure 3, we have plotted the pulse length versus mi-
cropulse charge for two photocathode laser spot diameters
and 20 usec macropulses. The e-beam energy was 39 MeV
and the drive laser had an 8 psec pulse width. We have de-
convolved the 3.5 psec time resolution of the streak camera.
Note the very narrow e-beam pulses lengths at low charges
that result from the RF bunching when the electron pulses are
phased on the rising amplitude of the RF.

2 3 4
MICRO PULSE CHARGE (nC)

Fig. 3 Plot of the micropulse length versus micropulse
charge.

on APEX [8]. They can be generated by steering the e-beam
off center through the accelerator. They also occur because of
asymmetries in the accelerator or beam tube. The transverse
wakes cause the tail of the electron bunch to be steered trans-
versely. The effect increases with micropulse charge and the
transverse size of the bunch. Figure 4 shows the effect on the
streak image of steering a beam several millimeters off center
through the last two accelerators. The beam is steered back to
the center of screen 4 where the last set of quads was used to
focus to a nominally 1.5 mm wide by 5 mm high spot. The 41
MeV beam was about 3 mm wide by 2 mm high through the
accelerators with 4 nC/micropulse. The photocathode drive
laser had an 11 psec pulse width.

WAKE FIELD OBSERVATIONS AT SCREEN 4

Using the streak camera, we believe we have directly
observed the effects of transverse wake fields on the mi-
cropulses. Transverse wake field effects have been predicted

Ace C * Ace D
STREAK CAMERA

SOURCE

Fig. 4 Streak images showing micropulse effects of trans-
verse wake fields.

The orientation of the images in Figure 4 is such that the
x-axis is equivalent to looking at screen 4 in the direction
away from the accelerators. It can be seen in Figure 4 that the
image at screen 4 broadens when the beam is steered off
center and also that the tail of the beam is kicked toward the
near side of the accelerator. There was no measureable
change in the micropulse length. A small amount of skew can
be seen in the centered image as well. The skew on center is
believed to be caused by asymmetric distribution of the
APEX RF coupling cavities in the accelerators. Data taken at
5 nC with larger beam diameters through the accelerators
shows a large amount of skew in the image when the beam is
centered through the accelerators. Calculations estimating the
wake field effects are underway and have so far reproduced
the qualitative features of the measurements [9].

The larger spot sizes when the e-beam is focused on a
screen translate into increased emittance due to the wakes.
We also demonstrated that by steering slightly to the right on
screen 4, we could compensate for accelerator asymmetries
and produce a narrower spot

Other Measurements

Beam halo is important in the construction of high-duty-
factor machines, such as APLE, where halo interaction with
the beam tube and accelerator could cause a significant radia-
tion background and potentially activate the machine for long
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periods of time. Figure 1 shows the optical setup for measur-
ing halo used at APEX. The beam is focused at screen 4 and
the OTR light is imaged onto a neutral density (ND) filter
strip. The strip image is then magnified and reimaged on the
ICID. The image region to the sides of the ND strip is not at-
tenuated so that the lower intensity halo becomes visible.

Figure 5 shows normalized plots of line averages from
halo images for several macropulse lengths where the center

« 100000
z

I
UJ 10000

z 1000

20 us X 1

10 us X 2

5 us X 4

NORMBG.

- 4 - 3 - 2 - 1 0 1 2 3 4

X-POSITION (mm)

Fig. 5. Plots of processed halo data.

of the plot was multiplied by 100 to account for the ND 2.0
filter. The halo fraction is a constant indicating that the halo
probably does not result during macropulse rise and fall.
Modeling has reproduced the features the halo images but
long computer runs are required because of the low statistics.

Synchrotron radiation from the beam provides a means
for non-interceptive monitoring of the beam quality and
position at bends in the transport. We have experimented with
this technique at the first 30 degree section of the 60 degree
bend as shown in Figure 1. It is possible to determine the
shape of the beam and relative position, but determining the
absolute position is difficult because of lack of references.
We have also investigated the sensitivity of our technique by
lowering the accelerator energy. The signal falls rapidly
because of the y dependence of the total synchrotron power
and the lAp dependence of the critical wavelength of
emission. For ICID cameras the minimum beam energy for
imaging is about 23 MeV.

OTR imaging has proven useful for determining field
emission from the photocathode injector. Because the emit-
tance of APEX is so low, the electron emission distribution of
the cathode is reproduced on the second screen. We have
compared images of a few micropulses of known charge with
those when just the RF was operating. From the comparison
we have determined a value of 0.045 nC per micropulse of
RF which appeared mainly from a scratch in the photocath-
ode substrate that was clearly reproduced on the OTR image.
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ABSTRACT
Synchronization is necessary in experimental physics

machines to provide positive control over related events.
The Ground Test Accelerator (GTA) timing system provides
this function through a distributed control system, known as
the Experimental Physics and Industrial Control System
(EPICS). The EPICS timing system was designed to take ad-
vantage of a distributed architecture, and provides time
stamping for synchronous data correlation as well as event
control. The system has been successfully demonstrated on
over a dozen controller nodes for operation and data analy-
sis. The design of the hardware, software, and operational
results are discussed.

INTRODUCTION
The Experimental Physics and Industrial Control Sys-

tem (EPICS) is a hierarchical, distributed system of controls
[1]. Real timecontrol is provided bya network of I/O control-
lers (IOCs), VME systems which directly control beamline
hardware. Access to IOCs is provided by operator interface
tools (X-window based) and other applications by channel
access software [2]. All control system hardware nodes are
interconnected by TCP/IP ethernet. Due to the asynchro-
nous nature of TCP/IP ethernet, a dedicated timing system
system is required to provide synchronization and data time
stamping.

Architecture
The implementation of the EPICS timing system uti-

lizes a central master timing device, which generates and dis-
tributes timing signals to subsystems via an optical distribu-
tion network. The distribution network is configured as a
star, with dedicated fibers for each subsystem controller
(IOC).

Four types of timing signals are defined, The system
clock, system trigger, time tag clock, and time tag reset. The
system clock is the reference for all timing events in the sys-
tem. The system trigger synchronizes control and data acqui-
sition. The time tag clock and time tag reset provide a means
to tag acquired data with a unique event number and time
stamp.

User timing events are defined as programmable one-
shots retriggerable by every system trigger, or multiples of
the system trigger. Both the delay from the system trigger to

* Work performed and funded by the Department of
Energy under the auspices of the Department of
Defense

the user event and the duration of the user event are pro-
grammable. The programming of user timing events of this
type is directly supported by timing hardware and EPICS
software tools.

Beamline Control
IOCifO

Master
Timing
Module

Optical
Fanout

Optical
Fanout

Beamline Control

Slave
Timing
Module

Beamline Control
IOC#N

Slave
Timing
Module

Figure 1 EPICS Timing System Architecture

HARDWARE IMPLEMENTATION
The EPICS master and slave timing modules imple-

ment a distributed timing system. Each device is packaged as
a standard VME module, allowing timing functions to be im-
plemented in a single slot in each IOC. Since many user tim-
ing requirements can be met by a system with 200nS resolu-
tion, 10 channels of user programmable timing channels of
this resolution are provided on each device. Higher resolu-
tion is achievable with external hardware. Additional VME
timing modules can be added to provide large numbers of
user timing channels.

Hardware Internals
Four signals are distributed, a 5MHz system clock, a

time tag clock, a time tag reset, and a system trigger. The
generation rate of all signals except the 5MHz clock are pro-
grammable. All timing signals originate on the master timing
module, and are distributed to multiple slave modules
through optical fanout modules (star topology). The 5MHz
clock is distributed on one fiber, while the remaining signals
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are multiplexed over a second fiber. In addition, each timing
module provides 10 channels of programmable counter/tim-
er hardware for use in generating user timing signals. All
timing signals are provided on the front panel through a 50
pin ribbon cable. The clock and system trigger are also pro-
vided through Lemo coax connectors.

The 5MHz clock is intended as the global system time
base. The user programmable counter/timer hardware is di-
rectly connected to it, and the system trigger is synchronized
to it on the slave module. All other timing signals are syn-
chronized to the falling edge of the clock at the master. This
insures lOOnS of propagation delay tolerance between the
two distribution fibers. The limiting factor on the system
clock at this time is the speed rating of the counter/timer
chips which generate the user timing signals (7MHz). This
signal is available as a high drive TIL signal on both a front
panel 50 pin header and coax lemo.

The time tag clock and time tag reset signals control two
16 bit counters intended for time stamping. One counter is
free running, and one is latched at each system trigger. The
source of these signals is programmable at the master be-
tween the 5MHz system clock and an external source. The
timing modules can be programmed to interrupt upon count-
er reset. Both the time tag clock and reset are synchronized
at the master to the falling edge of the system clock, but due
to the asynchronous nature of the timing signal decoder,
50nS of jitter is to be expected on the slave. The frequency
limitations of these signals are directly related to the design
of the timing signal decoder, a conservative estimate is
100KHz.

The system trigger is used as the gate signal to the user
programmable counter/timers, and is intended to be the
main synchronizing event in the system. It is synchronized to
the rising edge of the system clock at each slave to < 20nS.
The synchronizing process delays the signal by 400nS (two
clock ticks). The timing modules can be configured so that
the system trigger causes an interrupt. This signal is available
as a high drive ML signal on both a front panel 50 pin header
and coax lemo.

The 10 user programmable counter/timer outputs are
intended as general purpose timing outputs. They are pro-
vided by two AMD 9513A system timing controller chips.
These devices contain 5 programmable 16 bit counters with
numerous operating modes. A complete description of the
operating modes is beyond the scope of this document (refer-
ence the Am9513A technical manual for details). Each tim-
ing chip has access to all timing signals and an external input
as source inputs. All gate inputs of each chip are connected
to the system trigger. Buffered outputs and external inputs
are available on a front panel 50 pin header. Six of the 10 tim-
ing channels (1-3, 6-8) can be configured individually to in-
terrupt. The counter/timer chips and their associated con-
trol/interrupt hardware are logically separate from the time
stamp/system trigger logic and can be treated as separate de-
vices.

SOFTWARE IMPLEMENTATION
The EPICS software tools provide easy user access to

the features of the timing system. Users define database en-

tries that control timing parameters. All user timing signals
are produced relative to the system trigger, but may be speci-
fied as relative to another user timing signal. The delay from
the reference event, the pulse width, and the active sense
(logic " 1 " or "0") are entered into a database configuration
tool and the resulting database is downloaded into the IOC
at boot-up. The fields of these database records can be
changed during operation by a network access using "chan-
nel access" routines. These routines allow database records
to be accessed by name across the network, and are generally
called by operator interface software.

Record Types
The most basic timing signal is a simple pulse refer-

enced to the system trigger. Entries in the database are made
for channel #, time units (eg. microseconds), delay until trig-
ger, and pulse width. In the following example, timer_22:0
is specified to occur 3uS after the start of system trigger.

Process Variable: timer_22:0 Type: timer Node: ioc 22

Field Name
SCAN
EVNT
TORG
TYPE
OUT
TIMU
DUT1
OPW1

Entry
I/O Intr
0
0.00
8309
#C0S0
microseconds
3.000
1.000

Specifies
Scan on interrupt

Source: system Trigger

Card Type
Card and channel #

Delay until trigger

Pulse width

Figure 2 Database Record for Simple Pulse

Timing signals may also be referenced to other user de-
fined timing signals. The absolute delay from the system trig-
ger will be calculated and loaded into the hardware. In this
way, related timing signals may be shifted in time with the
relative timing intact. Entries in the database are similar to
the simple pulse, with the addition of a non-zero trigger ori-
gin. In the following example, timer_22 1 is specified to oc-
cur 3uS after the start of timer_22:0.

Process Variable: timer_22:1 Type: timer Node: ioc 22

Field Name
SCAN
EVNT
TORG
TYPE
OUT
TIMU
DUT1
OPW1

Entry
I/O Intr
0
timer 22:0
8309
#C0S0
microseconds
3.000
1.000

Snecifies
Scan on interrupt

Trigger origin

Card Type
Card and channel #

Delay until trigger

Pulse width

Figure 3 Database Record for Referenced Pulse

Timing signals may also be generated at multiples of the
system trigger. Software synchronizes the phasing using the
time tag counters. Entries in the database are similar to the
previous examples, with the addition of an event number.
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Process Variable: timer_22:2 Type: timer Node: ioc 22

Field Name
SCAN
EVNT
TORG
TYPE
OUT
TIMU
DUT1
OPW1

Entry
I/O Intr
2
timer_22:0
8309
#C0S0
microseconds
3.000
1.000

Specifies
Scan on interrupt
System trigger 12
Trigger origin

Card Type

Card and channel 0

Delay until trigger

Pulse width

Figure 4 Database Record for Different Rep Rate

A planned enhancement to the software is single shot
event support. This event type requires that a arming signal
be distributed before the system trigger. Entries in the data-
base are similar to the previous examples, with the addition
of a new scan type, "one shot".

Limitations
The hardware places several constraints on the timing

signals generated in the manner described above. The user
timing delay and pulse width is implemented by a 16 bit
counter running at 5MHz, so the limit on both is 13.1 mS.
The time tag clock and time tag reset should also be chosen
so that the time tag counter (also 16 bit) does not overflow
during normal operation. The specification of the Am9513A
system timing controller chips states a maximum delay of
20nS between terminal count (pulse start or stop) and output

change of state, so user timing signals utilizing the local tim-
ing channels are subject to this accuracy limitation. Howev-
er, operational results have shown that the actual value is a
constant and does not contribute measurably to signal jitter.

OPERATIONAL RESULTS
The EPICS timing system has been in operation since

June *91, and found to be flexible and reliable. Over 95% of
the GTA timing requirements have been met by the 200nS
resolution user timing channels, the few requiring greater
resolution have been implemented with external instru-
ments triggered by the system trigger directly.

Several revisions have been made to the hardware to
improve time tag accuracy and functional density. The hard-
ware described above is the latest version, combining im-
proved timing signal distribution and accuracy with user pro-
grammable timing outputs. Tests on the installed system
have shown a worst case trigger jitter between nodes of
+ /-lnS with a standard deviation of 700pS. The system has
proved to be economical as well, with both master and slave
modules costing under $1500 each to construct.

REFERENCES
[1] L.R Dalesio, M. Anderson, R. Cole, C. Eaton, J.Hill,

D. Kerstiens, A. Kozubal, F. Lenkszus, R. Zieman "EP-
ICS Architecture", these procedings.
[2] J. O. Hill "Channel Access: A Software Bus for the
LAACS", International Conference on Accelerator and
Large Experimental Physics Control Systems, Vancouver
B.C.. Canada, October 30, 1989.

822



Friday

Session FR1

Chairman: J. Le Duff

Invited Papers

NEXT PAGE(S)
left BLANK



CA9700295
REVIEW OF CURRENT RESEARCH IN LASER AND PLASMA-BASED ACCELERATION

Nizar A. Ebrahim
AECL Research, Chalk River Laboratories

Chalk River, Ontario, Canada, KOJ 1J0

ABSTRACT

The idea of using lasers and/or plasmas for
acceleration of particle beams represents a revolutionary
concept in accelerator science. One of the main attractions
of all such concepts is the significantly higher field gradients
that have been predicted by theory and particle simulations.
This paper will review the complex and sophisticated
experiments that have been designed to test theoretical
predictions, and explore the implications of these ideas for a
useful ultra-high energy particle accelerator. Reference will
be made to the Chalk River facility, which consists of a short
pulse, dual wavelength, CO2 laser system (300 - 500 ps, 9.6
and 10.6 /im or 10.3 and 10.6 /tm) that can generate focal
power densities in excess of 1014 W/cm2. A plasma source
(static gas fill or a supersonic gas jet) at a density of
10" - 1017cm"3 is produced by tunneling ionization of neutral
hydrogen gas in the laser fields. An S-band, 10 MeV linac
injects 30 ps electron microbunches with approximately
108 - 10' electrons in each microbunch. The electron beam
is transported in a double-focusing, doubly-achromatic
beamline and focussed to a spot less than 900 /xm in diameter
in the interaction region. A modified Browne-Buechner
electron spectrometer and a multichannel detector complement
a full range of laser plasma diagnostics.

1. INTRODUCTION

The physical mechanism underlying the laser plasma
beatwave concept is the optical mixing of laser light in a
plasma, which excites a large-amplitude relativistic electron
plasma wave as a result of the beat ponderomotive force.'
This force, which acts on the plasma electrons and causes
them to bunch, is directed along the propagation direction of
the electromagnetic waves, is periodic and originates in a
non-zero v x B force of the electromagnetic waves, as shown
in Fig. 1. The ponderomotive force is given by2

(1)

heatwave can resonantly build up the relativistic plasma
wave.

871

where u^ = (47rnce
2/mc)"

2 is the electron plasma frequency,
n. is the plasma electron density, u>0 and a), are the laser
frequencies and EQ and E, are the electric fields of the two
laser beams propagating through a low-density plasma. If the
difference frequency of the lasers (OJ, - coj is chosen to match
the plasma frequency {u^), the ponderomotive force of the
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Fig. 1 Schematic diagram of the beatwave, ponderomotive
force, concentrations of the positive and negative charges, the
associated electric fields, electron density distribution, and the
ponderomotive wave in the plasma.

In the plasma wakefield accelerator (PWFA)
concept, the plasma waves are excited by a short, intense
electron bunch propagating through a high-density plasma.3

The space charge force of the electron bunch displaces the
plasma electrons and generates a wake of plasma oscillations
with a phase velocity that is equal to the driving electron
bunch velocity, which is very close to the velocity of light.
An alternative to using an electron bunch is to inject an
extremely short but intense laser pulse into a low-density
plasma, as in the laser wakefield accelerator (LWFA)
concept.4 The ponderomotive force of the laser pulse
envelope initially expels the plasma electrons both radially
and axially, resulting in plasma oscillations as the returning
electrons overshoot their initial positions. The acceleration
of particles in the three concepts is identical. A trailing
relativistic electron bunch, injected into the potential well of
the plasma wave at the appropriate phase, remains
synchronized to the wave and is accelerated.
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We can estimate the maximum possible amplitude of
the plasma wave by considering the maximum possible
bunched electron density or density fluctuation Sr .̂ For a
background plasma electron density of r^, the maximum
possible density fluctuation Sn. = n, in Fig. 1. From
Poisson's equation

V-E = 4np =

and

4Tin e2 m, <o2 ,
i 1 = — e z m c

2

mt k2 c2k2 '

(2)

(3)

(4)

The maximum electric field

= 0.94
ce

VJcm

where n,. is the plasma electron density in cm"3.
As the plasma wave amplitude increases, the

relativistic mass increase of the oscillating electrons
m, -» ym., results in a change in the plasma frequency
a),,2 -* u^/y, where w ^ is the plasma frequency with the
rest mass, and 7 is the relativistic Lorentz factor defined by
the mean electron velocity in the wave. The plasma
frequency w^ no longer matches the driver frequency (cû  -
to,) and this dephasing causes the amplitude growth to slow,
stop and then reverse.

Although significant progress has been made in the
development of theory and computer simulations of various
laser acceleration concepts, many important aspects need to
be verified experimentally. Important problems that have
been under investigation in the last few years are techniques
for the creation and diagnostics of large-scale, high-density,
homogeneous plasmas, the generation and diagnostics of
large-amplitude relativistic electron plasma waves, the
coupling of these waves to lower-phase velocity electron and
ion waves, and the trapping and acceleration of electrons.

2. EXPERIMENTAL FACILITY

As a reference experiment, we describe the Chalk
River laser particle acceleration facility described in greater
detail elsewhere.5 The short pulse, dual wavelength, CO2

laser system (300 - 500 ps, 9.6 and 10.6 fim or 10.3 and
10.6 /tm) can generate focal power densities in excess of 1014

W/cm2, and consists of a hybrid TEA (transversely excited
atmospheric-pressure) oscillator and pre-amplifier system
(Fig. 2), a GaAs Pockel's cells switch system and a 3 atm,
large-aperture, high-pressure amplifier (Fig. 3).

Fig. 2 The oscillator and the pre-amplifier sections of the
CO2 laser facility.

Fig. 3 The high-pressure CO2 laser amplifier system.

The 10 cm diameter beam from the final amplifier
is focused into the interaction chamber by an f/15, 150 cm
focal length, off-axis parabola (Fig. 4), where tunneling
ionization of the background gas produces a plasma over a
region on the order of twice the Rayleigh length.
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Fig. 4 Schematic of the Chalk River laser acceleration facility.

The pulsed linear electron accelerator is shown
schematically in Fig. 4. The output electron beam at the exit
of the last accelerating cavity is focused by a quadrupole
triplet magnet, turned through 180° in a beamline consisting
of three dipole bending magnets and three quadrupole
singlets, and brought to a focus in a vacuum interaction
chamber by a final focusing quadrupole singlet magnet. The
accelerated electrons from the laser interaction are dispersed
in a magnetic electron spectrometer and detected with an
array of electron detectors.

Figure 5 shows the layout of the experimental area,
and Fig. 6 shows the electron spectrometer and the detector
array.

The radial effective root-mean-square (RMS) beam
half-widths along the beamline downstream from the linac, as
calculated with TRANSPORT and TRANSOPTR, are shown
in Fig. 7. Figure 8 shows the measured beam spot size in
the interaction region and a typical beam current time profile.

Fig. 5 Layout of the experimental area.
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Fig. 6 Electron spectrometer and detector array.
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Fig. 7 Computer-calculated radial and axial beam profiles.

3. DISCUSSION

(i) Plasma Generation

High-density plasmas for laser particle acceleration
experiments have been produced either by laser irradiation of
thin carbon films ("exploding foils")67 with 0-pinch
discharges,8 or by the tunnelling and multiphoton ionization
of a neutral gas by a focused laser beam.'1'01112 Of these,
only the last technique appears to be suitable, since exploding
foil plasmas are limited in size (L ~ C,T ~ 0.5 mm, where
C, is the ion acoustic speed and T is the laser pulse duration),
and 0-pinch plasmas are not sufficiently homogeneous and
tend to have trapped magnetic fields that scatter injected low-
energy electrons.

2 4 6

Distance [mm]

Fig. 8 Measured electron beam spot size in the interaction
region.

The nonresonant ionization of a uniform gas or
partially-ionized plasma by intense laser fields is separated
into two regimes by the Keldysh tunneling parameter13

(6)
"pond

where Eioo is the ionization potential of the atom or ion and
p̂ood ' s t n e ponderomotive potential of the laser (average

kinetic energy of an electron in the laser field)

e2E2

Am w 2
= 9.33 x 1 0 " / X2 (7)

where E is the electric field strength of the laser in V/cm, I
is the focused laser irradiance in W/cm2 and X is the laser
wavelength in microns.

For short wavelength lasers (ruby or neodymium) at
moderate laser intensities we are in the yK > 1 regime, and
ionization is described as a multiphoton ionization process
where an atom or an ion simultaneously absorbs N photons

n* + N - A"*1 (8)

> EL•ion-where
With high-laser-intensity, long-wavelength lasers

(typical of CO2 laser experiments), we are in the yK < 1
regime and ionization is described as a tunneling process.
Macroscopic plasmas of sufficient homogeneity have now
been produced in a number of experiments using short pulse,
high-power CO2 lasers910 (n,, = 1016 cm3) and Nd:YAG
lasers" (n,, = 1017 cm3) with plasma dimensions on the order
of 1.5 cm.
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However, a problem with laser beam refraction
occurs at higher densities in plasmas produced by multiphoton
ionization, as a result of a plasma-induced refractive index
change. This effect limits the intensity of the focused laser
beam to a value close to the threshold for multiphoton
ionization. The conditions for significant laser beam
refraction can be derived from considerations of Gaussian
laser beam propagation in a medium with threshold intensity
for ionization.5

(9)

For electron density change greater than that given
in Eqn. (9), laser light propagating through the plasma will
diverge, thereby limiting the laser intensity to a value near
the threshold for multiphoton ionization. Equation (9) shows
that in CO2 laser experiments with X = 10.6 ^m and a focal
spot u0 * 100 (im, laser beam refraction from multiphoton
ionization will be significant for plasma electron densities in
excess of 1016 cm'3.

(ii) Wave Generation

Observations of the electron plasma waves have been
made by Thomson scattering of an external probe beam or
the main beam. Measurements of the frequency-shifted
scattered power give a direct measure of the wave amplitude.
Recent experiments on Thomson scattering with external
probe beams8'11 and sideband scattering of the main laser
beam'1"-12 give an estimate of wave amplitudes that
corresponds to electric field gradients of approximately
1 GeV/m, compared to 20 MeV/m in conventional rf-driven
particle accelerators.

(iii) Electron Acceleration

Observations of electron acceleration in laser-driven
relativistic electron plasma waves have been reported in a
number of different experimental configurations.6-7'9'12

Studies6 with exploding foil plasma targets have observed
electron energies up to 1.5 MeV from the forward Raman
instability excited by a single-frequency, high-intensity
(> 10M W/cm2) laser beam. The electrons were self-trapped
from the background plasma. Self-trapped electrons up to
3.0 MeV were observed in a dual-wavelength laser beatwave
experiment.7 Recent experiments'2 using tunnel-ionized
plasmas have reported observations of self-trapped electrons
with energies up to 20 MeV. Acceleration of externally
injected 0.6 MeV electrons from a laser-driven source to
1.5 MeV were reported in a laser beatwave experiment9 using
a 1.5 mm length tunnel-ionized plasma source (Fig. 9).
More recently,14 2.0 MeV electrons from a linac injector
have been accelerated to 9 MeV over a 7-mm plasma length.
These experiments suggest electric field gradients on the
order of 1 GeV/m.

Fig. 9 Experimental arrangement to demonstrate acceleration
of externally injected electrons.

4. CONCLUSIONS

Large-amplitude, high-phase velocity electron plasma
waves have been generated by high-power laser beams.
Electron acceleration by relativistic plasma waves has been
observed in a number of experimental configurations.
Macroscopic plasma generation by powerful laser beams
(tunneling and multiphoton ionization) is being actively
investigated, since these studies are critical to experiments on
laser particle acceleration. Major advances in femtosecond,
terrawatt laser technology in the past few years will seriously
impact this work in the future.
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Abstract

This paper discusses the recent results of the Moscow Me-
son Factory Linac commissioning using a proton beam. The
results of the accelerator longitudinal tuning are presented.
The description of the realised and outlined improvements
of some accelerator systems is given.

Introduction

The main results of the technical and scientific activities
connected with construction of the 600-MeV linear ac-
celerator of the Moscow Meson Factory (MMF) gained
during 1992 are discussed in this paper. Some plans
for the facility upgrade, aiming at better reliability are
briefly presented. The MMF linac is designed to ac-
celerate 50 mA of protons and H pulse current at the
repetition rate of 100 Hz and a pulse length of 100 ps.
The main tasks being reported during this period are:
1. Conducting the first experiment at the beam energy
of 160 MeV and a repetition rate of 50 Hz; and
2.Acceleration of the protons in nine disk and washer
structure (DAW) modules consisting of four sections
each up to the energy of 250 MeV at the repetition rate
of 1 Hz using a modified At-procedure.

Providing Beam for the First Experiment

MMF linac has an interruption in the regular DAW
structure to extract the beam at the intermediate en-
ergy of 160 MeV. Beam extraction is done using a 26°
bending magnet downstream of the fourth DAW mod-
ule. In March and April, 1992, 160-MeV beam, with
a very low current, was used for conducting the first
particle experiment "x° production near threshold". It
was for the first time that the proton injector, five drift
tube (DT) tanks and four DAW modules have under-
gone long term simultaneous high average power tests
at the repetition rate of 50 Hz.

The most serious problem occurs with the resonant
frequency stabilization of the accelerating cavities. Tem-
perature difference between the inside surface of the cav-
ity and water flow from the DT was 1°C (tank#l) to
7°C (tank#5). In the DAW linac the temperature dif-
ference was about 1.5-2.0°C.In such circumstances oc-
casional cavity shut down leads to quick (about 1 min)
cavity mistuning and subsequent long restoration of the

nominal field in the cavity.

To overcome this difficulty a special program was
developed for the stepped cavity excitation using rf-
heating of the cavity walls.

The stability of the beam parameters has been pro-
vided by the phase and amplitude control system which
keeps the slow drift of the phase and amplitude better
then 0.5° and 0.3%.The change of the phase and ampli-
tude during the macropulse were found to be 0.4° and
0.4%. The detail description of the amplitude and phase
control is given in the paper at this conference [1].

For automatic control of the phase of the D AWL rel-
atively to the DTL a cavity operating on the fifth har-
monic of the fundamental frequency 198.2 MHz has been
used. This cavity has been installed at the output of the
DT tank #5. The rf signal from the measuring loop of
this cavity is compared with the signal taken from the
reference line of the DAWL using a phase detector.The
reference signal is used to adjust the phase of the driver
amplifiers of the DAWL.

As a result of the operation mentioned above, x°
-production cross sections have been measured for car-
bon, calcium, aluminum and lead targets [2]. This ex-
periment took 85 hours of the stable operation of the
linac at 50-Hz repetition rate.

250-MeV Beam Energy

During commissioning of the 160-MeV part of the MMF
linac, longitudinal tuning has been done with the help
of the magnetic spectrometer and cavity monitors op-
erating on the third harmonic of the fundamental fre-
quency. Downstream of the fourth DAW module (160
MeV) a matching two-section DAW cavity was made
providing compensation for the debunching process in
the extraction part that consist of several drift lengths.
The dependence of the phase difference from a beam
harmonic monitors vs the rf-field phase in the match-
ing cavity was used to find the necessary values of the
amplitudes and phase (Fig.l).

The longitudinal tuning procedure of the multi-tank
linac usually consists of two stages [3]:
1.) Finding the rough (about 5% and 5°) values of the
amplitude and phase of the field in a cavity;
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Figure 1: The phase difference from beam harmonic
monitors vs the rf field phase in the matching cavity.

2.) Precise adjustment of the amplitude and phase using
the classical At-procedure [4] or its modifications.

For beam accelerated from 160 MeV to 250 MeV,
five DAW modules have been used each consisting of
four sections. Preliminary amplitude and phase setting
in this modules has been done using time of flight mea-
surements from two the third harmonic cavity monitors
placed about 1 ra apart. Fig.2 shows the calculated and
experimental phase difference from the beam harmonic
monitors signals vs the phase of the rf-field in the DAW
module #9 . The precise amplitude and phase adjust-
ment of the field in all DAW modules up to 250 MeV
has been done using the Af-procedure. Detail descrip-
tion of this method is given in [5]. It was found after
the Al-procedure the mean energy of the particles at the
output of each module differs not more than .1% from
the design value.

At the synchronous phase the maximum flux of neu-
trons from the beam dump was detected for each mod-
ule. The dependence of the neutron flux vs beam energy
was found (Fig.3).

In conclusion, the operation of the DAW accelerat-
ing structure proved to be stable and efficient providing
precise parameters for the proton beam.
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Figure 2: The phase difference from beam harmonic
monitors vs the rf field phase in the DAW module # 9 .
a) calculated at 3 rf field levels, b) experiment.
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Figure 3: The neutron flux vs the beam energy.
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Accelerator System Improvements

Long term operation has shown a number of weak points
having significant influence on the accelerator reliability:

1.) In order to have the margin of electrical strength
for a reliable beam loading compensation the new mod-
ulating tube for DTL having a maximum anode voltage
of 120 kV was developed and is undergoing full power
tests.

2.) 76 kV applied to the 991-MHz klystron anode
requires higher electrical strength for all the high voltage
elements. To increase their life-time we have been forced
to develop an optimized output cavity for the 4.75 MW
klystron. As a result the klystron anode voltage was
lowered to 67 kV at the same output power. It has
made the modulator operation much easier.

3.) A completely new 42-beam 991-MHz klystron is
now under development. It will have an average power
of 120 kW, a peak power of 4.75 MW and 60% effi-
ciency. The first working prototype is nearly complete
and ready for testing. This klystron must handle the
increased duty factor while lengthening the macropulse
from 100 fis to 200 fis without increase the net power
consumption.

4.) The 750-kV pulsed transformer and accelerating
tube of the proton injector proved not to be very reli-
able at full power and high repetition rate. It can not
operate safely higher than 50 Hz repetition rate. There-
fore the decision was made to develop an RFQ booster
section from 400 keV to 750 keV that will be used for ac-
celeration of protons and H ions. Lowering the injector
voltage to 400 kV will make this operation simpler and
will permit pulse length to 200 fit without saturation of
the iron in the pulse transformer.

5.) Another RFQ has been completed recently. Ii is
to be used in the polarized proton injector to accelerate
30-keV polarized protons to the energy of 750 keV. An
atomic beam polarized proton source developing 10-mA
peak current is now operational.

6.) The H low energy beam transport line fabrication
is under way. The installation will be completed in 1993.
In 1994, H beam will be available.
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Abstract
A wakefield accelerator is a device which employs large

amplitude electric fields generated in the wake of an intense
particle beam to accelerate other trailing charged particles
to high energy. The environment which the causes the
beam to generate this wakefield can be any which sup-
ports the propagation of slow waves (v<), < c), e.g. plasma,
dielectric-lined wave-guide, or a standard disk-loaded linac
structure. In addition, the accelerating beam axis may
also be either collinear or parallel to the driving beam.
The typical application considered for this type of linear
accelerator is a future linear collider, and therefore partic-
ular attention is paid to such issues as accelerating gradi-
ent, power efficiency, and single and multiple bunch sta-
bility. In this analysis, a unified discussion of the princi-
ples behind wakefield acceleration will be presented, and
constraints on power coupling, (which places limits the
accelerating gradient) and accelerating efficiency will be
explored for both collinear and parallel wakefield accelera-
tors. The effects of transverse impedances in these schemes
will also be discussed, and the role of the possible beneficial
effects introduced by implementation of deflection mode
damping examined. Recent advances in theoretical and
experimental development of wakefield accelerators will be
presented, as well as prospects for future technology de-
velopment and experiments at linear accelerator research
facilities.

Introduction

Development of advanced high gradient radio-frequency
(rf) linear accelerators requires that the problems of rf
power generation and propagation in the linac structure be
addressed anew. Historically, rf power for accelerators has
been derived from electron tube devices such as klystrons.
In these sources, high voltage electron beams interact with
resonant rf cavities to produce the required electromag-
netic power, which can then be coupled to an accelerating
structure through a waveguide. It was recognized some
years ago that this process could be simplified by allow-

*Work supported in part by U.S. Department of Energy Grant
DE-FG-92ER40693.

ing a high-current relativistic electron beam (the driving
beam) to travel through the accelerating structure directly,
radiating rf power into the accelerating mode which has a
phase velocity v$ = t>j ~ c. A trailing, lower current rel-
ativisitic beam can then be resonantly accelerated to high
energy by this mode. This scheme is termed wake-field
acceleration, as the coherent radiation of particles due to
their passage through an accelerating structure is generally
described as a wake-field.

A wake-field can be excited in structure by a beam of
charged particles whenever the structure can support elec-
tromagnetic waves which have phase velocity less than c
(slow waves). Seen in this light, one can in a general-
ized sense consider wake-fields to be coherent emission of
Cerenkov radiation. Examples of wake-field structures can
include linac-like periodic metallic waveguides, dielectric-
lined waveguides, and (slightly expand the usage of the
term structure) plasma. In these examples it is apparent
that the radiation is generated by the polarization response
to the beam's electromagnetic fields of resonator systems
based microscopically on electronic - valence, atomic and
free electrons, respectively - motion. Note that radiation
generated by the interaction of of an electron beam with
an externally applied magnetic field is excluded from the
definition of wake-fields as we have given (i.e. a two-beam
accelerator driven by an FEL would not be considered a
wake-field accelerator).

The major advantage of wake-field acceleration over a
more conventional approach is that the rf power is cre-
ated inside of the accelerating structure itself, and thus
considerations of how to efficiently excite the structure,
which have played a dominant role in the design of high-
gradient, high-frequency normal conducting linear colliders
are mitigated. In a wake-field accelerator the accelerating
rf is created, and then used for acceleration on time scale
short compared to the power dissipation or transport in
the structure. Thus the shunt impedance and group ve-
locity of the structure have less importance in the design
of a wake-field accelerator. In order for high gradients to
be achieved in a wake-field accelerator, however, the longi-
tudinal beam impedance Z\\ should be maximized and the
structure excited by a beam with very high peak current.
Alternatively, one can relax the impedance requirements
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and drive the structure resonantly with a beam with cur-
rent modulated at the rf frequency ui, as in a klystron.

Wake-fields: General Remarks

The wake-fields excited by a beam in a structure is gen-
erally defined to be only the field components with which
a paraxial beam particle (v^ ~ vbz) interacts,[1] which are
broken down into longitudinal and transverse parts,

Ez

Ej. vbz x B,
(1)
(2)

respectively. The longitudinal and transverse parts of the
wake-field are not independent, but are related (in the ap-
proximation that the structure is translationally invariant
in 2, and thus the wake-field can be written as a function
of C = 2 - vbt) by the Panofsky-Wenzel theorem[l][2]

(3)

Since we are interested in large rates of energy transfer to
the structure, it is useful to examine an upper limit, the en-
ergy loss per particle of a beam of N electrons to Cerenkov
radiation, in a polarizable medium with very large dielec-
tric constant c. This quantity is approximately[3]

(4)

where now ko is the maximum wavenumber that can be
excited by the beam, which is for practical purposes the in-
verse of the largest beam dimension, usually the rms beam
length crz. The dependence of a single mode component
of the wake-field (of wavenumber k = u)/vb) with linear
response can be illustrated by writing

(5)WZ(Q = Z'(k)vb / A(C') cos
J

where A = I/vb and Z'(k) are the beam charge and the
impedance per unit length of the structure at the wave-
number ifc, respectively. This convolution integral, when
evaluated for gaussian bunches, gives a wake-Held am-
plitude proportional to Z'(k)exp(—k2cr2/2) (i.e. the re-
sponse is proportional to the Fourier amplitude of the cur-
rent at the wave-number k). These results illustrate the
need for a short, high current beam, and a high frequency,
high impedance medium or structure to generate large am-
plitude wake-fields from one bunch. In practice, the cou-
pling of the beam to the structure does not approach this
maximum for devices with vacuum holes for the beam,
and the limiting coupling is approached only in plasma.
Also, the creation and transport of the high current beams
needed to obtain accelerating gradients over 100 MV/m is
technically challenging, and thus use of a modulated cur-
rent beam or pulse train to achieve the required current

spectrum may be preferable in some schemes. In particu-
lar, since the Panofsky-Wenzel theorem in the states that
the transverse and longitudinal wake-field amplitudes are
proportional a lower impedance structure may be neces-
sary in order to avoid beam-breakup instability (BBU).

In many wake-field acceleration schemes the accelerat-
ing beam and the driving beam are collinear, that is they
travel nominally along the symmetry axis of the structure.
In this case, if the electromagnetic response of the struc-
ture is linear, both beams experience the same impedance,
this places constraints on both the efficiency of the scheme
and the ratio of acceleration gradient in the driving beam's
wake to the deceleration gradient inside of the driver, a
common statement found in wake-field literature is termed
the fundamental theorem of beam loading. This theo-
rem states that, for point-like beams traversing a linear
structure which supports only one resonant electromag-
netic mode, that the ratio of the maximum accelerating
wake-field felt by the trailing beam to the decelerating field
felt driving beam (the transformer ratio r) is less than or
equal to two[l]. This factor of two arises from the fact
that the driving beam, because of the causal nature of the
excitation, feels only half of its own the longitudinal field.
In addition, it can be shown that the energy transfer effi-
ciency is maximized when the accelerating beam has charge
equal to the driving beam, but at the price of reducing R
to unity.

This theorem has a very restrictive range of applicability,
however, and there are a variety of ways of making R, > 2 if
its assumptions are violated. The first method is to shape
the current profile[4], to give it a long rise (<x+ S> k~l),
and a short fall (<r_ < fc"1). In this way one can obtain
R ~ 2kcr+. Physically, this method is similar to stretching
a spring adiabatically, and then releasing it suddenly, al-
lowing it to go in to large amplitude oscillation Maximizing
R in this way is also equivalent to minimizing the energy
spread in the driving beam. Another alternative is to use
a medium (e.g. low density plasma[5]) with a nonlinear re-
sponse. In this way the impedance seen by the beam is a
falling function of field amplitude, allowing the possibility
of enhanced R.

Still another method of transformer ratio enhancement
is to allow the driving beam and accelerating beam to
traverse different paths. An example of this method is
found in the radial transformer[6] studied at DESY, in
which a "smoke-ring" beam excites a disk loaded struc-
ture, and the wake-field amplitudes are enhanced by the
geometric compression of the electromagentic pulse as it
propagates inward towards the axis. The proposed CLIC
linear collider scheme[7] also uses an off-axis beam, driven
efficiently by a pulse train accelerated in superconduct-
ing linac. The wake-producing "transfer structure" is rela-
tively low impedance, since BBU instabiltiy must be sup-
pressed over the entire length of the linear collider.

Other examples of the use of parallel driving and accler-
ating beam paths in wake-field accelerators are the rela-
tivistic klystron two-beam accelerator, and the dielectric
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Figure 1: Longitudinal and transverse wake-fields in an
undamped and damped DWA tube.

wake-field two-beam accelerator[8]-[10]. This device is dis-
cussed further below.

Wake-fields in Disk-loaded Struc-
tures

The Advanced Accelerator Test Facility (AATF) at Ar-
gonne National Laboratory was constructed to test a vari-
ety of wake-field acceleration concepts, including acceler-
ation in a standard disk-loaded structure[l 1]. The AATF
consists of a 21 MeV, short pulse (tr. ~ 2 mm) driving
beam which contains up to 4 nC of charge, and a weak
(pC) "witness" beam at 15 MeV, which traverses an ad-
justable delay transport line. When the two beams are
combined to pass through a wake-field device on paral-

lel trajectories, the witness beam may be delayed up to
a nanosecond and offset transversely by several millime-
ters. In this way, the wake-fields due to the driving beam
can be mapped out by measuring the witness beam energy
changes and transverse deflections as a function of delay
and offset.

The initial experiments at the AATF were performed
on a disk-loaded metallic waveguide structure, and pro-
vided a good test of the standard theoretical and compu-
tational models of wake-fields in these devices. Recently,
further tests were carried out on scaled SLAC structures
with transverse mode damping slots. These tests showed
that the Q of the dipole modes in these structures can be
drastically reduced.

Dielectric Wake-field Acceleration

In the Dielectric Wake-fied Accelerator (DWA) the elec-
tromagnetic wave is slowed down in a waveguide not by
undulations in the wall, but by introduction of a dielectric
liner. Initial tests of this scheme at the AATF verified the
basic theory of this device, measuring a multi-mode wake-
field maximum accelerating gradient of 0.5 MV/m with
one picosecond resolutione[8].

The simplicity and flexibility of the DWA encouraged
the Argonne accelerator research group to propose an up-
graded facility, to make a 1 GeV staged (using up to
six drive bunches derived from a single 150 MeV linac)
demonstration device, the Argonne Wake-field Accelerator
(AWA). For this device it is desired to achieve up to 100
MV/m acceleration gradient, and thus a short (a, < 1.5
mm), high current {Q = 100 nC) driving beam. The de-
sired acceleration could be obtained in a collinear device,
but the short range BBU would destroy the drive beam
before its energy was expended, even assuming tight align-
ment tolerances.

The AWA design therefore calls for using a two-beam
device, in which the drive beam traverses a parallel path
in a dielectric lined pipe (wake tube) with relatively large
inner diameter and group velocity of the desired mode.
The rf power created in this wake tube is then trans-
ferred, through a quarter wavelength matching section, to
an accelerating tube with smaller cross-sectional dimen-
sions, and a higher dielectric constant. Compression of the
transverese dimensions and lowering of the group velocity
allows the electromagnetic energy density to be magnified
in this section. Thus the accelerating gradient can be en-
hanced, and large transformer ratios achieved.

The dipole mode wake-fields generated in the wake tube
section can be prevented from affecting the accelerating
beam in this device in two ways. First, the matching
section provides some rejection of modes other than the
fundamental. Second, dipole modes can be damped, as
suggested by Chojnacki[10], by making the outer bound-
ary of the wake tube, instead of a solid metal wall, out
of longitudinally oriented lengths of insulated wire, backed
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Figure 2: (a) Longitudinal and (b) transverse wake-fields
in nonlinear plasma wake-fields, from Ref.14.

with microwave absorber. The wire allows the purely lon-
gitudinal currents associated with the monopole acceler-
ating modes to travel unimpeded, while disrupting the
azimuthal wall currents which support the dipole modes.
The dipole modes radiate into the microwave absorber and
are strongly damped. Some experimental results from the
AATF are illustrated in Fig. 1, which shows damping of
the dipole wake-field with almost no effect on the longitu-
dinal wake-field.

Plasma Wake-field Acceleration
In the plasma wake-field accelerator (PWFA)[12], the
beam excites the normal mode of the plasma, the electron
plasma, or Langmuir, waves. These oscillations are elec-
trostatic in the linear, small amplitude limit (they have

no associated magnetic field), and have a frequency of
up — \/4Tre2no/me, where no is the unperturbed plasma
density. Thus the plasma wake-fields are single-mode in
this limit, where the perturbed electron density ni C no-
Since the plasma electrons are in direct contact with the
beam charge, the coupling of the beam to the plasma wave
can approach the limit given by Eq. 4. The longitudinal
wake-fields, unlike those in vacuum, have a strong varia-
tion in the transverse dimension. This nonlinear variation,
which is very dependent on the exact configuration of the
beam current, has a characteristic length scale of the beam
size <rr or the plasma skin depth c/uip, whichever is larger.
From the Eq. 3, one can therefore deduce that the trans-
verse wake-fields will be large and nonlinear. If the beam is
long and narrow compared to c/wp, then the beam charge
can be completely neutralized by the plasma electron re-
sponse. Then the wake-fields are approximately equal to
the magnetic self-fields of the beam, which is a very strong
focusing force for a high current beam.

The initial tests of the PWFA were performed at the
AATF, with a driving bunch of 2 nC, in a plasma of den-
sity 0.8 - 6 x 1013 cm"3. The wake-fields which were mea-
sured verified the predictions of linear theory, including
the existence of strong transverse wake-fields within the
driving beam[13]. Subsequent tests with twice the beam
charge directly showed strong focusing of the driving beam
within the plasma and concommitant enhancement of the
plasma wave amplitude[14]. The amplitudes of the driven
plasma waves in these experiments became nonlinear, and
displayed characteristic steepened profiles. An example of
an experimentally measured nonlinear plasma wake-field
is shown in Fig. 2. This data provides a nice illustra-
tion of the Panofsky-Wenzel theorem, since the longitudi-
nal derivative of the transverse wake-field is proportional
to the longitudinal wake-field. The maximum wake-field
in these tests was approximately 6 MV/m.

Further tests of the PWFA were perfomred in Japan
at KEK[15] using a pulse train of 6 bunches to resonantly
excite wake-fields in a less than 1012 cm"3 plasma. No wit-
ness beam was used in these experiments - the wake-field
response was scanned in frequency by varying the plasma
density, and observing the energy change in each bunch.
The maximum acceleration longitudinal field was about 20
MV/m in these experiments.

Future Experiments

The staged two-beam approach to wake-field acceleration
at the AWA will test systematics of the scheme, including
mode damping and power transfer optimization. There are
also some basic physics issues associated with maintaining
high accelerating gradients in the DWA, such as dielectric
breakdown and surface Hashover. Examination of these
problems will be the the primary goal of the AWA.

In addition, the extremely high current (10 - 20 kA)
pulse that the AWA is designed to provide is an ideal driver
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for a new regime of the plasma wake-field accelerator[16],
in which the plasma electrons are completely ejected from
the beam channel by the rising edge of the beam. Once
the beam channel is rarefied of plasma electrons, the beam
is contained in a cavity like nonlinear plasma wave. In this
case the electromagnetic component of the wake-field gives
a longitudinal field independent of radial position, and no
net transverse wake-field, just as in a linac cavity. In ad-
dition, however, the electrostatic field of the ions provides
a uniform, linear focusing force which is independent of
longitudinal position. The acceleration and focusing char-
acteristics of the PWFA in this limit are excellent, and not
strongly dependent on the beam profile, in contrast to the
linear regime. Also, this regime allows operation at lower
plasma density, meaning a longer accelerating wavelength,
and easing of source requirements and beam multiple scat-
tering.

Entry into this ion-focusing regime (IFR) requires that
the focusing strength of the channel, the beam emittance
and the current be such that the beam is self-consistently
much more dense than the plasma over most of its length.
This is the case for the AWA beam, which has a normalized
emittance of 400 mm-mrad. In this extremely nonlinear
regime of the PWFA, a ramped beam pulse can still be
used to enhance the transformer ratio. An example of the
expected performance of a proposed PWFA experiment
which uses a ramped AWA pulse is shown in Fig. 3, for a
plasma of density 1014 cm"3 and a beam rise/fall length
of 3/1 mm. The transformer ratio in this case is R > 5,
and the accelerating gradient is in excess of 1.5 GV/m,
which is, remarkably, approximately the limit given by Eq.
4 assuming ko = c/u>p.

Further PWFA experiments using a beam extracted
from the BEPC storage ring in Novosibirsk are
planned[17]. In these tests the beam will be externally
modulated at the plasma frequency in order to resonantly
drive the plasma waves in a similar manner to the KEK ex-
periments. Accelerating gradients of a few hundred MV/m
are expected.
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Abstract

During the past two years, there has been substan-
tial progress in superconducting high-beta cavities in a
number of areas. Understanding of the "Q-disease,"
which occurs when a cavity is held for prolonged periods
near 100K, has advanced, and techniques for mitigating
this problem have improved. Progress has been made in
the use of high peak power processing to suppress field
emission. Cell geometries have improved to reduce the
ratio of peak surface electric field to accelerating field,
and trapped mode behavior has been found to permit
use of nine cells for some applications. The operating
experience base for cavities installed in accelerators has
increased substantially, as has the performance
experience base for industrially manufactured cavities,
including both solid niobium and sputter-coated copper.
Additional applications for superconducting cavities have
been identified. Progress has been made toward the
design and construction of a Tera-Electron-Volt
Superconducting Linear Accelerator (TESLA) test bed.

Introduction

This paper discusses improvements which have
been made in the science of RF superconductivity during
the last two years, the present status of major high-beta
applications, and applications which are planned or
under consideration for the future.

Improvements in Cavity Q's

The "Q-disease" is a degradation of the cavity QQ

which occurs when the cavity is held near 100K for the
order of an hour or more before cooling down to super-
conducting temperatures. The size of the degradation
can be several orders of magnitude. Recent measure-
ments [1] have shown the dangerous range to be 70K to
150K, and the process to be reversible upon warming to
a temperature above 200K. The same measurements
also determined the degree of degradation as a function
of holding time at the intermediate temperature.

The "Q-disease" was first observed relatively re-
cently at Darmstadt and DESY. The cavities in which it
was observed were made of high residual resistivity ratio

This work is supported by the U.S. D.O.E. under contract
DE-AC05-84ER40150.

(RRR) Nb, rather than the previously used reactor grade
Nb. The high RRR Nb is used to improve the thermal
conductivity at low temperatures, and stabilize the
structure against thermal runaway caused by localized
heat sources. It is believed that niobium hydride
precipitation [2] is responsible for the "Q-disease," that
both high residual resistivity ratio (RRR) Nb and reactor
grade Nb contain hydrogen, but the higher oxygen
concentration in the reactor grade Nb "pins" the
hydrogen so that it cannot precipitate. A test cavity was
recently made of reactor grade Nb to confirm that the
type of Nb, and not some other change in procedures,
was responsible for the change in Q behavior; the "Q-
disease" was absent in this test cavity [1].

Anodization of the Nb surface is also found [1] to
reduce the effect of the "Q-disease." Furnace
outgassing at 760°C for 5 - 10 hours [3] is found to
eliminate the "Q-disease;" since only hydrogen is
appreciably outgassed at this temperature, it further
supports the hydride theory.

At present, there are three practical methods to keep
the effects of the "Q-disease" at acceptable levels: (1)
cool the cavity rapidly (>50K/hour) through the
dangerous temperature region, (2) degas the cavity at
760°C, and (3) anodize the cavity surface.

Another area in which there is improved under-
standing is that of the question of why sputter coated
niobium cavities are highly insensitive to the presence of
DC magnetic fields at the time of cool-down. This has
recently been explained at CERN [4] as being due to a
much smaller coherence length in sputtered Nb than is
found in bulk Nb. The lower coherence length reduces
the area of each flux quantum vortex, which in turn
reduces the normal conducting surface area seen by the
RF currents.

Improvements in Cavity Gradients

One procedure which has been shown to produce
CW gradients which are approximately 50% higher than
those otherwise achieved is high peak power processing
[5]. The principle by which this technique operates is
that the cavity is filled with RF energy faster than any
breakdown zones that are initiated can propagate. The
field emission current density is sufficiently high that it
will melt or vaporize the field emission site, if the local
electric field is high enough to produce the requisite field
emission current. If one attempted to fill the cavity
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slowly, a breakdown zone would propagate to a
sufficiently large area that the cavity RF energy would be
dissipated by this normal conducting area, thereby
preventing the electric field from reaching a high enough
value to produce adequate field emission to destroy the
emitter. A typical filling time for a cavity during high peak
power processing is 0.5 ms, whereas the time required to
decrease the Q of a cavity to 100,000 due to quench

zone propagation is of the order of 100 ms. The
requisites for high peak power processing are a source
of adequate peak power, and an input coupling network
which can handle this peak power and which provides
adequate matching for both the high peak power
processing and for normal operation. A suitable input
coupling network will also permit a cavity to be
reprocessed in situ.

Typical Q vs. gradient curves, with and without high

peak power processing, are shown in Figure 1. In
addition to providing a useful result, the work at Cornell
has yielded a number of interesting phenomena which
may lead to further understanding of the processes
involved. One phenomenon is the formation of craters at
the processing site. The existence of craters, rather than
smooth melted zones, suggests that the vapor pressure
or Lorentz forces are significant compared to the surface
tension of the molten niobium. This has the undesirable
aspect that the craters yield a geometrical enhancement
of the field, which will limit the ultimate potential of the
technique. Another interesting phenomenon is that of
starbursts. The starburst patterns have been identified
as areas where the normally present oxide layers on the
surface have been removed. The removal process may
be related to plasma etching during a local arc. A similar
phenomenon is that of tracking; in this case, a pattern of
what appear to be cracks in the oxide layerappear.
These "cracks" frequently change direction abruptly.
They could conceivably be caused by severe thermal
expansion. Another curious phenomenon is that of
ripples. The ripples look somewhat like (but are
not)fingerprints. Their period is of the same order of
magnitude as the distance a plasma front would advance
in half an RF period, so it is conceivable that the
phenomenon is caused by the intersection of RF currents
on a plasma front with matching currents on the metal
surface.

The work at Cornell has also demonstrated that the
cavity surfaces are not as free of foreign materials as
one would hope. Iron, chromium, nickel, copper.titanium,
indium, and Tefbn have been found at some, but notall,
processing sites. Whether these materials were present
in the bulk niobium, or if they got onto the surface during
cavity manufacture, cavity processing, or subsequent
handling is unknown but is a very important question.

The Cornell studies have also examined the distri-
bution of processing sites in S-band cavities. They are
found predominantly in the highest electric field region,

Actlv* Mtttrt of Accaltratlng Structure for Various Projects

• - Totil requirement

QT] • Meters implemented

Fig. 1 Active meters of accelerating structure for
various projects.

and a substantial number are also found in the region
where both the electric and magnetic fields are relatively
high.

In recent tests on a 2-cell S-band cavity, a peak
electric field of 57 MV/m was reached. After high power
processing, peak electric fields of 85 and 100 MV/m were
obtained in two tests [6].

Other work has also yielded improvements in
obtaining consistently good performance. Very careful
surface preparation at CEBAF [7] has yielded peak
surface electric fields on three different 1-cell, 1500 MHz
cavities in excess of 51 MV/m using buttered chemical
polishing (BCP) as the principal surface treatment. By a
similar process, but one in which the cavity was not
exposed to other than clean room air following chemical
processing, accelerating gradients grouped around 21
MV/m have been obtained in 1-cell, 1500 MHz cavities at
Saclay [8]. Multiple tests at Los Alamos have shown that
the gradients achieved if cavities are pre-soaked in nitric

. acid are 50% higher than if they are not, where the final
step in both cases is buffered chemical processing [9].

For copper cavities sputter coated with Nb, CERN
[10] has found that high pressure water rinsing, followed
by pure ethanol rinsing to avoid water stains, is of major
benefit in suppressing field emission in those cavities.

Tests by Los Alamos [11], and Saclay and IBM [12],
in which clean silicon wafers were subjected to the same
chemistry as superconducting cavities, determined that
the more cavity processing steps and the longer the
duration of those steps, the greater the number of
residual particles per unit area on the silicon. This
indicates significant room for improvement in the cavity
processing techniques.

CEBAF [13], has reconfirmed an observation which
has been made at many laboratories, namely that the
pattern in which cavity systems are cooled down affects
the performance of the cavities. It was observed that the
lower cavity in cavity pair tests systematically showed
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worse field emission than the upper cavity. By placing a
shroud around the lower cavity so that the beam pipes
were the first region to cool, the gradients in the lower
cavity increased to become equal those of the upper
cavities. Since the amount of residual gas in the system

at the time of cool-down corresponds to around 10
monolayers, and since the manner in which the cavity is
BCP processed guarantees that it has of the order of
magnitude of one monolayer on it to start with, the effect
of cool-down patterns is quite peculiar. Two hypotheses
are 1) the residual gas condenses in very localized
spots or 2) the surface mobility of the already-adsorbed
gases is sufficiently high that they can migrate to the cold
regions during the cool-down process.

Improvements in Cavity Designs

In order to decrease the ratio of E_/EQ.., iris

diameters have been reduced in some recent designs,
and the iris shape has been further optimized. This has
reduced E_/E.-- from -2.5 to -2.0. Since field emission

p Ap
is the dominant gradient limitation, this change should be
of significant benefit.

For isochronous accelerators in which only trans-
verse higher order modes (HOM's) are a significant
concern, combinations of iris diameters, iris shapes, and
equatorial shapes have been modified to minimize the
trapping of HOM's (trapping refers to the absence of
significant amplitudes in cells to which the damping is
applied). Custom tuning of end cells to tilt HOM patterns
toward the cell to be used for damping has been found to
be of significant benefit [14]. These procedures yield
Q e x t values of the order of 10 for important HOM's in 9-

cell cavities. These Q values are acceptable to prevent
cumulative wakefield problems in the TESLA linear
collider design. Maximizing the number of cells per
cavity structure is an important objective because it
minimizes system costs.

Problems which merit further exploration are the
effect of mechanical tolerances on the trapping of mode
patterns, and methods of dealing with the detuning of the
structure caused by Lorentz forces when the cavity is
operated in a pulsed mode, as it is in TESLA.

Expansion of the Operating Data Base for
Superconducting Cavity Installations

During the past two years, the number of supercon-
ducting cavity operating hours in large installations has
increased substantially.

TRISTAN [15] has been operating with 47.2 active
meters of superconducting cavities installed since 1988.
The cavities are 508 MHz, 5-cell units, with two cavities
per cryostat. Over 10,000 hours of physics running using
these cavities have been logged. The average

breakdown gradient is -6.6 MV/m, and the average QQ

value is -2 • 109. On average, there has been no
significant degradation of either of these parameters
since installation. During physics running, the cavities
are operated between 3.3 and 4.7 MV/m. Whereas there
have been no problems with the basic cavities, several of
the peripheral devices have been or are being upgraded
to eliminate problems. The size of HOM feedthroughs
was increased to eliminate overheating. Input window
cooling channel water corrosion has been a problem.
Arc detectors were added to the window to turn off the
RF in the event of an arc. Piezo tuner retention bolts had
to be shielded to control radiation damage. Modifications
to the indium seal compression methods are needed to
maintain spring loading in the presence of repeated
thermal cycles. One phenomenon which is not yet fully
understood is the occurrence of fast quenches (of the
order of microseconds, not tens of milliseconds) in the
presence of beam currents around 12 mA. It is
suspected that either scattered synchrotron radiation or
lost beam particles are responsible, and that the
mechanism involves a gas discharge, but the subject is
under active investigation.

MACSE [16] is operating five five-cell, 1500 MHz
cavities, for a total of 2.5 meters. The average

breakdown field is 6.5 MV/m at a QQ of -0.6 • 109

(reciprocally averaged). The relatively low Q value is

the result of a cold sapphire window failure, which
contaminated one of the cavities. The operating beam
current is 100 uA One particularly significant aspect of
this system is that four cavities are fed from a single
klystron, and the vector sum of the cavity amplitudes is
formed with sufficient accuracy that the 20° microphonic
amplitude in each cavity is reduced by the control system
to < 0.1° as seen by the beam.

LEP [17] installed 20.4 active meters of cavities in
1989. The system consists of cryostats each containing
four four-cell, 352 MHz cavities. Due to various non-
fundamental limitations, these cavities are operated with
beam at <3.7 MV/m. An additional 26.9 meters of cavity
made of sheet niobium have been tested in the lab.
These cavities have an average breakdown gradient of

g
7.2 MV/m, and have an average QQ of 3.6 • 10 at 5
MV/m. Sputter coated cavities, which are being made by
three companies for CERN, are starting to meet their
specification of QQ > 4 • 109 at 6 MV/m. As previously

mentioned, CERN has discovered that high pressure
water rinsing followed by ethanol rinsing is a significant
help in controlling field emission. The total SC cavity
installation required for the LEP II conversion is 286.16
m, which will make LEP the largest installation presently
under construction.

HERA [18] has had 19.2 active meters of cavity

installed in the HERA e" ring since May 1991. This
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system operates with 4 mA of beam at 3.6 MV/m. The

maximum gradient is 4 MV/m, and QQ = 1.1 " 10 at 3.3

MV/m. The gradient is limited by refrigerator power,
which in turn is limited by the "Q-disease." The cavities
are 4-cell, 500 MHz structures, installed 2 to a cryostat.

S-Dalinac [19] has 10.2 active meters installed, and
achieved first beam in December 1990. The beam
current is 20 uA and the operating gradient is 5.9 MV/m.
The cavities are primarily 20-cell, 3 GHz structures.

HEPL [20] installed -30.8 active meters of structure,
and has been operating since 1974. The accelerating

gradient is ~3 MV/m at a QQ of 3 " 109. The gradient is

limited by one-sided muftipacting at the equator, which is
intrinsic to the cell shape chosen before this
phenomenon was discovered.

CEBAF [21] had 53.0 active meters of structure
installed as of July 24, and is installing cavities at the rate
of 8.0 meters per month. The ultimate length to be
installed is 169.22 meters, although there is room for
209.27 meters. The cavities are 5-cell, 1497 MHz
structures, and are installed 8 to a cryostat. 18 cavities
have been operated with up to 367 uA of beam since
June 1991, some of the time with one local recirculation
(up to 190 uA per pass). These cavities are operated at
a gradient of 5 MV/m (they can be operated with beam at
higher gradients), and have exhibited no systematic
degradation in gradient or Q. The average usable
gradient (defined as the lowest of: a gradient where 1.3
watts of field emission is encountered, a gradient 10%
below the breakdown field, and a gradient at which the

QQ drops below the specification of 2.4 • 10 ) in vertical

cavity pair tests is 8.8 MV/m, and the average QQ at that
q

gradient 5.4 • 10 . The average usable gradient in
tunnel commissioning is 7.6 MV/m, and the average QQ

is substantially equal to that in the vertical tests. The
lower gradient observed in the tunnel is, in part, due to
the fact that the klystron output power is insufficient to
drive the cavities above -10 MV/m. The cavities are
continuously kept under vacuum after they are first
assembled as pairs.

Expanded Applications for Superconducting Cavities

A number of new or expanded applications for
superconducting cavities are at various stages of
development.

SC cavities as FEL drivers were first used at
Stanford, and are in the process of being implemented at
Darmstadt and Frascati. FEL applications are under
consideration at BNL, LBL, and CEBAF, among others.

A 402.5 MHz 1 -cell SC cavity has been implemented
as a "scruncher" at Los Alamos, where it is used to rotate
the longitudinal phase space of the beam [22].

A pion post-accelerator, PILAC, is under consid-
eration at Los Alamos [23]. SC cavities have the
advantage of providing high gradient at high duty cycle,
so that decay of the pions in flight is not excessive.

SC cavities have been developed for use in B-
Factories [24]. They have the advantage of providing
minimal impedance to the beam (due to a small number
of cells and a large beam hole). Related cavities are
being developed for "crabbing," a process of rotating
bunches so that they collide head-on even though the
beams cross at an angle.

SC cavities would be useful in muon colliders, if such
a device proves to be feasible, since rapid acceleration
of the muons would be essential to minimize the fraction
which decay before reaching full energy.

In very large circumference hadron colliders, SC
cavities have the advantage of presenting low R/Q,
which minimizes the driving term for longitudinal
instabilities associated with revolution harmonics and
their sidebands.

Use of SC cavities for waste transmutation facilities
has the advantage of maximizing wall plug efficiency,
which is an overall objective of a nuclear power cycle.

Use of pulsed SC cavities for linear colliders has the
advantage that the high QQ reduces the peak power

needed to fill the cavities [25]. The slow filling of the
cavity, and correspondingly long RF pulse, permit
bunches to be passed through the cavity at widely
spaced intervals (1 km). The wide bunch spacing has
three benefits: there is ample time between bunch
passages to damp the wakes from the preceding bunch,
low repetition rate pulsing permits low frequencies to be
used without dumping unreasonable quantities of stored
RF energy (which, in turn, has the advantage that the
single-bunch head-tail wakefields are greatly reduced),
and the stored energy contained in the beam within the
linac at any instant in time is minimized. The low
frequency and high duty cycle permit good luminosities
to be achieved by the use of large numbers of bunches
of relatively high charge; this, in turn, has the substantial
benefit that the allowed height of the bunch at the
interaction point is much larger than with other
approaches. The tolerances on alignment and vibration
along the linac are greatly reduced, and no BNS
damping is required.

The DESY scientific advisory council has recom-
mended that DESY proceed with the construction of a
TESLA (TeV Superconducting Linear Accelerator) test
bed as a very high priority activity. DESY is proceeding
with this activity, and has been joined by collaborators
from at least CERN, Cornell University, Fermilab, INFN,
Saclay, and the University of Wuppertal.
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Summary

Methods for improving both gradient and QQ per-
formance have continued to advance. Experience with
large scale applications has been favorable, although
actual operating gradients are low in several cases.
Proposed future applications for superconducting radio
frequency cavities offer substantial benefits.
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Abstract

Linear colliders are the only machines which can possibly
extend the energy range of electron-positron collisions beyond
200 GeV c.m.s., the maximum energy foreseen for the storage
ring LEP. At present the only realistic design of a linear collider
seems to be two low emittance linacs for electrons and positrons,
aiming theirbeams at each other and focusing them toextremely
small spot sizes at the interaction point. There are many important
aspects to the parameter choice of these linacs: Maximum
obtainable luminosity, power efficiency, costs, machine and
physics background, tolerances and possible beam instabilities,
required R & D work, extension of energy and many more. We
believe, thatcost optimization will lead to a design of a 500 GcV
c.m.s. collider with only modest accelerating gradient (about
20 MeV/m) and that S-band linacs operated in a mullibunch
mode (about 200 bunches per 2 usec beam pulse) are the best
choice in almost every respect. A test facility now under
construction, consisting of 4 six meter long accelerating guides
powered by two 150 MW klystrons, will facilitate important
tests on higher order mode excitation and at the same time be
used to try out inexpensive but reliable components suitable for
a large collider.

It is a remarkable fact, that, though we love to think of our
science of accelerator building as a rational science, optimized
solutions to a particular problem, when performed by experts in
the field, can still be vastly different. Nowhere is this so blatantly
apparent as in the field of linear colliders. Here the frequencies
of the proposed linacs vary from 1.3 to 30 GHz, the gradients
from 17to more than 100 MVm-1, and the technology to be used
isalso very different: Obviously there is quite different technical
judgement involved, based perhaps on different experiences (or
just enthusiasm). To better understand the present situation it
may be useful to recall the historical development of linear
collider ideas:

Once it had been realized that, with LEP, electron-positron
storage rings had reached their economical limit and that any
increase of center of mass energy could, if at all, only be done
with colliding linac beams, people were shocked and dismayed
by the implication: Such linacs would have enormous size and
be very expensive. This shock and dismay triggered the search
fornewacceleration methods. Theeighties were fullof workshops
on new acceleration methods, using lasers one way or the other,
wake fields of tightly bunched driving beams and other untested
methods. All of these methods were characterized by extremely
high gradients to keep the size of the collider small. But during

those years it also became clear that there are functional
relationships between luminosity, power consumption, beam
strahlungand other importantentitieswhicharequile independent
of the particular way by which particles arc to be accelerated.
The importance of the conversion efficiency, with which beam
power is produced from utility power was recognized. These
considerations led people back to linear accelerator technology,
but still with unusually high gradients of 50 to 100 MVnr ' . The
wish for high gradients persisted although it is clear that such
solutions arc generally far from an economical optimum: In an
optimized linac all costs which scale linearly with length like
accelerating structure costs, tunnel costs, cabling costs etc.,
equal those which scale with the amount of total rf-power, like
modulators, klystrons and integrated power consumption over a
certain amount of time. Such cost optimizations lead in general
to much more modest gradients of 10 to 20 MVm-l High
gradients can only be justified, if a collider has to fit on a given
piece of land, if there are large political problems in building
tunnels under privately owned land or if construction and
tunneling costs arc exorbitantly high.
At the beginning, linear colliders were seen as single bunch
machines: After the accelerating structure of the linacs was
filled with rf energy, only one single bunch of particles was to
be accelerated in each of the two opposing linacs. In this mode
power efficiency is very poor, because after acceleration of this
single bunch in each of the two linacs the whole left-over rf
energy stored in the accelerating wave guides is dumped. To
keep thisenergy small, peoplechose very high linac frequencies,
thereby reducing the stored rf energy.

The second reason why high frequencies were favored is the
shunt impedance per unit length, which increases with the
square root of the frequency in scaled accelerator structures,
thereby reducing the power necessary to maintain a certain
gradient.

A third reason, why higher frequencies might be adventageous,
is the breakdown field strength in linac structures which seems
to increase with frequency. Also dark currents, as they might be
produced by field emission, require higher gradients at high
frequency to be trapped, although the actual amount of dark
current depends in a complicated way on field strength and
surface finishing.

All of these arguments have some validity, especially if the only
objective were to accelerate some small current to very high
energies. But if the objective is to produce luminosity at high
energies while at the same time keeping the beam strahlung
background and wallplug power at acceptable levels, high
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frequencies may quickly loose some of their attraction and
actually might show some severe drawbacks.

The important equations governing linear colliders are simple
and their implications clear:

The luminosity L is given by L =
f N2

4 rc a a (1)

N is the number of particles pet bunch, f the number of bunch
collisions per second. (Neglected here are effects from
conceivable bunch-bunch-pinching and small beam-beam
crossing angles.) CTX and ay are the transverse beam dimensions
(sL d.) at the interaction point.

The beam power is given by Pg = E f N (2)
where E is the center of mass energy of the collider measured
ineV.
The beam power Pg is related to the utility power Pu t by

PB = r\ Put. (3)
where T| describes the total power conversion efficiency.
Combining equations (1) and (2) one can express the luminosity

as

(4)

From equation (4) several simple conclusions can be drawn:

1. The luminosity is directly proportional to the beam
power. For a given utility power it is important to have
high beam-utility power conversion efficiency.

2. It is desirable to have as many particles per bunch as
possible. But N may be limited by higher order mode
(HOM) excitation in the accelerating guide. The
longitudinal effect of HOM excitation causes an energy
spread within a bunch and in a bunch train from bunch to
bunch. For scaled accelerating structures this spread is
proportional to the square of the frequency. Such energy
spread must be limited because of momentum acceptance
of the final focus system. A low frequency rf-system is
clearly advantageous.
HOM effects in the transverse direction can cause a
distortion of the bunch and thereby a larger effective
bunch size. These transverse effects increase with the third
power of the accelerating frequency. Higher frequencies
require much tighter tolerances in beam-waveguide
alignment. Therefore low accelerating frequencies arc also
clearly to be preferred here, particularly, if N is to be large.

3. Forhigh luminosity the beam sizeox • ayatthe interaction
point should be as small as possible.

From the point of higher order mode excitation low frequencies
areclearly favored. As a matterof fact, these effects are so strong
at X-band frequencies, that no study assuming X-band
frequencies uses scaled S-band accelerating structures.The
center hole of X-band structures is always considerably larger

than that of a scaled S-band structure. This in turn reduces the
shunt impedance per unit length almost to that of an S-band
accelerating wave guide. The second argument given above in
favor of high frequencies - that of higher shunt impedance at
higher frequencies - is therefore not relevant. The third reason
given - that of the higher breakdown field strength at higher
frequencies - is meaningless: Field strengths in a cost optimized
linear accelerator are in general much lower than those, at which
breakdown occurs. For similar reasons field emission may also
be a non-issue. What is left is the first argument of utility power
to beam power efficiency, which originally was the strongest
reason for the use of very high frequencies.

Here it is the relatively late realization, that high utility power/
beam power conversion efficiency can only be reached in a
multibunch operation. In thismodeof operation the accelerating
waveguides are first filled with rf energy. Then many particle
bunches are accelerated in an equally spaced bunch train. During
that long beam pulse the rf power is used to maintain the gradient
by compensating losses from beam loading and resistive wall
heating. If the beam pulse is long compared to the filling lime
the energy stored in the waveguides becomes small compared to
the energy transferred to the beam or going into wall losses. The
energy going into wall losses is determined by the shunt
impedance per unit length which, as we have seen above, is in
an S-band structure comparable to that of a practical X-band
structure. It is evident, that the utility power/ beam power
efficiency for an S-band machine with long beam pulse is
probably as good as that of any higher frequency machine and
certainly better than that of machines with short beam pulses.
The only machine with potentially even higher efficiency seems
to be the superconducting colliding linac. These machines, too,
have to be pulsed, albeit at a lower repetition rate. In the
desirable but not feasible cw mode the rf power losses would
require excessive cryogenic power. Superconducting linacs are
therefore subject to the same types of power inefficiencies as
normal conducting linacs: Loss of stored energy, as in all pulsed
machines, and resistive wall losses, which are much smaller than
those in normal conducting machines but, because they occur at
2° K, require substantial utility power for the cryogenic plant.

In a comparison between typical power efficiencies of S-band,
X-band and superconducting linacs (1) numbers like 15 %,
smaller than 11.4 % and 16.8 % were found for representative
studies. All arguments which have been made so far are
independent of the energy of the colliding linacs. There is no
parlicularreason, why S-band technology should be less suitable
forcolliding linacs of very high energy. But there are arguments,
why the advantage of the S-band machines is less pronounced for
colliding linacs in the TeV-region:

The biggest problems for e+-e'-machines in the Te V region are
beam strahlung and luminosity. Beam strahlung can be understood
as synchrotron radiation of particles at the interaction point
produced by the extremely strong electromagnetic fields of the
opposing bunch. This radiation causes energy losses, which
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make the center of mass energy between electrons and positrons
less well defined. Furthermore, the hard photons created by such
beam strahlung can create through further collisions with the
opposing bunch severe background problems from pair
production and hadronic mini-jet production. In the classical
low energy case, where the characteristic photon energy from
beam strahlung is small compared with the particle energy, the
relative energy loss OE is given by

N2 E

or
<?E~L

f R a

(5)

(6)

where R is the aspect ratio ox/ay at the interaction point and a7

is the bunch length. Since we must try to achieve a luminosity
which is proportional to the square of the energy to keep the rale
of interesting physics events constant for constant relative
energy loss from beam strahlung, the product of f R a, has to
increase with the third power of the energy. Obviously one will
try to make R as large as possible in order to keep beam strahlung
small. But R may be limited to values smaller than perhaps 300
by imperfections in the linacs (betatron coupling, spurious
vertical dispersion and filamentation) and optics limitations in
the final focus. The desire for a long bunch length has to be
balanced against the wish for a very strong focusing at the
interaction point (depth of focus!) The bunch length should also
be short in comparison to the rf wave length so as not to introduce
additional energy spread in the accelerated beam. To keep the
energy spread from beam strahlung small, the bunch collision
frequency f will therefore have to increase with the third power
of the energy. It can be shown, that the beam power too will have
to increase with the third power of the collision energy. (This
shows the immense problems for linear colliders in the TeV
region.) Thenumberof par tides per bunch on theotherhand will
be inversely proportional to the beam energy, making problems
of higher order mode excitation less severe at very high energies.

We have seen, that an S-band linear collider does not seem to
have significant disadvantages compared with a higher frequency
installation, but that on the other hand problems of higher order
mode excitation clearly favor the lower S-band frequency,
particularly at lower collision energies.

Another big advantage of the S-band technology of course is that
it exists while the higher frequency X-band technology still
requires a great deal of development work. This is particularly
true for the high power klystrons, which do not yet exist at the
higher X-band frequency with an acceptable power rating and
efficiency. But the strongest reason for choosing S-band
frequencies for the next linear collider is that of the existence of
a prototype, which is not available for the higher frequencies:

In the history of high energy synchrotrons and storage rings
particle energy for any new machine has almost never increased
by more than a factor of 10. The extrapolation of known and
optimized acceleratortechnology tothenextgeneration machine

has rarely been more than one order of magnitude in energy and
new and detrimental machine physics effects could often be
studied in existing accelerators before they became a threat to a
new project. Linear colliders are now in a very unique situation:
The first project to be built to produce new physics, beyond that
which is accessible to storage rings, isalreadyahugccommitment
in money and man power. It would be irresponsible to propose
such a project without the knowledge and input from a
representative pilol project, which must be at least have 10 % of
the size of the new proposed project. There arc already a number
of potential problems known today, which require experimental
verification in such a pilot project, before one can propose the
construction of a say 500 GeV cms linear collider:

1. Thequestion of cmittanccpreservation in the linacs is most
important if one wants to be sure that the final spot size of
the beams at the interaction point has the required and
expected smallness to ensure the desired luminosity .The
invariantemittance, in some studies assumed to be smaller
than 3 orders of magnitude compared to numbers reached
in the SLC, can easily grow by large factors through
imperfections of the linacs (betatron coupling,spurious
dispersion and filamentation, multibunch and single bunch
instabilities and optics mismatches).

2. The background at the detector, produced by long Gaussian
tails of the particle distribution in the bunches, by beam
losses in the long linac or by dark currents produced by
field emission in very high gradient machines, may be one
of the key problems for doing good experiments at linear
colliders.

3. Multibunch instabilities may be one of the most critical
machine problems. Its suppression and avoidance through
precision beam waveguide alignment, throughhigher order
mode absorbers and through frequency variation between
acceleration waveguides is most crucial for the next linear
collider.

For an S-band collider such a 20 % pilot project exists and can
be used to investigate those problems: It is the SLAC linac as
used for the SLC project. But the extrapolation of those findings
and results to the expected performance of a machine with 4
times the frequency and gradient is not possible. Here a new
10 % pilot machine is necessary, in itself a project comparable
with the construction of the SLAC linac. Not only docs a pilot
projectcoslcxtramoney, even if under fortuitous circumstances
it could, with modifications, be part of the final machine, but its
construction and evaluation will also add many years to the
schedule of a 500 GcV project.

The question must be asked of course, whether the SLAC linac
as operated in the SLC mode is a valid prototype fora 500 GcV
collider. Surely this machine was not built to the much tighter
specifications necessary fora colliding linac scheme. But twoof
the most important open questions mentioned above surely can
be investigated without problems: Thatofemitlance preservation
and that of background. The third question, that of multibunch
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instability, is harder to investigate because SLAC has not been
built with the required al ignment tolerances nor w ith the frequency
variation between transverse modes of the accelerating
waveguides, which are deemed necessary to combat multibunch
instabilities. When SLAC was built this type of instability had
not been anticipated. Through deliberate but limited detuning of
the already installed waveguides and through additional
quadrupole focusing it was possible to suppress this instability
in SLAC to a level sufficient for normal linac operation.
Meanwhile, the problems of multibunch instabilities arc
sufficiently well understood and treated by computersimulations,
such that a comparison between expected and observed beam
behaviour in the SLAC linac should be possible. Although it will
not be possible to modify the SLAC linac to the point, where it
could be considered to be a fully fledged prototype of a larger
colliding linac scheme, it would allow the computer programs
and subsequent predictions, which form the basis for a 500 GeV
cms design, to be checked.

TABLE 1
Table of S-band linear collider parameters

energy
luminosity
active length
repetition rate
number of particles per bunch

Main Linac
wave length
average shunt impedance
structure length
klystron power
number of klystrons
average power
average pulse current
current pulse length
number of bunchei per pulce
bunch length [rail)
m&Jurnum energy width
(peak to peak )
Final Focus and Interaction

/1-function at IP fl\
beam dimension at IP o\
total ironing angle
disruption paramcler D,, Dr

luminosity enhancement

energy spread A E . c m

Efficiencies

rf — . beam
»Mll.,,l,,g — beam

OeV
(rm'sec)- '
m
Hz

m
Mll/m
m
MW

MW
mA

mm

%

mm
nm
mrad

%

300
1.I1033

17G40
50

2.11a10

0.10
53.6

6
150

1470
60

300
2

172
0.5

0.3

50, 0.8
914,37

1
0.23 / 5.6

1.4

0.36

%
%

43
14

500
4.0 1033

29412
50

2.1 10'°

0.10
53.6

6
150

2450
110
300

172
0.5

0.3

16, 1
400,32

2
0.69 / 8.G

1.8

3 3

43
14

24 July 1992
1000

2.810"
29412

50
2.810'°

0.10
5 3 6

6
150

4900
220
400

50
0.5

0.2

40, 0.5
447,16

2
0.38 / 10.6

1.4

6 7

22
8

Tab. I shows a parameter list fora 500 GeV cms linear collider
at S-band frequency, which was worked out by the DESY/
Darmstadtcollaboration (2). It is characterized by the relatively
large beam power (2 x 7.5 MW), which allows the luminosity
of 4-1033 cm -2 s • to be reached with a fairly large beam size at
the interaction point (400 x 32 nm2), valuesclose to those aimed
for in the Final Foe us Test Beam FFTB at SLAC. The large beam
size can be produced with relatively large invariant cmittances
(5 1O6 m and 5 107 m). Actually, the assumed beam size of this
collider study is so close to the values of theFFTB that a positive
outcome of the FFTB test virtually guarantees that the spot sizes
of the S-band study can be reached. The value of the vertical beta
function at the interaction pointof 1 mm allows the bunch length
to be as large as .5 mm. This relatively large number makes the
bunch compression between damping rings and linac much less
demanding and at the same time reduces the beam strahlung
background to very small values. The large beam size at the

interaction point also makes the vibration and stabilization
tolerances considerably less critical than those in colliding linac
studies with much smaller beam sizes.

Also shown are parameter lists for center of mass energies of
300 GeV and 1000 GeV. The lower energy parameter list is
interesting for work on the top quark, assumed to be in that
energy range. One can see, that the total energy spread as given
by machine energy spread from excitation of longitudinal higher
modes and the additional spread from beam strahlung is less than
.4 %. This number may need some interpretation: About half of
the beam has an energy spread smaller than one tenth of that
value. The other half has rather large energy tails, such that the
calculated rms value becomes .36 %.

The parameter list for the 1000 GeV cms operation assumes a
doubling of the number of klystrons and an increase of their
effective peak power output by a factor of 2 through some SLED
scheme. In such an arrangement it is not possible to increase the
lum inosity by the desired factor of 4 as compared to the 500 GeV
operation. This factor could only be gained by a decrease of the
beam spot size and/or an increase in beam power.

Fig. Conceivable Tunnel cross section for
Collider

a 500 GeVcms Linear

UNAC quadrvipd tosnana quadnjpes UNAC quaoupol Side view

Fig. 2 Sideview of a 500 GeVcms Collider Tunnel
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Fig. 1 and Fig. 2 show you a possible schematic layout of the
facility and a tunnel cross section. It is believed, that the whole
30 km long installation could be housed in a drilled tunnel.
Shielding in the tunnel will be good enough to allow servicing
of modulators, klystrons and auxiliary equipment while the
machine is in operation. Access to the installation from the
surface is only necessary at both ends and at the central collision
point.

The most critical aspect of such an installation are the above
mentioned multibunch instabilities. Computer studies show,
that with a beam-waveguide alignment of better than 0.02 mm,
one single transverse higher mode absorber near the front end of
each of the 6 m long waveguides and a frequency variation from
waveguide to waveguide of up to 10 MHz for the transverse
modes, any emittance increase from transverse higher order
mode excitation will be negligible. Construction of waveguides
with such straightness and monitors to allow a beam-based
alignment of such accuracy certainly are a technical challenge.
Construction of a pilot project with 4 six meter long constant
gradient waveguides powered by two 150 MW klystrons will
therefore be an important step on the way to a proposal for a
500 GeV machine. Such a pilot project, presently under
construction at DESY, will also involve vibration damping of
waveguides and focusing quadrupoles and in particular will test
components especially developed for low mass production
costs.

We believe, that the technical problems of an S-band linear
collider are understood to a large extent and that after a
successfulconclusion of the FFTB tests and other measurements
at the SLC and the pilot project at DESY, a responsible proposal
for a 500 GeV machine can be prepared. But it will also be
essential that the costs of such a project be as low as possible and
a good portion of the R & D effort between now and a proposal
should address that question.
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