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Abstract
to measure the transmission loss of the long (1.0 m) extruded
single crystal sapphire guides. Also, because of the overmoded
A 40 MeV electron beam, using the inverse free-electron guide configuration (ID = 2.8 mm), attempts were made to
laser interaction, has been accelerated by AE/E = 2.5% over a determine the transverse mode spectrum. To this end various
distance of 0.47 m. The electrons interact with a 1-2 GW CO2 wave guide configurations were tested at low laser beam power
laser beam bounded by a 2.8 mm ID sapphire circular with the beam focused to a Gaussian waist with adjustable
waveguide in the presence of a tapered wiggler with radius at the entrance of the waveguide. The beam profile was
Bmax =1 T and a period 2.89 cm < Xw < 3.14 cm. The measured using a pyroelectric vidicon TV camera combined
experimental results of AE/E as a function of electron energy with digital frame grabber. For the 2.8 mm. ID sapphire
E, peak magnetic field Bw and laser power W, compare well dielectric guide a laser power attenuation factor of 0.2 dB/m
with analytical and 1-D numerical simulations and permit was measured. The laser beam profile within the guide was
scaling to higher laser power and electron energy.
inferred by measuring the beam diameter at the guide exit for
various guide lengths.The results show that, commensurate
with the near constant beam profile within the guide, the mode
Introduction
structure is dominated by the guide fundamental mode only.
The study of the Inverse-Free Electron-Laser (IFEL) as a This is in accord with the absence of mode mixing reported in
potential mode of electron acceleration has been pursued at Ref. [11] for filamentary sapphire guides for CO2 laser
Brookhaven National Laboratory (BNL) for a number of years radiation transport.
[1-4]. Recent studies have focused on the development of a
In the IFEL accelerator, the electron beam is accelerated by
low energy, high gradient, IFEL accelerator [5] as a first step the interaction with the laser radiation wave in the medium of
toward a multi-module electron accelerator of maximum a periodic wiggler field. The theoretical description of the
operating energy of a few GeV. Experimental verification of interaction has been given by a number of authors [3,12].
the IFEL accelerator concept was obtained in 1992 [6], using a Approximate analytical expressions derived in Ref. [3] were
radiation wave length of X = 1.65 mm, and more recently [7] used to parameterize a single acceleration stage. Subsequently,
using a wavelength of 10.6 Jim. In this report further 1-D and 3-D simulation programs were written solving the self
experimental evidence of the IFEL interaction (A. = 10.6 \xxn) consistent system of Lorentz equations for the electrons and
is presented. The experiment used a 50 MeV electron beam, a the wave equations for the input laser field as discussed in
1-5 GW CO, laser beam provided by BNL's Accelerator Test Ref. [12]. The 1-D program has been used to determine the
Facility (ATF) and a uniquely designed period length tapered self-consistent wiggler period length and its taper for given
wiggler.
values of electron beam energy and laser power and to calculate
the
bucket acceptance and bucket leakage for a single or multi
The wiggler is a fast excitation electromagnet with
stackable, geometrically and magnetically alternating substacks module accelerator. The 3-D code has been used to study beam
of Vanadium Permendur (VaP) ferromagnetic laminations, walk-off, transverse phase space distributions and emittance
periodically interspersed with conductive (Cu), nonmagnetic growth.
laminations, which act as eddy current induced field reflectors
[8,9]. Four current conducting rods, parallel to the wiggler
Experimental Arrangement and Result
axis, are connected at the ends of the assembly, constituting
Extensive IFEL simulation studies were carried out both
the excitation loop that drives the wiggler. The overall wiggler
stack is easily assembled, is compressed by simple tie rods, for a single IFEL accelerator module and for a sequence of
and readily permits wiggler period (XJ) variation. Configured IFEL modules. The objective of the present experiment was a
as a constant period wiggler, 7^ = 3.75 cm and BmM = 1 T, the proof of principle performance of a single IFEL unit
system has shown [10] an rms pole-to-pole field variation of incorporated in beam line II of the ATF [13,14]. A schematic
layout, specific to the IFEL experiment only, is shown in
approximately 0.2%.
The CO2 laser beam is brought into the IFEL interaction Fig. 1. Beam transport downstream from the nominal 50 MeV
region by a low loss dielectric (Al2Oj, sapphire) circular Linac is so dimensioned as to yield a dispersion free IFEL
waveguide which evidenced very good transmission properties interaction region. The electron beam, at the IFEL location, is
[11] of the high power CO2 laser beam. Extensive studies were matched vertically to the natural wiggler betatron amplitude
carried out to establish optimum coupling into the guide and Py = 0.17 m, a , = 0.0 and to a horizontal amplitude Px =
2
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0.3 m, a , = 0.0. Downstream of the IFEL interaction region
the optical system is configured as a momentum spectrometer
with adjustable dispersion magnitude (0.0 < TIP < 3.0 m) at a
diagnostic endstation; there the beam momentum dispersion is
measured by means of a phosphor screen-vidicon TV cameraSpiracon frame grabber. Also shown schematically in Fig. 1 is
the CO2 laser beam entry into the interaction region vacuum
envelope through a ZnSe window, and its propagation as a
free-space mode, to the sapphire dielectric waveguide entry.
With deliberation, the dielectric guide was taken to be 0.6 m in
length, whereas the accelerator module length (wiggler length)
was set at 0.47 m. This was done to approximate a mode
matching section, enhancing thereby the mode purity in the
IFEL module proper.

CO2 Laser

Table 1
IFEL Experiment, First Phase
e'beam

Wiggler

Sapphire Circular
Guide, 2.8 mm ID
hv Diagn.

CO, Laser

e" Diagnostics
Fast Excitation
Variable Period Wiggler
Fig. 1 Schematic of the Experimental Configuration.
The design parameters used in this IFEL accelerator
experiment are listed in Table 1. With optimized overlap of the
electron and CO2 laser beams, both spatially and timewise,
and the interleaving of the lower repetition rate CO2 laser
pulses with the higher repetition rate electron beam pulses, the
IFEL electron beam acceleration could readily be established.
Electron acceleration was measured with the spectrometer at
the diagnostic screen. An example of the momentum spectrum
of the unaccelerated and accelerated electrons is given Fig. 2,
where the beam intensity distribution is shown versus Vp*x£x +
r|pAp/p, with the spectrometer optics adjusted so that
T)pAp/p » Vpxex. Optimization of the IFEL effect and
exploration of parameter space, with variation of the electron
beam injection energy, CO, laser power and wiggler maximum
magnetic field magnitude was carried out in several consecutive
runs, the results of which established the unambiguous
signature of the IFEL acceleration. This is illustrated in
Figs. 3 and 4, where (AE/E)IFEL is shown both as given by the
1-D model simulations and as obtained experimentally.
Figure 3 shows the relative energy gain for Bw and W,
constant; in Fig. 4 the plot (AE/E)IFEL vs. Bw is given.
The approximate IFEL design equations [3] are:
dy/dz = A(K/y)f(K)sin\|/ with y = (k + kjz-kct
0)
where the normalized laser electric field is A =
(e/m^Xl/RoXjcW^)" 2 , K = (eBwAv)/(2nmc) = 2.7 is the
wiggler parameter, f(K) = 0.38 is a correction factor due to the
linear polarization of the wiggler, Z o = 377 Q, Ro is the
waveguide radius and k, kw are the radiation and wiggler
wavevectors, respectively. The resonance condition leads to:
X = 0.5Xjf(l
+K2/2)
(2)

Injection Energy
Exit Energy
<Accel. Field>
Current, nominal
N(bunch)
I(max.)
AE/E(one a)
Emittance (one a)
Beam radius
Wiggler Length
Section Length
Period Length, Xw
Wiggler Gap
Field max.
Beam oscill.,a,,.
Power, W,(Laser)
Wave Length, X
Max. Field, Eo
Guide Loss, a
Field Attenuation
Pulse, (fwhm)
A.

40.0
42.3
4.9
5
10"
30
± 3.10-'

MeV
MeV
MV/m
mA
e"
A

7 10.-8
0.3
0.47
0.6
2.9-3.1
4
10
0.16-0.2
10"
10.6
0.78 10'
0.05
0.26
220
1.53 10'

m.rad
mm
m
m
cm
mm
kG
mm
Watts
urn
MV/m
m"'
dB/Sect.
psec

1.0

mm

The relative energy gain of the electron beam in a wiggler
of length Lw is:
Ay/7 = (Ap/p)IFEL = A(K/f)f(K)sinyrLw where
\|/r is the resonance phase (45° for optimum bucket size).

*

*•

(3)

ne.

PePe-(+CO2)

4

= 2.0 %

Fig. 2 Momentum Spectrum of the unaccelerated and IFEL
accelerated electron Beam
E, = 40 MeV, Bw = 10 kG, X, = 2.9-3.1 cm, W, = 1 GW.
In Fig. 3 the solid line shows the results of the numerical
simulations with laser power W, = 1 GW and B w = 10 kG
normalized to the maximum experimental value. The
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agreement of the simulations with the experimental results are
good. Similarly, in Fig. 4 experimental results are compared
with the simulations for 35 MeV and 40 MeV, in both cases
the agreement is good. The maximum (Ap/p)IFEL for initial
electron energy of 35 MeV leads to a value of the magnetic
field Bw = 8.35 kG, to be compared with the experimental
value of 8.44 kG, and for E = 40 MeV, the calculated Bw is
9.98 kG and the experimental value was Bw = 9.96 kG.

The authors wish to acknowledge the invaluable support
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M. Babzien, K. Batchelor, I. Ben-Zvi, A. Fisher, K. Kusche,
R. Malone, I. Pogorelsky, J. Qiu, T. Romano, J. Sheehan,
J. Skaritka, T. Srinivasan-Rao and X.-J. Wang.
This work was supported by the Advanced Technology
R&D Branch, Division of High Energy Physics, U.S.
Department of Energy, DE-AC02-76CH00016.
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In conclusion, the IFEL acceleration of a 40 MeV electron
beam by AE/E = 2.5 % with a 1 GW CO, laser and a tapered
wiggler with peak field on axis of 10 kG has been confirmed.
Agreement with the model predictions is satisfactory,
permitting the scaling of anticipated results to higher laser
power. Present IFEL operation is limited to a maximum laser
power of < 2 GW. With the upgrading of the ATF CO, laser
to the 1TW level as presently underway, an IFEL mean
acceleration gradient of 100 MeV/m might become achievable.
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LIAR - A NEW PROGRAM FOR THE MODELLING AND SIMULATION OF LINEAR
ACCELERATORS WITH HIGH GRADIENTS AND SMALL EMITTANCES*
R. Assmann, C. Adolphsen, K. Bane, TO. Raubenheimer, R. Siemann, K. Thompson
Stanford Linear Accelerator Center, Stanford, CA 94309, USA
Abstract

Internal data structures

Linear accelerators are the central components of the proposed
next generation of linear colliders. They need to provide acceleration of up to 750 GeV per beam while maintaining very small
normalized emittances. Standard simulation programs, mainly
developed for storage rings, do not meet the specific requirements for high energy linear accelerators. We present a new program LIAR ("Linear Accelerator Research code") that includes
wakefield effects, a 4D coupled beam description, specific optimization algorithms and other advanced features. Its modular
structure allows to use and to extend it easily for different purposes. We present examples of simulations for SLC and NLC.

The internal data structures are designed in such a way that easy
data access is guaranteed. An INCLUDE statement like
INCLUDE

will give access to all beamline information, including names, slocations, magnetic fields, Rf phases, gradients, misalignments,
Twiss parameters, beam offsets, emittances and many more
quantities.
Let's consider an easy example. The beamline is defined in a
structure ELEMENT that has pointers to the BPM structure. The
following loop would print the vertical emittance at the BPM's
for the whole beam and the first bunch:

The LIAR project
The computer program LIAR is a numerical simulation and
tracking program for linear colliders. The LIAR project was
started at SLAC in August 1995 in order to provide a computing
and simulation tool that specifically adresses the needs of high
energy linear colliders. LIAR is designed to be used for a variety of different linear accelerators. It has been applied for and
checked against the existing Stanford Linear Collider (SLC) as
well as the linacs of the proposed Next Linear Collider (NLC). It
is anticipated that LIAR will be applied to a broad range of problems for the various linear colliders that are studied at this time.
Interested accelerator physicists from all laboratories are invited
to join the LIAR project and both to use the program and to contribute new features. In this paper we point out some concepts
and highlights of the program. A complete description is found
in [1]. The physics concepts are described there in detail.

1
2

1

'Work supported by the Department of Energy, contract DE-AC0376SF00515

DO I = 1, NUM.ELEMENT
IF {ELEMENT(i).IS_BPM) THEN
ibpm = ELEMENT(i).POINTER
WRITE(outlun, *)
BPM(ibpm).YEMITALL,
BPM{ibpm).YEMIT(l)
ENDIF
END DO

The emittance information at the BPM's is updated automatically
during each tracking. Another hypothetical example is to misalign all quadrupoles vertically by 1% of the vertical beta function:

Compiler and computer requirements
The LIAR code is mainly written in standard FORTRAN 77. It,
however, takes advantage of the STRUCTURE and RECORD
extensions that are available in most FORTRAN compilers. The
code is stand-alone apart from a few system calls (random number generator, time) that might need to be adjusted to the actual
computer system. No specific libraries are required for the compilation. The present LIAR version 1.4 is compiled and run under AIX 3.2 on IBM workstations. Porting to other UNIX platforms is a straight forward process, as long as FORTRAN compilers are available that support the STRUCTURE and RECORD
extensions. Porting to non-UNIX platforms might require minor
changes to the file handling. The computer should be powerful
enough to handle large blocks of memory (w64 MByte).

'lattice.inc'

DO I = 1, NUM.ELEMENT
IF {ELEMENT(i).IS_QUAD) THEN
iquad = ELEMENT{i).POINTER
QUAD(iquad).DY =
0.01 * TWISS(i).BETAY
ENDIF
END DO

During the next tracking the new quadrupole misalignments will
be used. Those examples illustrate how easy it is to access and
manipulate the internal beamline information without a detailed
understanding of other parts of the program. Complete reference
information about the internal data structure can be found in [1].
The LIAR command language
The goal to make LIAR easily extendable required a modular
structure of the different parts of the program. It should be possible to add subroutines (commands in the LIAR language) without major modification to other parts of the program. Subroutine
parameters are therefore passed through a command language.
The main program knows only the name of a subroutine and
passes the control with whatever parameters have been defined.
It is the task of the subroutine to process and use the parameters
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properly. When the LIAR program is started without command
line parameters then it enters an interactive mode:
II
II
II
II
II

nun
L I near
S LA C

nemity
betax
betay
alphax
alphay

IN
III
III
III
III

-MINI - I l l l
III II I II
III—II- II
| HI | HI |M version 1.4

A ccelerator
1996

R esearch

---

code

SET_BEAM, c u r r e n t
blength

and commands can be entered. Alternatively LIAR can be run
in batch mode, reading its input from a file. Let's consider the
example of a simple SLC simulation. We go through it in steps,
explaining the purpose of every part. For most commands many
more parameters than shown are available. However, if parameters are not specified explicitely, then they are set to their default
values. Command lines are automatically continued if an input
line is ended with a comma.
In the first two commands we initialize all internal data structures to zero, we switch off the debug level and we set the output
unit to the standard output:

4.dlO,
1100.d-6,
1,
20,
3,
0.

Next we have to define the wakefields. They are read in from design specific input files. We only define short-range wakefields:
SET_SR_WF, f i l e = ' i n p u t / s r w f _ s l c . d a t '
Before we track the beam through the lattice, we misalign all
quadrupoles vertically by 200 /jm rms:
ERROR_GAUSS_QUAD, name

= '*',

y_sigma

= 200.e-6

Now we can finally track the beam through the lattice:
TRACK

= 'input/sic.trns',
= 1.19

In the next step the Rf-phases for BNS damping are defined and
the lattice is rescaled accordingly. Note that two different Rfphases are specified along the linac with the switch at 800 m:
=
=
=
=
=

bspace

= 0,
=6

Then we read the lattice from a transport input deck and define
the injection energy:

SET_RF, energy
scale
phasel
lswitchl
phase2

=
=
=
=
=
=

nb
ns
nm

LIAR>

READJTRNS, infile
energy

0. 3d-5,
3 . 40,
3 . 08,
0 . 156dO,
0. 066d0

Everything is prepared now to set-up the beam. We specify the
bunch population, the bunch length, the number of bunches, the
number of slices per bunch, the number of mono-energetic beam
ellipses per slice and the bunch spacing:

Ralph Assmann
Karl Bane
Tor Raubenheimer
Kathy Thompson

RESET, all
SET_CONTROL, debug
outlun

=
=
=
=
=

50.,
.t.,
22.,
800.,
-16.5

and measure the normalized beam offsets at the BPM's:
MEAS_BPM, f i l e = ' o u t p u t . d a t a ' ,
norm = . t .
The output is saved into a file. As already mentioned many more
parameters and commands are available in LIAR. For example
the command TRACKC would have tracked the beam through
the lattice while applying a 1-to-l trajectory correction. The
complete reference information is available in the LIAR manual [1].
During the execution of the commands LIAR provides extensive information. For example the progress of the tracking is indicated by a "trackometer":
T R A C K O M E T E R

Next we calculate the Twiss parameters, specifying the initial
values:
CALC_TWISS, betax
betay
alphax
alphay

=
=
=
=

=
=
=
=

200.d-6,
1.19,
0.014,
3.0d-5,

20

-I-

-I-

30

40

:

60

50

80

70

-I-

90

- I - _l

100 %

I

At the end of the tracking, summary information is printed to the
standard output:

3.40,
3.08,
0.156,
0.066

aid o

After that we need to define the initial conditions for the beam
setup. We define an initial beam offset y, the injection energy and
energy spread, the normalized emittances and the Twiss values:
SET_INITIAL, y
energy
espread
nemitx

10

Seam
Bean
-

energy
Acceleration:
spread:
r«*l. spread
blow-up
Emittance (bl) :
(av) :
(train):
Lumin. factor:
- 8MAG mismatch:
I n i t i al beam Kite:
- Horizontal:
- Vertical:
Final beam siM:
Horizontal:
Vertical:
Horizontal:
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»

1.190

SIGE/E >

E_0

1.322

C*V

. 0 1 6 GeV
*

g_x

41.680 %

«_x

41.680 %
41.680 %
tl.l %

-->

SIGE/E
g_y
g_y

1.016

BMJiCY

S_x
S_y

275.8 u » .
87.S urn

S_x'
S_y"

S j '

J_x

135.911 URI
50.695 im
.43 urn

205.156
205.156
205.158
86.2
1.368

R_y

BHAGX

S_*

4S-998 G«V
.126 CeV
.274 1

E_f

-->
-->

S_x'
S_y
j

,

>
•

%
%
%
%

6S.2 urad
24.2 urad
3.856 urae
1.420 urad
.67 urad

- Vertical:
J_y
«
10,46 um
B«an) trajectory (ideal)
- average:
X_av 12.26 un
- RHS:
X_tig *
193.92 urn
Beam trajectory (BPH readings)
- average:
X_*v «
16.79 um
- RMS:
X_«ig •
192.62 um
Final beta functions
- from beam:
B_x
*
26.67 m
- from TWISS;
B_x
22.13 m
Final alpha (unctions
- from beam:
Kjt
>
.7744
- from TWISS:
A_x
•
.7051
Final geom. enittanca
- initial valua:
ZJK
- 1.29E-08 rad-m
- wrt centroid:
E_x
* 4.72E-10 rad'm
- wrt *xi»:
$_^
• 2.42E-09 rad*m
Final norm. «mittance
- initial valua:
E_x
- 3.00E-05 rad'm
- wrt centroid:
E_X
* 4.25E-0S rad'm
- wrt axis;
ELx
* 2.18E-04 rad*m

Limitations

J_y'
Y_av
Y_«ig

18.96 um
188.15 um

Y_av
Y_sig

16.82 ua
224.57 um

B_y
B_y
Kjy
M^y

The LIAR program is presently limited to linear accelerators
without bending magnets. It is assumed that the longitudinal
charge distribution remains unchanged. This is perfectly valid
for linear accelerators. However, bunch compressors can not be
simulated. For example, LIAR is now also used for the modelling and simulation of the SLAC Linac Coherent Light Source
(LCLS) [5]. Bunch compressors are an important part of this proposal. Further we have not yet implemented sextupoles or any
matching abilities into LIAR.

59.39 m
27.35 m
-1.992
-.700

ELy
E_y
E_y

1.29E-09 rad-m
1.02E-10 rad-»
3.66E-10 rad-m

E_y
Ejy
E_y

3.00E-06 rad'm
9.15E-0C rad-m
3.3OE-O5 rad'm

Future plans
The data from this summary output is explained in [1]. We just
mention a few of the summary results: emittance growth in the
linac, lattice mismatch, Rms trajectory offsets, beam energy
In addition most of the results are saved at every BPM location.
They can be printed out into files, for example in order to study
the emittance growth along the linac. An example is shown in
Fig. 1, where the beam energy spread is shown as a function of
longitudinal position a for both the SLC and the NLC. This example demonstrates the advantage, if different linear colliders
are simulated with the same computer program. Results can be
compared immediately, allowing new insights in the underlying
beam dynamics.

The correct treatment of bending magnets will be implemented
into LIAR in the near future. This will allow to include bunch
compressors into the simulation. We further plan to implement
automized dispersion-free steering algorithms into the program.
However, those are just two examples of future additions. There
are many more useful extensions of LIAR. We invite all interested accelerator physicists to join the LIAR project and to contribute their experience and knowledge.

BNS correlated energy spread
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Figure 1: An example of SLC and NLC simulations with LIAR.
The beam energy spread is shown as a function of the longitudinal position s for both SLC and NLC. SLC is about a factor of three shorter than NLC. The variation in energy spread is
induced with the Rf phases in order to achieve BNS damping.
Since the required BNS energy spread is a measure of the wakefield strength, it becomes evident that wakefields are about a factor of three weaker in NLC than they are in SLC. However, tolerances are tighter in NLC because of the smaller injected emittance.

The application on SLC allows particularly to "calibrate" the
simulation results against the experience in a real linear collider.
LIAR results from SLC and NLC simulations are presented in [2,
3,4].
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Abstract

small initial emittance makes it much harder to avoid emittance
dilutions. A realistic BNS damping setup is included [2].

The tight tolerances in the main linacs of the Next Linear Collider (NLC) result in a large sensitivity of the beam emittance
to slow alignment drifts. Once the accelerator is tuned, the optimized emittances must be maintained. Slow alignment drifts will
make resteering and reoptimization necessary. The frequency of
these linac reoptimizations is an important parameter that determines how well the linear collider can be operated. We present
simulation results that address this question for the main linacs
of the NLC. We will show that the effects of alignment drifts can
indeed be handled.

E

Introduction
The alignment stability in the main linacs of NLC determines
how often the alignment and correction algorithms need to be applied. It has been shown that static imperfections in NLC can be
corrected down to the required levels [1]. Linac stability effects
are dominated by quadrupole alignment drifts; the quadrupoles
generally have the tightest alignment tolerances. Here, we do not
discuss the BPM stability. However, the requirements are tight.
For the alignment algorithm we require a 2 jtm static rms offset between the BPM and quadrupole centers [1]. This tolerance
can be achieved with a time consuming beam-based alignment
procedure and it must be stable over significant periods of times
(days). The question of BPM stability is discussed in [2]. Since
quadrupoles and BPM's are mechanically mounted together, the
BPM stability that can be achieved is mainly determined by the
BPM electronics, cables and similar factors. Results from beambased alignment experiments at HERA and LEP show that the
BPM to quadrupole alignment presently is being done with an
absolute accuracy of better than 10 fim [3, 4]. The results in
HERA are found to be remarkably stable over years.

Figure 1: Example of ATL-like alignment drifts. The upper plot shows the displacements of quadrupoles, RF-structures
and BPM's after 30 minutes with an A-coefficient of 5 x
10" 7 /tm2/sec/m. The alignment was flat initially. The lower
plot shows the corresponding trajectory offsets VBPM at the
BPM's. The dotted lines indicate the locations of trajectory
feedbacks where y and y' are corrected back to zero. Thus the
size of coherent betatron oscillations is constrained.

Simulation parameters

ATL-like alignment drifts
The simulations were done with the computer program LIAR [5]
using the 500 GeV version of NLC-II as defined in [2]. We In order to model alignment drifts, we use the ATL-model [6].
consider a single bunch with with a population of 1.1 x 10 10 This predicts that the rms vertical misalignment <r&y (in fim) departicles. The injection energy is 10 GeV, the bunch length is teriorates with time T (in seconds) and over the length L (in m)
150 fim, and we include an initial uncorrelated energy spread as follows:
oij, = AT • L
of 1.5%. The initial horizontal and vertical beam emittances are
f€x = 3.6 x 10~6m-rad and fey = 4.0 x 10~8m-rad. We asRecent studies [7] show that a constant A of better than 5 x
sume that the chicanes in the diagnostics stations are switched
10"7(im3/sec/m can be measured on the SLAC site. We use
off. The simulations were done for the vertical plane where the
A - 5 x 10~ Vm3/sec/im.
Figure 1 illustrates ATL-like alignment drifts. It shows the dis•Work supported by the Department of Energy, contract DE-AC03placements Ay and corresponding trajectory offsets ybpma t the
76SF00515
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BPM's after 30 minutes. The offsets of quadrupoles, BPM's, and
RF-structures are overlaid in the plot and are essentially indistinguishable. The trajectory offsets at the BPM's show the coherent betatron oscillations that build up. The dotted lines indicate
the locations of seven trajectory feedbacks that constrain y and
y" to zero. The coherent betatron oscillations are thus broken up
into eight smaller oscillations. The oscillation amplitude is a few
/im and is large enough to be detected easily with the NLC single
shot BPM resolution of 1 /tm.

Figure 3: Average vertical emittance growth Ae y /€ Vi o along the
linac for ATL-like drifts after 30 minutes. We assume an Acoefficient of 5 x 10~ 7 /mrVsec/m. The dashed curves specify
the enrorbands around the average (solid curve).
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Figure 2: Histogram of vertical emittance growth Aty/e^o for
1000 different error distributions. ATL-like alignment drifts
over 30 minutes with an A of 5 x 10~ 7 jtm2/sec/m are assumed.
The average emittance growth is 29.0% ±0.8%. The solid curve
shows an exponential fit for large emittance dilutions.
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A histogram of the vertical single-bunch emittance growth
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from alignment drifts after 30 minutes is shown in Figure 2. The
average emittance growth is found to be 29.0% ± 0.8%. Note,
however, the exponential distribution for large emittance dilutions. The most probable emittance growth is only about 10%. Figure 4: Average vertical emittance growth Aey/eyt0 from
The average emittance growth along the linac is shown in Fig- ATL-like alignment drifts for different BNS configurations. The
ure 3. The locations of the trajectory feedbacks are clearly seen. BNS configurations are specified in terms of the associated BNS
As a coherent betatron oscillation builds up the emittance starts energy overhead. That is the percentage of the beam accelerato grow rapidly. The feedbacks stop the fast growth. More ef- tion that is lost due to the Rf phases required for a given BNS
fective feedbacks can be imagined if the rms y trajectory is min- scheme.
imized up to the next feedback instead of correcting y and y1 to
zero locally.
beam-based alignment of quadrupoles and RF-structures. It is
Figure 4 shows the average vertical single-bunch emittance small enough not to be an important limitation of the NLC linac
growth for different BNS configurations. All previous results performance as long as the linacs are corrected on an half-hourly
were obtained using the standard NLC BNS configuration which to hourly basis. Since the alignment and correction algorithm
requires an energy overhead of 1.3%. The standard BNS is op- does not interfere with the standard operation, its frequent applitimized for the beam-based alignment algorithm and uses three cation should be no major obstacle.
different Rf phases along the linac. Figure 4 shows that BNS
configurations using higher energy overheads reduce the emitConclusion
tance growth from 29% to about 16%. One can therefore imagine to trade alignment performance against better stability.
The dominant stability problem in the NLC main linacs is caused
Let us relate the ATL-like alignment drifts to the other results. by drifts of the quadrupole alignment. We simulated this efSince the emittance growth is linear in time we would get an ad- fect by using the ATL-model with a coefficient A = 5 x
ditional average emittance growth of about 15% when we as- 10~ 7 /i m J / s ec/ m as measured at SLAC. We showed that the
sume a beam-based alignment every 30 minutes. This is about alignment drifts drive coherent betatron oscillations that lead to
a factor of six smaller than the emittance growth expected after rapid emittance growth. The addition of seven trajectory feed-
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backs breaks the coherent betatron oscillation into eight smaller
oscillations. Assuming a beam-based quadrupole alignment every 30 minutes, we would expect an additional average emittance growth contribution of 15%. Since the emittances roughly
add up in quadrature, this is small compared to the 110% average emittance growth after beam-based alignment. The alignment algorithm does not interfere with the normal linac operations, so that it can be applied very frequently. We conclude that
slow alignment drifts can be handled safely for the NLC linacs,
if we assume a beam line stability similar to or better than the
one observed in the Final Focus Test Beam (FFTB) experiment
at SLAC.
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Abstract

The beam-based alignment algorithm

The main linacs of the next generation of linear colliders need The emittance growth in the NLC linacs is driven by transverse
to accelerate the particle beams to energies of up to 750 GeV offsets between the beam and the centers of quadrupoles and
while maintaining very small emittances. This paper describes structures. These offsets must be minimized in order to mainthe main mechanisms of static emittance growth in the main tain the normalized emittances. We studied an algorithm that
linacs of the Next Linear Collider (NLC). We present detailed minimizes the quadrupole and structure BPM readings by first
simulations of the trajectory and emittance control algorithms moving the quadrupoles, thereby steering the trajectory, and then
that are foreseen for the NLC. We show that the emittance growth moving the accelerator structures to align them along the beam
in the main linacs can be corrected down to about 110%. That trajectory. Because of imperfections in the accelerator model, a
number is significantly better than required for the NLC design long linac is typically divided into many shorter regions of 50 to
100 quadrupoles and the algorithm is applied to each region indiluminosity.
vidually. To obtain full correction, one usually has to iterate the
correction
multiple times. The simulations include the effect of
Introduction
finite BPM resolution (reading-to-reading jitter) and accelerator
Emittance preservation in the main linacs of a future linear col- component misalignments.
lider like the NLC is demanding [ 1 ]. Strong wakefields and small
The algorithm determines the quadrupole movements in an atemittances make the beams very sensitive to beamline imper- tempt to align the magnets in a straight line between the first and
fections. The achievable final beam emittance and luminosity last quadrupoles of the region being considered; the first and last
depend strongly on the ability to avoid and to correct imperfec- quadrupoles of the region are not moved by the algorithm. The
tions, especially quadrupole and Rf structure misalignments. Ini- beam is then launched along the beamline by adjusting either the
tial alignment errors are limited by the available accuracy of me- initial conditions, for the first region of the linac, or by adjustchanical survey and alignment methods and are much larger than ing a single dipole corrector located at the first quadrupole for
the required tolerances. Instead, beam-based alignment will re- all subsequent regions; only a single dipole corrector is needed
duce the initial errors to a level that meets the linac tolerances. to join regions because the beam trajectory should be centered
This is a crucial step in the operation of a next linear collider and at the first quadrupole which is the last quadrupole of the preit must be verified that the procedure is understood and that the ceeding region. Finally, weights can be added for the bpm resnecessary precision can indeed be achieved.
olution and the quadrupole movements; the nominal values are
We describe numerical calculations with the computer pro- the expected bpm resolution and the expected quadrupole misgram LIAR [2] that were performed to study the NLC main linacs alignments with respect to adjacent magnets. These weights will
emittance transport. By assuming realistic errors in all major ac- limit the magnitude of the moves, constraining the trajectory to
celerator components, we can study the complex interactions be- lie along the pre-determined axis which can be assumed to be set
tween different mechanisms of emittance growth and the pro- by the initial mechanical alignment.
posed correction algorithms.
In specific, the quadrupole alignment algorithm finds the least
squares solution to the problem:
Simulation parameters
The simulations were done for the 500 GeV version of NLC-II
as defined in [1]. The beam consists of 90 bunches with 1.1 x
1010 particles per bunch. A bunch is 150 /xm long and has an
initial uncorrelated energy spread of 1.5% at an injection energy
of 10 GeV. The initial horizontal and vertical beam emittances
are ^ex = 3.6 x 10~6m-rad and 7e v = 4.0 x 10~8m-rad. We
assume that the chicanes in the diagnostics stations are switched
off and that multibunch beam loading is perfectly compensated.
Finally, BNS damping as described in [1] is included.

/ m , \
/
= Ri

a->

\

QN-1

with a weighting vector given by

•Work supported by the Department of Energy, contract DE-AC0376SF0O515
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\

(1)

or
QN-\

optimal solution. The simulated misalignment of quadrupoles,
BPM's and RF structures, after the application of the interleaved
alignment procedure, is shown in the upper part of Figure 1. The
dipole kicks at the bounderies between correction regions are
shown in the lower part of the same figure.

<m 1

(2)
1/cTquadN-l

P/Oinit

I

The measurement vector consists of N BPM measurements
TO, followed by N zeros which are used to limit the quadrupole
movements. The solution vector consists of N — 2 quadrupole
movements followed by xi and x[ which are the initial conditions or 6\ which is a corrector located at the first quadrupole of
the region. Next, the weighting vector consists of abpm, cr<juad,
and Oinit which are the estimated bpm resolution, quadrupole
misalignments and initial error which nominally would be equal
to the quadrupole misalignments. Finally, the matrix R is given
by:
/

0
-1
K2R12
K2R12

0
0
_1
K3R12

0
0
0
0

Ri\

R21 \

Rn

fiji

fin
fin

R21
R21
10

\

K2R12

K3R12

R1

s[km]

R21 )
(3)

Figure 1: Example of the beam-based alignment algorithm with
perfect BPM's and RF-BPM's. The initial random quadrupole
misalignment was 100 fxm rms. The alignment is done in 14 sections and 15 iterations. At the end of each section a dipole corrector is used to launch the beam into the next section. The upper
plot shows the misalignment Ay of quadrupoles, RF-structures
and BPM's after alignment. The lower plot shows the integrated
fields of the dipole correctors.

where Ki is the integrated quadrupole strength, Ru is the (1,2)
transport matrix element from the ith quadrupole to the BPM,
i?n and #21 are the (1,1) and (2,1) matrix elements from the
initial point to the BPMs.
After applying the quadrupole solution, the movers on the accelerator structures are adjusted such that the average RF-BPM
reading on a girder is minimized. An RF girder supports two
accelerator structures which each has two RF-BPM's at either
end [3]. The RF-structure alignment is performed after each itA very smooth alignment between the endpoints of each seceration of quadrupole beam-based alignment.
tion
is indeed achieved. At the endpoints the beam is deflected
We assume that the step resolution of the magnet and girder
into
the
next section, causing sharp kinks. The endpoints are not
movers is infinitely small. The typical step size of 0.25 //m
moved
and
reflect the initial random quadrupole misalignment of
is indeed small compared to the accuracy of the RF-BPM's of
100
fim.
Between
the endpoints, the alignment is bowed towards
about 15 /j.m rms and can therefore be neglected for the RFzero.
This
absolute
zero line is known to the system only because
structures. The step size problem is avoided for quadrupoles by
the
initial
misalignment
was random about it. Constraints on the
having dipole correctors at each quadrupole that shift its effecrms
size
of
magnet
movements
bias the solution towards the initive magnetic center. Small quadrupole misalignments are theretial
average
misalignment
between
endpoints.
fore corrected with dipole correctors. If the dipole strengths get
The
solution
shown
in
Figure
1
is
largely determined by the
large enough they are 'exchanged' into a step of the quadrupole
choice
of
CTbp
,
a
d
and
cri
.
Changes
in the relative weights
m
qva
nit
mover.
will result in solutions that are not equivilant in terms of emittance growth. We have chosen to constrain the rms magnet
Simulation results
movements and the rms of the BPM readings relatively strongly
We first consider a simple case where we start with a random while allowing for large dipole kicks.
For a complete simulation run, we put the most important imquadrupole misalignment of 100 /xm rms. Both types of BPM's
are perfectly aligned to the quadrupole and structure centers and perfections together, apply the correction algorithms and observe
have zero resolution. The quadrupole alignment is done in 14 the emittance growth. In order to illustrate the importance of the
regions to allow for good convergence. Each region contains several effects, we proceed in steps. For each case we quote the
about 52 quadrupoles and is iterated 15 times. The number of emittance growth Ae y /c y ,o at the end of the linac and the rms
iterations is chosen higher than necessary in order to explore the beam offset ay at the BPM's.
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1. Initial random quadrupole misalignment of 100 pm rms.
RF structures are aligned to the beam.
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Figure 2: Histogram of vertical emittance growth Aey/ey<o for
200 different error distributions. The average emittance growth
is 106.6% ± 3.9%. Note the exponential distribution for large
emittance dilutions.

v =_ (90.2 ± 6.0)%

Conclusion

A beam-based alignment algorithm for quadrupoles and RFstructures was simulated with a realistic BNS configuration. It
was
shown that the large initial misalignments from conventional
4. Add: Rf-phase errors of 1° rms. RF amplitude errors
alignment
procedures can be corrected to acceptable levels. The
of 0.2% rms. Quadrupole roll errors of 300 ^trad rms.
emittance
growth that finally can be achieved depends on the
Quadrupole gradient errors of 0.3% rms.
initial misalignment and most importantly on the performance
of the BPM's and RF-BPM's. Assuming realistic imperfections
^
= (97.8 ± 3.6)%
£
in many subsystems we find a multibunch emittance growth of
y,o
106.6% ± 3.9%. This emittance growth is smaller than the aloy = (1.22±0.01)/im
lowed total emittance growth of 175% for the NLCIIb parameter
set. As the emittances roughly add in quadrature the impact of
5. Add: Multibunch long-range wakefield effects.
additional imperfections gets smaller with larger emittances. It
is anticipated that the alignment algorithm can be further optimized
by smoothing the transitions between alignment sections.
^
= (106.6 ± 3.9)%
SI,0
Future simulation studies will include internal structure misalignments, multibunch imperfections (bunch-to-bunch charge,
oy = (1.23±0.01)Mm
energy, etc. variations) and the effects of missing BPM's. In
addition, we further want to apply emittance bumps in order to
All emittance growth numbers, apart from the last one, refer to compensate the emittance growth below what has already been
the single-bunch emittance growth. The total multibunch emit- achieved. Finally, we need to study the impact of different bunch
tance growth of about 110% is well below the allowed emittance shapes on the linac emittance transport.
dilution of 175% for NLC-IIb [1]. Internal structure misalignments, special multibunch imperfections and the effects of missReferences
ing BPM's will be added to the simulations in future studies.
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rors. They determine the quality of the correction and the residual emittance growth. In all cases, the correction and alignment
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Main Linacs', PAC95, Dallas, May 1995.
fully included the effects of internal structure misalignments.
The distribution of emittance growth for different error distributions is shown in Figure 2 for the full simulation (last case).
The exponential tail for large emittance dilutions tends to bias
the average emittance growth towards larger values. It results
from error distributions that have a large component at the betatron frequency. Fortunately, these errors are easily corrected
using bump (global) correction methods.
oy = (1.21 ± 0.01)/wn

£
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POSSIBLE SOURCES OF PULSE-TO-PULSE ORBIT VARIATION IN THE SLAC LINAC'
R. Assmann and F. Zimmermann
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

Abstract
Pulse-to-pulse variation of the transverse beam orbit, frequently
referred to as 'jitter', has long been a major problem in SLC operation. It impairs the SLC luminosity both by reducing the average beam overlap at the IP and by hampering precision tuning
of the final focus. The origin of the fast orbit variation is not fully
understood. Measurements during the 1994/95 SLC run showed
that it is random from pulse to pulse, increases strongly with current and grows steadily along the SLAC linac, with a typical final rms amplitude of about half the beam size. In this paper, we
investigate possible sources of the vertical orbit jitter.

a percentage of the beam size, assuming a normalized vertical
emittance of 0.5 x 10~ 5 m-rad at the end of the linac.
Ground Motion
The response of the linac to a harmonic vertical displacement of
quadrupoles at a certain wavelength can be characterized by a lattice response function G, which is defined as the average squared
ratio of the final orbit variation and the perturbation amplitude.
For low current, wakefields are not important and G can be written as [5]
-

Introduction
In the Stanford Linear Collider (SLC), electron and positron
beams, which are extracted from two damping rings, are accelerated in the 3 km long SLAC linac to about 50 GeV, then separated and transported through 1.2 km long arc sections, before
they are collided at the interaction point (IP). It is a long-standing
problem of SLC operation, that the vertical IP orbit position of
either beam varies markedly from pulse to pulse, by about 0.40.5 oy. The orbit 'jitter' at the IP is highly correlated to the orbit
variation measured at the end of the SLAC linac and of about the
same size. The jitter at injection into the linac is much smaller
(< O.lcry) and only poorly correlated to the IP orbit. The orbit variation has been a main concern and die subject of intense
studies during the 1994/95 SLC run [1, 2, 3], in which the orbit jitter was observed to be random from pulse to pulse and to
grow steadily along the linac [1]. The jitter also appeared to be
strongly current-dependent (see Fig. 2).
The orbit jitter is a concern primarily for three reasons: first,
it reduces the overlap of the two colliding beams at the IP and,
thus, decreases the luminosity, by about 10%; second and more
importantly, it makes measurements of the beam size with beambeam deflections or wire scans more difficult. Sophisticated
techniques using orbit information from strategical sets of upstream beam-position monitors had to be developed [4] to correct for the orbit jitter during a scan; third, as long as its origin has
not been uncovered, the jitter adds an uncertainty to the design
of future linear colliders.
In this report, we evaluate and compare the importance of several possible jitter sources in the linac, namely: ground motion,
uncorrelated quadrupole vibration, accelerator-structure vibration, quadrupole field ripple, bunch length variation and bunch
intensity fluctuation. Throughout the text we specify the jitter as
•Work supported by the Department of Energy, contract DE-AC0376SFOO515

Sj2))

(1)

where fc = 2TT/A denotes the wavenumber,
is the position of the jth quadrupole, JJ, is equal to
for
j ^ 1 and /zi equals - y/'-ye/'YfR&f*', #34
^33*' a r e m e
(3,4) and (3,3) transport-matrix coefficients, respectively, from
quadrupole j or from the entrance to the end of the linac; k3 is the
integrated strength of quadrupole j ; fe and 7/ denote the initial
and final beam energy, and 7j the energy at position j , all three
in units of the rest mass. We assumed that the vertical betatronphase advance across the linac is a multiple of n, but this is not
essential.
Using the dispersion relation between ground-motion wavelength and frequency that was measured in the SLAC linac tunnel [6], it is possible to convert the response function G(Jfc), Eq.
(1), into frequency space. The function G(f) thus obtained is
represented by the solid line in Fig. 1, which shows that, at low
frequencies, or large wavelengths, the response is strongly suppressed. Also displayed in the figure is the measured groundmotion power spectrum P(f). The spikes of P(f) around 10 Hz
and 30 Hz are caused by vibration resonances of the accelerator
supports. As a third (dotted) curve, the measured orbit-feedback
response for the SLAC linac [7], F ( / ) , is also depicted.
The integral over the product of P{f), G(f) and F(f) yields
the rms orbit jitter caused by the ground motion [5],
,rms

-"Jo f dfG(f)P(f)F(f),

(2)

assuming that all quadrupoles move exactly as the ground beneath them. Integration over the frequency range from 0.008 to
64 Hz predicts an rms orbit variation of about 40 nm with feedback on, and 32 nm without feedback. (The main contribution
to the integral (2) comes from the resonance-spikes at frequencies where the feedback amplifies.) The nominal beam size for
our reference point at the end of the linac is 52 (im (0y<f as 50
m, ey « 54 /xm jxrad); hence, the expected jitter arising from
ground motion is less than 0.001 ay.
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Figure 1: Low-current lattice response function G(f), feedback response curve F(f) [7] and ground-motion spectrum P(f) measured on
the tunnel floor of the SLAC linac [6].

To confirm these rough estimates, we have performed a computer simulation using the program LIAR [11]. The simulation
includes the transverse and longitudinal wakefields in the accelerator structures as well as the energy profile due to BNS damping, i.e., the correlated energy spread introduced for wakefield
compensation. Specifically, the rf phase with respect to the rf
crest in the first third (last two thirds) of the linac is chosen as
22° (-16.5°) for bunch populations larger than 2.0 x 10 10 , and as
12° (-3°) for 1.0 x 10 10 . There is no BNS phase change for the
zero-current case. Simulation results are shown in Fig. 2. The
simulated beam jitter grows from zero at the beginning of the
linac to the final value shown. It increases linearly with the rms
vibration amplitude.
The simulation confirms that quadrupole vibration can explain
a substantial part of the observed SLC beam jitter.
Structure Vibration

At high current, dipole wakefields increase the effective R34
matrix elements by up to a factor of 3 [8]. Even with this additional factor of 3, the expected jitter is still negligible.
Quadnipole Vibration
Quadrupole vibration in the SLAC linac [9, 10] was measured
to be of the order of 250 nm rms. Mechanical resonances in the
quadrupole support structures, at 8-14 Hz and 28-30 Hz, as well
as excitation by the accelerator-structure cooling water, at frequencies around 59 Hz, have been identified as its main sources
[9].
If we assume that the quadrupole vibration is random and uncorrelated, we can use the high-frequency limit of the response
function G(f) in Fig. 1 to estimate the resulting orbit jitter. Thus,
we expect the orbit variation due to 250 nm rms quadrupole vibration to be amplified by a factor y/G(oo) ~ v/lO^ to a value
of about 8 /urn or 0.16 ay. Again, at high current, the beam response is further increased by wakefield effects.
•• 1 ' ' ' ' 1 ' ' ' ' 1 • ' ' ' 1 • ' ' • 1

Measurement (1994)

The 12-m long girders which support the accelerator structures
vibrate at rms amplitudes Ys of about 1 fim [9, 10]. Because
an off-center beam induces a transverse wakefield, also structure vibration can cause an orbit variation. For a driving point
charge transversely offset by y, the linear slope of the dipole
wakefield is given by [12] W± = 0.33 V/(ps pC) y/a/cell,
where a denotes the disk iris radius (a =1.16 cm). A Gaussian
bunch of rms length az experiences a centroid kick of A(cpj_) =
Wxtjze2N/{cy/*).
Here, N is the number of particles in the
bunch. A kick Ay' received at position s causes an orbit change
Ay/ «s /?j,(Ay')/\/2/\/7( s ) 7/ a t m e e n d of the linac, where
we have averaged over the betatron phase, 7(5) is the beam energy at position s and 7/ the final beam energy, both in units of
the rest mass, and 0y « 30 m denotes the average beta function.
The SLAC linac consists of about 200 girders. Each girder
carries four 80-cell structures. Let us assume that the 4 structures on each girder and all cells which compound these structures vibrate at about the same amplitude and in phase, and ignore possible correlations between different girders. Abbreviating the number of cells per girder by n c e u, the number of girders
by ng, the final beam energy by Ej, and averaging over the linac,
one finds

- --e-- Bunch length variation of 10%
Quadrupole vibration of 250nm

0.5

1

1.5

2

2.5

Y,ozN

Ay />r

3

3.5

(3)

or Ay/, r m s « 10 nm crz[m] N Ys. For a vibration amplitude Y,
of 1 jun, a bunch length of 1 mm and N « 4 x 1010, we obtain
Ay/, r m s w 400 nm (0.008 <xv), which is insignificant. In order
to contribute sensibly to the observed orbit jitter, the vibration
amplitudes must be a factor of 5 larger (5 /*m rms); this seems
rather unlikely.

4

Bunch population [10 10 ]

Figure 2: Vertical beam jitter in percentage of the beam size as a function of the bunch population. The solid curve shows the measured rms
positron-orbit variation at high-beta points in the SLC final focus, averaged over date from 1994. The dashed-dotted curve presents simulation
results for an uncorrelated rms quadrupole vibration of 250 nm. Finally
the dashed curve shows simulation results for an emittance-optimized
linac with an rms bunch length variation of 10%. All simulation results
refer to the end of the linac.

Quadrupole Field Ripple
Quadrupole field ripple induces an orbit jitter of about

Ay/>rms « UlJlfK7f
\

~ l) f^r)
/

\

K

(4)

/ r

where y r m s and (Afc/fc)rms) denote the rms beam offset and ripple, respectively. We have used the relation [5]
^
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1 = T,iR34 Ky/lihj
(k is the strength of the ith
Finally, we have investigated the beam jitter due to current
quadrupole), which can be derived by considering a constant ver- variation. According to our simulations, even for an intensity
tical displacement of the entire beam line. Assuming an rms orbit variation as large as 5% the beam jitter is smaller than 0.04 ay,
offset j / r r a s of 0.5 mm and using ( \ / 7 e / 7 / # 3 3 ^ - 1) « 0.5, we and, thus, intensity changes do not appear to be important.
find that an unrealistically large field ripple (Afc/A:)rms of 10%
is required to explain an orbit jitter of 0.5 cry.
Bunch Length and Charge
There is some evidence that the longitudinal 'sawtooth' instability which occurs at high current in the two SLC damping rings [13] contributes a sizable part of the jitter [14, 15].
Streak-camera and rf-monitor measurements show a pulse-topulse bunch-length variation of about 10%, both in the damping
rings and in the linac [15, 14].
To study how a bunch-length change affects the orbit in the
presence of wakefields and with proper klystron phasing for BNS
damping, we have again performed simulations with LIAR [11].
We assumed realistic misalignments and correction methods, and
included orbit bumps for emittance control. A number of different random seeds were considered for the misalignments. The
simulation results, depicted in Fig. 2, suggest that a bunch-length
variation of 10% causes a beam jitter of 0.35 ay. Figure 3 displays the simulated vertical beam jitter as a function of position.
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Figure 4: The rms trajectory change as a function of bunch length. A
nominal bunch length of 1.1 mm is used as a reference for the other
points. For this study we excited a 200 /xm rms trajectory oscillation
in the SLAC linac. The solid line presents the full simulation, while
transverse wakefields were switched off for the dashed curve.
Conclusion and Thanks
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We have studied several possible sources of the vertical-orbit jitter in the SLAC linac. The most prominent source that we identified is the bunch-length variation of about 10%. Quadrupole
vibration, with measured rms amplitudes of 250 nm, may account for much of the rest. Both these sources would lead to a
monotonic jitter growth along the linac, consistent with observation. The effects of field-ripple, ground motion, structure vibration and intensity jitter all appear to be insignificant. We thank
C. Adolphsen, F.J. Decker and T. Raubenheimer for helpful discussions.
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Figure 3: Vertical beam jitter in percentage of the expected beam size
along the linac. The simulation assumes a random bunch length jitter
of 10% and a bunch population of 3.5 x 1010. The oscillations reflect
a beta mismatch between the simulation and the design lattice.
Figure 4 demonstrates that the orbit changes observed
when varying the bunch length are mainly effected by
the transverse wakefields.
These introduce a dependence of the betatron phase advance on the bunch length,
dipp/ds « pW±<7ze2Nnceii/(2y/Tfmc37(s)Lg),
where Lg
denotes the girder length, and, thereby, convert bunch-length
changes into orbit jitter. In the SLAC linac, the effect of a
betatron phase shift is aggravated by the large orbit bumps
over a few hundred meters, which are introduced for emittance
reduction. Phase advance variations result in an imperfect termination of these bumps, so that part of the induced oscillation
leaks out and manifests itself as jitter downstream.
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Beam Emittance,Transmission, and Intensity Distribution Measurements of the Northrop
Grumman Corporation 1.76 MeV Pulsed Beamline and Contraband Detection System Target Test
Facility
S. T. Melnychuk,M. D. Cole, and J. J. Sredniawski
Northrop Grumman Advanced Technology and Development Center
1111 Stewart Avenue, Bethpage, NY 11714-3581
Abstract
The Northrop Grumman Advanced Technology and
Development Center beamline consists of an RF driven ion
source and double solenoid LEBT, a 1.013 MeV
electroformed RFQ, a matching section (MS) bunching
cavity, a 1.76 MeV DTL, and a HEBT designed to deliver a
10 mA H+ beam to a prototype contraband detection system
(CDS) target .We have characterized the beam phase space in
the LEBT, at the RFQ output, MS output, and DTL/HEBT
output as a function of ion source, LEBT, RF cavity and
HEBT parameters with a pair of electrostatic sweep emittance
scanners. The beamline transmission was measured with
Faraday cups and toroids. The beam intensity distribution
incident on a CDS test target was obtained from radiometric
surface temperature measurements of the target with a
scanning HgCdTe infrared detector. In this paper we will
discuss the performance and operational characteristics
of this beamline and present data on beam characteristics for
nominal and off nominal RF cavity operation.
Introduction
The Northrop Grumman 1.76 MeV beamline was
designed as a test bed for H and H* beam transport
measurements, RF accelerating cavity characterization and
development of beam diagnostics and computer controls.
The key features of the beamline are a 7 cm RF driven
multicusp ion source, a double solenoid LEBT, a four vane
RFQ, a matching section (MS) cavity, a 9 gap DTL, a HEBT
consisting of three emq's, and a target station and diagnostic
box. The details of the beamline layout are shown in ref. [1].
An output energy of 1.76 MeV was chosen to
complement our target development program for a
contraband detection system (CDS) machine employing
gamma resonance absorption, and utilizing a 1.76 MeV
electrostatic tandem accelerator [2].
Optimum beamline performance is obtained by
appropriate LEBT and rf cavity design. In order to optimize
and understand the system performance a thorough
experimental characterization is necessary. Many of the
beamline parameters cannot be set a priori to the design
values. Variation in the rf input power and the cavity phasing
as well as the focusing lenses, can be used to optimize the
beam transport.
In this paper we will present measurements of the
beamline transmission as a function of the beam current and
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RF cavity parameters, measurements of the beam emittance
at several points in the accelerator, and beam intensity
distributions obtained by fast radiometric measurements from
a prototype CDS target.
1. Beam Transmission and Emittance Measurements
The dependence of the transported current through the
LEBT, RFQ and MS combination, and DTL, on the ion
source output current is shown in figure 1. Current toroids
are located at the ion source output, rfq input, DTL input, and
after the emq HEBT. For these measurements all of the
LEBT parameters, rf cavity parameters (input power and rf
phase), and HEBT emq settings were held constant. Only the
ion source input power was varied. Also shown in this figure
is the H+ emittance measured after the first solenoid in the
LEBT.
Over the range of source output currents the H+ beam
fraction varies from 60% to 80%. The double solenoid LEBT
is designed to focus only the H+ beam into the rfq entrance
while the H2* and H3* beams remain divergent. Since the rfq
input current is measured with a toroid located at the rfq
entrance flange there is a small contribution to this current
from the on axis H2 and H3 components.
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Figure 1. Transported Current and LEBT Emittance vs. Ion
Source Output Current. Transported Current (left axis): (•)
RFQ input; ( • ) MS input; (A) Target current. LEBT
Emittance (right axis): ( • ) Solenoid 1 = 3.96 kG.
The LEBT emittance is a function of the total ion
source output current via the perveance match to the
extraction optics, and it is also a function of the LEBT

solenoid settings. Independent measurements of the rfq
transmission show that transmission remains constant at
approximately 65% for rfq powers between 70 kW and 90
kW and output currents from 0 to 25 mA. The data in fig. 1
shows that the combined MS and RFQ transmission slowly
decreases from 0.65 to 0.5 indicating that the MS
transmission varies from approximately 100% to 85% as the
output current is increased. The combined DTL and HEBT
transmission
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Figure 2. Transported Current and RFQ Output Emittance vs.
RFQ Input Power. ( • ) RFQ input current; ( • ) DTL input,
(A) Target current. ( • ) Horizontal RFQ output emittance;
( • ) Vertical RFQ output emittance at 25 mA.
remains constant at approximately 98% over the
measurement range.
The data shown in fig. 1 were
optimized for a 15 mA rfq output current. By re-optimizing
the LEBT we have transported 25 mA through the rfq.
We believe that the decrease in RFQ transmission at
higher source output currents is primarily due to the rapid

rise in the LEBT emittance and the inability to properly
match the ion source output beam to the RFQ
acceptance.Variation of the rfq input power has a significant
effect on the transported current and beam emittance.. These
results are shown in fig. 2. The rfq nominal design power is
67 kW with a vane tip voltage of 44 kV. At the design value
the rfq transmission is approximately 47 %, and increases to
64% at 100 kW corresponding to a 22% increase in the vane
tip voltage. The knee in the curves shown in fig. 2
corresponds with the minimum rfq output emittance.
Horizontal emittances were measured at the rfq output,
and the MS output as a function of the output current. These
results are shown in figure 3.
Initially emittance
measurements at the MS output were made with no rf power
applied to the cavity. This results in no longitudinal
bunching, and only transverse focusing via the three pmq's
located in the cavity.
From fig. 1 we see that the input beam emittance is
approximately 0.08 n mm mrad at 10 mA rfq output and
increases rapidly to greater than 0.18 n mm mrad for output
currents greater than 17 mA. The rfq output emittance
however varies from 0.068 n mm mrad to 0.095 n mm mrad
over this same range and shows that the rfq filters the output
emittance via transmission losses of high emittance particles.
The matching section data shows a strong dependence on the
output current and some emittance growth of the rfq output
beam at currents below 20 mA.
For optimum DTL performance both the MS and DTL
must be correctly phased. The MS phase must be set to
bunch the beam longitudinally without acceleration, and the
DTL must be phased to correspond with the 34 deg
synchronous phase of the rfq output beam. Since we are not
set up to perform any longitudinal beam characterization we
must rely only on transverse emittance and transmission
measurements to optimize the beamline performance and use
the cavity phase as an adjustable parameter.
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When power was applied to the MS cavity the MS
output emittance was measured as a function of the relative rf
phase between the MS and the rfq. After the DTL was
installed the DTL transmission was also measured as a
function of the MS cavity phase. This data is shown in fig.
4. The MS emittance was measured at 10 mA, and the DTL
transmission was measured at 6 10 and 16 mA and was found
to be independent of current. • The results show clearly that
the maximum DTL transmission is obtained at the minimum
MS output emittance. Furthermore both measurements show
a sinusoidal like variation with phase with some evidence of
360 degree periodicity. Based on this data we have chosen a
MS operating point at -20 deg.
A similar transmission measurement was performed with
variation of the DTL relative phase. These results are shown
in fig. 5. The solid line shows the least squares fit of the 16
mA data to a cosine function. Based on these results we have
chosen q>M = +90 deg as the DTL operating point.
Beam emittance measurements at 10 mA in the
downstream diagnostic box with 9 ms = - 20 deg, and <p dtl
= +90 deg show that EX = 0.100 n mm mrad, and ey = 0.155
7i mm mrad.

downstream diagnostic box with a water cooled target holder
for CDS prototype target testing. The generic structure of
the CDS targets consists of a 1 nm thick layer of C deposited
on approximately 15 to 20 pm of Au which is deposited on a
suitable substrate material, such as Cu to provide structural
rigidity. Theses targets must withstand peak power densities
of approximately 40 kW/cm: for up to 600 us.
In order to investigate the target survivability we have
designed a radiometric surface temperature measurement
device for probing the surface temperature rise during the
beam pulse. The surface temperature measurement is made
by measurement of the surface radiance emission at a known
or characterized surface emissivity through application of the
Planck law relating object temperature to its optical emission
characteristics.
The radiometric measurement spot size is defined by a
series of variable apertures installed in the device. With a
0.33 mm aperture the device resolution is 0.5 mm. The
radiometric surface temperature profile measured at 10 mA
beam on target at 1.76 MeV is shown in fig. 6. The beam
distribution has xrms = 1.95 mm, and yrms = 3.1 mm. The
spot size can be adjusted by varying the emq's in the HEBT.
For a gaussian beam the peak power density for the beam in
fig. 6 is 46.4 kW/cm2, and the average power density at a 95
% beam threshold is 14.8 kW/cm2.
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Figure 6. Beam intensity profile on a C/Hf/Au/Be target. ( • )
X (horizontal) profile; (O) Y (vertical) profile.
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The results of TOPKARK [3] simulations of the DTL
output beam indicate that the x emittance increases by 29%,
and the y emittance increases by 125% at the DTL output. If
we take our effective MS output emittance as za= >/(e,ey) =
0.076 n mm mrad then our data shows a 39% increase in the
x emittance and a 122 % increase I the y emittance. These
results are in good agreement with the TOPKARK
simulations.
2. Radiometric Temperature Measurements
After completion of the initial beamline characterization
we replaced the emittance scanner diagnostic in the
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Commissioning of the 40 keV Injector for a Contraband Detection System Proof-of-Principle Device
Stephan T. Melnychuk, T. W. Debiak, J. Rathke, and J. Sredniawski
Northrop Grumman Advanced Technology and Development Center
1111 Stewart Avenue, Bethpage, NY 11714-3581
B. Milton, T. Kuo
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4004 Westbrook Mall, Vancouver, BC, Canada V6T2A3
Abstract
The contraband detection system proof-of-principle
device being developed at the Northrop Grumman Advanced
Technology and Development Center employs a high current
(10 mA) DC tandem accelerator designed to provide a beam
of protons at either 1.75 or 1.89 MeV. In this paper we will
describe the commissioning of the 40 keV ion injector to the
tandem accelerator. The injector to the tandem consists of a
filament-driven multicusp H- ion source with a virtual filter
field and a mode extraction assembly, a pair of steering
magnets, a solenoid lens, a pair of beam collimation slits, and
a fast kicker magnet for commissioning the accelerator with a
low duty-factor beam. The diagnostics in the LEBT for
commissioning include a Faraday cup, a DC current toroid,
isolated collimation slits, and a CW electrostatic sweep
emittance scanner. We will describe the injector design, and
present data on the source and LEBT operating
characteristics. Results of beam phase-space measurements at
the match plane of the tandem as a function of the source and
LEBT parameters will be presented.

was chosen to be 14 mA to allow for stripping of 20% due to
e- current and 10% scraping on the third lens electrode. The
simulated rms normalized emittance was 0.093 pi mm mrad
with a divergence of 7.75 mrad.
The first extraction lens flange houses the electron
separation magnets which form a pair of opposing dipoles.
The first extraction lens flange is designed to dissipate
approximately 700 W without damage to the magnets.
In the current configuration the diagnostic station is
mounted at the tandem accelerator interface. When the
tandem is installed the diagnostic station will be removed.
Solenoid
Ion source

Variable aperture
Diagnostic box
with emittance scanner

Beamline Layout
The CDS ion source, LEBT, and diagnostic station are
shown in figure 1. The full system layout is discussed in more
detail in ref.[l], and end to end particle simulations are
presented in ref [2]. The key features of the beamline are: a
filament driven volume ion source; a triode extraction
system; a differentially pumped extraction region; a solenoid
focusing magnet with an integrated strength of 0.0482 T m
at a peak axial field of 0.3042 T and 160 A drive current; a
pair of dipole steering coils; a magnetic beam kicker for fast
beam shutdown and low duty factor commissioning; and a
variable aperture beam collimator and beam position
monitor. Beam currents are measured with a dc current
toroid, and a faraday cup, and phase space measurements are
made with an electrostatic sweep emittance scanner. This
scanner is described in detail in refs. [3,4].
The ion source is a dc filament driven cusp H- source
with a virtual filter field. The source chamber was designed
and fabricated by TRIUMF and is described in detail in ref.
[5].
The three grid extraction system with the relevant
aperture and gap dimensions is shown in fig. 2. This
geometry was modeled with IGUN with a 0.25 eV ion
temperature, first gap voltage VI=5 kV, and a second gap
voltage V2=35kV. The beam current at the plasma boundary
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Figure 1. CDS injector and diagnostic station.
A 20 mm diameter water cooled aperture is mounted on
the downstream face of the solenoid in order to shield a small
diameter beam tube required for the kicker magnet. This
fixed aperture and the independently variable four slit
collimating aperture are the major limiting aperture in the
LEBT.
Normally the source is operated at a constant arc voltage
of 120 V, and the gas pressure in the source is controlled by
adjusting the gas flow. At 35 A arc current typical gas flow
rates range from 13 to 19 sccm.The gas flow, plasma grid
bias, and first gap extraction voltage are set to maximize the
H- current at each arc current. The second gap voltage has
only a small effect on the H- output current and is used to
control the final beam energy.

Figure 2. Extraction geometry. Plasma aperture diameter =
13 mm, first accelerating gap = 5.5 mm, extraction lens
upstream aperture diameter = 9.5 mm, second accelerating
gap = 19.35 mm, extraction lens upstream aperture diameter
= ground electrode aperture diameter = 14.0 mm
Results
We have measured the e- and H- output currents directly
into a large diameter faraday cup located approximately 70
cm downstream from the extraction aperture with no focusing
elements in the beamline and no restrictive apertures, and we
measured the transported LEBT current with all of the
beamline components in place as shown in fig. 1. These
results are shown in fig. 3.

LEBT configuration 10.9 mA, with an electron to ion ratio of
4.7, was transported with residual Hj gas only in the LEBT.
The details of the beam transport were found to be quite
sensitive to the gas pressure in the transport channel.
Measurement of the beam current entering a faraday cup, and
the current striking an isolated beam scraper diagnostic
located immediately upstream of the faraday cup showed that
the faraday cup and scraper signal were oscillating 180
degrees out of phase and were synchronized with the LEBT
cryopump cold head displacer motion (approximately 1 Hz).
Since the sum of the scraper and faraday cup current
remained constant and equal to the total beam current this
shows that the beam phase space ( i . e. size and divergence)
was changing. Closing the LEBT cryopump gate valve
reduced the oscillation amplitude below the detection limit
on the fixed scraper aperture, and addition of Xe gas into the
transport
channel reduced the oscillation amplitude
significantly. We are in the process of setting up a
measurement to correlate the phase space oscillation
frequency with measured variations in the cryopump cold
head temperature. We believe that the observed phenomenon
is due to a variation in the degree of space charge
neutralization of the transported beam due to variation in the
background pressure in the transport channel. Measurement
of the transported LEBT current with Xe gas added to the
transport channel resulted in 11.4 mA transported.
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Figure 4. Beam parameters vs. Solenoid current. ( • ) Ion
current; ( • ) rms beam size; (A) rms divergence; ( • )
normalized rms emittance. Variable aperture = 40 x 40 mm 2 .

40.0

ARC CURRENT |A)

Figure 3. Ion and electron current vs. Arc current. ( • )
Extraction directly into faraday cup. Transported LEBT
current with: (A) residual H2; ( • ) Xe gas added to LEBT.
Solenoid current = 160 A. Beam energy = 40 W .
The maximum measured H- current was 11.8 mA at 36
A arc current with an electron to ion ratio of 3.6 . In the full
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Figures 4 and 5 show the dependence of the transported beam
current, rms size, divergence, and emittance at 40 kV beam
energy, on the solenoid current and the variable collimator
opening dimensions. For these measurements the emittance
scanner was located 132 cm from the center of the solenoid,
and the variable slit collimator center to solenoid center
distance was 73.5 cm. The steering dipoles were optimized

with the solenoid set to 160 A, and the variable aperture set
for a 20 x 20 mm : opening. No steering adjustments were
made during solenoid or slit variation.
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supplemental neutralizing gas injection into the LEBT while
maintaining the 10"6 torr requirement at the tandem entrance
region.
Phase space measurement made with the 20 mm
limiting aperture removed, and a 10 cm inner diameter beam
tube used in place of the existing 4.75 cm tube showed that a
parallel beam could be obtained at 120 A of solenoid current.
This suggests that these changes to the beamline geometry
altered the gas pressure profile enough to significantly
decrease the space charge current. More experiments in this
area are planned.
Beam dynamics simulations using the Northrop
Grumman developed TOPKARK code show that the best
match to the tandem accelerator resulting in highest
transmission is obtained at the highest solenoid setting. The
measured emittance at this value is 0.109 n mm mrad.
A phase space measured with the variable aperture fully
open to 40 x 40 mm2 is shown in fig. 6. The ellipses drawn
correspond to the best fit ellipse for a fixed intensity
threshold. The outermost ellipse shown is for a 100% beam
fraction.

Figure 5. Beam parameters vs. Variable aperture opening.
( • ) Ion current; (H) rms beam size; (A) rms divergence; ( • )
normalized rms emittance. Solenoid current = 160 A.
For all the points shown in figs. 4 and 5 the beam was
divergent at the scanner location. The variation in beam
current with solenoid strength is due to scrape off on the 20
mm diameter fixed aperture on the downstream face of the
solenoid. This is also the primary reason why the emittance
drops with decreasing solenoid field.
The original CDS LEBT design was intended to produce
a waist at the plane of the variable slits in order to scrape off
beam halo. Experimentally we have determined that the
solenoid strength is too weak to achieve this, and the beam is
divergent downstream of the solenoid.
The measured beam characteristics were used in a
TRACE LEBT model and matched to the expected ion source
output beam with the transport channel space charge as the
variable parameter. A good match was obtained for the case
where the beam was fully neutralized in the region from the
ion source to the downstream face of the solenoid, and 0.75
mA of space charge was turned on downstream of this point.
This fitting procedure matched the measured beam phase
space with the expected ion source output beam, and correctly
predicted correct rms beam size measured at the variable
aperture.
This is a physically reasonable picture since the location
where space charge was intoduced into the beam corresponds
to the location of the 20 mm fixed scraper aperture and the
small diameter kicker magnet beam tube which limits the
source gas flow downstream from the restrictive aperture. The
space charge in the transport channel then effectively
counteracts the focusing strength of the solenoid.
Experiments are in progress to determine the effect of

481

Figure 6. H- phase space at the tandem accelerator entrance
plane. I(H-) = 10.5 mA, Normalized rms emittance = 0.10 n
mm mrad.
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BEAMLINE STABILITY MEASUREMENTS WITH A STRETCHED WIRE SYSTEM IN THE
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Abstract

FFTB
section 2

Beamline stability is of great importance for future linear colliders where tolerances generally are in the micron to sub-micron
range. A stretched wire system in the sealed FFTB tunnel at
SLAC was used to monitor beamline motion with a sub-micron
resolution. In future linear colliders low frequency changes of
the beamline alignment (< 0.1 Hz) lead to untolerable quasistatical misalignments and betatron oscillations. Since it requires
time to correct those errors, it is very important to determine how
often corrections are needed. We present our measurements, discuss the systematics of the stretched wire system and compare
the observations with the ATL-model for ground motion.

39.5 m
QN3C
SF1B
QT3

QM1A

II—I—Hi
Stretched wire

QT4
SD1A

QM3B

Weight

Beam direction

Introduction
Linear collider designs like the NLC [1] require stability tolerances in the micron or even sub-micron range. It is particularly
important to show that "natural" ground vibrations and drifts
do not exceed the tolerances. Fast ground motion was studied
extensively in the frequency range down to about 0.1 Hz with
accelerometers, geophones and seismographs [1, 2]. The frequency range below 0.1 Hz is not accessible to those measurement devices. We call magnet motions in this range "slow alignment drifts". Slow alignment drifts of the quadrupoles limit the
stability of beam linac trajectories in the time range of a few
minutes to many hours. The amplitude of drifts determine how
often correction algorithms must be applied and how well an
emittance-optimized beam trajectory can be maintained.
In this paper we present beamline stability studies in the Final
Focus Test Beam (FFTB) tunnel at SLAC. The measurements
have a sub-micron resolution and were taken over 140 hours with
a measurement point every 6 seconds. The data covers the time
range that is of interest for the day-to-day operation of an accelerator.

Figure 1: Illustration of the wire in section 2. The wire is
stretched with a weight of about 35 kg at its upstream end. The
beamline elements are distributed along the wire, sometimes
grouped in doublets or triplets. Each element has three wire position monitors attached to it.
signals are processed online into a horizontal and vertical "wire
offset". The expected resolution of the wire monitors is about
100 nm [5].
The original purpose of the stretched wire alignment system
is to monitor and eventually adjust the absolute quadrupole and
sextupole alignment in the FFTB [5]. For our study we decoupled the data aquisition from the SLC control system and improved it. Using 100 data samples for every measurement we
got an alignment measurement of the whole beamline about every 6 seconds. The statistics and the time resolution of the data
acquisition was enhanced by about a factor of 50. The improved
time resolution allowed to study time dependent systematic effects that were inaccessible before.

The FFTB stretched wire system
Systematic errors
The FFTB experiment at SLAC features a sophisticated stretched
wire alignment system along its beamline. The system was de- The stretched wire system is easily perturbed by systematic erveloped and installed by DESY as a part of the international rors. It is especially affected by temperature variations in the
FFTB collaboration [4]. The beamline is divided into four sec- FFTB tunnel. A temperature change of 1° K causes the wire sag
tions with two parallel stretched wires in each section ("left" and to change by approximately 200 nm. The alignment data would
"right" wire). The wire lengths vary from 30 m to about 43 m in show apparent alignment drifts that are indeed changes in the
the different wire sections. An illustration of the wire in section 2 thermal wire expansion. Extreme care was taken to minimize
is shown in Fig. 1.
temperature variations in the tunnel. The magnets were switched
A harmonic Rf-signal of 100 MHz is coupled to the wire. High on and the FFTB tunnel was closed about one week before the
resolution pick-up monitors in the quadrupoles and sextupoles start of the measurements, that were taken during the Califorare used to detect the Rf-signal with three antennas. The three nian rainy season. Rain kept variations of the outside temperature small. The measurements were taken in sections 1 and 2 in
•Work supported by the Department of Energy, contract DE-AC03the underground part of the tunnel during a time without beam.
76SF00515
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Both wires in section 2 were affected by a significant systematic perturbation. This is illustrated in Fig. 2. Every few minutes
the measured vertical wire position shows a short variation of up
to ± 5 fxm. The size of the effect is largest in the middle of the
wire and approaches zero at either end. It is seen for both wires
but only the vertical plane. From its signature it can be concluded
that it is neither a thermal nor an electronic effect. Possible but
unlikely explanations are a periodic pull on the weight or a device that lifts up the wire every few minutes. The source of the
perturbation is not yet identified. The absolute calibration of the
wire position monitors was checked by controlled changes of the
magnet offsets using magnet movers.

100

120

140

160

180

Figure 3: The measured motion Az, Ay of the middle magnet
with respect to the end magnets in section 1.
where A is usually specified in units of /*m2/(m-s). A simple approach to calculate A from our measurements is to divide our
measurement period of 140 hours into many shorter intervals,
each covering a time AT. We then calculate the Rms alignment
change <r% over those time intervals AT. If the distance between
the two end magnets is L then the observable <r* at the middle
magnet includes contributions from the two magnets each L/2
away. We can therefore use the full distance L between the end
magnets in order to calculate the constant A.

E
3.

Measurements
Measurements with the stretched wire system were done in
March 1996. We now discuss the results. In order to remove
the effects of overall wire movements we consider the motion
Ay (or Ax) of a magnet i in the center of the wire with respect
to the two magnets 1 and n at either of its ends:
=—

]•

Time [hours]

Figure 2: Vertical wire position measured in section 2. The average of the two parallel wires is shown at different locations along
the wire (the wire length is 39.5 m). Note that an almost periodic
perturbation affects the data.
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Here we assume that the magnet t is located exactly in the middle. If magnets are located very close to each other in doublets or
triplets the averages of their readings are used. The analysis was
done individually for the two parallel wires. It was confirmed
that the results that are in good agreement. We therefore combine
the data into an average. The motion of the middle magnet in section 1 is shown in Fig. 3 as a function of time for both planes. It is
seen that the alignment is remarkably stable. At about 180 hours
the weight was touched, explaining the sharp rise in the vertical
plane. The large alignment change in the middle of the experiment (100-120 hours) corresponds to a Monday morning when
the FFTB was accessed. The observed change is likely explained
by this.
The ATL rule [3] states that the Rms alignment change <ry after
a time AT and a over a distance L is

Figure 4: Calculated A constant as a function of the time interval A T in the ATL rule. The three different curves refer to the
horizontal (solid) and vertical (dotted) data of section 1 and the
horizontal data of section 2 (dashed). The upper results include
all data. In the lower case the data between 100 and 120 hours
(see Fig. 3). was excluded. The perturbing effect of an FFTB access was such eliminated. The A constant was determined over
a distance of approximately twice 15 m.

(2)
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The results are shown in Fig. 4 for two data sets. The up-

per case represents the complete set of data. We find an A of
smaller than lxlO~Vm 2 /(ni-s) for the horizontal data. The
A from the vertical data reaches 9x 10" V m 2 / ( m - s ) - Th e c a lculated A grows linearly with the chosen time interval, indicating that systematic effects are dominating the data. The
ATL rule does not apply. However, from the horizontal data
we already
obtain A's that are well below published results of
lxl0- 5 ± Vm 2 /(m-s)[3).
It was mentioned that on Monday morning the FFTB was accessed, probably leading to systematic instrumental drifts. If
the period from 100 to 120 hours (see Fig. 3) is excluded from
the data analysis then the results in the lower part of Fig. 4 are
obtained. The calculated A's are significantly reduced for both
planes and both sections. This is another hint that a common systematic perturbation affected the data during the excluded time
period. A is now almost constant for different time intervals AT,
as expected from the ATL rule. In addition the horizontal and
vertical data sets give similar results. The calculated A's behave
largely as expected from the ATL-rule and indicate the dominance of diffusive alignment drifts. The numerical value of A
is below 5 x 10~7jim2/(m-s). The horizontal data from section 2
indicates an A as low as 2x 10~7/*m2/(m-s).
Spectral analysis

be minimized by isolating the FFTB tunnel from environmental
changes. The A constant of the so-called ATL-rule was found to
be at or below A = 5 x 10" Vm 2 /(m-s) for time intervals A T
smaller than about five hours. It was shown that 1/7 of the data
is likely be affected by an FFTB access. If this data is excluded
from the data analysis we find an A of about 3 x 10" 7 /im 2 /(m-s).
A spectral analysis indicates even smaller results for A.
The values for A that we found are below the requirements for
next linear colliders like NLC. Trajectory corrections will have
to be applied on an hourly time-scale. We should stress that our
measurements were done in a real beamline environment including many perturbing effects. The A constant is site specific and
can vary largely from site to site. However, our results clearly
demonstrate that suitable sites, e.g. for NLC, can be found. Cultural noise and technical problems, like the not understood, systematic vertical wire changes in the FFTB section 2, will likely
remain the major worries for the operation of future linear colliders.
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Two magnets in section 2 were studied further: QT1 and QT3.
The two quadrupoles are about 10 m apart (compare Fig. 1). The
wire data was analyzed with a method that extracts the power
spectral density (PSD) of the uncorrelated magnet motion [6].
The spectrum of the uncorrelated part of the vertical motion is
shown in Fig. 5. Due to the systematic error shown before the
data was filtered digitally with a time constant of 300 seconds.
The experimental power spectrum is compared with the spectrum expected from a constant A = 2 x 10~8/tm2/(m-s).
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Figure 5: Spectrum of uncorrelated vertical magnet motion obtained in section 2 of the Final Focus Test Beam at SLAC. The
straight line corresponds to an ATL spectrum with a proportionality constant A = 2 • 10~ 8 /*m/(m • s) and distance L = 10 m.

CONCLUSIONS
The stretched wire system of the FFTB was used to measure slow
alignment drifts. Systematic instrumental effects could largely
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ANALYSIS, CHOICE AND DESIGN OF MONITORS FOR BEAM DIAGNOSTICS
V.M.Rybin
Moscow State Engineering Physics Institute
(Technical University)
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Abstract.
This paper treats the problem of use of artificial
intelligence
methods, in particular expert systems,
for beam diagnostics because
beam diagnostics is a
complex process of obtaining, transforming
and
represantating various information about different
beam parameters
with using theoretical, technical
and program tools. Such expert systems
help to
solve the problems of analysis, choice and design of
beam
monitors for accelerator's control system
according to their purposes,
technical demands,
working conditions and choice criteria. In this paper
there are basic results and the structural
scheme
of such integrated expert system.
Introduction.

use and apply concrete expert systems may encounter
some difficulties which are just part of the initial
problem. Due to a large amount of heterogeneous
developments, diversity of characteristics, parameters
and demands and as well as a lack of competent
independent experts,
bring together significant
elements of undefined risk, when investment of
essential financial means can lead to great economic
waste and unpredictable consequences.
The next problem is associated with on
exponential growth of information in specialized,
technical magazines,
books, reports etc. This
abundance of information makes it difficult for
developers, managers and scientific workers who are
specializing in this field, to follow.
Analysis.

Beam diagnostics is a complex process of
obtaining, transforming and represantating various
information about beam parameters with using
theoretical, technical and program tools. A successful
decision of these problems is necessary for effective
management of accelerators; not only during the
exploitation process, but also during arrangement
and tuning; for development of control systems, for
increase of exploitation reliability, improvement of
metrologic characteristics etc.
Theory.
It is necessary to note the significance of
theoretical tools. They are following:
I. A definition of beam parameters and their
common interpretation.
II. A classification of monitors according to
different classification signs.
III. A definition and standardization of
metrologic, exploitation-reliability and constructivetechnological characteristics of beam monitors, change
ranges of beam parameters, technical demands, work
conditions and choice criteria.
Analysis of modern tends in the development
and the realization of monitors for beam diagnostics
has revealed some problems. It is necessary to use the
methods and ideology of artificial intelligence for
arriving at decisions for these problems. For instance,
strong integration in the field of development,
projection and exploitation of control systems for
accelerators displayed evident contradiction with
numerous existing commercial and industrial
systems.These systems having been created
by
different organizations and scientific centers are
incompatible with each other. The clients who wish to
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Taking into account all these elements, it is
obvious that there is necessity to create an integrated
expert system (ES) for analysis and for choosing
monitors to analyze charged particles beam according
to their purpose; technical demands and abilities;
working conditions and the choosing of the setting
criteria during projection process of accelerator's
control systems.
It is known, that the development of ES is not
always well founded, in this case, the principal
factors which aided in the development of expert
systems are as follows:
1) Problems are extremely specialized. They
serve definite purposes and require large amounts of
criteria in choice of solutions.
2) Problems require a great deal of experience in
field of diagnostics of charged particles beams.
3) Formalization of facts and heuristics of the
knowledge field.
The development of such ES is well founded
economically because similar systems can satisfy
demands on experts and consultant services and save
human experience. Lastly, the characteristics of
problems under consideration does not allow them to
be solved with methods of traditional programming,
i.e. the application of non-algorithmic heuristics is
essential because it is necessary to manipulate
numerical data, as well as symbolic information.
There is a great problem complexity, and multitude
of problem variants and problem connections.
Integrated ES.
This report considers a project of integrated
ES which examines the use of expert knowledge, as
well as, algorithms, procedures and models resulting

from previous investigations regarding the nature of
problems, data base monitors and principal elements
of measuring schemes [1].
The basic stages of choosing monitors and the
parameters definition realized in current ES are:
1) Evaluation of limited abilities of monitors
according to their time characteristics and sensibility;
2) Choice of monitors, which satisfy given
technical demands and working conditions;
3) Choice of monitors according to their level
of influence on beam particles, taking into account
required
metrologic,
exploitation,
reliability
characteristics and given constraints;
4) Comparison of selected types of monitors
according to the information they examine and choice
of monitor type with constructive and technological
characteristics;
5) Calculation and definition of parameters of
selected monitor type with the possibility of technical
realization of measuring scheme of charged particles
beam parameters.
Integrated ES consist of ES, knowledge base
about type and parameters of beam monitors and
packet of calculation programs of beam monitor
parameters. Integrated system GURU is selected as
most convenient and powerful tool of ES design
automatization. It unites: ES design means, relational
data base, spreadsheets, text editors, business graphics,
communications means with other computers.
Integrated ES realization is carried out with
IBM-compatible computer of IBM PC/AT type.
Knowledge base volume of current integrated ES
version is formed by about 200 rules. Integrated ES
provides intelligent support of all stages of analysis,
choice and design of monitors for beam diagnostics .
At present, integrated expert system's
knowledge base holds information about different
types of beam parameter monitors (BPM) such as
electromagnetic,
electrostatic (pick-up electrods),
magnetic monitors, current transformers, Faraday's
cups, secondary emission monitors and so on and
their main parameters. This information includes basic
descriptions and main parameters of known and
described BPMs, such as sensitivity, bandwidth,
resolution, precision, dimensions, mass and so on.
In order to obtain this data as much as 400 papers,
reports, lectures describing results of investigations of
different BPMs were processed. This knowledge base
is being continually appended and extending while
receiving new information (conference's proceedings,
publications in different journals and so on). Also
packet of calculation programs is extending. The
possibilities of integrated expert system is continually
broadening and this system is used in designing
control and measuring systems not only when
choosing BPM and calculating its parameters but
also to choose the structure and the modules of the
systems (analog-to-digital converters,
different
amplifiers, integrators, the means of processing,
registration and displaying the information about
beam parameters), concerning their conditions of
work, technical requirements, choice and computation
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criteria. As an example of rule in the expert system the
following one can be presented:
RULE:R1
IF: 0.1 <=sm<= 10 &
1 <= p l <= io &
50<=pf <= 1000 &
pc >= 1 &
nopcf >= "yes"
THEN :
type = "current transformer"
run "ct.exe"
There the following variables are used :
sm - sensitivity of monitor (V/A);
pi - pulse length (ms);
pf - pulse frequency (Hz);
pc - pulse current (mA);
nopcf- necessary of obtaining of
pulse current form;
type - type of beam monitors;
"ct.exe" - calculation program of current
transformer".
In conclusion it is necessary to note that
demonstration prototype of integrated expert
system illustrating basic principles of system work was
developed by means of instrumental system GURU
for PC 386/486. At present, the elaboration of research
real-time prototype is started. This project is based on
instrumental system G2 by Gensym for Alpha AXP
workstations.
References.
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UNDULATOR AND RF-SYSTEM FOR ION LINEAR ACCELERATORS
E. S. Masunov
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Abstract

The paper continues the study of an undulator linear
accelerator (UNDULAC). The various versions of
LJNDULAC with transverse and longitudinal RF fields are
investigated. The suggested method of beam focusing and
acceleration can be considered as the special case of those by
means of two nonsynchronized waves. The comparison with
two wave approximation method, where the accelerating wave
synchronizes and the focusing wave doesn't synchronize with
beam, is described. This comparison is suitable for
demonstration of the capabilities of the new method.
Introduction
It is known, that one wave can not simultaneously
accelerate and focusing the particles of beam. In a normal
drift tube linac (DTL) where one synchronous wave is
present, longitudinal beam stability is provided, but then
transverse beam defocusing occurs inevitably. The transverse
beam stability can be ensured by quadruple magnets, installed
in the drift tubes, or by.a.focusing wave which has a phase
velocity different from the equilibrium particle velocity (RFfocusing). In a conventional low energy ion DTL, it is
difficult to install focusing magnets of sufficient strength in
the very short drift tubes. That is why Rf-focusing is used.
The simplest RF-focusing principle for periodical structure
was suggested by Good [1] and Faynberg [2] and was named
an alternating phase focusing (APF). Such focusing can be
realized by changing the drift tube lengths and applying some
gaps to one period. The beam dynamics theories for APF have
been proposed in many papers [3-5]. The main idea consists
of the study of space harmonics influence on beam dynamics.
The accelerating harmonic synchronizes with beam, whereas
the focusing harmonics have phase velocities different from
equilibrium particle velocity. In the paper [4] it was shown
that the two travelling waves approach can be applied to three
main types of APF. In contrast to the two wave
approximation, a standing wave approach for many harmonics
was used in the theory discussed in [5].
The other way to create three-dimensional potential well
by means of two nonsynchronous waves was mentioned in the
w

V fi 2

paper [6). Summary field E = Re{E1e'*'-"-" '' + E 2 e' " ' '}
can accelerate particles efficiently with simultaneous
achievement of longitudinal and transverse beam stability, if
k\,k2
and C0x,CO-1 are linked by a relation

undulator field and RF field for acceleration and focusing of
ion beams was discussed in [7] for magnetostatic undulator
(UNDULAC-M) and electrostatic undulator (UNDULAC-E).
Longitudinal beam dynamics
At first, we discuss the motion equation for a particle in
the UNDULAC-M. The coordinates and the kinetic
momentums of the particles can be expressed by the
summation of two different type of motion: the slowly varying
R c , p and the rapidly oscillating R , p . By averaging over
rapid oscillations, we obtain the equation, that describes the
slow evolution of R c

d2R
dt2

2m

V < Ay >,

(1)

where A E = A v + A o is the total vector potential of RF
field and periodical field of undulator. Taking into account
only the main space harmonics of the magnetostatic undulator
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equation (1) can be rewritten in the form

dr2

2nn
where r =
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In

A. =—— - the RF-field wavelength,
K

- the undulator period, T = cot. The potential

function
'o.i

2
a. ; L / 2 i M = 2 R e ( a 0 1 a ; e - ) ( 3 )

\j/ = z / J3S - x + lf/Q is the particle phase in the composite
wave field, y/0 - the initial phase, /3S = A.o IX - the
normalized velocity of the synchronous particle.
The same equation can be obtained for the UNDULAC-E,
where
the
potential
function

CO i + Q)2 = vv(&, + k2). In the low energy ion accelerator
(4)
it is difficult to create resonator system for the two varied
2
are the dimensionless
frequencies. However in the case, when one of frequencies Here ev 0 = e EV,OA / 2mtc
G)i = 0 (a static field of undulator), the problems with RF- amplitudes of the basic RF-field harmonic and the first
system tuning do not arise. The idea to apply a combination of electrostatic field harmonic.
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The acceleration rate is proportional to the amplitudes of
the RF and the undulator fields. The energy increase is

conditions of longitudinal beam stability are changed because
of U-, E * 0 . If the amplitude of the nonsynchronous

maximum, when B ^ BjJ" or E V ||E O . Therefore the choice of

harmonics are large, additional maxima and minimuma in the
longitudinal potential well occur. The phase trajectories are
the magnetic (electrostatic) undulator type and field
deformed
and new separatrixs appear on the phase plane. In
orientation depend on the RF-structure type [7].
the APF linac the velocities of the nonsynchronous harmonics
In order to achieve effective beam bunching and capture
are approaching to equilibrium velocity, when the injection
the function and undulator period Ao have to grow and the ion beam energy is low. In this case the resonant capture of
synchronous phase has to decrease from n 12. For example, particles with V ^ v5 is possible and overlap of a
if the synchronous phase y s = n 12 — fjz, where /u is the synchronous resonance with another one on the phase plane
factor of sliding, the undulator period is growing and can be takes place. As a result longitudinal stochastic instability
occurs [8]. The magnitudes of the nonsynchronous harmonic
calculated by the formula
-il/3
amplitudes must be chosen to retain large longitudinal
1
I
acceptance.
But the most important circumstance, which
• (5)
limiting the amplitudes of harmonics in APF linac, is the
realization of transverse beam focusing.
The acceleration gradient of the synchronous particle
d Ws I d z = e TM E Ev cos y/s,
where
Ev
is basic
Transverse focusing of the beam
nonsynchronous harmonic amplitude, 7^, E - an acceleration
efficient factor for UNDULAC-M and for UNDULAC-E
T

-

(6)

2mnc2 X,

M

It is interesting to compare this acceleration method with
APF linac for resonant periodical structure, where RF field
has one synchronous harmonic Es and a number of
nonsynchronous harmonics En. The equation of motion for
APF linac can be received in the smooth approximation as
above
d2.

_ ,

. „ . . „ „

where ev is the amplitude of synchronous harmonic. The
potential function UE is analogous to (4) and consists of two
parts:

Let us consider first the transverse beam focusing in
UNDULAC. The choice of the RF-field harmonic amplitude
and the undulator field harmonic amplitude is not arbitrary
because it is necessary to keep up the focusing of the beam
simultaneously with acceleration. The total effect can be
found only from the analysis of equation
V1C/M>E=0.

Equilibrium trajectories may exist for all particle phase, if two
conditions are valid

V1l/IXE=0,ViI/lwS0.

5

£

£

where

% S l . It is
o
possible to express the acceleration efficient factor 7 ^ in (6)
with the amplitude of the main nonsynchronous RF-field
harmonic.
A

(8)

(10)

In a simple case the potential functions U^ can be found
without considering higher harmonics of the RF-field and
undulator field (3), (4). The motion around an equilibrium
trajectory is stable if the potential has an absolute minimum.
The analysis of the transverse stability for undulators of
different types shows, that trajectory of the particle with any
phase is stable in the transverse movement, if
£O = « M T "

= -|e

(9)

"

71.e =

O = «E

,'

e£ v A
r-aM,E.

(ll)

e n is the nonsynchronous harmonic amplitudes of RF-field,

an=s2t(n-s)2.
For two travelling
£„ cos(knz - 0)f),

waves

U2B = 0.

Es COS{ksz — O)tj and
In this

approach the

The acceleration rate decreases when A o and the beam
velocity grow. This fact indicates that UNDULAC is more
suitable for the low energy region.
The exact magnitude a M E can be found after analysis of

decisions of (9) and (10) where the influence of the higher
harmonics must be accounted for. It is important also to study
independent on the nonsynchronous harmonic e v n . For the non-linear oscillations of the beam particles to investigate the
resonant structure only a standing wave approach must be coupling resonances. As a rule the higher harmonic

acceleration gradient is proportional

evJCOSJf

and is

used. In this case the all back waves are considered. The
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amplitudes reduce the quality of the bunch and must be
minimized.
For APF linac it is necessary to have large amplitudes of
the higher harmonics to supply the transverse beam focusing.
When only one synchronous Es and one nonsynchronous
En harmonics of the travelling wave are taken into account,
the condition stability for a small oscillations can be derived
from equation (7), where Ux E = GCns e n [", U2E = 0,

k:

(12)

The amplitude Es and the acceleration rate can be large
when the synchronous phase y/s = 0 and the longitudinal
acceptance is small. The trajectory of the particle with any
phase y/,. is stable in the transverse direction, when
(13)
To express the acceleration rate with nonsynchronous
harmonics amplitude En, we use

dWs
dz
where the factor

(14)

7RF=-

eE a A _

j-^~CCnsg. This magnitude

coincides with (11) for UNDULAC.
For the resonator structure it is necessary to use a
standing wave approach and to take into account a number of
nonsynchronous harmonics. As it was showed above in this
case U-, E * 0, the acceleration rate and the longitudinal
acceptance may be inferior to the two wave approximation.
The analysis of the transverse stability for APF linac may be
implemented if the potential function UE is used. As in the
LTNDULAC the higher nonsynchronous harmonics reduce the
longitudinal and transverse acceptances in the APF linac.
Examples
As it was shown above, the longitudinal or the transverse
RF-field can be used for acceleration and focusing of ion
beams in the UNDULAC. There is no need for drift tubes. It
simplifies the design of RF-system and makes it possible to
operate at higher frequency or in a lower-/? region than
usual ion RF-accelerator. Many versions of unconventional
design permit the increase of the ion beam intensity in the
UNDULAC.
The current may be increased for a ribbon beam with the
large cross-section. Study of the ribbon ion beam interaction
with the RF-field in the plane electrostatic undulator was
carried out in the paper [9].
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For UNDULAC-M, it is impossible to obtain the large
cross-section area of the beam. However, there is an
opportunity to accelerate more then one beam in the magnetic
channel because there are no drift tubes. The task is to choose
a special symmetry of the transverse RF-field and periodical
magnetostatic field. The RF system must have a small
transverse dimension to fit inside the undulator. Therefore, it
is preferable to use a multielectrode line where transverse
electromagnetic waves(TEM or TE) travel [10].
The one more interesting method for increasing of the ion
beam intensity in UNDULAC exists. How was shown the
potential function UEM depends on the particle charge
squared, and the motions of positive and negative charged
ions are identical. This fact can be used for compensation of
the space charge by acceleration of ions with different signs of
the charge in the same bunch. Study of the possibility of
simultaneous acceleration of both positive and negative ions
with the identical charge-to-mass ratio in UNDULAC is great
interest because in all kinds of RF accelerators (DTL, RFQ,
APF), this opportunity can not be realized [11].
Conclusion
A use of the undulator and RF resonator system to
accelerate low energy ion beams promises to be a very
perspective practice. The conditions to achieve both the
transverse focusing and large longitudinal acceptance are
found. The acceleration rate for UNDULAC is comparable
with the acceleration rate for APF linac, but the definite
advantages exist for UNDULAC. For acceleration of ions it
possible to use not only longitudinal, but also transverse RFfields. There is no need to have the drift tubes in the RFstructure, where only one nonsynchronous wave is travelling.
It simplifies the design of RF-system and permits to reduce a
RF power losses in the walls and to increase the ion beam
intensity. Three methods for increasing of the ion beam
intensity in UNDULAC are suggested.
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THE ON-AXIS COUPLED ACCELERATING STRUCTURE FOR APPLICATION IN
PROTON LINACS WITH MODERATE HEAT LOADING
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Abstract
The On-axis Coupled Structure (OCS) has been optimized for
applications in proton linacs with moderate heat loading to the
accelerating structure. Without interior cooling of the cells the
total length of the coupling cell together with webs between cells
may be done relatively small. This case the coupling constant
for OCS also may be strongly increased. With the numerical 3D
optimization of coupling slot dimensions, shape and position it
was shown, that coupling constant may be increased up to (1517)% with tolerable (5-8)% reduction (due to coupling slots)
in shunt impedance. For low energy region (< 100 MeV) the
shunt impedance and accelerating gradient of the OCS may be
improved with introduction of additional intermediate drift tube
(OCSDTL option), keeping coupling constant up to 10%. The
ideas, restrictions and results of the structure optimization are
presented. The optimized OCS version has the shunt impedance
not less than another Coupled Cells (CC) structures and combines it with increased value of the coupling constant and the
simple design.
Introduction
After the Side-Coupled Structure (SCS), the OCS with magnetic
coupling (due to coupling slots in the webs between cells) is now
at second place in the usage in particle accelerators. This structure was applied for linac in the Advanced Free-Electron Laser
Initiative at Los Alamos with high gradients (to 22 MeV/m),
high peak-power klystron (20 MW) and up to 50-ms long macro
pulses [1]. For cw operation with heavy heat loading this structure is used in Mainz [2] and INP MSU [3] race-track microtrons.
The structure also was investigated in details, both theoretically
and experimentally [4], for the set of small electron linacs for
industrial applications.
The benefit OSC features are very simple design and small
transverse dimensions. The optimization of the OCS for applications in proton linacs has been performed, providing good results
in the structure parameters.
Structure Optimization
The electron linacs, for which OCS was considered before, usually operate in S-band, with operating wavelength A « 10 cm.
The requirements of mechanical strength and heat conductivity from the central region to outer one (to cooling channels)
lead to relatively thick web, limiting the coupling constant kc
to 3% -7- 5%. Total distance It + 2lc, where 2lc is the coupling cell length, t - web thickness, takes essential part of the

structure period, leading to smaller, (in comparison with another
CC structures) value of the effective shunt impedance Ze.
The theoretical background for the structure optimization in
details is presented in [5], below application to OSC is shortly
described. In our optimization of the OCS for proton linacs, with
operating wavelength A « (25-r 40) cm, we do not do direct scaling of the cells dimensions from "electron OCS" version. First of
all, decision has been done to have no cooling channels in webs
of "proton OCS". This case we can restrict the web thickness
with the value 3-5-4 mm, limiting only with mechanical constrains. The length 2lc also should be as small as possible, but
one have to take into account two restrictions.
First one is the detuning of coupling cells. It is known well,
coupling slots reduce own frequencies both accelerating and coupling cells. One can show that detuning value 6f ~ l// c . Reduction in the frequency must be compensated by reduction of
the cell radius Re, and for small values 1CRC becomes less than
radius r3 for optimal position of coupling slots.
Second restriction relates with sparking in coupling cells.
Sparking in the structure may take place both in accelerating and
in coupling cells [5]. In steady-state regime coupling cells do excite with very low level to provide rf power flux along the structure for compensations of rf losses. Strong excitations of coupling cells takes place during transient, in the initial time period

Tf = 2L/Vg,

Vg =

cnkc/3p

Tf =

2N

(1)

where L and N are the length and number of the structure periods
from the rf input point to the end, vg - the group velocity, c - speed
of light, /o - operating frequency and 0P - relative velocity of protons. During this time period, maximum electric field at the surface of coupling cell EaCmax may be high enough [5], leading to
sparking in coupling cells [6], Escmax depends on shape, dimensions of coupling cell and another parameters of the accelerating structure. Comparing accelerating structures of existing proton accelerators, we have founded, that SCS structure at FNAL
Linac Upgrade [6] operates with maximum value Escmax during
transient, according (2). Referring to FNAL Linac Upgrade successful operation, we have limited Escmax for OCS with FNAL
SCS Escmax value.
In the OCS structure E,c is large at two points - at the lower
edge of the coupling slot and near bore hole. To decrease Escmax
value, coupling slots and coupling cell bore hole must be rounded
with radius not less than t/2.0. Taking into account reasons
above we have chosen 2lc ~ 6 4- 8 mm.
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The shape and dimensions of the accelerating cells for OCS
were optimized for DESY Linac 3 Upgrade proposal [7] in 2D
approximation, by using set of 2D codes [8]. For the same beam
hole radius a = 15 mm, operating frequency and Esamax/Ek
=
1.35,2D calculated effective shunt impedance Ze for OCS is less
than 2D Ze for FNAL SCS at 9% for (5P = 0.4 and at 6% for
/3P = 0.7. The total thickness 2t + 2lc = 13 mm remains larger
than web thickness 7.5 mm in SCS FNAL design.
Coupling Slots
The coupling slots investigation, optimization and choice was
performed using MAFIA code.
There are two coupling slots at each web between accelerating
and coupling cells. Mutual orientation of coupling slots is important for kc value. To increase kc by canceling mutual influence,
slots position is rotated at 90° in webs of coupling cell. The difference between kc values for rotated and slot-to-slot orientation
in short coupling cell is more than 2.5 times. Orientation of coupling slots at opposite webs of accelerating cells practically do
not influences for kc. Only frequency of coupling cell changes
approximately at 5%, because field of coupling cell significantly
penetrates into accelerating one. The mutual orientation of coupling slots in accelerating cell strongly defines quadrupole distortions in the accelerating field distribution. To reduce this distortion, we accept slot-to-slot orientation for accelerating cells.
The radial position of slots is chosen near the half of the accelerating cell radius.
It is known, that rise of kc by slot length increasing all time
assists with reduction in Ze. The coupling slots provide perturbation for rf current distribution in accelerating cell. The maximum value of rf current density jmax takes place at the ends of
slots, the minimum one jm%n -in the middle of the slot. To provide the high kc value with small reduction in Ze the coupling
slots are chosen wide enough. Total set of decisions in the structure optimization leads to the tolerable reduction of Ze even for
significant values of kc (Fig. 2).

(3P. To compensate this decreasing one need increase opening,
providing larger reduction in in Ze. Maximum values of fce were
founded in this research w 19% for /3P = 0.45 and « 16% for
0p = 0.7.
Comparing calculated 3D Ze values for proposed OCS and
FNAL SCS, one will have practically the same numbers (differing in units of %) but with kc « 15% for OCS.
In this OCS proposal coupling cells are heavy loaded with coupling slots (see Fig. 1), but accelerating cells are not. The problem of high coupling is solved by coupling cells, without large
perturbations in accelerating ones.
Cooling Capability
The temperature distribution in the OCS (/ 0 = 810 MHz) with
one cooling channel per period (see Fig. 1) is shown at Fig. 3.
(Special procedure has been developed to calculate temperature
distribution due to rf losses with MAFIA code.) For the heat
loading 1 5 ^ ~ maximum temperature difference (between drift
tube nose and cooling channel) is 3.4 °G. This value of the heat
loading is comparable with that one for existing "meson facility" linacs and do not provide difficulties for existing frequency
control systems. Maximum of the temperature gradient and associated thermal stresses take place at radius of slots position and
with wide slots are not dangerous for stable longtime operation.
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Figure 2: The kc value and reduction in Ze in dependence on coupling
slot opening, 0P = 0.5.

Figure 1: The cells of the On-axis Coupled Structure.
As the result of the OCS optimization we have the option with
kc « 15% and Ze reduction due to coupling slots « 5% for
/8P = 0.45 and w 7% for @p - 0.7. Because the distance 2t +
2lc is fixed, with the same slots opening kc decreases for higher
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Figure 3: The temperature distribution in OCS for heat loading
1 . 5 ^ p , pp = 0.5. Regions with high temperature are marked with
lighter shadowing.

Vacuum Conductivity

MAFIA

The vacuum conductivity may be strongly improved by additional radial slots in webs (Fig. 4). Two of these radial slots
cross coupling slots in the middle, two another are placed between coupling slots. So, four additional radial slot in each web
provide four channels through the structure from one end to another. With small angle opening (not more than 15°), radial slots
are not resonant elements and do not interferer significantly the
field distribution in accelerating cells. To keep Eacmax limited,
the cross of the radial slot with lower edge of the coupling one
should be rounded.

R—.3.39
ADnsr
t zsst :se

x

T

)

L.
Figure 5: The OCSDTL cells.

Conclusion
The optimization of coupling cells and coupling slots leads to
attractive characteristics of the OCS for application in proton
linacs. Combining the simple design, improved coupling constant and high shunt impedance, the structure can, after high
power test, provide strong competition to another candidates for
application in proton linacs with moderate heat loading.
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Figure 4: The OCS cell with additional radial slots.
OCSDTL Option
It is known well that efficiency of all CC structures decreases
with decreasing (3P. Very powerful solution was proposed [9]
and tested with the SCS to avoid this disadvantage and to combine the efficiency of the Drift Tube structure with stability properties of CC structures by introducing Intermediate Drift Tubes
(IDT). The length of the period d' this case is d! = (2n+ l)/3 p /2,
where n is the number of IDT. This solution can be applied to
OCS (Fig. 5). Because d! becomes large, coupling cell together
with webs take a small relative part and do not lead to significant reduction of 2D Zt. All improvements and problems, related with IDT, are the same as for SCS, except one.
For all CC structures introduction of IDT leads to redistribution of magnetic field for accelerating mode. Maximum of
the magnetic field take place near IDT. Together with increasing of the accelerating cells volume, it leads to decreasing of
the kc value. In OCSDTL version we can, by increasing of the
slots opening to 79° -~ 81°, keep coupling constant at 10% for
Pp = 0.35 value with the same 5% reduction in Ze. Because in
estimations [5] of coupling cells excitation TJ and Escmax should
be transformed for CCDTL into r'f = (2n + l)r/, E'scmax =
(2n + l)Escmax, the OCSDTL option looks to be more strong
against possible sparking in coupling cells.
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THE DATA LIBRARY FOR ACCELERATING STRUCTURES DEVELOPMENT.
RF PARAMETERS OF THE DRIFT TUBE ACCELERATING STRUCTURE
V.V. Paramonov
Institute for Nuclear Research of the RAS, 117312, Moscow, Russia

Abstract

DEC ALFA 2000, one run takes of order 3 -=- 5 sec CPU time
from mesh generation to physical postprosessing with high preThe Drift Tube (DT) accelerating structure is very well known,
cision of results. Later, this set of codes was added with several
developed and widely used in existent proton linacs. Neverthesimple codes to provide the system, which allows to perform auless, in the development of new projects all time arise the probtomatically the set of similar calculations.
lem to estimate rf parameters of the structure for particular case
The idea and realization of the data base are not so compligiven. This paper is the first report about activity in the creation
cated. The cell of the accelerating structure may be specified
of the data library for accelerating structures development. Baswith several independent parameters (for example length, apering on particularities of codes, which were developed early in
ture radius, gap ratio and so on) and one dependent - to tune the
INR (CPU time to calculate in 2D approximation one variant of
cell for the operating frequency given /o.
the cell is several seconds with modern computer) and later were
Two options of the DTL structure have been considered
added with the shell to change automatically cell dimensions and
tune to the frequency given, we store one time extremely large (Fig. 1). The first one is a conventional DTL with the possibilnumber of variants. The ranges of the cell dimensions overlap ity to place focusing lenses inside drift tubes. The second option
all known and another reasonably interesting variants of the DT has small drift tubes without lenses and is intended for high frestructure application (both with focusing lenses inside drift tubes quency DTL application - Bridge Coupled DTL (BCDTL) [2].
and without lenses). The main (cells dimensions, quality factor,
shunt impedance, transit time factor) and additional results (the
distribution of rf losses and so on) are stored in the file and provide the data base for further treatment. Using the data base obtained, we can with scaling and interpolation consider and compare, without additional calculations, rf parameters of the structure at different frequencies and with different limitations, finding either optimal or compromise solution for the structure.
Introduction
All times in design of the accelerating structure there is the problem to find reasonable compromise between different requirements. It may be internal problem in the structure design - how to
choose dimensions to have effective shunt impedance Ze as high
as possible and to keep electrical field at the surface Esmax (usually in parts of the Kilpatric limit Ek) in reasonable limits. The
increasing of an aperture radius is good for beam dynamic, but
leads to the reduction in the Ze. The manufacturing processes
will be simpler if a set of dimensions will be constant through
the structure, but it means that will be deviation from optimal
parameters.
As a role, dependencies of parameters from dimensions qual- Figure 1: The field distribution and drift tube shape for the conitatively are known, but, if the problem arises to have a number ventional DTL option and for the BCDTL one.
(to estimate "the price" of the solution), the designer needs to do
estimation or additional calculations.
The cell of the DTL for both options is specified with six inTo simplify the design procedure for the DTL structure, this
dependent parameters and the cell radius Rc as dependent one.
work has been performed.
The limits of the independent parameters in normalized type (in
parts of operating wavelength Ao) are listed in Table 1.
The Data Base Storage
Several steps with each parameters were done during the data
Several years ago the set of very powerful 2D codes [1] was de- base storage. As a role, the dependencies of the structure rf paveloped in INR. With modern "middle power" computers, like rameters vrs dimensions are smooth enough and not so many
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points are needed to approximate any curve using cubic spline DTL variants. For this purpose the designer should specify the
interpolation. It is evident, that accuracy of this interpolation is cells dimensions under interest. After each specification, using
better for larger number of points. But, if we have M indepen- standard methods of the cubic spline interpolation, dimensions
dent parameters and are going to do N steps with each parameter, of data arrays will be reduced at 1. At the end of this procedure
number of variants to be calculated is MN. As the results of the the values of rf parameters, corresponding to the cell dimensions
compromise between accuracy of the interpolation and the total specified, will be displayed.
number of variants for calculations, from 4 to 7 steps for each
For example, at Fig. 2 and Fig. 3 the plots of Ze and E0T for
parameter were chosen, depending on influence of the parame- different BCDTL operating frequencies, assuming a = 15 mm,
ter given on the structure rf characteristics.
r i = 3 mm, r-i = 7.5 mm, <j> = 0 are shown. If the dimensions of
the drift tube are fixed, especially aperture radius, the increasing
Table 1
of the operating frequency do not leads to the increasing in shunt
The ranges of the DTL cells dimensions.
impedance.
Conv. DTL
BCDTL
0.05-f- 0.57
0.05 -=- 0.57
0
Aperture rad. a/A 0
0.0023 -r 0.0223 0.01 -f 0.09
Low. DTrad. TI/XQ 0.002 --0.01
0.002 -r 0.01
0.0066 -=- 0.036
Upp. DT rad. r 2 /A 0 0.004 --0.04
\400MHj
0.033 -- 0.067
DT radius r t /A 0
DT angle <j>
0.0° -=- 30.0°
Gap ratio
to 0.5
to 0.5
It is not so difficult to develop algorithm for this work and to
pass this long routine job to computer, for which it is directly intended. The system takes one variant, tunes it to frequency specified, stores results and goes to next variant automatically.
The results of this job are M-dimensional arrays in direct access file.
For every variant are stored:
a) the cell dimensions,
b) general parameters of the structure - transit time factor T,
quality factor Q, effective shunt impedance Ze, maximum
electric field at the surface - E,max/(E0T)
ratio, maximum magnetic field at the surface - Hsmax/(EoT)
ratio.
The surface of the cell is divided in several segments. For
each segment are stored:

BOOMHj

1O0OMHZ

SO

100

ISO

».M.V

Figure 2: The effective shunt impedance of the BCDTL option
for different operating frequencies.

c) the relative part of rf losses (with respect to losses in total
cell),
d) frequency shift due to possible displacement of this segment,
e) maximum electric field at the segment - Esimax/(EoT)
tio.

ra-

As the particularities of the DTL structure, frequency shift and
additional if losses in the stem together with additional rf losses
in the end wall are calculated and stored.
The Data Treatment and Applications

100
Prolon anergr. MaV

Figure 3: The accelerating gradient E0T of the BCDTL option
for different operating frequencies.

The data base stored is the main value of the system.
The procedure of the application is also simple. First of all, the
designer should specify DTL option and the operating frequency.
Two dimensional plots are efficient tool to provide general picThe data base will be extracted, scaled to the frequency specified ture for the DTL parameters behavior vrs cell dimensions. For
and the available ranges of the cell dimensions will be displayed. example, at Fig. 4 and Fig. 5 the surfaces of Ze and EQT, availThere is a large variety of the data base applications for the able for BCDTL option assuming a = 15 mm, Esmax = 1.5£/t,
DTL design. The simplest one is the comparison of different r\ = 3 mm, r 2 = 7.5 mm, /o = 700 MHz, are plotted. Compar-
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ing these two surfaces, one can see, that conditions to get maximum shunt impedance practically coincide with ones to have a
large Eot value.
More interesting and important case of application is to find
optimal parameters with restrictions. Usually, the aperture radius
is restricted from below with the beam dynamic requirements.
The maximum electric field at the surface - Eamax should be
also specified in the beginning of the design. Then, to simplify
the manufacturing process, the designer can specify the set of another parameters, for example, cavity radius Rc, lower and upper
DT radii r i , r 2 , and find maximum of Ze, determining simultaneously the deviation from global maximum (without limitation
in parameters specified for manufacturing simplification).

It is possible to consider also the segmentation of the structure
into accelerating cavities, taking into account additional rf losses.
At Fig. 6 the plots of the effective shunt impedance for regular (a)
BCDTLcell(/o = 600 MHz, Esmax = 1.5Ek,a = 10 mm), average Ze for 6 cells BCDTL cavities taking into account rf losses
in end walls (b), in end walls and stems with radius r , = 9 mm
(c) are shown. Additional rf losses strongly reduce efficiency of
the structure, especially for low proton energies.
Because the code source for data base treatment is open, it can
be added with any possibility proposed.

Cavity radius Rc, cm
Proton erwgy. M«V
ProkHi energy. MeV

Figure 6: The effective shunt impedance for the BCDTL, a) "ideal" structure, b) - 6 cells tank without stems, c) 6 cells tank
with stems r . = 9 mm.

Figure 4: The Ze surface for the BCDTL option.

Conclusion
EoT. MV/m

The data base for rf parameters of the DTL structure has been
developed. The large number of calculations has been performed
one time and stored. The application of this data base allows for
the designer to work more creatively, providing him more time
to choose the best solution.
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Abstract

Severe challenges had to be overcome in order to carry
out a successful measurement with this technique:

A secondary beam of radioactive I7F was produced at the
ATLAS accelerator and delivered to an experimental target
station with an intensity of at least 2-10 5 particles per second
for use in the research program. The beam was produced
through the p( l7 O, l7 F)n inverse reaction by bombarding a
hydrogen gas target with 250 particle nA of 83 MeV 17O from
the ATLAS superconducting linac. The gas target was
maintained at a pressure of 300 Torr and a temperature of
257K. Beam quality was dominated by multiple scattering in
the gas cell windows and by the reaction kinematics and
beamline acceptance for energy spread.

Introduction

•
•

Build a sufficiently robust proton production target
Transport the 17F beam of huge energy spread and
divergence with maximum efficiency to the target
Understand and handle beam impurities
Identify clearly I4 O in the spectrograph in the presence of
different backgrounds.

•
•

Experimental Configuration
The physical layout showing the relationship of the I7F
production target, the connecting beamline to the secondary
target and the ATLAS spectrograph is shown in Fig. 1.

Primary Beam
Radioactive beams have many applications in modern
nuclear physics and astrophysics. This potential has caused
several accelerator laboratories around the world to develop
techniques to produce radioactive beams with useful
intensities and controllable beam properties. The effort to
develop a I7F beam at the superconducting linac ATLAS [1] is
primarily aimed at measurements of interest in astrophysics,
but is also a demonstration of a technique to produce on-line,
short half-life radioactive beams, and deliver these to a
secondary target.
The physics goal of the experiment was to measure the
cross-section for ' F(p,a) l 4 O in the 3 to 4 MeV region in the
center of mass system. For this measurement, the inverse
reaction p( l7 F, M O)a is appealing, because a target of I7F (T./2 =
65s) is not possible. For such a short half-life, the batch
transfer process, as has been used for radioactive beams >SF
(T w = 109m) [2,3], is also impractical. Therefore, a primary
proton target was used to transform a fraction of an 17O beam
to a I7F beam. A bending magnet selected the fluorine
particles in charge state 9+, thereby filtering out most of the
7
O isobar nuclei. Finally, the I7F beam was delivered over a
distance of 12 m to a secondary CH2 target. The desired I7F
beam energy for the 3.63 MeV resonance in inverse
kinematics is 62 to 63 MeV, producing approximately 45
MeV MO and 15 MeV 4 He. Since p( l7 F, 14 O)a is forward
peaked in the laboratory system, the ATLAS spectrograph was
used as a powerful tool to separate the >4O nuclei from the
background of scattered particles.
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22 Peg. Switching Magnet

Scattering Chamber
with Secondary Target

Primary Target
(H2 Gas)
Quadrupole Doublet
Split-Pole Spectrograph
Fig. 1. Floor plan of the spectrograph area showing the positions of
the primary gas target and the secondary target in front of the
ATLAS spectrograph.

Design of the ' F Production Target
The I7F production target must be capable of sustaining
an O beam current of as much as one particle uA and have
an effective thickness of at least 250 ug/cm 2 , in order to obtain
17

more than 105 particles per second on the secondary target
given the I7F production cross-section [4] in the order of 10 to
100 mb and a transport efficiency of about one percent.
Experience indicates that foil (CH2) targets cannot take
the necessary high beam current, even in rapid rotation.
Therefore, a gas target with an effective length of 7.5cm and
thin HAVAR [5,6] windows was chosen [see Fig. 2.]. To keep
the temperature of both the windows and the hydrogen gas
low, the chamber has double walls to accomodate a constantly
flowing cooling liquid in the outer cylinder. Four support
pipes supply cooling fluid and H, gas.

Transport of the 17F beam to the secondary target
The program TRANSPORT [7] was used to calculate the
beam optics of the 17F and predict a transport efficiency. For
such a large emittance beam, a transmission of 3.5% is
predicted, assuming a uniform density profile. Using a peaked
density profile increases this number by a factor of ~2. It is
also estimated that 35% [8] of the I7F beam is in the 9" charge
state, resulting in another attenuation factor of 3. The
calculated beam envelope is shown in Fig. 3. and compared to
mechanical apertures in the system.

support tube

17

window mounting
H; chamber
1
j

2
j

3
1

4
|
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6
1
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|

8
|

9
j

10
l |

Fig. 2. A simplified cross-section of the cylindrical gas target used.
The effective diameter of the windows is 1.27cm

The selection of window material and thickness was
made as a compromise between the maximum sustainable gas
pressure and the deleterious effect of thick windows on
angular and energy straggling. The effect on the energy spread
is negligible, since usually the reaction kinematics dominates
this even near the reaction threshold. On the other hand, the
contribution of the small-angle scattering to the beam
divergence can dominate the effective beam emittance. The
required energy on the secondary target led to reaction
energies between 73 to 77 MeV (threshold at 63.8 MeV)
resulting uvan maximum divergence of ±1.5° from kinematics
(average of about ±1°). This relatively small cone is due to the
negative Q-value of p(l7O, l7F)n. A reaction with a positive Qvalue would result in a much larger angular spread.
For two 1.9 mg/cm2 HAVAR windows, the small angle
scattering is also of the order of ± 1 °, which made this type of
window a good choice. Glued in a mounting ring with an
inner diameter of 1.27 cm, they withstood a 250 pnA beam of
83 MeV I7O at H2 pressures up to of 460 Torr. A higher
pressure was not tested.
The divergence and energy width of the I7F is estimated
to be ±1.6° and ±4 MeV from the combined contribution of all
effects. Calculations of the beam optics and examination of
the windows after the run suggest a beam spot radius of 2 mm
on the entrance windows. This makes a spot with a 3 mm
radius on the exit windows. From this, we estimate the
17,
unnormalized emittance of the secondary F to be 84
Tcmmmrad.
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Fig. 3. The calculated envelope of the produced ' F beam from the
production target at 30m in this calculation to the scattering
chamber at 43m. The quadrupole doublets are in a YX-YXconfiguration.

Both energetic and angular distributions of the >7F beam
are strongly affected by the reaction kinematics. Therefore, a
correlation between energy and angle of a particle is to be
expected. These correlations are not included in the
TRANSPORT studies and place significant uncertainties on
the predicted transmission. However, this simple model leads
to an expected overall efficiency of 1 to 2%.

Parameters and Results
At a primary beam of 250 pnA I7O, one expects a 17F
production rate of 210 7 per second. At the spectrograph, a I7F
current of M0 5 per second was observed. The upper limit of
the vertical spot size on the secondary target is calculated to
be lcm. The y-magnification of the spectrograph is three, and
so the detector [9] in the spectrograph focal plane is unable to
intercept ail beam particles. We estimate a detection efficiency
of only 50% due to this effect, resulting in a transport
efficiency of 1%, in reasonable agreement with the estimate in
the last paragraph.

The ratio of F particles to other nuclei detected in the
focai plane of the spectrograph in the experiment was better
than 3:1. in a measurement taken at 0° and therefore with a
much weaker primary O beam of only 175ppA on the gas
target [See Fig. 4].
Secondary Radioactive Beam
Components at Spectrograph

"Fat63MeV

1
I

Summary and outlook
This first experiment with a radioactive l7 F-beam shows
that a gas target can be used to produce a radioactive beam
from a stable beam in flight. However, it is difficult to
transport the secondary beam, and the accessible energy range
is restricted by the cross-section and the reaction kinematics.
Nevertheless, the technique works well, producing on the
order of a few 103 panicles per second. With this radioactive
beam, it is already possible to measure an astrophysically
significant nuclear reaction cross section.

FWHM<1MeV

"O'»t38MeV
"O"at28MeV

A

By slightly changing the field of the 22° switching
magnet, a certain energy control of the secondary beam was
available without retuning the accelerator. Due to the larse
energy spread in the I7F panicles, the current of the secondary
beam did not change more than 50% when swept over a 2
MeV energy region.

"O**«t50MeV

A

Energy

Fig. 4. The energy spectrum of the secondary beam in the ATLAS
spectrograph at 0 s without gates.
The goal of the experiment was to detect MO nuclei from
F(p,a) l4 O in inverse kinematics. To provide easy
discrimination between I 4 O nuclei and background, the a
particle was detected in coincidence in a silicon detector.
While the spectrograph covered 2° to 10° on the left side of
the beam, the alpha detector measured a-particles on the right
side between 6° and 20°. In the coincidence spectrum, the >4O
particles are the most prominent group [see Fig. 5]. The I7F
and I7O particles scattered in the spectrograph are only in
random coincidence with uncorrelated particles in the silicon
detector.
I7

To gain a larger range of accessible energies, to uncouple
the production reaction energy from the energy of the
secondary beam, and to reduce the energy spread of the
secondary beam, the production target has to be moved in
front of active elements of the accelerator system. A strong
focusing element, directly after the gas target also improves
the overall transport efficiency. However, the acceptance of
the rest of the beam transport system limits this effect.
Testing different production target locations and the
refinement of the gas target itself are the next steps in the
development of this in-beam production of radioactive beams
at ATLAS..
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Abstract

10:

Next generation Linear Colliders require very low emittance beams in order to achieve sufficiently high luminosities. Due to the extremely small beam sizes of
some ten nanometers height at the IP, these machines
are very sensitive to ground motion leading to uncorrelated quadrupole jitter. As measurements performed
at several laboratories indicate, the required vertical jitter tolerances of 30 nm rms for frequencies above » 2 Hz
cannot be guaranteed in an active accelerator environGround Motion
to-*, Vertical
DESY, 30.08 - 10.10.1994
ment. Therefore, an active stabilization system based
Solid - uncorreloted at 30 m
Dashed - obs. value
on geophones and piezo actuators has been developed as
10'
part of the DESY S-band Linear Collider Test Facility.
0.001
0.01
0.1
1
10
100
This system damps magnet motion in the frequency band
Frequency, Hz
2 — 30 Hz by up to -14 dB, resulting in remaining jitter
rms values of some 25 nm even in a very noisy environ- Figure 1: Integrated power spectrum of vertical ground
ment. Recent results of the system's performance with motion obtained in HERA hall west.
different sensor types will be presented.
Design considerations

Introduction
To achieve sufficiently high luminosities of some
1033cm~2sec~1, future linear colliders make use of extremely tiny beam spot sizes at the interaction point (IP)
of some 10 nm height and some 100 nm width.
To provide head-on collisions of the two opponing linac
beams, beam trajectories have to be controlled by some
means in order to fight ground motion induced beam jitter. The required tolerances for uncorrelated vertical
quadrupole vibrations can be estimated as [1,2] 85 nm
vertically and 380 nm horizontally.
Since ground motion measurements (fig. 1) at DESY [3]
indicate that vertical ground motion amplitudes have to
be expected in the vicinity of the required tolerance limit,
an active stabilization system for the linac quadrupoles
has been developed to fight beam jitter at its source.
This paper describes some considerations leading to the
present design of the system as well as some results of
active stabilization. Additionally, possible further improvements of the system's performance using broadband
seismometers are presented.

For compensation purposes, the spectrum of ground motion can be divided into two frequency bands, each of
them requiring different compensation schemes.
While for low frequency distortions beam-based methods
are applicable, this method fails in the high frequency
region beyond / r e p /6 and leads to reasonable damping
only below approximately /rep/25 [4]. Therefore, high
frequency beam jitter has to be compensated independently of the beam.
The simplest possible solution consists of a passive vibration absorber with resonance frequency fr well below
the lowest frequency to be compensated. Though such
a system would be capable of damping high frequency
vibrations by a factor l/» ! -,it would, on the other hand,
be very sensitive to any excitation acting on the magnet
itself, like cooling water pressure fluctuations etc.
To achieve significant damping of frequencies beyond
2 Hz, a resonance frequency of fT = lHz is necessary.
Together with a magnet mass of 100 kg, this leads to a
very small spring constant of the passive absorber being D — 4000 N • m" 1 . Therefore, even a static force as
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small as 4 • 10~3N would lead to a magnet displacement
of 1 /jm.
These considerations led to the development of an active stabilization system with a vibration sensor on top
of each magnet and some means of actuator to move the
magnet in order to keep it at rest.
As can be easily shown, application of an active feedback
system to a low frequency passive vibration absorber
would lead to a modification of the system's spring constant only within the limited bandwidth of the vibration
sensor, while for very low as well as very high frequencies
the system would show the same behaviour as a purely
passive one [5]. Therefore, piezo actuators with high resonance frequencies have been chosen.
At present state, geophone type vibration sensors made
by KEBE Scientific Instruments are used to measure
magnet motion. The internal noise of these sensors has
been determined to 1.1 ± 0.3 nm for frequencies higher
than 2 Hz [6], which is well below the desired remaining
magnet jitter.
For simplicity reasons, the mechanical design was chosen
such that the magnet is tilted by a single piezo actuator
around its horizontal transverse axis, as schematically
shown in figure 2. The complete active stabilization sys-

Figure 3: Active stabilization system, consisting of a
KEBE geophone on top of the magnet and a piezo actuator below it to tilt the quadrupole around its horizontal
transverse axis. A match-box in front indicates the size.

bearri

18.0

28.8

98.

/[Hz]

Figure 2: Schematic view of the active stabilization system.

Figure 4: Mesured feedback gain (thick line) in the frequency band from 0 to 30 Hz, calculated from the square
root of the ratio of the power spectra measured on top of
the magnet and on the ground, respectively. The smooth
thinner curve shows the theoretical transfer function.

tern is shown in figure 3.
Experimental results
The active stabilization systm has been set up in DESY
hall 2, an experimental hall close to the DESY synchrotrons. Due to the vicinity of two accelerators, several
transformers and other technical equipment, this can be
considered as a typical example for an operating Linear
Collider environment. Therefore, the results obtained
there should be similar to those to be expected in the
future accelerator.
To determine the system's performance, a second identical sensor was placed on the floor just below the magnet. The signals of both the feedback sensor and this
second one were sampled simultaneously at 400 Hz. The
transfer function of the active stabilization was calculated

as the square root of the ratio of the two corresponding
power spectra $ r r and $ y y . The resulting transfer function is shown in figure 4, together with the theoretically
expected curve.. Additionally, the rms values ax and ay
of the displacement in the frequency band f0 to infinity
were calculated as
<r(f > /o) =

(1)

The result is shown in figure 5.
Future improvements
To improve the system's performance, the application of
broadband seismometers made by Guralp Systems Ltd. is
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Figure 5: Measured rms values of ground (solid) and
magnet motion (dashedO with the feedback system
switched on in the frequency band /o to infinity as function of the lower frequency /o, /o ranging from 0 to 10 Hz.

—

100
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Figure 7: Theoretical rms values for the present system
with KEBE geophone (dashed) and the new design with
Guralp broadband seismometer (dotted), calculated from
the ground motion spectrum measured in HERA hall
West and the transfer functions shown infig.6. The solid
line represents the ground motion rms value.

([Hz]

10

100

Figure 6: Comparison of theoretically calculated transfer functions of the present system with KEBE geophone
(dashed) and the new design with Guralp broadband seismometer (solid).

lizatio of mechanical quadrupole vibrations is possible
down to some 25nm rms for frequencies beyond 2Hz,
which is well below the required tolerance for the SBLC
main linac. With new broadband seismometers used as
feedback sensors, even the much tighter tolerances in the
final focus system might be met, at least under the presupposition of a less noisy environment due to the absence of accelerating structures, modulators, klystrons
etc.
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PRECISION ALIGNMENT OF BPM'S WITH QUADRUPOLE MAGNETS
F.Brinker, A.Hagestedt, M. Wendt
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Notkestr. 85,22603 Hamburg, Germany
Abstract
In order to minimize the emittance dilution in next
generation linear colliders precise alignment of all focussing
components is needed. We report on our experiences using a
pulsed wire to calibrate beam position monitors with respect
to the magnetic axis of the quadrupoles used in the S-Band
Linear Collider Test Facility at DESY (SBLCTF). The
magnetic field along the wire and the magnetic field integral
is measured by observing the transverse displacement of the
wire induced by a short current pulse.

the magnet. Since the whole time depend of the signal can
easily be measured with a digital oscilloscope this gives the
magnetic field at every point of the wire as well as the field
integral. If the wire is placed exactly on the magnetic axis,
the signal should be zero for all times. A tilt between the wire
and the magnetic axis can easily be measured.

Introduction
Transport of small emittance beams in next generation
linear colliders demand steering of the particle beam towards
the magnetic axis of the quadrupoles within a tolerance of 10
Mm. For the SBLC this will be achieved with a permanent
beam based alignment and a fast feedback which damps the
effect of ground vibrations on the quadrupoles [5]. The
procedure of the beam based alignment requires a relative
precision of the BPM's of at least 4 urn and an absolute
measurement of the beam trajectory with respect to the
quadrupole axis within 100 jjm.

Fig. 1. magnetic field and field integral of the s-band triplet
along the axis, measured with a hall probe at a distance of
4mm from the magnetic axis. Both magnets at the ends are
excited to 18 T/m whereas the central region is not powered.
The right graph shows which signals are expected from the
pulsed wire measurement (see Fig. 5).
The Test Stand

The Concept
Photootiodes

In order to avoid the errors from measuring the position
of the magnetic axis relative to some external reference and
back to the position of the wire used to calibrate the monitor,
which is inside the quadrupole, we decided to pick up the
idea of Fisher et.al. [3] to use the same wire for detecting the
magnetic axis. For this we use a method described by Warren
[1,2] to measure the magnetic field along the wire with a
strong but short current pulse. The Lorenz force acting on the
wire accelerates those parts of the wire which see a magnetic
field. Solving the differential equation with the initial
conditions

A(z,t = 0) = 0 , A(z,t

= 0) =

at the position z0 behind the magnet and a time t after the
current pulse of charge Q [2] gives an amplitude of:

Q

zo-ct

JB(z)dz ,

where u is the weight per unit length of the wire and c is the
wave velocity which depends on the tensile force T stretching
the wire. The amplitude is measured with a detector outside

X-Y Table

Fig. 2 Sketch of the test stand
An aluminum plate carries the magnet on movable stages and
two rigid pillars to fix the wire. The wire is stretched through
a stainless steel tube with the diameter of the monitor
chamber to form an RF-tight coaxial system. At each side of
the magnet a bellow is inserted to allow the movement of the
magnet. Close to one end of the magnet the wire movement
detector is placed. The distance from the detector to the end
of the wire has to be longer than half of the magnet length in
order to separate the original signal from the one reflected at
the wire ends.
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The Beam Position Monitor
Detection of the Wire Movement
The beam position will be measured by a strip line
monitor with 20 cm long electrodes. The vacuum chamber
with the monitor fits closely to the magnet poles and is fixed
at its position by reassembling the magnet.

A pulse generator produces the current pulse of up to 20
A over 10 |isec by discharging a capacitor. To measure the
small transverse movements of the wire we installed both a
diode laser and a photodiode in each plane. The laser beam is
focused in the plane of the wire to a spot size comparable to
the diameter of the wire. The center of the laser spot is then
adjusted to the edge of the wire. The laser intensity that
reached the photodiode depends directly on the wire position
and is measured by a photodiode. The DC-photocurrent is
subtracted and the amplified AC-signal is measured with an
digital oszilloscope triggered by the current pulse. The noise
arising from ground vibrations which cause the wire to
oscillate at its first harmonic (~ 60 Hz) can be reduced
efficiently by averaging over typically 4-16 pulses.

Fig. 3. left: cut of the beam position monitor for the SBLC;
right : simpified view of S-Band Test Linac Triplet ( one
quarter removed)
The Magnet
For these measurements we used the magnets of the SBLC
Test Facility which are quadrupole triplets built in one yoke
(Fig. 3). Focusing is done by the outer poles of 50 mm length
whereas the middle part with 100 mm pole length excites the
horizontally defocusing quadrupole field. The magnets have
bore diameter of 35 mm and a maximum gradient of 20 T/m.

|F|[DJ(F|

Positioning of the Magnet
To align the magnetic axis parallel to the wire, the
magnet is mounted on a table which allows the magnet to be
rotated by hand around the vertical and the horizontal axes
perpendicular to the wire. The magnet can be moved in the
vertical and horizontal direction by stepper motors with an
absolute precision of better than 5 \m. The position of the
wire is not changed.

Fig. 4 View of the test stand with divided quadrupole and
mounted beam position monitor

Fig. 5. typical signal of a photodiode, the distance from the
wire to the magnetic axis is 50 um in the left F-magnet and
about 100 |im in the right F-magnet showing a small tilt
between the magnetic axis and the wire, the middle part of
the magnet ( D ) is not powered.
Results
Detection of the magnetic axis
To align the wire with the magnetic axis we excited only
the outer quadruples of the triplet to 18 T/m while the inner
part is switched off. First the magnet is moved transversely in
both planes to minimize the wire signal. Then the magnet is
rotated around its vertical and horizontal axis to get an equal
signal from both excited quadrupoles. This aligns the
magnetic axis parallel to the wire. Finally the signal is again
minimized by a transverse movement of the magnet. With
this procedure, which takes about 20 minutes, it is possible to
find the magnetic axis with a precision of ±20 [aa. The
resolution is limited so far by movements of the wire which
are induced by ground vibrations. If necessary the resolution
can be improved by shielding the test stand against vibrations
and by damping the wire oscillations. Fig. 6 shows the result
of a vertical scan with a step size of 50 urn.
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The main parameters of the measurement are listed in
the following table.
wire material:
diameter:
weight per length:
tension:
sagitta inside the magnet
group velocity:
1. harmonic of wire:
charge of current pulse:
length of current pulse
integrated gradient of one quad:
mechanical amplitude for 100 um offset

Close to the center, the wire position is given by
bright ~^kft

copper-beryllium
130 um
0.11 g/m
4.5 N
2.7 pm
200m/sec
66 Hz
110 u C
lOusec
IT
245 nm

_

bright

'dcwn

The data are used to fit the constants Xo, Zo, a* and o^. These
values are unique to each monitor and will be used to correct
the readout of the monitors. Fig. 7 shows the measured data
for the prototype monitor. For large distances off axis the
signals show the expected nonlinear behavior. The precision
of this measurement is about ±10 um.
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Fig. 7. measured BPM signals depending on the displacement
of the wire from magnetic axis.
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Conclusion
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The detection of the magnetic axis with a pulsed wire as
described here has proven to be a reliable method to calibrate
beam position monitors with an absolute accuracy of ±25 um.
Further improvements are possible by reducing the wire
oscillations due to ground vibrations.
References
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Fig. 6. measured signal from the photodiode at different
distances between wire and magnetic axis (above) and the
deviations of the data from a linear least squares fit
Calibration of the BPM's
To calibrate the beam position monitor inside the triplet,
the vacuum pipe is closed to build a coaxial waveguide with
the wire. As soon as the wire is adjusted on the magnetic axis
of the triplet it is disconnected from the high current pulse
generator and connected to a network analyzer. The response
to the 300 MHz signal at the four electrodes is measured
while moving the magnet transversely with respect to the
wire.
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Table 1

Abstract
The Intense Resonance Neutron Source (IREN) is under
construction at the Frank Laboratory of Neutron Physics
(JINR) with the 200 MeV electron linac (LUE-200) being
created as a driver of IREN. The RF beam-off IREN FullScale LUE-200 Test Facility (FSTF) assembly is considered as
a first needed stage of the Project. The main goals of the FSTF
are getting a 55 MeV/m acceleration gradient using the 5045
klystron and SLED system, as well as testing the RF high
power of the linac units and systems. The other linac systems
(beam diagnostics, target, etc.) are being tested on the
operating 40 MeV electron linac LUE-40. The FSTF scheme is
presented and the examination program is discussed.
Introduction
A new time-of-flight, high resolution neutron
spectrometer for investigations in the resonance neutron
energy range, using the intense resonance neutron source (so
called IREN) [1], is being created by the Frank Laboratory of
Neutron Physics (JINR, Dubna).
The IREN designed parameters are:
• integral neutron yield is -11015 n/sec;
• neutron pulse duration <=» 400 nsec;
• repetition rate 150 Hz.
The IREN source consists of three parts: an S-band 200
MeV driver electron linac, a photoneutron target as a
converter, and a multiplying fissioning core. This scheme is
not only a tribute to tradition [2] but also reflects our desire to
have the advantage over other time-of-flight spectrometer,
specifically over proton accelerator-based ones.
The LUE-200 traveling wave linac conception was
designed by the Budker Institute of Nuclear Physics (BINP,
Novosibirsk) [3,4] (see Table 1).

jPulseeortentc
Boise duration
iPaise repetition rate
Gperati0n;&©<pei«5?

>I0kW
200 MeV
1.5 A
250 ns
150 Hz
>35MeV/m
2856 MHz
10 m

As calculations show, the efficiency of the energy
transmission from the RF source to the beam ~ 15% can be
reached. So, to obtain the required 10 kW average power of the
beam, it is necessary to provide approximately 70 kW power
from the RF source. The SLAC 5045 klystron satisfies this
demand optimally. Two such klystrons with 150 Hz repetition
rate provide required power. Moreover, the 5045 klystron has
a long life time (= 40 000 hours), and is supplied by the pulse
transformer in an assembly.
The IREN project assumes the accelerator and the
multiplying target will be positioned in the buildings of the
now-oerating LUE-40 & IBR-30 JINR neutron source. The
following strategy of
the project realization has been
accepted: dismantling of the operating IBR-30 installation will
be begun only after receipt of a design value for the
accelerating gradient of the IREN linac test-facility (see, Fig.
1).
IREN Full-Scale Test Facility

•
•
•

accelerating section
(S-band structure)

Fig. 1. The IREN Full-Scale Test Facility layout
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The main goals for creating IFSTF are:
obtain the 55 MeV/m accelerating gradient at a 150 Hz
repetition rate;
adaptation of the M-250 modulator for the 5045 klystron;
accelerating sections RF of the processing and dark
current studies;

•

•
•
•
•
•
•
•
•
•

testing and certification of the LUE-200 equipment before
its installation on the IREN facility.
The FSTF includes the following systems:
SLAC klystron 5045 and pulse transformer;
accelerating section;
pulse modulator M-350;
SLED-cavities;
RF oscillator and driver;
RF feeder;
RF control and diagnostics systems;
vacuum system;
other systems (protection, cooling, thermostat, timer, etc).

circuit of the M-250 (forming device) should be greatly
changed.
The PFN consists of two forming lines, which are
charged from one source and discharge simultaneously on the
joint load through the pulse transformer. The thyratron TGI15000/50 (Ispolin) was tested earlier at SLAC and is now used
V.arb. U.
100

j

\
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Pulse Modulator M-350 for the 5045 Klystron
•i—***S

2

The 5045 klystron's modulator (it name, M-350) is
based on the pulse modulator M-250 which is a unit of the
OLIVIN 20 MW (20 kW) klystron station for the Yerevan
Physics Institute (YerPhI) injector linac [5]. OLIVIN stations
were constructed and manufactured by the Russian Research
and Industrial Institute of Powerful Radioconstruction (St.
Petersburg). The M-350 is a pulse modulator with full
discharging of the PFN and its resonant charging from a highvoltage power supply.
The parameters of the M-250 and the M-350 modulators
are shown in Table 2.
Table 2

50 - 250
20
3.6
8.0

M-350
150
50-350
23.5
6.3
3.5-

<1.5

<1.0

<2.7

<1.8

±0.15

±0.5
150

M-250
Pulse power, MW
Ti*be*voitage. kY
Output voltage ofPFNI kV
Output pufse current, M
Ptrfse*f!atlop dotation, psec
Leading edge duration
{from OKI to 0.9), user.
Trailing ecige duration
(ixom0.9to0;t>tjU!ser
RF:pcti$e flat top uiuwnness, Sfe
-Repetition fat& Ut
Porming&netotal capacity, 0
Forming ibisimpedance, &tm$
f>otmn& line .voltage, W
Supply Hue power, kVA
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WO
1.05
<=4
40
150

0.7
"4
47
200

One can see that the charging voltage of the PFN for M250 and for the M-350 differ not more than 20%. Also, the
values of the average charging current practically coincide. It
allows us to use the charging circuit of the M-250 in the M350 modulator after insignificant modification.
The pulse power on the M-350 load exceeds the similar
parameter of the prototype by more than twice. The repetition
rate of the pulses and average power in the load of the M-350
exceeds , by 1.5 times, the same parameters of the modulator
M-250 at duration of the M-350 output pulse 2.3 times
smaller than the duration of the M-250 pulse. The discharging

4

6
Time microsec

B

Fig. 2 The shape of the M-350 PFN voltage pulse,
(preliminary result).
as the switcher of the M-350 (see. Fig. 2).

Accelerating section
The disk-loaded traveling-wave waveguide is used as an
accelerating structure [3]. The damping time of the field in the
section is the determining parameter for efficient transmission
of the RF energy from the klystron to the beam.
The type of accelerating structure was chosen to
maximize this parameter. The geometry of the accelerating
cells is optimized for the maximum accelerating gradient
necessary to obtain a high average beam power. The
accelerating sections has been designed and is being
manufactured by BINP.
FSTF RF Supplement System
The RF supplement system consists of:
• master oscillator;
• RF driver amplifier;
• power amplifier using SLAC 5045 klystron;
• SLED system;
• waveguide transmission line (RF feeder);
• RF diagnostics.
The digital controlled RF frequency syntesator with two
output channels is used as a master-oscillator. The parameters
of the master-oscillator are given in Table 3.
Table 3
Frequency range
2851.0 * 2860.0 MHz
Output power (each channel)
40 *600mW
Phase shift (ch. 2 vs ch. i)
±I8Cf
Discrete value of the phase shift
± 1°
Phase switching transition time
£15ns
The pulse preamplifier, which is part of the OLIVIN
station, is used as a RF driver.
To get the high accelerating gradient (55 MeVm), a
SLED system of RF pulse compression is assumed to be used.
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It consists of a 3 dB coupler, two high-Q cavities and a fast
180° phase shifter. Accurate calculations taking into account
the real shape of RF pulse from 5045 klystron shows that for z
= 0.5/JS, the optimal magnitude of cavity coupling is 5.5. The
SLED system is constructed and being manufactured by the
Budker Institute of Nuclear Physics. The parameters of the
SLED system are: RF power multiplication coefficient - 3.8;
RF pulse duration shortening factor - 6.5; SLED
transformation efficiency - 0.5.
There is an opportunity to measure the level and phase of
the incident and reflected waves before the input of the
section, in the excitation line of the klystron, as well as on its
output, in the drive line of the buncher, and on the output of
the section. These signals will be used for the control and
maintenance of the RF system's given operating mode. The
reference phase line will be stipulated for the control of the
phase instability measurement and for protection of the
klystron, accelerating section, and SLED cavities, as well as
of the waveguide line.
Vacuum system
In development of the vacuum system, the following
main requirements have been taken into account:
•
the average presure must be < 510'9 Torr in the
accelerating section, RF feeder and SLED cavities;
• the system must be degassed at 250 "C.
The vacuum system is developed by JINR. Part of the
vacuum equipment is being designed and manufactured by
VAKUUM PRAHA Company.
FSTF Program
The main purpose of the M-350 modulator's test is to
obtain of the necessary parameters for the high-voltage pulse
on the load according to the technical requirements, which
were given in Table 2, as well as the repeatability of these
parameters from pulse to pulse, and the reproducibility of the
operation modes and operational reliability of the modulator,
including the protection system.
ThePFNofthe M-350 modulator ( as well as of the M250) is being created using the IMK-100-0.05 type capacitotrs,
which should operate close to its technical limits. At the initial
stage of the creation of the M-350 modulator the specified
capacities will be tested and selected according to the
following criteria:
•
•
•
•

charging voltage up to 700 kV;
discharging depth up to 40%;
repetition rate up to 200 Hz;
discharging pulse duration up to 3 us.
The next necessary stage will be the certification of the
klystron equivalent for the M-350 and confirmation of the
correctness of the technical decisions accepted during the
development of the modulator, in particular, the study of the
thermal mode of IMK-100-0.05 capacities.
The traditional cycle of the so-called "cold" RF
measurements on a low level of RF power should be carried
out for the accelerating sections and SLED cavities, as well as

for the units of the RF feeder before their installation on the
FSTF. The accelerating gradient of the disk-loaded waveguide
will be measured by the spectrum of the electron dark current
using the magnet analyzer in an energy interval up to 100 MeV
[6]. A significant information on the parameters and operation
modes of the linear accelerator can be received by phase
measurements in the RF system. First of all, we mean this
gives us an opportunity to fix the initial stage of the
multipactions in the section or in the SLED cavities. For this
purpose, the IFSTF will be equipped with the devices for high
(< 0.5°) resolution measurement of phase shifts.
The klystron's RF test includes reception of the nominal
output parameters
according to its certification, and the
measurement of the RF pulse envelope, as well as the
sensitivity of the amplitude and phase of the output signal to
small deviations of the operation mode parameters. The fast
(from pulse to pulse) protection and feedback subsystems of
the IREN RF system will be also tested.
The other IREN systems (control, electron and neutron
beams diagnostics, target, etc.) are being tested on the
operating 40 MeV electron linac LUE-40 and pulse IBR-30
booster-reactor [1]. Test studies of the instrumentation system
prototype have begun here. The general parameters of the
facility (RF-power signals, e-beam current, e-beam profile,
thermal neutron signal, etc.) can be measured for a definite
time interval and stored for subsequent analysis in on-line
experiments.
Conclusion
Thus, the S-band linac's FSTF is being built at JINR.
The reception of the 35 MeV/m accelerating gradient at the
750 Hz repetition frequency is the major problem of that
facility. The received results will be used in the ditect process
of constructing IREN.
At the same time a modern
experimental base for research in the area of accelerating
technology will also be created.
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LUE200 - DRIVER LINAC FOR INTENSE RESONANT NEUTRON SPECTROMETER (IREN)*
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Abstract
The 200 MeV electron linac as a driver of the Intense
REsonant Neutron source (IREN) is being created at Frank Lab
of Neutron Physics (JINR). IREN being a new neutron pulse
source for time-of-flight spectrometers, should combine a high
average intensity with a short pulse. The operating neutron
source, the IBR-30 facility, consists of the LUE-40 linac (with
an energy of 40 MeV, a pulse current of 0,3 A, a pulse duration
of 7.5 usec, and a repetition rate of 100 Hz) and a neutron
multiplication target (with a gain of 200). The resulting
intensity of the neutron flow is about 4.51014 sec'and the pulse
duration is 4 \\sec. In the IREN project, a decreasing the
neutron pulse duration by at least in one order is proposed. It
follows that the target multiplication should also be reduced by
the same order, and the average power of the new linac beam
should be significantly greater than that of LUE-40. The main
parameters of the new LUE-200 linac are described and the
current status of the facility will be addressed for this
conference.
Loss of the electron beam cannot be permitted during
beam's acceleration and transportation due to the high average
power. The energy spread should be limited, mainly, by
optimal conditions for transporting the beam and focusing it on
the phototarget. This condition limits the emittance of the
beam as well, because of the high heat generation in the target
body. The spot of the focused beam cannot be smaller than 20
mm.
Introduction
The scheme of the IREN facility is the following [1]. The
accelerated electron beam is directed to the tungsten targetconverter. The converter is the source of photoneutrons
produced by the (y, n) reactions. The W-converter is
surrounded by a fuel plutonium (PuM9) core elements combined
in groups (fuel assemblies).
For high-efficiency neutron production in the phototarget,
the energy of the accelerated electrons must be greater than 60
MeV. The upper limit for the electron energy is determined by
necessity to locate the accelerator in an existing building and
hence, by the maxim achievable acceleration gradient.
The basic project of the accelerator was performed by
A.Novokhatsky team (Novosibirsk) [2]. The use of 5045 SLAC
klystrons [3] should provide the continuous operation regime
of the facility. Finally, the main parameters of the IREN
facility is shown in Table 1, in comparison with those of IBR30 [1].

As the neutron pulse duration is, mainly, determined by
the multiplication time, the electron pulse duration is chosen to
b e < 0 J usec.
Table 1
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The repetition rate of the pulses should be limited by the
existing experimental conditions and must be less than 200 Hz.
The EREN project, including LUE-200, is realized by the
efforts of a number of research and science centers, both from
Russia and abroad. The accelerator sections, the buncher,
SLED cavities, and some elements of the RF gun will be
provided by the Budker Institute of Nuclear Physics (BINP),
Nobosibirsk. The RF feeder has been designed and its
manufactured is almost by the Moscow Engineering Physics
Institute and ISTOK company (Moscow). The 5045 klystrons,
with accessories and RF loads, will be provided by SLAC. The
klystron modulators supplied by Yerevan Physics Institute are
upgraded to the required parameters with the help of the
Russian Institute of Powerful Radioconstruction. The vacuum
equipment designer and manufacturer would be VACUUM
PRAHA company. The target-converter have been designed by
Science Research & Design Institute for Energy & Technology
[4]. The focusing system and other elements of the transport
channel will be provided by JINR.
Layout of the IREN Facility
The IREN project assumes the new facility will be
positioned of in the building of the now-operating LUE-40 &
IBR-30 JINR neutron source (see Fig. 1). The main elements of
the LUE-200 accelerator and multiplying target will be placed
in the three levels of the building [5]. The area of each level's
is approximately 700 m2.
The electron gun, buncher, first accelerating section, and
5045 klystron with its modulator, will be placed on the second
level. In the same area all DC power supplies for the focusing

* Work is supported by the JINR Plan Development of Facilities under JINR code # 0993-95/97
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system should be mounted. The second accelerating section is
under the first one. The 700 mm long diagnostics units will be
located after the electron gun, between the accelerating
sections and before the target. The second klystron with a
modulator will placed on the first level.
The electron beam will be transported from the second
accelerator section to the target throught a 12 m long drift
channel.
(Electron Gun)

The cathode heater and control unit of the gun are placed
into a high presure tank under a high voltage cathode potential
and fed by a coaxial ferrite HV transformer (100W x 200kV).
The control block is triggered with an optical channel. The
basic elements of the electron gun are being made by BINP
andJINR.

iuncher

r5m

Fig. 2. The electron gun layout.
RF System

(n-beam lines

Fig. 1. KEN linac layout
Electron Gun
A pulsed electron beam is emitted by the grid-controlled
electron gun having 12 mm diameter oxide thermocathode.
The electron gun developed by BINP for the <i>factory Injector [2] was used a s a prototype of the
electron source for IREN llnac The design of the gun
advanced for the vertical arrangement is shown in Fig. 2;
the main beam parameters are presented in Table 2.

The accelerating structure of the LUE-200 consists of the
buncher and two accelerating sections. It was initially designed
for the <J>-factory injector at BINP. Each section is powered by
a 5045 SLAC klystron with a SLED system. The length of the
accelerating section is 3030 mm, so the acceleration gradient is
greater than 55 MeV/m. The accelerating section and buncher
is now being manufactured by BINP (Novosibirsk).
All RF components and vacuum equipment will be put
together and certified at the IREN Full-Scale Test Facility
(FSTF) [6]. At the present time the power supply for FSTF has
been put into operation, the M-350 klystron modulator [7] is
being tuned, and the SLAC 5045 klystron is being prepared for
installation. FSTF program includes also RF and vacuum
processing, the dark current measurement and development
the RF diagnostic equipment for IREN. A numerical
simulation of the IREN dark current is performed at this
conference [8].
Focusing System

Table 2
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The focusing system should provide electron beam
transport from 200 keV to 200 MeV. This system consists of
two parts. In the first, where the beam energy is relatively low,
a solenoidal focusing is used. In the second one, the beam is
focused by quadrupole lenses.
The solenoidal focusing system is optimized to completely
accept the beam from the gun and to compensate for the space
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charge influence at the bunching step and at initial stage of
acceleration.
Transportation of the beam after the first acceleration
section (where the beam has an energy above 100 MeV) to the
target is performed by nine quadrupole lenses.
The design of the focusing system elements has already
been completed. The power supplies of the are under
construction.
Target
The main elements of the target are shown in Fig. 3

The combination of high average power and high
accelerating gradient cause us to pay additional attention to the
thermostat system. The just-performed modernization of the
existing thermostat scheme of the
LUE-40 could be
considered as a preliminary experiment. The accelerator
section temperature vs. time dependence is shown in Fig. 4.
To test the stability of the system, the temperature mode was
changed from 40.0% to 39.0°C at the moment t,. At the
moment t2 the temperature regime was returned to its steady
state 40 °C. Finally the thermostat system should be verified
at the IREN Full-Scale Test Facility (FSTF) [ 6].
T ,'C

T lm e , m in .

Fig. 4. The temperature of the accelerating section. At
the moment tl the thermal mode was changed from 40°C
to 39 °C, and at the moment t2, it was returned to 40 °C
Conclusion
Fig. 3. Basic target-converter
elements.
The Be-scatterer is placed before the tungsten target to
increase the size of beam spot. The W-converter is cooled by
gaseous He. The vacuum space is separated from the helium
one with thin stainless steel foil. The temperature of this foil,
as well as rhe temperature of the W-target, is controlled by a
set of thermocouples. Recently, this scheme was investigated
experimentally on the base operating facility, IBR-30. The
thermal regime of this Be-W target as well as its neutronproduction ability were measured [9].
Control System and Diagnostics
Three beam control and diagnostics units will be mounted
at the linac. Each unit contains beam current and position
monitors, a beam scraper and a profile monitor.
The accelerated beam energy and energy spread should be
monitored with a spectrometer. The use of a magnetic
spectrometer does not appear to be optimal because of the high
average intensity of the electron beam. We are we studying
now an opportunity to use non-destructive methods for
advanced on-line beam diagnostics. Since the undulator output
wavelength is a strong function of the beam energy the
wavelength shift will be caused by energy shift. Observation of
the optical transition radiation could provide information about
beam size, emittance, etc.
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The IREN's team nearest plans are the equipment
manufacture and adjustment of the IREN RF full-scale test
facility.
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THE NEUTRON FLUX GENERATED BY THE IREN LINAC DARK CURRENT
A. P. Ivanov, A. K. Krasnykh
Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia. 141980
Abstract
The experimental study of the neutron-nuclei interaction
based on the time-of-flight spectroscopy using the IBR-30
facility proceeds in the Frank Laboratory of Neutron Physics
(JINR). This facility was built more than 20 years ago and
needs the replacement.
In accordance with the improvement program the new
facility IREN (Intense REsonance Neutron source) is under
construction now. The IREN setup [1] includes the driver
electron linac LUE-200 and the multiplying target. Two high
gradient (35 MeV/m) linac sections will be powered by the
SLED power multiplication scheme based on the 5045 SLAC
klystrons. Such a high value of electric field results in electron
emission from the section walls (the so called dark current)
and could increase the neutron pulse duration.
The problem of the dark current influence on the neutron
pulse parameters is discussed in this paper. The shape of the
neutron pulse taking into account the dark current will be
shown. The recommendations on the focusing system of the
facility will also be given.
Introduction
The main goal of the neutron source improvement
program is the shortening of the neutron pulse duration (350
ns for the multiplication coefficient 20) and increasing the
neutron yield by a factor of two. To satisfy these conditions
the average electron beam power (for the electron pulse
duration 250 ns) must be up to 10 kW. The LUE-200 particle
energy (200 MeV) and the corresponding gradient (35
MeV/m) are limited by the existing room height (12 m). Such
a high value of the accelerating gradient could be achieved
provided that the corresponding power supply system (SLED
power multiplication scheme) will be used. The high value of
the surface electric field results in electron RF autoemission
from the section walls. These electrons could be captured by
the accelerating field and form the dark current. This current
depends highly on the surface quality of the accelerating
sections, their processing and vacuum properties.
The RF-breakdown process in the room temperature
accelerating structures is one of the problems arising in the
R&D HEP Program. The problem of the dark current
influence on the generated neutron flux is of great importance
in the IREN facility too. This paper gives quantitative
estimation of the neutron flux generated by the dark current. It
is worth mentioning that the IREN accelerating sections were
designed in INP (Novosibirsk, Russia) and will be
manufactured there as well. They are similar to the sections
used in the ^-factory project [5]. The linac regime of the
project, however, is a single bunch mode while IREN operates

in a multi-bunch thus providing an increased average electron
beam power. The estimations made in [4] show that the
emittance growth for the last bunches of the train (due to the
wake field effect) is about 20% in our case (accelerating
gradient is 35 MeV/m). So, the bunches could be delivered to
the target without considerable loss, but the dark current
influence could possibly change this situation.
Method
The dynamics of the dark current electrons produced by
the first accelerating section was computed. It is these particles
that influence the neutron flux parameters (duration and
amplitude). The experiments to measure the dark current were
carried out in SLAC [2] and KEK [3]. In the first case the
conducted experiments were aimed at studying the RF
breakdown in the S-band room temperature accelerating
structure. The dependence of the pulse dark current vs. the
input RF-power was obtained. It was shown that with a 7-cell
accelerating structure at the RF input power of 30 MW the
pulse dark current amounts to 20 mA. The KEK
measurements were conducted on a 3-meter S-band
accelerating structure powered by the klystron with a SLED
system. It was reported that the value of the pulse dark current
at the input power of 200 MW was 340 mA. On the basis of
these results the dependence of the pulse dark current vs. RF
input power (for the IREN facility full power range) was
extrapolated (see Fig. 1).
Dark current vs. input power
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Fig. 1 Dark current vs input power
Before proceeding further some initial assumptions
should be made : the quantity corresponding (according to
Fig.l) to the integral value of the RF power distribution along
the accelerating section was taken as an instantaneous
magnitude of the dark current; the bunch space charge, beam
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loading and wake field effects were not taken into account
(space charge does not affect much the particle dynamics for
these energies).
The SLED system parameters [1] and the dependence
shown above (Fig. 1) fully describe the expected dark current
parameters at the end of the first section (taking the channel
acceptance for the normal conditions at the end of the first
section (0.002 cm rad) as an electron beam emittance). In
terms of these parameters the calculations of the beam
dynamics in the IREN linac and focusing system have been
made using the PARMELA program. About one hundred
calculations for a full energy range (35 - 135 MeV at the end
of the first section) have been performed.
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The energy acceptance of the IREN facility transport
channel was computed. The ratio of the number of electrons
delivered to the target to their initial number (channel
transparency) is shown in Fig.2. The channel transparency
significantly increases (from 0.1 to 0.7) over the electron
energy range of 80-90 MeV. The upper limit of the energy
acceptance (about 270 MeV) cannot be achieved with the
existing power supply.
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The dark current of the second section is not taken into
account since the energy of the particles forming the current is
not sufficient to reach the target. Beam envelopes for different
values of the input electron energy are shown in Fig. 3. The
first two cases represent the electron beam envelope for the
particles with the energy less than normal (200 MeV). The
size of the bunch along the channel exceeds normal about 1.52 times. Also the low energy electrons (< 100 MeV) are lost
in the second section, so the necessity of the scrapers is
obvious.
The characteristics of the dark current for the operation
cycle are shown in Fig. 4. The energy gain in the sections is
shown in Fig. 4a. After filling the section with RF-energy (at
0.5 |0s) the total energy gain in the sections is equal to 120
MeV, which corresponds to the gradient 40 MeV/m (without

0.80

2000.0

Fig. 3 Beam envelope
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Total energy gain in ace. sections

Dark current at the 1st section exit

beam loading). The peak value of the dark current at the end
of the second section vs. time is shown in Fig. 4b (0.5 T
solenoidal magnetic field is applied along the first section so
the low energy electrons (below 100 MeV) could be
successfully delivered to the end of the first section).
The peak value of the dark current for the operation cycle is
about 270 mA. The electron bunch RMS changes vs. time are
shown in Fig. 4cd. The first electrons reach the target 100 ns
after the RF-power front edge pulse. The size of the electron
beam on the target varies in time from normal to double (
normal beam diameter is 2 cm.). The total electron current on
the target is shown in Fig. 4e. The dark current results in the
additional current pedestal with duration of up to 0.6 us. and
magnitude of about 20 % of the normal.
The instant neutron yield dependence could be obtained
from the equation dl/dt - I + Iwt(t) (the constants are
neglected), where I is the instant neutron yield, IeM(t) - external
neutron flux. The resulting neutron yield is shown in Fig. 5.
The total neutron pulse duration also increases up to 0.6 us
with the pre-pulse magnitude of about 20% of the normal
pulse one.
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Fig. 5 Neutron yield vs. time
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SECONDARY ELECTRON MONITOR FOR ELECTRON BUNCH PHASE DISTRIBUTION
MEASUREMENT WITH SUBPICOSECOND RESOLUTION
A.M.Tron, I.G.Merinov
MEPhI, Kashirskoe sh. 31, 115409 Moscow, Russia
Abstract

BPD monitor

Secondary electron monitor using longitudinal rfmodulation of low energy secondary electrons, with initial
energy in eV range, for bunch phase distribution
measurement of electron linac bunches with subpicosecond
resolution is considered. Analysis of limiting resolution for
this method, construction particularities of the monitor, and
specific example of its design for the measurement of the
TTF linac beam will be presented.

Secondary electron monitor for hunch phase distribution
(BPD) measurements with subpicosecond resolution is
schematically shown in Fig.l.

Introduction
Development of electron linacs demands creation of a
bunch length monitor with subpicosecond resolution that is
equivalent to the measurements in frequency domain up to
1 THz or in submillirnetre wave range. The monitor has to be
compacted, selfcaiibrating, unpertubing a beam, compatible Fig.l. Layout of BPD monitor (a) and geometry of its primary
converter (b).
with UHV, radiation resistive.
Several approaches are known for solving this challenge.
One of them consists in estimation of the rms bunch length
Here BPD of a primary beam (1) in a result of the beam
through two beam current harmonics assuming, for example, interaction with a carbon fibre (2) under negative potential (Uo)
bunch charge distribution is Gaussian [1] or using single is isohronously transferred into the same distribution of
harmonic [2] closed to the rms frequency of a beam spectrum secondary electrons which, then, is coherently transformed into
where its amplitude is most sensitive to the bunch length transverse one in the plane of multichannel collector (6)
changes. For the Gaussian bunch the rms bunch length a can through rf-modulation in the gap of toroidal resonator (3) and
be determined from equation
magnet (5) allowing direct presentation the BPD on a low
frequency display. Taking into account that the beam diameter
is rather small (of 1...2 mm) and the smaller h-distance the less
(ntaa)2 (...)
(BOO)
l time transport spread (of the electrons) the carbon target was
placed from the resonator at small fixed distance h = 2 mm,
'm
and this monitor unit is moved in the beam for a time of
(m too)'
(m<oo)'
(mao)
1 1 1 measurements only.
The monitor phase resolution (Aq>) is mainly defined by
the
time
transport spread (Acpi) of the electrons on h-distance
where in> im are beam current harmonics unknown precisely.
(2
mm),
the shutter phase resolution (A<p2) [10] and the
Hence, the technique needs some one to calibrate it
Method of interferometry of coherent radiation and the additional phase dilution (A<p4) caused by the beam space
others closed to it [3,4] are restricted by wave lengths being charge effect Then, considering the above mentioned quantities
as the independences one can estimate Acp using known
more than beam diameter or hole diameter of screen[5].
The use of incoherent radiation, for example, on a algorithm from [10].
scheme: Cherenkov radiator plus a streak camera [6,7], is
mainly limited due to the longitudinal chromatic aberration in
Time transport spread in primary converter
the camera gap (photocathod - mesh distance) caused by initial
velocity spread of photoelectrons. In plane-parallel geometry of
Time transport spread of the secondaries (At) at their
the gap one can expect the limiting resolution till 1 ps [8].
motion in the field of charged cylindrical electrode under
In the paper the secondary electron monitor coming up potential -Uo on h-distance (Fig.l.b) until the conducting wall
to the above mentioned requirements more completely is (A-A) was obtained by numerical simulation using relativistic
presented. (The monitor based on the delta-rays is presented at equations and taking for the electrons emitted from carbon their
this Conf. too)
initial energy and angular distributions from [11]. Results of
It should be noted that in the best work [9] on research this calculation are presented in Fig.2, where fw and ft are the
of time dispersion of SEM (the gap voltage was 3.6 kV) it was initial energy distribution and temporal one in the plane A-A,
measured, in fact, its longitudinal chromatic aberration only, respectively, for h = 5 mm, Uo = 8 kV and 2Ro = 0.1 mm.
and the SEM time dispersion for metal is within 1...10 fs [12].
FWHM of ft is 0.227 ps that corresponds the time transport
•(•-)
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spread of two electrons with initial energies of 0.335 eV and
3.925 eV if they would move along the z axis.

our monitor Ro = 0.01 mm, Uo = 8 kV, h = 2 mm and t = 30
fs, i.e. 0.014° in deg. of 1.3 GHz.
Monitor resolution

10
Wk (eV)

20

116.0

117.0

Fig.2. Initial energy distribution of the secondary electrons (left)
and their time distribution at the exit of primary converter
at Uo = 8 kV, h = 5 mm (right).

hi Rg.3,4 are shown the dependencies of the FWHM of
ft (At) vs. the electrode radius and voltage, respectively.

Beam space charge effect is the main one limiting the
monitor resolution. Dependencies of the additional phase
dilution (Acpq) and momentum spread (Sq) caused by the effect
vs. the target place relative to the beam axis are plotted in
Hg.5 for the geometry of the primary converter mentioned
above and for die next beam parameters: electron energy 10 MeV; beam radius - 0.5 mm; bunch length in phase of
1.3 GHz - 1.5; bunch population - 3-108. For calculation the
ellipsoidal bunch with uniform density was taken. Charges
induced by the beam on the target surface was not taken into
account
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Fig.3. Time spread of secondary electrons in the primary
converter vs. the target radius (Ro) for different distances
h (see Fig.l.b) at Uo = 8 kV.
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Fig.5. Electron phase dilution (2) and momentum spread (1) in
deg. of 1.3 GHz caused by the beam space charge effect.

For the maximum values of A<pq, 6q from Fig.5
(5q = 0.6%, Aq>, = 0.16°) and using the algorithm of
calculation for the monitor resolution (A(p) from [10] we will
get the dependence of Acp vs. the electron phase at the gap
entrance (gap with length and rf-voltage of 3 mm and 10 kV,
respectively) shown in Fig.6.
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Fig.4. Time spread of secondary electrons in the primary converter
vs. the target voltage Uo for different target radius Ro and
two distances h (see Fig.l.b).

Fig.6. Monitor resolution vs. the electron input phase in deg. of
1.3 GHz.

The case of very large Ro (more 100 mm at small h)
corresponds the plane - parallel geometry similar to the
accelerating gap (from a photocathod to mesh) in a streak
camera [6,7]. One can see that using the plane - parallel
geometry and voltage up to 20 kV and higher it is impossible
to reach t = 1 ps or less at input electron size of more several
tenth mm. These results are closed to one published in [8], For

One can see that in the worse case the monitor resolution
is reached of about 0.2o...0.25o of 1.3 GHz within several
degrees cpo. With installation the target near the beam current
maximum the resolution will be in 10 times less. Moreover,
estimations have shown that account of the induced charges on
the target can improve the resolution significantly. It should be
noted that one of the advantages of this technique is possibility
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to calibrate the monitor using thermoelectrons from the target
heated by a current (more in detail of it in [13]).
Streak camera with 0.1 ps temporal resolution
To minimize in 50 times the longitudinal chromatic
aberration in an accelerating gap of a streak camera [7]
(photocathod - mesh distance) caused by initial electron
velocity spread it is proposed instead of a plane - parallel
geometry of this unit to use the geometry of the above
mentioned one (see Fig.l.b). It will correspond the transition
from the right to left side of the curves plotted in Rg.3. Figure
7 makes clear this proposal [14].

coUimator slit Axo, on the z axis. At the angle of view of 0.1
rad. the projection will be 1.241O"3Ro, i.e. at Ro = 4 nm it will
be Az = 5 nm. The thickness of the region in which escaping
secondary electrons are produced is about 3 nm [11].
Composition of these two distribution gives FWHM of about
5 nm, i.e. 200 points per 1 \an of a beam.
Plans
We have 6D problem to solve precisely the beam space
charge effect in the monitor. The code for this is created now,
and we expect to decrease the effect in 10... 100 times using
additional specific means, hi the case we will have to increase
the h-distance up to 30 mm.
Acknowledgments

Fig.7. Scheme of primary converter for a streak camera with 0.1
ps temporal resolution.

Light is focused by an optic system (1) on a very narrow
(about several nm) and thin photocathod (3) being under
accelerating voltage of, for example, - 8 kV and placing from
the entrance wall of the rf-resonator gap (with longitudinal
modulation of the electrons and locked in phase with the beam
bunches) of about 1 mm. For reaching high time resolution the
transverse rf-modulation is not very convenient due to too
much long of fringing rf-field and rf-field aberration. Holder (2)
of the cathode (3) is taken very thin, of about 0.1 mm or less,
from a free transit light materials to minimize the light
dispersion effect Temporal resolution for proposed device will
be mainly defined already only by dispersion effects in
windows of the camera, from linac, in Cherenkov radiator and
light optics.
There is some more way for improving the time
resolution. Time spread of the electrons through the
accelerating gap is inverse proportional to root from an initial
energy spread of the electrons, i.e. the electrons will have the
same time of flight spread in the gap both for the energies from
0 to 1 eV and from 1 to 4 eV. Hence, with monochromotizing
of the light at more high frequency one can increase the
resolution but this way is not effective in comparison with the
proposed one.
It should be noted that the known formula (see 5 in [6])
for estimation of the transit time spread in the gap is not valid
for the values about several ps and less.
Transverse beam profile measurement with 5 nm
resolution
There is some more advantage of this secondary electron
technique: with help the monitor one can measure a transverse
beam profile with spatial resolution of 5 nm [14]. In the case
(see Fig.l) the resonator is not switched on, instead of the
multichannel collector it is permitted to use a single channel
one. High spatial resolution is defined by the small magnitude
of projection (Az) of the wire surface, which is visible from the
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METHOD OF BUNCH PHASE DJSTRIBUnON MEASUREMENT BASED ON A M0LLER
A.M.Tron, V.V.Smimov
MEPhI, Kashiiskoe sh. 31,115409 Moscow, Russia

Abstract
Design of a bunch phase distribution monitor with resolution
in fs-time range operating on the principle of rf-sweeping of
secondary electrons produced in a result of a Mailer scattering in a
wire target is considered. To minimize chromatic aberration the
scattered electrons are separated in narrow energy band in kV-range
by spectrometer installed after the monitor rf-deflector so that the
planes of die electron analysis in rf-phase and energy one are
orthogonal to each other. Apparatus function of the monitor
primary converter in a form of a time - energy distribution of the
electrons passing through the hole of collimator installed in front of
the rf-deflector is defined with a Monte Carlo calculation on a
scheme of individual collisions.

Monitors are similar to the above mentioned one, but operating on
the low energy secondary electrons, have been successfully realized
already. As to this monitor there are two main questions which
have to be soived, namely: temporal apparatus function of the
primary converter of the monitor and its efficiency.
Time distribution of the delta - electrons escaping from carbon

wire

Apparatus function of the primary converter is determined as
a flight time of electrons from the start plane which is
perpendicular to the primary beam axis and tangent the target to the
finish one being perpendicular to the delta-electron beam axis and
tangent the target too, i.e. the time involves"the flight time of both
beams. The function was calculated with Monte Carlo simulation
using some results from [2,3]. The apparatus function in a view of
Introduction
the tone distribution of the delta-electrons with energies of 10 and
Method for bunch phase distribution measurement based on SO keV within -r_50 eV and at the condition of their passing
rf-sweeping of secondary elections produced in a result of Mailer through the collimator hole are shown in Rg.2.

scattering was proposed by one of the authors of the paper 25 years
ago [1]. Option of this method was defined by fundamental
properties of chosen physical process allowing to fulfilled the
measurements with resolution in ts-time range. Duong these years
the author has carried out researches for creation the monitor
realizing this method which, to some extent, had been restricted by
possibilities of computers and the level of development of physical
models for transport calculation of electrons in keV-energy range
those time. La connection with interest to this measurements,
increased extremely at present, in the paper this monitor is
described. New precise calculations of election transport in a
carbon target for real geometry of the monitor have been
accomplished, and some results are presented here below.

f(ab.un)'

•

0.8

50keV

10 keV

0.6

6.5 fs

13.6 fs

0.4

•

0.2
0.0

IV•

Bunch phase distribution monitor

.

50

The monitor is schematically shown in fig.l. Delta-electrons
produced in a result of a primary beam (1) interaction with carbon
fibre (2) of 8 iim diameter are selected at scattering angle of 90° in
a view of a narrow beam by means of a collimator (with hole of 1
mm diameter) installed in front of rf-resonator (3) on a distance 5
mm from the target (2). The phase distribution of selected deltaelectrons is coherently transformed into transverse one through rfrnodulation in the rf-deflector (3). The rf-deflector is a resonator of
a slit-hole type the cross section of which is shown in Hg.l,a where
the length from point A to B along the resonator surface is a
quarter of wave length. Resonance frequency does not depend on
b-distance, and the last is determined by the electron transit phase.
To minimize chromatic aberration the delta-electrons are also
separated in narrow energy band by spectrometer (5) installed so
that the planes of the electron analysis in rf-phase and energy are
orthogonal to each other. Radius of main electron trajectory in the
spectrometer is 100 mm. The target (2) together with the rfdeflector (3) is moved in the beam (I) for a time of measurements.
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Hg.2. Time distribution of the delta - electrons with energy of 10
and SOkeV scattered by the 10 MeV electrons in the carbon
fibre of 8 Mm diameter.
FWHM of these distribution for the electrons with energies
of 50 keV and 10 keV are 6.5 ft and 13.6 fe, respectively. It should
be noted that these results have been determined for the beam
radius of 1 mm, uniform beam current distribution and at
installation of the target in the beam current maximum. The
electron energy of the primary beam is 10 MeV.
Probability of escaping of the delta-electron captured by the
collimator hole per an electron of the primary beam have been
determined at the same conditions as for the time dispersion
calculations. For the delta-electron energies equaled to 1, 3,10 and
50 keV the probabilities are \2-10", 55-10 , 2.2- \(T and 4.5- 1CT,
respectively. Hence, having an electron beam with 10 13 or more
population for a time of measurements one can measure the bunch
phase distribution with the above mentioned resolution (Rg.2).
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Abstract
Secondary electron rf-detector is the only beam
diagnostic instrument at present for longitudinal profile
measurement of short ion bunches. The detector with
longitudinal rf-modulation of secondary electrons in
capacity gap of quarter-wave coaxial resonator with a
helical inner conductor is considered for the measurement
(with phase resolution of about one degree of 148.5 MHz)
of the ISTRA ion linac beam with pulsed current up to 200
mA at ion energy of 3...36 MeV. The detector description
and bench testing results of its main units will be presented.

phase space shown in Fig.2 where isolines of the beam
distribution in the longitudinal phase space at different
density levels (pointed in left column of the table) and
corresponding beam per cents
and beam longitudinal
emittance measured are presented too. More in detailed of
it one can find in [3,4].
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Introduction
The proton linac ISTRA-36 [1] creating at ITEP for
the first model of radwaste transmutation plant requires
appropriate beam diagnostic provision to understand and
minimize beam-loss. Detector for ion bunch phase
distribution measurements with resolution of about 1° for
the power beam of the ISTRA linac is discussed in this
paper. This beam diagnostic instrument is required, first of
all, for precise beam matching and setting up rf-parameters
of the accelerator cavities. The detector is the key tool in
the longitudinal beam emittance measurement system that
will be also accomplished using the existing bending
magnets in the linac channel. Chosen method of the
emittance measurement will allow to research the beam
distribution in longitudinal phase space without any model
assumption of it. First the method was proposed and
successfully realised at the MOO linac ( BHEP ) in 1980 [2].
Figure 1 makes clear it. The detector (9) was spaced after
spectrometer (7) and at the 10 m distance from the 1-100
linac.
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Fig.2. Emittance of the 1-100 linac beam.
The principle of operation of the bunch phase
distribution (BPD) detector (9) (Fig.l.) has been reported
elsewhere [4,5]. Briefly, in the device the BPD of a high
energy ion beam is isohronously transferred into the same
distribution of the low energy secondary electrons which,
then, is coherently transformed into transverse one through
rf-modulation in the resonator gap (14) and spectrometer
(15) allowing direct presentation it on a low frequency
display (12).
Taking into account the beam space charge effect the
detector realizing the same principle of operation has been
chosen for the ISTRA beam.
BPD detector
The detector for the ISTRA linac beam proposed in
[5] is schematically shown in Fig.3.
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Fig.l. Emittance measurement system
Narrow momentum width of the collimator (8) of
0.1 % and small beam divergence (0.5 mrad) after
collimators (5,6) allowed, in fact, to reserve the bunch
phase distribution for separated part of the beam and,
carrying out the same measurements at different particle
momentum, to determine the distribution in the longitudinal

Fig.3. Layout of BPD detector.
There are some distinctions between the new detector
and the mentioned above. Taking into account that the
lower proton energy the higher its energy loss in the target,
within considered beam energy range, the thin carbon fibre
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of 8 nm diameter was chosen to decrease the fibre heating
under the beam. Moreover, for that diameter and high
negative voltage (of about 8 kV) applied to the target (1)
the phase dilution of the secondaries on the distance
(10 mm) until the collimator (2), caused by their initial
energy spread, will be less than 0.01 deg. of 148.5 MHz
(see Fig.3 in [6]).
To decrease the detector sizes a open quarter-wave
coaxial resonator with a helical inner conductor was chosen
the photo of which ( before brazing ) is shown in Fig.4.

Aq>i = 0.01°. In Fig.5 the phase dilution Aq>q is plotted as a
function of the target place relatively to beam axis.
Distance between the beam axis and the collimator of 10
mm is fixed.
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Fig.5. Electron dilution Acp, in deg. of 148.5 MHz caused
by the beam space charge effect.
Then, considering the above mentioned quantities as
the independences one can define Acp using known
algorithm from [5]. Figure 6 shows the dependence of Acp
vs. the electron input phase for the slit width of 1 mm of
the collimator (4) and the main radius of electron
trajectories in the magnet spectrometer of 50 mm.

lcm
Fig.4. Photo of the open quarter-wave coaxial resonator of
the detector ( on 148.5 MHz ).
At pulsed rf-power consumption of about 40 W the
modulating gap voltage reaches demanded value of 2 kV.
To suppress multipactoring the inductance part of the
resonator contains an atmospheric air. Resonator
feedthroughs are not vacuum - tight.
Multichannel collector (7) of the secondary electrons
installed at the exit of the magnet spectrometer (6) allows
to record a bunch phase distribution for a time less than the
beam pulse duration, i.e. it will allow us to investigate
changes of the phase distribution along the beam pulse.
Estimations of separated pulsed charges of the secondaries
at the entrance of the collector show that magnification of
about 104 reached with installation of microchannel plates
will be enough to record the phase distribution of the
ISTRA beam in 100 points of its pulse. Below, everywhere,
results of consideration will be presented for the following
ion beam parameters: proton energy - 3 MeV, pulsed beam
current - 150 mA, rms beam radius - 2.5 mm, beam pulse
duration - 150 |xs, pulse frequency - 25 Hz.
It should be noted that the detector can be installed so
that the ion beam axis will be perpendicular to the plane
Fig.3, then the monitor size along the ion beam will be 40
mm [4].
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Fig.6. Detector resolution Acp vs. 90 in deg. of 148.5 MHz
at U = 2 kV and for different electron energies at the
gap entrance: 1 - 2 keV; 2 - 2.2 keV; 3 - 2.5 keV.
One of the advantages of this technique is possibility
to calibrate the detector using thermoelectrons from the
target heated by a current. The Acp2 resolution is determined
by ratio of the relative initial momentum spread of the
electrons at the gap entrance to the maximum increment of
it due to the gap action which are measured by the magnet
spectrometer when the gap is fed and not. Relationship U
and the electron energy at the gap entrance is checked on
the curve of the thermoelectron distribution in phase.

Detector resolution

Target heating

The detector phase resolution (Acp) is mainly defined
by the phase dilution (AcpO of the secondaries on the
distance h = 10 mm, the shutter phase resolution (Acfc) and
the additional phase dilution (Acpq) caused by the ion beam
space charge effect. As it was mentioned above

There is important effect which limits the detector
operation. When the temperature is beyond 2000 K the
thermocurrent density can excess the magnitudes compared
with the secondary electron one. It ought to note too that
for the tension of the wire it is necessary to know a
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possible highest wire - target temperature because the limit
of a elasticity strongly depends on the target temperature.
Taking into account that with decreasing proton
energy its energy loss per unit length increases rapidly and
velocity of the heat transport in the target is negligible
small in comparison with a speed of heating under the
beam the carbon fibre of 8 nm diameter was chosen. For
this target and the above mentioned beam parameters (3
MeV) but for the pulse duration of SO \xs the maximum
temperature dependence on a time is plotted in Fig.7.
T(K)
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One can conclude that there is no limit of principle
for using the secondary electron detector for bunch phase
distribution measurements of a ion pulsed beam with
average beam current up to 10 mA now. Proposed new
target technique needs its experimental researches under
intense ion beam.
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core of a wire one can keep the core at the temperature
being not more than the boiling-point for a copper equaled
to 2300°C. If we take this type of the wire for the RFQ2
linac beam at CERN [9] (with proton energy 750 keV) the
copper layer of 5 nm will be enough to reserve the tungsten
core of 100 nm diameter because a proton range for a
copper is not more it.
Besides the mentioned, to extend the temperature
range we could use the delta - electrons [10]. In the case it
is not necessary to apply voltage to the target.
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Fig.7. Carbon fibre temperature vs. the time for pulsed
beam current of 150 mA at 3 MeV proton energy.

Authors thank A.M.Kozodaev for support in part of
this work.

With increasing the pulse duration till 100 vs the
increment of the maximum temperature for the pulse can
reach 2500 K already. Hence, the main problem consists in
the heating for a pulse, and the known flying wire
technique [7] is not solution for it.
There are several ways, proposed in [8], to solve this
problem. Shortly, these proposals, shown schematically in
Fig.8, consist in the following. First, to avoid increasing the
wire heating from pulse to pulse the wire is replaced on a
length equaled to a beam diameter for a time between two
beam pulses by means of winding up the wire (Fig.8.a)
from bobbin (1) on (2) through the area occupied by the
beam (5).
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Fig.8. Targets with "running" and "boiling" wires.
To decrease the wire heating, at first, the speed of
"running" wire is brought up to demanded one and after
that it is moved in the beam. Fig.8.b explains the same
principle of operation for a wire closed on itself when the
wire speed can be very high. Lastly, Fig.8.c makes clear the
proposal of "boiling" wire. A boiling heat for any material
is known to be the most magnitude at a heating process.
Then, applying thin coating of copper (1) on a tungsten
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DESIGN, PERFORMANCE AND PRODUCTION
OF THE FERMILAB TESLA RF INPUT COUPLERS
M. Champion
Fermi National Accelerator Laboratory
Accelerator Division, Radiofrequency & Instrumentation
Batavia, Illinois 60S 10 USA

Abstract
The TeV Energy Superconducting Linear Accelerator
(TESLA) requires as one of its technical components a
radiofrequency (rf) input coupler that transfers 1.3 GHz rf
energy from the rf distribution system to a nine-cell
superconducting accelerating cavity operating at a temperature
of 1.8 K. The input coupler design is driven by numerous
design criteria, which result in a rather complicated
implementation. The production of twelve input couplers for
the TESLA Test Facility (TTF) is underway at Fermilab, with
the first two couplers having been delivered late in 1995. This
paper discusses the Fermilab TESLA rf input coupler design,
recent test results, and production issues.

Introduction
The TESLA design parameters call for the rf input coupler
to transfer 206 kW peak rf power to the beam with a pulse
length of 1.3 ms and a repetition rate of 10 Hz. These
figures assume an accelerating gradient of 25 MV/m with a
cavity Q o of 5e9 and a beam current of 8 mA. The design
criteria [1] for the TESLA rf input coupler are stringent, with
the result being two somewhat complicated designs, one from
Fermilab and the other from DESY. The design with all of its
drawings and specifications is certainly a prerequisite for
production, but it is not sufficient. Many technical production
issues have arisen, issues which in principle are straight
forward, but in practice can be difficult.
Testing of the input couplers is important to confirm
their performance characteristics, yet it is not trivial to fully
test the couplers under all possible operating conditions.
Tests of one and two couplers on coupler test stands have been
performed, and more recently tests have been performed on a
complete cavity assembly in the horizontal test cryostat at the
TTF. A first beam test is anxiously awaited and is expected
later this year at DESY. The test results should be interpreted
and understood so that design improvements may be made,
with the key concern being multipacting. Comparisons of
test results with multipacting predictions have been difficult to
date.

Design
The Fermilab input coupler is shown in Figure 1. It
features two aluminum oxide (AI2O3) rf vacuum windows,
one being a coaxial window located near the cavity and
thermally connected to the cryostat 70 K heat shield, the other
being a waveguide window mounted outside of the cryostat at
room temperature. Both ceramics are coated on the vacuum
Fermilab is operated by the Universities Research Association
under contract to the U.S. Department of Energy.
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sides with a =100 A layer of titanium nitride (TiN). The
windows are located at the detuned-cavity short in the standing
wave pattern. Hence they see a voltage minimum at the
moment of the if pulse turn on, with a gradual transition to
traveling wave conditions at beam injection. In the case of the
coaxial window, which occupies a substantial fraction of a
wavelength, the voltage minimum is at the upstream junction
of the ceramic and inner conductor.
The coupler features three bellows on the coaxial line to
allow for coupling adjustment and to accommodate cavity
motion during cooldown and warmup of the cryostat. A
fourth bellows is present in the coupling adjustment
mechanism which connects the outer conductor of the coupler
to the outer wall of the cryostat vacuum vessel. This
mechanism provides a gimballed support for the coupler to
allow for both horizontal and vertical motion of the cavity
coupler port. Four threaded shafts linked by a chain provide
for changing the coupling strength by an order of magnitude in
Qext, which is normally set to 3e6.
The input coupler materials consist primarily of 316L
(DIN 1.4404) stainless steel, OFHC copper, AI2O3 ceramic
(99.5%), and high purity copper plating. Joining techniques
include brazing for the ceramic-to-metal and the stainless-tocopper joints, and welding for stainless-to-stainless and
copper-to-COpper joints. The inner conductor attachment to
the coaxial window assembly requires four electron beam
welds. The outer conductor attachment relies on TIG welding
in an oxygen-free chamber filled with helium and argon.
Demountable vacuum joints use all-metal vacuum seals of the
Helicoflex and Conflat types.

Production
The two main production problems have been vacuum
leaks in bellows and poor adhesion of electroplated copper on
stainless steel. The first design for the rf bellows called for a
two-step welding process. The first step was to resistance
weld a collar to the bellows neck. After resistance welding,
the strengthened bellows neck was cut off at the center of the
resistance weld. The second step was to TIG weld this
resistance welded collar into an adapter of larger wall
thickness. The first bellows received were not TIG welded to
specification, and were in fact welded a second time in an
attempt to correct the weld geometry. Many of these bellows
developed vacuum leaks at the welds, some after having
undergone all production steps without leaking.
The vacuum leaks were at first blamed on the TIG welds,
and an order was placed for bellows that had only the resistance
welded collars installed. Several of these units were then TIG
welded at Fermilab, where contamination was observed to
bubble out during the TIG welding. In some cases a
multipass weld was required to get good results. Apparently
the contaminants were trapped or formed (oxidation) during the

resistance welding process. Based on this experience, and on
an improved alternative design, the original bellows design
was dropped.
The new bellows design does not use an intermediate
collar. The bellows neck is cut to length and slipped into an
adapter and edge welded. This is a common means of bellows
attachment that is generally reliable. The first of these new
bellows are now being used in production. None have
developed vacuum leaks to date.
There has been some concern that stress corrosion
cracking might play a role in the development of vacuum
leaks. Although the couplers are not used in a corrosive
atmosphere, they are exposed to corrosive fluids during the
copper plating process. The couplers currently under
production have been vacuum oven stress relieved at 900 °C.
This treatment partially anneals the stainless steel with the
result being that the bellows are softened. Hence greater care
must be taken in handling the couplers after the heat
treatment.
The copper plating has been difficult primarily due to
adhesion problems, although the surface finish has also been
an issue. Acceptance tests include ultrasonic cleaning and
vacuum oven bakeouts at 300 °C preceded and followed by
visual inspection. Some early parts passed these acceptance
tests at Fermilab, but later were partially depleted at the TTF
during cleaning in a more powerful ultrasonic cleaner. Since

then a stronger cleaner has been used at Fermilab. We have
worked closely with the plating company to develop plating
fixtures and anodes to optimize the plating process. Further,
the company has set up a line devoted to the coupler plating.
Each of the plating tanks is filtered and connected to a header
leading to the part being plated. The plating process requires
only that a series of valves be opened and closed in the correct
sequence. The part being plating does not have to be moved
or disassembled from the fixtures until the process is finished.
Recent Test Results
The first test of the Fermilab input coupler with a fully
dressed 9-cell TESLA cavity took place in May-June of 1996
at the TTF. The cavity assembly included its helium tank,
higher order mode couplers, frequency tuner, rf pickup, and if
input coupler. Previous tests in the vertical test stand
demonstrated cavity gradients in excess of 15 MV/m, more
than sufficient for the intended application as the capture
cavity for the TTF injector.
The input coupler
instrumentation included charged particle pickups and vacuum
gauges upstream and downstream of the coaxial window, a
photomultiplier tube at the waveguide-to-coaxial transition,
and temperature sensors at the coaxial window. Due to time
constraints, the input coupler was not rf conditioned prior to
being installed on the cavity. Hence a careful program of

PHOTOMULTIPUER VIEWPORT
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Figure 1. The Fermilab TESLA input coupler design.
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in situ conditioning was carried out.
The conditioning process was computer controlled
with the program monitoring the coupler and cavity vacuum,
electron and photomultiplier signals, temperature, rf power,
and cryogenic parameters. The rate of power increase is
adjustable and three modes of operation are possible. The
power rise mode causes the rf power to rise toward a specified
power level with the primary feedback being the vacuum
pressure. The program increases the rf power until a target
pressure is reached, and then holds the power steady until the
vacuum improves and a higher power level can be attempted.
The rf power is reduced if a maximum pressure is exceeded.
The second mode of program control provides for slowly
sweeps the power up and down between two user-selected
levels while monitoring and adjusting for excessive vacuum
pressure levels. In the user control mode all readbacks are
operating and data is being logged as usual, but the computer
does not attempt to change the rf power level.
The rf conditioning began with the cavity and coupler at
room temperature so that gases released by rf-stimulated
desorption could be pumped away. The initial pulse length
and repetition rate were 30 (is and 1 Hz, respectively.
Nothing extraordinary was noted during the conditioning
process, and a power level of 1.1 MW was reached after only
20 hours of conditioning.
Vacuum, electron, and
photomultiplier signals were well correlated. A behavior
which has been seen previously was once again demonstrated.
That is, initially the power rises very quickly and easily
without being limited by outgassing, electron signals, or
photomultiplier signals. Then a sudden burst of outgassing
occurs, and thereafter many hours are needed to once again
reach the earlier achieved power level. In this test the first
burst occurred on the coupler side of the coaxial window at a
power level of 105kW after about 1.5 hours. Recovery was
relatively easy and after a total of 4 hours the rf power was at
150 kW when a large burst of gas was released on the cavity
side of the coaxial window. Another 14 hours of conditioning
were then required to reach 200 kW, with many of those hours
spent at levels below 100 kW. After reaching 200 kW, only
3 more hours were required to achieve an rf power of 1.1 MW.
During the next phase of the conditioning the rf power
was ramped up and down slowly between 20 and 1050 kW to
investigate intermediate power levels. The pulse length was
gradually increased to 200 us while continuing to ramp the rf
power. During previous tests of various couplers at 1.3 GHz
it has been observed that if a pulse length of 100-200 us is
achieved, then a pulse length of 1.3 ms will also be
achievable.
On resonance coupler processing was required after
cooling the cavity to 1.8 K. Various pulse lengths and power
ranges were explored, and vacuum, electron, and light signals
were noted. These effects decreased over time, but were not
completely extinguished at the conclusion of the test. It
remains to be seen whether or not the vacuum, electron, and
light signals will be completely eliminated through further
conditioning. The cavity exhibited some field emission
loading, and a few cavity processing events were observed as
the rf power was increased. At the end of the test the cavity
was wanned and recooled to test for coupler performance
degradation due to migrating gases. No degradation was
observed.
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The analog and digital amplitude and phase regulation
systems were tested and the cavity was operated pulsed at
10 Hz while maintaining 800 (is flat top gradients in excess
of 15 MV/m.
A second test of a fully dressed cavity has been completed
in August. The coupler behavior was very similar to that
observed in the previous test. The cavity did not exhibit field
emission loading and was operable at gradients up to
=25 MV/m at the full pulse length and repetition rate.
F u t u r e Experiments
Calculations and experiments indicate that multipacting
may occur in the coaxial line portion of the input coupler. A
technique that has proven effective in suppressing
multipacting in coaxial lines at CERN is to apply a DC bias
between the inner and outer conductors. A special input
coupler featuring a DC blocking capacitor in the waveguide-tocoaxial transition is under preparation and should be tested
later this year. The capacitor is a Kapton disk metallized on
each side. The disk will be sandwiched between the two
halves of a split doorknob as shown in Figure 2.
0.W5 INCH KAPTON
METALLIZED ON BOTH SIDES
IN AREA OF COMPRESSION

INNER CONDUCTOR
DC- BIASED RELATIVE
TO OUTER CONDUCTOR

TORLON POLYAMIDGIM1DE SCREW
B O H VOLTAGE
FEEDUNE

DOORKNOB AT
GROUND TOTENTKJ.

Figure 2. The design for the DC bias experiment.
First tests will take place at Fermilab and will be
conducted under standing wave conditions. If these tests are
successful, a coupler modified for DC biasing will be delivered
to the TTF for tests with a cavity in the horizontal test
cryostat.
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Abstract
Recently RF-structures have been proposed for frequencies between 30 and 140 GHz. These structures are planar
and doublesided (open) and suited for fabrication by lithography. Two technologies are available: Deep X-rays with plastic resists (thickness < 0.8mm) or UV-light with doped glass
resists (thickness up to several mm). The paper presents
structure developments for different applications. The status
of wafer manufacture, fabrication and alignment techniques
will be discussed.
Introduction
High aspect ratio microstructure technology (HARMST)
has developed to a degree that high precision submillimeter
components can be built, such as actuators, gears, electrostatic motors, pumps etc. The idea of applying these techniques to develop high frequency accelerator components was
proposed first in 1993 [1]. In the mean time structures for
different applications have been reported, see e.g. [2] and [3].
The principle of all these structures consists of two metallic
slabs supporting match-box like recesses which form cavities
when the slabs are facing each other, Fig. 1. The typical lateral dimensions of the boxes are 0.5 to 2 mm and the depth is
between 0.5 and 1 mm. Tolerances are in the order of half a
percent.

deeper structures, avoids all the problems with organic materials and is appreciably cheaper. On the other hand it has a
purer surface quality and it is more difficult to keep the required tolerances.
Both technologies are being pursued. The masks for the
lithography have been fabricated and first show-pieces of one
half of a structure are made. In parallel, efforts are directed
towards the alignment of the two halves and the engineering
of a stand-alone structure unit.
A Standing-Wave 94 GHz RF Structure
Once the basic geometry of planar structures was found, as
shown in Fig. 1 and described in ref. [1], the believe was that
standing-wave structures with constant RF gradients and
well-separated modes may have certain advantages as compared to traveling-wave structures. Therefore, a side-coupled
structure, similar to the ones mentioned in ref. [2], was designed. The operating frequency was chosen to be 94 GHz (a
satellite band where RF equipment is available). Its geometry
is shown in Fig. 2 and the RF parameters are given in Table
1. The period length corresponds to 7t-mode operation. The
beam aperture, in principle a free parameter, is a trade-off
between different requirements connected to bandwidth,
shunt-impedance and beam-induced fields.

gtasfiber
V-groove

- w

Li

Fig. 2. Geometry of the standing-wave structure; g, = 2.40,
w = 2.29, g = 1.34, t = 0.25, w, = 2.14, 2b = 2.29, 2a
= 0.75 (in mm)
Table 1: RF parameters of the structure in figure 1.

Fig. 1. Basic arrangement of planar structures.
The most promising technique for fabricating such structures
seems to be deep X-ray lithography (DXRL), etching and
plating, known as the LIGA process [4]. The fabrication of
two-dimensional structures with perpendicular walls, good
surface quality and submicron precision has been demonstrated. Problem areas are the fotoresist, PMMA plastic, the
high depth of the structures, the long exposure time and high
costs. An alternative solution is UV-lithography (UVL) with
fotosensitive glass [5].
This technology is better suited for

f0
= 94 GHz,
n-mode
r/Q0 = 81.5 kfi/m, r = 295 MO/m
v/co
=0.0113
a
=24 m"1 attenuation length
ko = 1210"3 V/pCm fundamental mode loss-factor

As can be seen, the group velocity is uncomfortably low.
It could strongly be increased by cutting down the side-walls
to the coupling-cells. But this would require a two-step LIGA
process which we consider to be too expensive. Therefore, we
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keep this geometry for the moment and try to remedy the
problem later. An estimate of the number of cells gives 31
which was lowered to 21 in order to get a reasonable mode
separation. Two structures are positioned on one wafer and
powered, via a power splitter, from a single feed line, Fig. 3.

Fig. 3. Two standing-wave structures with central feed line,
power splitter and couplers.
A 108 GHz RF Undulator
The basic mechanism of an electromagnetic undulator is
similar to the conventional undulator with magnets. The
equivalent magnetic field is given by
= ! ! + •_

.

Co

c0

where Zo is the free-space wave impedance, Zy, is the
waveguide impedance and Eo is the transverse electric field.
The undulator period is

.

Table 2. Parameters of the structure in fig. 4 and the equivalent undulator parameters
27c/3-mode
fo = 108 GHz,
r = 312MQ/m
r/Qo = 144kn/m,
= 0.043
Vg/Co
a = 13.5 m"1
B
«. = 0.33TforEo=10MV/m
K = 1 mm
K = 0.047 deflection parameter
2a = 6 mm gap height
N = 80 periods of a length of 80 mm
After the upgrading the Advanced Photon Source (A PS) will
provide an electron beam up to 750 MeV with 1mA average
current and a low enough emittance to drive the undulator.
The radiation has been calculated and the first harmonics are
expected at 4.0 and 5.2 keV with a brightness around 810 11
photons/sec/0.1% bandwidth/mrad2.
A 34 GHz Flat-Field Traveling-Wave Structure
The accelerating field in planar structures is not independent of the transverse position. It depends on x and y and the
transverse electromagnetic forces are of quadrupole character.
This particular property can be used for focusing the beam as
proposed in [2]. But in some applications it may be detrimental. In that case one can flatten the field in a certain central
area for instance by capacitive loading as shown in Fig. 5.

with Xo and A.g being free-space and waveguide wavelength,
respectively.
A part of the undulator operating at 108 GHz is shown in
Fig. 4. It consists of the basic structure, as given in fig. 1, with
30 cells, input and output coupler and matched cells at both
ends. The parameters, taken from ref. [3,] are given in table 2.

Fig. 5. A planar traveling-wave structure with input and
output couplers and capactive cavity loading.
The structure was designed for a 2it/3-mode at 34 GHz.
The depth of the structure is 1.6 mm which is probably too
deep for fabrication with DXRL. We have chosen it therefore
as an example to apply and study the UVL process.
Structure Fabrication

ittlii um

2!MM urn

Fig. 4. Top view of a 108 GHz traveling-wave RF-structure
for a horizontally deflecting mode

The simplified LIGA process consists of making an X-ray
mask, preparing a substrate and covering it with a fotoresist
(PMMA plastic), exposure, developing, etching away the
developed part and electroplating the structure. The requirements for high aspect ratio structures are thereby very demanding; good adhesion of the resist, no dissolution of unexposed resist, high mechanical stability, low internal stresses
during exposure and development and compatibility with
electroplating.
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A DXRL mask for the undulator structure was constructed
through an intermediate mask at the center for X-ray lithography in Stoughton. A plating base of Ti/Au with 75/300 A°
was written by an e-beam and 3 um of Au was plated on the
intermediate mask. For the final mask 25 um Au was plated
on a structured Si wafer. The substrate was of diamond finished copper with a Ti coating of less than one micron. On
the coating a 1 mm thick PMMA film was cast and annealed
at temperatures between 100 and 170 °C for one to three
hours. The exposure was done at the ALS, Berkeley, and later
on at the NSLS, Bookhaven. Different developers are being
used. The electroplating process and the subsequent surface
finishing is still not fully finished.
In parallel to the work on the undulator structure an intermediate X-ray mask for the standing-wave structure was built
at the PMT, Karlsruhe, Germany. It is a 2.5 um thick Au
mask on a 2 um thick Ti membrane. Next steps will be the
fabrication of a 12 um thick mask and the study of the developing process.
Besides the DXRL work, the fabrication of the 34 GHz
traveling-wave structure was started at the Technische Universitaet Ilmenau, Institute for Glass and Ceramics, Germany.
The purpose of this development is to prove that the lower
frequency structures with a depth of more than 1 mm can be
fabricated by UVL. The process is very similar to LIGA. As a
fotoresist serves doped Li2O-Al203-SiO2 glass. The part of
the glass which will be exposed forms a special crystal phase
with a 30 times higher solubility than the unexposed part.
Subsequent tempering (developing) and etching creates the
microstructured glass plate. In the next step, the structured
side of the plate has to be covered by evaporated copper as a
starting layer for the electroplating process. Finally, the leftover glass will be etched away and the structure machined to
its final state. Five microstructured glass matrices have been
fabricated and a first copper structure was made. Problem
areas are glass purity and homgeneity, copper evaporation
into deep structures and tolerances.

with the lithographic process and could be used to center the
two halves by means of small steel balls, see Fig. 6a. The
solid mechnical connection then follows from diffusion
bonding the side-shoulders. An extensive program is also
going on to make use of alignment and bonding techniques
developed for micromachined electron microscopes [6]. Vgrooves are machined into the wafer, see e.g. Fig. 1, and
precision glass fibers are placed into the grooves and bonded
and clamped in place. Vacuum pumping is provided through
the gap between the two halves,
a)

manifold

cooling channel

b)
-(Cooling Channels |

III 111 II I

Fig.

Engineering of the Structure

6. Cross-section of an RF-Structure with a) cooling
pipes and b) microchannel cooling
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MEASUREMENT OF THE BEAM POSITION IN THE TESLA TEST FACILITY LINAC
R. Lorenz, TU Berlin, Einsteinufer 17, 10587 Berlin, Germany,
M. Sachwitz, H.J. Schreiber and F. Tonisch, DESY-IfH Zeuthen, Germany

Abstract
The transverse beam position has to be measured at each superconducting quadrupole in the TESLA Test Facility Linac with
a resolution of better than 10 (J.m. Therefore, a cylindrical cavity excited in the TMno-mode by an off-center beam was chosen, also because of the limited longitudinal space and the cold
environment. The amplitude of the TMno and its phase with
respect to a 1.517 GHz reference signal are measured in a homodyne receiver. For the experimental area, stripline monitors
having a resolution of better than 100 /xm were developed. The
averaged position of the whole bunch train of Injector I is measured using the amplitude-to-phase conversion. This paper summarizes the designs and some 'beam position measurements' in
the laboratory.

In both cases CrNi was chosen as the cavity material to measure individual bunches spaced at 1 us (Injector II). Most of
the parameters given in Table I were calculated with URMEL,
whereas die resonant frequencies and the coupling factors were
measured at room temperature.

Introduction
In order to establish a technical basis for a superconducting linear collider, the TESLA Test Facility is an essential part of the
development of injectors, accelerating cavities, cryostat and new
diagnostic techniques [1].
Because of special requirements three different types of beam
position monitors will be used in the TTF: Buttons (Injector I), cylindrical cavities (inside the cryostats, attached to the
quadrupoles) and striplines (experimental area). The purpose of
this note is to discuss the cavities and the striplines, to describe
the electronics, and to present measurement results on both types.
Unfortunately, due to the delay in the installation of other components we still do not have any operating experience.

Table 1: Design and measured parameters (at 25 CC).
parameter
'cold' cavity 'warm' cavity
cavity radius Ro
115.2 mm
117.0 mm
52.5 mm
cavity length I
52.0 mm
29.75 mm
beam pipe radius
39.0 mm
0.24 V/pC
0.23 V/pC
loss factor fcno
3025
2965
unloaded Quo
1.517 GHz
1.513 GHz
frequency /no
0.95
1.31
coupling ,0iio
0.09
0.1
coupling /?oio

bellow

TMno-Cavity

••'-J-"'-'
beam position morv

For the alignment of the quadrupoles a single circular cavity was
designed because of the limited longitudinal space and the deFigure 1: Cavity BPM with HOM absorber.
sired resolution of 10 /xm in a cold environment. The amplitude of the TMno-mode excited by the beam in the cavity yields
a signal proportional to the beam displacement and the bunch
Since the field maximum of the common modes is on the cavcharge. Its phase relative to an external reference gives the sign ity axis, they will be excited much stronger than the TMno by a
(up/down, left/right). Both TMno-polarizations have to be mea- beam near the axis. The estimated resolution near the electrical
sured to get the x- and y-offset. After cooling down, the seventh center is only 60pra, due to residual signals even at WHO- This
harmonic of 216.7 MHz has to be within the TM no-bandwidth to can be reduced by combining two opposite outputs in a field seavoid an active tuning system inside the cryostat. The antennae lective filter [2]. Because of the limited space inside the cryoare replaceable to allow a pre-tuning by adjusting the coupling stat, a stripline hybrid was used outside. The rejection of combefore cooling down.
mon field components is limited by its finite isolation between
In addition, two ('warm') cavities working at room temper- the S- and the A-port; an isolation of 20 dB brings the theoretiature were built. Their temperature is stabilized in a thermo- cal resolution down to less 6 yum. In addition, a frequency sensistat and can be changed to tune the monitor slightly (about tive TMoio-rejection of about 69 dB is required to detect a beam
displacement of 10 pun.
20 kHz/K).
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determines the dynamic range of the electronics. After passing
low-pass filters and bipolar video amplifiers, the signal may be
either viewed directly on an oscilloscope for adjustment, or digitized by 12-bit ADCs for the quadrupole alignment.
Test results
Bench tests were carried out on a stainless steel prototype to determine the resolution near the center and to test the electronics.
Therefore, the cavity was excited by an antenna, fed by a network analyzer. A resolution of about 5 /xm was measured in the
frequency domain [2].

200-

°-

'•a.t

" •

40-

Figure 2: Test of a cavity BPM using a Network Analyzer.
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-
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The resolution near the electrical center of the cavity is limited
by the thermal noise of the electronics, too. Assuming a cavity
without perturbations and a bunch charge of 32 pC, a S/N-ratio
of 140 can be estimated for a beam offset of 1 /xm from the cavity
center [2].

-40•"«.,

'•a.,

-120-

relative position [mm]

Signal processing

Figure 4: Measured linearity for the electronics.

The TMno-amplitude is detected in a homodyne receiver by
mixing the cavity output and a reference signal down to DC
(Fig. 3). When the beam is on the right, the system can be set up
to give positive video polarity. The signal changes the phase by
180° when the beam moves to the left, and for a centered beam
it becomes zero.

"HxL "LJLA. " L L "UL"
1.517 GHz

ILL "DLL

'TV,

In addition, a prototype was tested at the CLIC Test Facility (CERN) to demonstrate the principle single bunch response
and to measure the TM no-amplitude as a function of the relative
beam displacement. The BPM was installed in the spectrometer
arm and the beam was moved vertically by changing the current
of the steering coil.
A 250 MHz signal from the timing system was fed to a step recovery diode and the 6th harmonic was mixed with the A-signal.
The output of the electronics vs. the relative beam position is
shown in Fig. 5. Due to the measurement position, the mechanical setup and some machine parameters it was not possible to
measure the minimum detectable signal near the center.

ADC
50-

Figure 3: Signal processing scheme for a cavity BPM.
The stopband attenuation of the bandpass filter is more than
70 dB. Together with the hybrid and the coupling factors this
gives a frequency sensitive common mode rejection of about
100 dB. Because of the isolation of the hybrid and between both
TM no-polarizations, the full aperture was divided into two measurement ranges.
By using a Quadrature IF Mixer, no additional phase stabilization for the reference is needed. The mixer LO/RF-isolation
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Figure 5: Test at CTF - output versus rel. position.
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Stripline Monitors
Stripline monitors were selected for the experimental area and
a temporary beamline because of the relaxed requirements 100 /im resolution around the center - and the warm location.
All monitors consist of four 50 Q coaxial striplines, positioned
90 degrees apart in azimuth (Fig. 6). The housing for the one in
the dipole arm has a larger beam pipe diameter (100 mm instead
of 60 mm).

amplitude-to-phase conversion scheme together with heterodyning (intermediate frequency of 50 MHz). The generation of a
normalized output (position vs. current) over a wide dynamic
range is the main advantage of this system. Furthermore, it is
relatively insensitive to electromagnetic noise.
A peak-to-peak noise of less than 4 mV was measured, corresponding to a position resolution of about 40 ^m. This agrees
very well with bench test results, where the position of a thin wire
was changed until the first 'significant' readout of the electronics was detected (see also Fig. 8, from [4]). The whole system
(monitor and electronics) gives a linear response for off-center
positions up to 5 mm.
All monitors and the first electronics module are now at DES Y
Hamburg, awaiting a real beam.

Figure 6: Design of the Stripline BPM.
The BPM body is machined from a single block of stainless
steel, four holes and the beam aperture are drilled. Each electrode is 175 mm long and shortened at the end; the geometrical coupling factor is approximately 3%. The main distortion
in the transition from the electrode into the cable is caused by
the feedthrough, selected for mechanical reasons. All 9 monitors were built and tested at DESY-IfH Zeuthen.

Figure 8: BPM test-stand at DESY-IfH Zeuthen.
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Figure 7: Stripline monitor, vacuum cover removed.
The electronics to detect the ^-signal of two opposite electrodes were built and tested (signals, linearity, drift) by INFNLNF [3]. Since the signal has to be measured on a time scale of
a few microseconds, the usage of a single channel for all electrodes and a multiplexing scheme was impossible. Hence, the
signal processing is done in the frequency domain by using the
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PRESENT AND FUTURE PERFORMANCE OF THE DELTA INJECTOR LINAC
A. Jankowiak, C. Piel, T. Weis and DELTA Group
University of Dortmund, Department of Physics, DELTA, D-44221 Dortmund, Germany
Abstract
After a two years period of construction the routine
operation of the 100 MeV electron linear injector started in
summer 1995. The linac serves as injector for the 1.5 GeV
DELTA- (Dortmund Electron Test Accelerator)- synchrotron
radiation facility. In its major parts the linac has been
constructed out of parts of the old Mainz 400 MeV linac
(final shut down in 1989). The linac consists of a new
developed 50 keV gun and a 4 MeV buncher for longitudinal
pulse compression and two travelling wave structures. In the
present state of operation the linac delivers a 70 MeV, 300
mA beam within 2-20 nsec at 10-100 Hz.
The paper covers design and performance of the linac
and its components including monitoring, transverse and
longitudinal optics together with experimental results and the
expected performance of the linac after modifications
concerning the rf-transmitters and part of the rf-network.
Introduction
The DELTA-facility at the university of Dortmund [1,2]
is a 3rd generation 1.5 GeV synchrotron radiation light
source. The storage ring Delta is fed by the full energy
booster synchrotron Bodo (Booster Dortmund) operating as a
ramped storage ring with a maximum repetition rate of 0.2
Hz. This rather low injection rate and the necessity to run the
booster in single bunch operation in order to drive an FEL [3]
in the Delta ring imply short beam pulses at high currents to
be delivered from the injector.
In 1989 the 400 MeV electron linac at the university of
Mainz was finally shut down and the decision has been made
to use major parts of the old components (accelerators as well
as the modulators and the rf-network and klystrons) offered
by the Mainz authorities to reconstruct a 100 MeV linac
fulfilling the above requirements.
Setup and Layout of the DELTA Linac
General Performance
Two of the old Mainz B = 1 S-band accelerator sections
powered with 20 MW each produce a 100 MeV output beam.
To ensure operation at high currents in the ampere range the
front end had to be totally rebuilt. For longitudinal pulse
compression a 3.8 MeV buncher section (LAL, Orsay, LILtype [4]) is installed at the front end together with a 50 keV
electron gun with incorporated prebuncher. The main design
values are listed in Table 1. The schematic layout is shown in
Figure 1.

operating frequency
electron gun
longitudinal pulse
compression
output beam energy
output current
AE/E
abs. output emittance

2998.55 MHz
50 kV, 2 A, 2 ns, 1-100 Hz
prebuncher and 3.8 MeV
buncher
100 MeV
1A, 2 ns, 1-100 Hz
+/- 2%
e < 1 n mm mrad (100%)

Table 1: General design performance of the linac
Low Energy Part of the Linac
Set up. A triode electron gun with 50 kV extraction voltage
has been developed [5] based on the old Mainz gun-body.
Based on the EIMAC Y796 cathode the extraction optics
produces a beam waist directly in front of the prebuncher
cavity (65 mm downstream the cathode). EGUN calculations
result in an rms-emittance of e = 16 n mm mrad at 2.6 A.
The single cell reentrant cavity incorporated in the gunbody is followed by a short buncher section manufactured by
LAL, Orsay (see Table 2). It is equivalent to the buncher
operating at the LIL-injector at CERN [6].
length
resonator type
shuntimpedance, Q
B-profile
number of cells
energy gain (ref. particle)
accelerating gradient

0.45 m
on-axis-coupled, 27i/3-mode
standing wave
23 MQ/m, 13600
6 = 0.92,0.98,1.00
6 plus 2 endcells
3.8 MeV (1.7 MW)
16MV/m(1.7MW)

Table 2: Performance of S-band buncher section.
Transverse Optics. The injection energy of 50 keV and a
beam current of 2 A together with the high accelerating
gradient (16 MV/m) of the buncher give rise to strong
defocusing forces. Since the prebuncher is part of the gunbody and should be located close to the buncher no space was
available to install a large-scale low energy solenoid
transport line as it has been done at the LIL-Injector at CERN
[4,6]. Due to the available space we installed two solenoids
built in house (Leff= 5.5 cm, Bmax= 300 G and Leff= 40 cm,
Bmax= 2200 G, see Figure 1 and 2). A small size quadrupole
triplett is mounted in front of the first accelerator section to
match the beam emittance to the acceptance of the
downstream linac part. The transverse beam dimensions have
been calculated with the program ENVEL [7], which solves
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Accelerator section 2

Accelerator section 1
Buncher /

QD

i

Quadrupolo
Triplett

Klystron 1
(now TH2100
max. 35MW)

Y

Pilotklystron
Klystron 2
(old F2042E
max. 25MW)
Fig. 1:
Schematic Layout of DELTA Linac

Phase Ampl.

the envelope equation taking into account emittance, space
charge and focusing forces as well as the defocusing forces
generated by the prebuncher and buncher rf. Figure 2 shows
that the beam is well confined under nominal operating
conditions.
Longitudinal Pulse Compression. An output energy spread
of AE/E = +/- 2% for a substantial fraction of the beam can
be obtained if the phase spread at the entrance of the main
accelerator sections is limited to 23". PARMELAcalculations showed quite similar results compared to the
calculations at CERN [4]. Even for an input energy of 50
keV, the best bunching efficiency is obtained at 16 MV/m
accelerating gradient of the buncher which corresponds to an
energy increase of 3.8 MeV. Due to the quite large distance
of 24 cm between prebuncher and buncher the theoretical
value for the bunching efficiency was calculated to
Iuul(230)/Iin(360°) = 40% at 2 A gun current. The bunching
efficieny is strongly related to the accelerating gradient of the
buncher and decreases drastically with reduced rf-power (see
below).

High Energy Part of the Linac
Accelerator Sections. We installed two of the old Mainz
accelerator sections (CGR-MeV) to increase the energy from
3.8 MeV to the nominal output energy of 100 MeV. These
sections are of the 2n/3-mode travelling wave type and had
been installed in Mainz for replacement of the older 7i/2-type
structures and for upgrading the linac. Unfortunately no
information was available about these structures. From
theoretical considerations and from direct measurements we
obtained the data given in Table 3.
length of section
field mode
group velocity v/c
filling time

0
shuntimpedance
iris aperture diameter
attenuation
max. RF-power

4.2 m
2JI/3, travelling wave
0.011-0.036
0.7 usec
10,000
42MO/m
30 - 20 mm
0.62 Np
20 MW at 4.5 p e c .

Table 3: Performance of the accelerator sections
Transverse Optics. We are not using the built-in solenoids
above the accelerator sections but installed a triplett between
the sections and one more quadrupole at the end of the linac
as first part of the transfer-line to the booster [2].
RF-System and RF-Network

s (cm)
Transverse enveloppe in the
low energy part of the linac

250

The RF-system and the corresponding network is shown
in Figure 1 (status end of this year). It consists mainly of two
modulators and two klystrons with 20 MW output power. The
modulators and the PFN-networks have been rebuilt out of
the old parts from Mainz in a more compact way and produce
a 270 kV, 240 A pulse with a pulse length of 4.5 us with a
maximum rep. rate of 100 Hz. To feed the high energy
accelerator section the two rf output waveguides of the old
F2042E klystron are combined under vaccum and need a
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booster and an increase of stored beam current in the storage
ring of 100 u;A - 1 mA every 5 - 6 sec.

careful adjustment of the rf phase via waveguides with
adjustable cross-section. Between the rf-windows we use 2
bar abs. SF6. For the low energy part of the accelerator we
still have an old F2042E klystron operating [8], where we use
only one output waveguide to ensure operation for the beam
injection into the DELTA rings. This old klystron will be
replaced during the autumn shut down by the new TH2100
type providing more than 20 MW with one rf-output flange.

Future Upgrade
To speed up the filling time for the storage ring, the first
F2042E klystron will be replaced during the autumn shut
down by the more or less compatible TH2100 klystron
equipped with only one rf output waveguide. An rf power of
more than 20 MW is then available for section 1 and the
design buncher operation at 1.7 MW can be easily obtained
resulting in a better transmission at a reduced energy spread
and increased output energy according to the specification
(Table 1). In a later stage (summer 1997) also the second
klystron will be replaced by the new type. An available
output energy of more than 100 MeV will naturally facilitate
the injection into the booster since magnetic remanence
effects are drastically reduced [1].
Due to the high current levels the distance between
prebuncher and buncher has to be decreased. This will result
in a better bunching efficiency but will require more effort
concerning transverse focusing.

Beam Monitoring
Three TMOlO-mode cavities with circular cross-section
operating at the linac frequency are installed. High coupling
of the output antennas and low Q-values give very sensitive
and reliable information for 2 ns beam pulses and the
achieved pulse compression. The beam position is obtained
with three installed cavities with quadratic cross-section
operating in a mixed TM210- and TM120-mode.
For transmission measurements we use two wall current
monitors downstream the buncher and at the end of the linac,
where also a fast Faraday-Cup is mounted.
Present Status of the Linac

Acknowledgments
The first beam was launched in October 1994 (60 MeV)
and two weeks later accelerated to 75 MeV. From March
until summer 1995 the linac was operating for the beam
injection into the booster Bodo with an overall transmission
of only a few percent.
After changes concerning the transverse focusing in the
low energy part [8] and a careful cleaning of the buncher
(electron multipactoring during operation in summer) the
beam was accelerated to 78.1 MeV in October 1995 with an
overall beam transmission of 20% with a still rather large
energy spread of AE/E > +/-10% caused by the low available
rf-power of < 1 MW instead of 1.7 MW necessary for the
design operation of the buncher (see above). Routine
operation was achieved since end of 1995 for the
commissioning of Bodo and Delta. Table 4 summarizes the
actual beam data.
extracted gun current
beam pulse structure
output beam energy
output energy for Bodo
output beam current
abs. output emittance
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1.5 A
2 - 20 nsec
60 - 78 MeV
68 MeV
300 mA, 20% transmission
90 mA, AE/E = +/- 2%
e < 0.8 7t mm mrad (100%)

Table 4: Status of the present linac performance
At the present time the injector of the DELTA facility
offers a 90 mA beam at 68 MeV within an energy spread of
+/- 2% at variable pulse lengths of 2 - 20 nsec. This results in
a 300 |xA - 3 mA average beam current accelerated in the
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Status of the TESLA Test Facility Linac
H. Weise, for the TESLA Collaboration
Deutsches Elektronen-Synchrotron DESY
D-22603 Hamburg, Germany
Abstract
The TTF linac, a major effort of the TESLA Test Facility,
is now in the installation phase. The components have been
built by an international collaboration and are presently set up
at DESY/Hamburg. A first injector has been installed and
tested since the beginning of the year and can provide 8 mA
beam current within 800 us long macro pulses at 216 MHz
bunch repetition rate. The first cryomodule containing 8
superconducting cavities is expected for spring 97. The
accelerated electron beam (140 MeV) can then be transported
to the high energy experimental area which is presently being
set up and contains all necessary beam diagnostic elements.
The commissioning of all beam transport and diagnostic
components at injector energy (10-15 MeV) will be done
before the module installation. It will be followed by the
commissioning of the RF control system needed to manage
the individual phases and amplitudes of the superconducting
cavities. An optimized operation can be expected before the
installation of the remaining linac modules. Plans for the
future use of the TTF Linac as a driver for a Self Amplified
Spontaneous Emission Free-Electron Laser are mentioned.
Introduction
Within the high energy physics community there is a
widespread consensus that an electron-positron linear collider
with a center of mass energy of 500 to 1000 GeV and luminosity above 1033 (cm2sec)"' should be considered to provide for
top analyses and for discovery reach up to a Higgs mass of
more than 350 GeV. Therefore several test facilities are
underway to develop key technologies. Small beam emittances, and especially beam sizes at the interaction point of such
a linear collider have to be achieved with very large average
power beams. Thus a collider linac becomes also most
attractive for next generation synchrotron radiation sources.
One of the approaches to a 500 GeV collider is the usage
of superconducting (s.c.) accelerating structures. The
international TESLA [1] collaboration is following this
approach. A test facility, located at DESY with major
components flowing in from the members of the
collaboration, is trying to establish a well-developed collider
design.
The facility includes infrastructure to prove the feasibility
of reliably achieving accelerating gradients above 15 MV/m
in series production. The TESLA linear collider would rely
on superconducting structures operating at 1.3 GHz with a
gradient of 25 MV/m and an unloaded qualify factor of 5xlO9
at T=2K. Besides cavity preparation and testing, the TESLA
Test Facility (TTF) is also going to show the successful

operation of these accelerating structures assembled in a test
string. An electron beam will be accelerated in modules of 8
s.c. cavities each.
The TTF Linac
The experience gained on the TTF linac will feed directly
into the TESLA linear collider design. Therefore both designs
are similar with respect to a number of aspects, e.g. cavity
and cryostat design, but also as many beam parameters as
possible. A very complete description of the TTF Linac can
be found in [2].
The main components of the linac are the injector, a first
cryomodule housing 8 s.c. cavities, a 12 m long warm section
including beam diagnostics, and further cryomodules
followed by a beam analysis area. The main parameters of the
linac are listed in Table 1.
Table 1 TTF Linac Parameters
Energy
Beam current
Pulse length / rep.frequency
Accelerating gradient
Quality factor Q o
Heat load at 2K
Number of cavities/modules

390 MeV
8mA
0.8 ms/10 Hz
15 MV/m
3xl09
86W
24/3

The installation of the linac is being carried out in
different stages which each allow the acceleration of the beam
followed by the delivery to the diagnostic area with its high
energy beam dumps. Since the TESLA design values for the
bunch charge and beam current rely on an RF gun which is
still in the development and test phase, the first stage of
installation starts with an injector consisting of a thermionic
250 kV source (40 kV gun, grid controlled, followed by an
electrostatic column), a 216 MHz subharmonic prebuncher, a
standard nine-cell s.c. cavity, and a 15 MeV beam analysis
station. The s.c. cavity is installed in its own cryostat and
powered by a 200 kW klystron.
The 10-15 MeV injector beam is injected into the first
cryomodule in which acceleration up to about 140 MeV will
be possible. Two quadrupole triplets are used for matching
the transverse phase space.
Cryomoduie and Cavities
The first cryomodule is a standard unit and also a
prototype for the large collider. Similar modules would
constitute the main bodv of the TESLA linac. Each one
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contains eight nine-cell n-mode cavities, and in the case of
TTF a s.c. quadrupole doublet combined with a cold resonant
cavity beam position monitor. The liquid helium distribution
and cold gas recovery system are incorporated into the
cryostat. The cryostat design principle is to make the
individual accelerating modules as long as possible and
combine them to strings fed by a single cold box. This should
result in low static losses (typically 0.2 W/m at 2K) and
important cost reduction [3]. The cavities are suspended from
the helium gas return pipe which serves as a reference girder.
Each cavity is equipped with its RF power input coupler, two
higher-order-mode (HOM) output couplers, an RF
fundamental pick up, and a frequency tuning mechanism.
The individual cavities have their own Ti helium vessel
welded around it, the beam tubes and the connections for the
RF couplers being inside the insulating vacuum. Shielding of
the cavity against the earth magnetic field will be provided to
allow for high unloaded quality factors, i.e. low static heat
losses.
The quadrupole package includes a superferric quadrupole
doublet, transverse steering coils (two pairs, one each for
permanent corrections and for vibration studies/control), the
transverse beam position monitor (cylindrical RF cavity,
TM110 mode) mentioned above, and a higher order mode
absorber. Operation temperature of the quadrupole package is
4K.
The first module will be equipped with a large number of
temperature sensors as well as vibration sensors. Alignment
during cooldown will be monitored using optical methods and
in addition to this using a stretched wire system [4]. The
latter can be used also during linac operation.
The beam transport system between the end of the first
module and the diagnostic area consists of four almost equal
sections, each of them 12 m in length, and including a view
screen, a beam position monitor (stripline or resonant cavity),
a quadrupole doublet, and a pair of steerers. For pumping,
three titanium sublimation pumps (10001/s) and three smaller
ion pumps (801/s) per section are used.
Beam Analysis Area
The beam anlafysis area behind the end of the last
cryomodule serves as a room to measure relevant beam parameters, i.e. beam position, beam size and emittance, beam
energy and energy spread, beam current and transmission
through the linac, bunch length and shape. Some parameters
will be measured as a function of the bunch number in the
800 |is long bunch train, others as an average over some part
of the train, or for a series of i t The extensive use of optical
transition radiation (OTR) is planned.
The beam analysis area has a length of about IS m. It
consists of two straight sections. One is in line with the linac
axis, the other one is a dispersive section behind a high
energy spectrometer dipole magnet Both sections contain
quadrupole doublets and wire scanners, view screens (OTR),
and stripline beam position monitors. Toroids are used along

the linac to measure the charge transmission up to one of the
two beam dumps which complete the whole TTF Linac set up.
Second Stage of Installation
In a second stage of the set up an RF gun will replace the
above mentioned thermionic source. Two of the laser driven
guns are in the test (TESLA gun, high 8 nC bunch charge)
and construction phase (FEL gun, reduced 1 nC bunch
charge, very low lmm mrad emittance) respectively. Both
guns use a 1.5 cell 1.3 GHz cavity fed by a 5 MW klystron.
The photocathode will be made from C^Te. The installation
will permit the use of the presently installed injector or one of
the two RF guns alternatively.
The second stage also includes the replacement of the first
12 m long beam transport section by a magnetic bunch
compressor and its diagnostics. The next two sections of the
beam line will be exchanged by cryomodules connected in
series. The fourth section will take up three undulator
modules [5]. The experimental area stays almost unchanged.
At the above mentioned gradient of IS MV/m the achievable
energy is then 390 MeV.
Present Status
Injector
The complete 250 keV beam line has been installed at
DESY. The design beam characteristics have been obtained
and tests on different components and monitors have been
performed [6]. Table 2 gives the results of some
measurements.
Table 2

Beam current
Energy
Pulse length
Micro pulse width
Micro pulse rep.rate
rms emittance

Injector Test Results
Design
8mA
250 keV
0.8 ms
<640ps
216 MHz
<5 mm mrad

Measured
>8mA
250 keV
0.8 ms
600 ps
216 MHz
3-4 mm mrad

After the successful test of the horizontal cryostat, the s.c.
capture cavity has been installed inside. At present, first RF
tests of the cavity are carried out. The first cold test is
scheduled for 9/96 and should reproduce the previously
reached gradient of 17 MV/m. The installation of the capture
cavity and the following matching section is planned for
10/%.
Cavity and Coupler Performance
To date, IS cavities from different manufacturers have
been delivered. Tests have been performed on 13 of them [7].
Very encouraging results have been obtained. In cw mode,
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heat treated cavities reached fields in excess of 20 MV/m
with Q o higher than SxlO9. The best result is a field of 26
MV/m with a Q o of 3xl0 10 . The same cavity was just
measured in the horizontal test cryostat in pulsed mode (200
kW input power) with its final RF couplers mounted: a
degradation of the gradient was not observed. For some
cavities, however, the quench field is around 12 MV/m (cw);
an increase of the surface resistance with field appears, but no
field emission has been observed. Investigations are underway
to understand if this is caused by material problems or by the
production technique.

Future plans
The plans for the use of the TTF Linac to operate a VUV
light source yielding a coherent, very bright beam of photons
with wavelength tunable between 20 and 6 nm are well
developed. The modification of the TTF Linac set up is under
preparation; together with the installation of modules #2 and
#3 the set up will be completed by all components needed for
a proof of principle experiment The FEL gun as well as the
undulator - the most complicated parts of the experiment - are
under construction. Further information can be found in [9].

Cryostat, Cryogenic System
Conclusion
The complete tooling for assembling the 8 cavity string
and the quadrupole package in the cryostat has been installed
at the end of 95. Minor modifications will be done this fall.
The vacuum vessel and other components of the cryostat have
been delivered. The vacuum vessel, made from carbon steel,
has been demagnetized in its final position. A complete test
mounting with one cavity and the quadrupole package has
been performed. It has been checked that the cavities can be
aligned with an accuracy of 0.2 mm. The cryogenic system
will be fully operational in fall this year. The presently
installed cooling capacity amounts to 100 W at 2 K.

The first stage of the TTF Linac will be finished at the
beginning of next year. A first beam is expected for spring.
Then the rest of the year 97 will be devoted to experiments
with this beam, and to the preparation of the remaining
modules and the high charge injector. A test set up for the
FEL gun will be operated at DESY; the final tests for the
TESLA gun will be accomplished at FERMILAB.
Experiments on the free electron laser are scheduled for 1998.
For the longer term future, it is planned to increase the
linac energy to 1 GeV, thus extending the linac length by
optimized versions of TESLA components.

RF System
RF power for the linac will be provided by two klystrons
and two modulators, the first and already extensively used
source delivering up to 5 MW at a pulse length of 2 ms. The
second klystron has been designed for 10 MW at equal pulse
length. It is expected for 1997.
While the wave-guide system for module #1 is installed,
the low level RF control system is still under test on cavities
in the horizontal test cryostat. The bunch to bunch energy
dispersion must be reduced to very low level (3x10"* is
assumed for TESLA 500). The control system will regulate
the vector-sum of 16 cavities which are fed by one common
klystron. Two systems are in the test phase, with the goal to
compare the performance of analog versus digital feedback
systems [8]. With both systems, a field regulation has been
obtained which meets the specification for module #1 (a few
tenths of a degree in phase and a few 10'3 in amplitude under
high gradient operation).
Beam Lines and Monitors
Many of the components of the above described beam line
are installed. The complete installation will be accomplished
together with the end of the injector installation, i.e. this fall.
All components have been vacuum fired and carefully
cleaned. Thus, the first few days of pumping showed
encouraging results. The installed 50% of the beam line is
very clean; the mass spectrometer shows almost only water.
The expected pressure is in the order of 10"10 mbar.
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FIELD ENHANCEMENT OF A SUPERCONDUCTING HELICAL UNDULATOR WITH IRON
K. Flottmann, S.G. Wipf
DESY, Notkestr. 85,22603 Hamburg, Germany
Abstract
The productions of positrons in sufficient quantities is one
of the necessities for either the TESLA or the S-Band Linear
Collider project. One of the promising possibilities is to
guide the high energy electron beam through a
superconducting helical undulator producing synchrotron
radiation which would in turn be directed onto a target for
positron production [1,2]. To generate sufficient radiation for
this purpose from an undulator with inner radius of 2mm and
Figure 1 Diagram of an iron free helical undulator.
a 14mm period, an on-axis radial field of at least 0.8 T
(Picture courtesy of S.L. Wipf.)
would be required. Calculations were carried out to ascertain
whether this field was attainable and what effect the addition
of iron in between the superconducting coils would have. An
An analytical formula for an iron free undulator was
arrangement with iron helices interleaved with helical current derived by Blewett and Chasman [3] as:
coils and a cylindrical yoke for the return flux was optimised.
With a current density of 900,41 mm2 and a period length of
B = 2.385 • 10^[T • mm I A] • I • Jl[<f5 w>:/ x - e-y6ir-'x]
(2)
10mm, fields of up to 1.3 Tesla were calculated. The
increased fields obtained lead to a possible reduction in the
An on-axis field amplitude, B, of 0.9T is reached when
overall length of the structure and more flexibility in the
the current density, / = 900A/mm\ the undulator period
choice of electron beam and undulator parameters.
A^=12mm, the coil inner radius , r = 2mm, the outer radius r0
= 6.8mm. A width of 1/3 X is assumed for the conductor of
Introduction
the coil.
In order to include the effects of iron magnetostatic
A helical undulator has two advantages compared to a
calculations
were carried out using the numerical code
planar wiggler: The energy of the primary electron beam can
MAFIA
[4].
The problem was discretised in a cylindrical
be lower, since high photon energies can be reached with a
coordinate
system
with 230 000 mesh points. As a first step
short period, high field device. Whereas a source with a
the
analytical
result
was checked without the addition of iron.
planar wiggler can only operate with a minimum beam
The
agreement
was
better
than 98 %.
energy of at least 150GeV, a source with a helical undulator
First
a
double
helix
of iron was included between the
may be operated down to an energy of -100-120GeV. In
conductors.
Figure
2
shows
the undulator with the filaments
addition the photons of a helical undulator close to the
simulating
the
conductors
and
the double helix of iron. The
radiation axis are circularly polarized. Highly polarized
on-axis
field
was
increased
by
about
50%. Next the undulator
positrons can be generated if the outer part of the photon
was
enclosed
in
a
return
yoke,
which
gave another 50% in
beam is scraped off. Thus the same helical undulator could
field
amplitude.
A
variation
of
the
current
density between
be used for the production of positrons [2] with a low
2
600
and
900
A/mm
revealed
no
significant
limitation
due to
polarization (-30 %) at lower beam energy (~120GeV) and
saturation
of
the
iron.
Since
the
yield
of
the
positron
source
for highly polarized positrons (-60%) at high beam energies
depends on both the period and field of the undulator, the
(>250GeV).
period length was reduced to 10mm before the optimization
of the geometry. A bore radius of 2mm was chosen, the
Geometry of a helical undulator with iron
current density was fixed at 900A/mm .
A cross-section of the upper half of a helical undulator
A helical field can be produced by a pair of conductors
wound to form a double helix as sketched in Figure 1. The with the double helix of iron between the coils and a return
current in the two conductors is equal and flows in the yoke is shown in Figure 3.
opposite direction. Thus the central axial magnetic field is A two dimensional model in x-y coordinates of an equivalent
canceled and a transverse field pattern appears. The field on planar wiggler was used for the preliminary optimization of
the coil height, coil width and yoke height. Although this is
the z-axis is approximated by:
rather far from the actual helical geometry, the results were
reasonable enough to provide the starting parameters for the
(1) 3D optimization. A model was then chosen, using the most
promising 2D configuration as a starting point.
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Figure 2 Solid model of the unduiator as it is used in
the numerical calculations with current filaments and iron
between the conductors.
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Table 1 summarizes the optimized unduiator parameters. For
comparison the parameters of an unduiator with equal period
but without iron are given.
yoke height y

unduiator
unduiator with
without iron
iron
10.0 mm
unduiator period A.
10.0 mm
2.0 mm
inner radius r,
2.0 mm
3.3 mm
coil width w
2.8 mm
4.0* mm
coil height h
5.5 mm
yoke height y
5.0 mm
0.62 T
on-axis field Br
1.3 T
Table 1 Optimized parameters for an unduiator with
iron in comparison with an iron free unduiator. The
current density is 900 A/mm2.

coil height h

* At this coil height the on axis magnetic field reaches 90 % of the field
of a coil of infinite height.
period length X

Figure 3 Cross-section of an unduiator with iron between
the conductors and return yoke (shaded area).
For the three dimensional calculations the current in the
superconducting coils has to be distributed among a number
of filaments. Very careful discretisation and placing of these
filaments was necessary to ascertain the effect of varying the
coil height and width. The mesh had to be exactly adjusted so
that no variation of current occurred close to the axis as this
would have an additional effect on the on-axis field, even
though the integrated current density was the same.
Optimization of the geometrical dimensions
The radial on-axis field B, as a function of the coil height
h is shown in Figure 4. The field depends strongly on h up to
about 4mm after which the curve begins to level off.
A coil height of 5.5mm was chosen with a yoke height of
5mm, then a coil width of 2.8mm produced a definite
optimum. Varying the yoke height, y, from 3-7mm had very
little effect on the on-axis B r field, even though there was
considerable saturation. The maximum permeability in the
yoke, varied between 30 and 50.

The magnetic field is increased by more than a factor of 2
due to the iron and the optimized geometry. These
parameters enable the length of the unduiator to be reduced
from 150 m for the iron-free unduiator to -100 m.
Discussion of possible improvements
The maximum current density that can be reached in a
superconducting cable depends on numerous parameters,
such as the copper to superconductor ratio, the number of
strands and the winding density, the insulating material, the
manufacturing process, the magnetic field at the cable and
the temperature. Therefore the maximum current density
cannot be determined without a detailed technical design of
the magnet. The small bending radius favours the use of thin
bands as cable. Due to the strong dependence of the field on
the radius one might try to obtain the highest current density
close to the unduiator axis.
We have restricted our
calculations to a current density of 900A/mm2, based on the
experience with the HERA magnets. The maximum field at
the conductor, that limits the allowable current density, is
found to be only 2.9T. Recent developments in the field of
fabrication
techniques
[5]
indicate
considerable

537

improvements in the tolerable current density especially at where p is the cyclotron radius of the particle in the field Bo.
low fields. With a higher current density both the undulator
For a 250GeV electron the radius r is 4nm at a field of
period and the overall length could be further reduced. For a 1.3T. Off-axis particles move through a somewhat higher
period of 8mm, a current density of 1700A/mm2 is necessary field with an additional field gradient. The trajectory
to reach the desired field of 1.5T. This undulator would allow becomes an elliptical helix with eccentricity -12% for an
the operation of the positron source to start with an electron offset of lmm.
energy of lOOGeV. A different approach would be to increase
The radiation of an helical undulator is circularly polarized
the bore radius of the undulator in order to facilitate the only near the radiation axis, while radiation emitted at angles
construction and the operation of the device. Increasing the larger than -1/y is transversely polarized. In order to be able
bore radius from 2mm to 2.5mm, while leaving all other to scrape off the transversely polarized radiation it is
parameters as presented in Table 1, would require a current necessary that the electron beam is focused through the
density of 1500A/mm2 for a field of 1.3T. In this case the undulator onto the conversion target, so that the spot size of
field at the conductor is 3.2T. These current densities are the radiation on the target is dominated by the opening angle
attainable with modern NbSn conductors.
of the radiation. This requires, besides an excellent beam
emittance of the order ~10'° ran, that no focusing occurs
Field profile and tracking results
within the undulator. The tracking calculations show that the
natural focusing of the undulator is so weak that it can be
The radial on-axis magnetic field of an undulator with the completely neglected for the positron source.
specified dimensions is a purely harmonic function of the The trajectories in the helical undulator are, however,
longitudinal coordinate. No contributions of higher strongly influenced by the edge field at the entrance of the
harmonics could be resolved within the resolution of the undulator. Nonlinear kicks can occur if the field is not
simulations. Figure 5 shows the radial field amplitude as properly designed.
function of the radial position in comparison with an analytic In the tracking simulations the end field was modeled by a
result for an iron free undulator [3] and a simplified tapered onset of the field given by:
analytical formula which approximates the field of the iron
loaded structure given by [3]:

Bo = 1.351 / (l + exp(-z/0.002m))

+y2))sm(kz)-\k2xycos(kz)]
By =
=-B0(\+L%k2(x2

Bt
2rt

k = -^-,

(3)

Bo = on-axis field amplitude
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With this end field only a dipole kick of ~0.4|irad occurs
at the entrance of the undulator which can easily be
compensated. No detailed calculations of the real end field of
the undulator have been performed since the end field is
closely connected to the technical design of the undulator.
The calculations show, however, that the nonlinearity of the
kick at the entrance of the undulator can be sufficiently
reduced, if the end field is appropriately tapered.
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Particles close to the axis move on helical trajectories with a
radius r given by:

= moyc/(eBQ)

(4)
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IMPROVED ELECTRON BEAM SOURCES FOR COMPACT
LINEAR ACCELERATORS
A.V.Mishin,V.A.Polyakov,I.S.Shchedrin
Moscow Engineering Physics Institute
Kashirskoe sh.,31,115409, Moscow.,Russia
Abstract

Description of the design

The design and main parameters of electron beam
sources for accelerators are described. Two designs of
cathode assemblies for RF electron injectors were
developed. For increasing lifetime of the sources
lanthanum hexaboride single crystal emitters are used.
Indirect heated disc cathodes with diameter 4-6 mm
and thickness 1,5 mm ensure beam current up to 10 A
and small surface erosion rate under ion bombardment.
The latter parameter is 3-4 times smaller than for
lanthanum hexaboride polycrystal emitters. The
described electron sources will be used for compact
linear accelerators.

As it was shown earlier.the solid emitters are
preferable for obtaining high quality electron beam
and this type was chosen for the electron sources
developed.The cathode material is lanthanum
hexaboride .which combines high emission current
density .considerable resistance to active gases
poisoning and ion bombardment, low evaporation rate.
This material is also very advantageous in case of linac
injector because of periodic air exposures during taking
apart. The cathode diameters were chosen in the range
of 4-8 mm and the indirect heating method with
electron bombardment from auxiliary cathode was used.
As a result of a number of both theoretical and
experimental investigations the cathode assembly design
was developed (see fig. 1).

Introduction
For linear accelerators which are used in applied fields it
is especially important reliability and stability
performance of all systems incorporated, including
injector. A number of electron sources designs are used
in compact electron linacs.The most critical element of
the injector is the emitter, which in considerable degree
defines the performance characteristics of the whole
beam generating system. As a rule.thermionic cathodes
emitters are used in applied electron linacs. Wire
emitters are simple.but they have low operation time
and stability, considerable beam emittance.Disc and bar
cathodes require more complicated assembly design.but
ensure high stability and electron brightness.large
operation period without taking apart.Good beam
formation is also very important in many fields. The
most exact beam parameter describing transverse beam
dynamics is beam brightness at gun output. It was
shown in [1,2] using analysis of beams parameters at the
output of many linacs, that one of the most important
factors defining the transverse formation quality is a
beam brightness at the injector output, which
normalized value is maximum in the injector and
decreases during the beam acceleration. Taking into
consideration these conclusions it is very important for
high output linac beam brightness to obtain minimal
value of
transverse emittance in the electron
source.which is defined by many factors including
stability of emission
characteristics,
cathode
position,etc.The purpose of this work was to develope
the designs of electron sources for compact electron
linacs of 3 and 10 GHz range with improved
performance characteristics of the output beam. As they
will be used in industry special attention was paid to the
reliability of the designjeproducibility of the emitter
position after emitter changing.convinience in handle.
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Fig. 1. Scheme of the cathode assembly.
It consist of a hollow cone-shaped cathode holder I,
a lanthanum hexaboride cathode pill 2, a hollow coneshaped component 3 for pressing the pill 2 to the holder
I and a ribbon heater 4, which produces an electron flow
to bombard the cathode 2. Because of the cathode
material is sufficiently fragile, it is necessary to ensure
elastic pressing of cathode pill to the holder during the
whole working period. During the heating and cooling
of cathode and other components termodeformations in
component 3 lead to gradual deformation of its elastic
elements. Original feature of proposed cathode assembly
is execution of this component 3 with the projections 5
at the larger side of the cone. These elements are placed
in the region of low temperature and thus the influence
of nonelastic deformations in these projections can be
considerably decreased. Another important difference
of this cathode assembly is an auxiliary cathode - heater
4.1t made of a refractory metal strip, which is supplied
by cuts in emitter part alternately spaced from both
sides. In this case the cathode heating is more uniform

and the undesirable influence of magnetic field
connected with heating current can be minimized. These
improvements developed lead to increase of cathode
working life and improvement of beam formation
quality. Both in technological electron beam guns and
electron injectors the most frequent reason for gun to be
out of work is a damage of strip or wire heater. To
eliminate this deficiency we suggested the following
manner and arrangement for above cathode assembly. A
screen made of refractory metal is situated between the
heater 4 and the cathode 2. Power supplies produce
electric fields in the spaces heater-screen and screencathode, which accelerate electrons towards the screen.
The heating of this screen to high temperature is
provided by electron bombardment from the heater 4.
Screen heated to high temperature radiates the heat
flow towards the cathode 2 and heats it. After the
cathode reaches his working temperature it begins to
emit electrons from both sides. One electron flow
ensures main beam and the electrons from opposite side
are accelerated towards the screen and bombard it.
From this moment the heater 4 can be switched off
because the heating of the screen is provided by electron
bombardment from cathode 2, which in turn is heated
by the radiance from the screen. In this device the heater
4 is used in short periods of turning on only and the
working period of the whole cathode assembly increases
many times.

Fig. 2. Overall view of the cathode assembly (in the right
bottom corner).
This manner ensures more uniform heating of the
cathode and avoids erosion of the cathode surface by
electron bombardment in usual methods.The cathode
assembly .designed with using these solutions.is shown
in fig.2.
Another important problem of electron beam guns
design is stable and reliable operation of high-voltage
electric isolator assembly. We developed several reliable
high- voltage as semblies with alumina ceramics
isolators . They ensure stable work with voltages up to
the 100-120 kV and lead-in four different voltages in
vacuum part of a gun. All of above designs were tested,
applied in industry and showed good results.
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Performance characteristics

A number of electron guns for technology and linacs
were developed on the basis of above design solutions.
The main parts of the electron gun is shown in fig. 3.

Fig.3. The main parts of electron gun high voltage assembly.

Accelerating voltage can vary from 20-30 kV up to
100 kV. Continuous beam current is controlled from
several mA up to IA by variation of grid voltage within
0-5 kV. Power consumption of cathode assembly is
equal 50-60 W. It allows gun to operate without
compulsory water cooling for four and more hours.The
heat released by cathode assembly is transferred to the
gun components via liquid dielectric-castor oil or special
silicon oil. In the latter case it is possible for gun to
operate for about ten hours without turning off. This
design is very advantageous in case of portable linac or
if electron gun is to move inside technological vacuum
chamber. Vacuum conditions under which the electron
gun has capacity for work are extended to 0.1 Pa,
however the working period of cathode assembly
sharply decreases. It equals tens hours under such high
pressure. In high vacuum (less 0.001 Pa) the working
period is equal
hundreds hours.Comparison of
operation period of lanthanum hexaboride emitters of
various technological production was carried out.The
above value for single crystal cathodes is considerably
higher than for policrystal ones (in 3-4 times).
Electron beam formation is carried out by both
electrostatic optical system and electromagnetic focusing
lense.They provide convergent beam at the gun output
with crossover diameter less I mm and beam currents
up to I A. High power density permits to carry out such
technological processes as electron beam welding of
thick metal components. These guns were used in
aviation industry for welding
and thermoprocessing of various components. The
gun with 60 kV and I A beam ensures joining of steel
details with thickness up to 100 mm and aluminium
alloy components with thickness up to 300 mm.
Electron technological guns are supplied with fast
electromagnetic deflecting systems of ring-shaped type,

which provides scanning of electron beam over large
area. Such devices were used for surface hardening of
various important components, for example working
surface of ball-bearings for oil industry. Electron beam
processing forms surface layer of 1-2 mm thickness
with high hardness up to 62 HRC which increases

working period of
bail-bearings to 50% and
more.Electron injector for 10 MeV travelling wave linac
was developed. Energy of electrons at the gun output 40
kV, beam current 2 A, pulse length duration 4 mcs. The
assembly drawing of this injector is shown in fig. 4.

Fig.4. Assembly drawing of electron source for linac.
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30 YEARS OPERATION OF 25 MeV PROTON LINAC1-2 IN ITEP
AT BEAM CURRENT OF 200-230 mA
N.V.Lazarev, V.A.Andreev, V.S.Artemov, V.A.Batalin, I.V.Chuvilo, V.I.Edemsky, A.A.Kolomiets, B.K.Kondratiev,
Yu.N.Kus'min, R.P.Kouibida, V.K.Plotnikov, N.I.Porabai, A.M.Raskopin, N.I.Rybakov, V.S.Skachkov, Yu.B.Stasevich,
V.S.Stolbunov, R.M.Vengrov
117259, ITEP, Moscow, Russia
The main features of the linac design and some unusual
technical decisions of its technology systems are presented.

Abstract
The first in Russia strong-focusing 25 MeV proton linacinjector 1-2, computations, design and construction of which
have been carried out under the guidance of Prof.
I.M.Kapchinsky, will celebrate this autumn its 30-th anniversary. Output current of the beam at energy of 25 MeV year
after year is 200-230 mA, down time is less than 0.5% of
schedule time of about 5000 hour/year. Launched a decade
before RFQ epoch coming the linac 1-2 is the "living witness"
of its physical project adequation to requirements of beam
dynamics and adhere to assigned stringent tolerances that
determines so long machine life.
Introduction
The first in Russia strong-focusing 25 MeV proton linac I2 was launched on November 1966. Its physical ground,
design and construction were implemented by ITEP Linac
Division under the direct leadership of Prof. I.M.Kapchinsky
[1-4].
The purpose of the 25 MeV machine construction was to
serve as an injector of the ITEP proton synchrotron (PS) and
to be as a prototype of an 100 MeV injector for 70 GeV IHEP
PS developed only 1 year later. The main contribution in the
linac 1-2 project and its implementation besides ITEP was
done MRTI being the principal technology designer of RF
cavities, RF supply system, RF tuning procedures, mechanics,
cooling etc. and Efremov Institute (NIIEPA) which was
responsible for preinjector, design of drift tubes and their dc
supply. The project was performed under the general supervision of academician A.L.Mintz (MRTI) and vice-academician
V.V.Vladimirsky (ITEP).
AH principle decisions were carefully tested on the models
and prototypes. The choice of optimum poles contour of drift
tube quadrupole lenses ensures absence the sixth harmonic of
the field and comparative simplicity of their manufacturing [
5,6].
Very soon after the start-up the project beam current of
130 mA was achieved [7]. Beginning from 1967 till today
linac 1-2, being Injector the 2nd after the first 4 MV Van-deGraaf, have continuously operated day by day delivering to
PS through HEBT accelerated beam current of about 200 mA
during 4500-5500 hours per each year in average [8,9].
Accurate accordance of physical 1-2 project to beam dynamics requirements and its strong adhere to assigned tolerances defined the long life of the machine developed before
RFQ epoch coming.

Characteristic Features
The linac 1-2 has two 148.5 MHz resonators (on 0.7-6 and
6-24.6 MeV) with 20 and 35 drift tubes containing in pairs
high-current quadrupoles of opposite signs forming FOD and
FOFDOD types of focusing periods. The acceleration period
in the first cavity is 2pX.; it simplified the quadrupole arrangement in tight volume of drift tubes. Note, that different
acceleration periods in cavities strongly impeded later an
acceleration of other ion types.
The r.m.s. error of drift rubes initial alignment is about 35
urn in transversal plane and <0.02% of the accelerating
period length in the axial direction.
Drift tubes were adjusted by special alignment units on
hard girders which are supported on a special long foundation
that had ensured the stable conditions in spite of happened
dismantle (by explosion) of one of neighbouring building and
erection of the other one. The use of the developed drift tube
alignment method [10] which ensure to check its positions
without opening of resonators approved a good many years
stability of the accelerating-focusing channel.
Both cavities of 01.37 m are housed in stainless steel
tanks of 01.8 m and length of 18.4 m. At first we used 7 high
throughput (8000 1/s each) oil pumps with liquid nitrogen
traps and in spite of good vacuum of 3-5-10"7 mm Hg rather
often we suffered difficulties at RF power feeding after
schedule shut-downs. The transition to 40 titanium discharge
250 1/s pumps (without of traps) ensured the working vacuum
on the level of about 2-5-10-* mm Hg, but excluded almost
completely multipactoring or breakdown in cavities. At this
transition we replaced the ordinary gas supply system of
duoplasmatron ion source by original one with exhaust valve
decreasing the gas flow from 600-800 to 10 cm3/h [11].
Note, that our cavities and vacuum tank after their closing
in 1966 were never opened any more. After beginning operation with filament cathode we are using the cold cathode in
duoplasmatron type ion source. Mo and Cu cold cathodes
ensure their unusual long service from several weeks to more
than one year [12]. The full output current is 1200-1500 mA
at pulse duration up to 30 us and average repetition rate to 1
pps. The proton component constitutes as much as 80-85%.
Technological systems upgrade and matching channel redesign resulted the extreme high pulse proton current of 230 mA
in 1977 year [11].
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In 1984 helium ion beam current up to 300 mA has been
obtained from duoplasmatron with cold cathode [13]. In
checking runs He2* ions have been accelerated to full energy
at beam current about 2 mA [14,15]. Today the cold cathode
duoplasmatron ion source with cooling upgrade is tested in
CW mode at proton beam current of 10-12 mA.
The injection energy of 703 keV is adjusted by stabilized
40 kV modulator exciting the IT-800 pulse transformer that
generates 700-750 kV semisinusoidal 1 ms pulses [16] with
proton injection on the top of each one.
At accelerator modernization the matching channel aperture was increased up to 0 9 0 mm, thus restriction of transversal beam sizes occurred in the section between buncher and
the first drift tube with aperture diameters of 40 mm and 20
mm, respectively. The matching channel structure simplification was achieved by using long-focusing optics properties of
the accelerating column. The beam current of 420 mA at
maximum phase density of 1200-1500 mA/cmmrad is transported to the first drift tube [17]. The output beam emittance
measurement showed the beam of 100 mA and more occupied
always the whole channel acceptance of 1.2 cm-mrad. So,
marginal value of normalized emittance for 100% particles
increased in the linac channel from 0.4 cm-mrad on the input
of the first drift tube to 1.2 cm-mrad at the output of the
machine [18,19].
Numerous original methods and tools were developed
during experimental beam dynamics investigation [20] on the
linac: parametric resonance study [21], method of fixed tuning
spectrometer for longitudinal oscillations frequency measurement [22], period switching-off method for transverse oscillations observation [23] etc. The set of apparatus was developed
for emittance measurement at the input and output of the
accelerator [24], as well as for accelerated beam RF structure
observation [25].
The most noticeable failures happened during 3 decade
were as follows:
• penetration of oil vapors in cavities at sudden losses of
ac supply line; very slow and long time RF voltage increasing
is required for burning down of that vapors;
• two destructive breakdowns of 750 kV winding isolation
of HV pulse transformer; the last version of the coil has
operated without failure since 1975;
• production stoppage of output power tubes GI-4A
aroused a modernization of whole RF supply system based
now on more powerful tubes GI-27A [26];
• failure of the last quadrupole in the matching channel
placed into vacuum tank on the first cavity outer wall.
This failure threatened to a whole dismantle of the linac
structure and very long shut-down of its operation. The output
linac current with mismatched LEBT channel decreased to 6065 mA that was not enough for normal injection in PS.
In order to avoid the opening up of the tank with old solidified rubber seal we insert along the axis into 0 4 0 mm
aperture of the spoiled lens a small REC quadrupole developed in ITEP [27] with right adjusted gradient and polarity
but having an inner diameter only 20 mm. It was the most

simple solution. It seems to be the first experience of unclosed
REC quadrupole operation in high vacuum volume of linac
nearby to the proton beam [28]. Thus we restored required
matching conditions and now only some more careful adjustment of the transportation through LEBT is necessary to
obtain the former output beam current of 230 mA.
The output HEBT system [29,30] consists of 3 lines provided with pulse bending magnets and set of quadrupole
doublets and triplets. It forms injection line with debuncher,
measuring line with dc analyzing magnet and line for physical
and chemical experiments, short-live radionuclide production
[31] and radiation tests at 6 or 24.6 MeV (or in the air after
output foil on 2 MeV less) at average proton beam current of
2 uA [32,33].
Conclusion
The linac 1-2 is the very old working machine deprived
modern computerized diagnostics and control apparatus but as
a matter of fact due to the greatest in the world output pulse
current and other good physical parameters of the beam it
may be a retentive memory to the first author of the project
Prof. I.M.Kapchinsky, who published a lot of papers and 4
books [34-37] devoted to analysis of the methods for obtaining high intensity ion beams. The books have played in the
world the significant role in development of the ion linacs
fundamental theory and engineering practice with beam
currents in vicinity of the Coulomb limits.
During a time of design, construction and upgrades of the
linac it has been proposed numerous inventions on original
physical methods and technical solutions (partly described in
the papers below) introduced in acceleration practice. They
defined a good operation and reliability of the machine.
Results obtained at the linac 1-2 development, launching and
high beam current experiments were used on the similar
stages in the following strong-focusing machines in Russia.
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Abstract
Accelerator Test Facility (ATF) [1] is now under
construction in the TRISTAN Assembly Hall in order to
generate a extremely low emittance beam for linear collider
studies. It consists of 1.54GeV S-band Linac, beam transport
line, damping ring and extraction line. The S-band Linac is an
injector of the damping ring which supplies a multi-bunch
train beam which is 20 bunches with 2xlO 10 electrons/bunch
and 2.8 ns bunch spacing. The newly developed techniques
which are high gradient accelerating unit, precise alignment
system, beam energy compensation system, compact
modulators, multi-bunch beam monitors are used in this linac.
The commissioning of the linac was held on November 1995.
The beam experiments on a high gradient acceleration and a
beam energy compensation for the transient beam loading were
performed. The results of these experiments are shown.

high gradient acceleration, beam loading compensation, active
alignment system and fast and precise beam instrumentation
are also paid.

80MeV Preinjector of Linac[2]

The role of preinjector is to generate 20 multi-bunch of
2x10 electrons/bunch with 2.8 ns bunch spacing and to
inject it to 1.54GeV Linac. Since the bunch length less than
10ps(FWHM) is required to meet the energy acceptance of the
damping ring, the buncher cavities are designed to have low
R/Q values in order to reduce beam induced voltage which
affects to bunching of successive bunches.
The extraction of multi-bunch from ordinary thermionic
gun is done by applying RF wave of 357MHz to the grid[3].
The extracted bunch has lns(FWHM) and 3A peak current
with 200kV energy. The bunch is shrunk to 15ps(FWHM) by
the two 357MHz SHB cavities and the 7 cell traveling-wave
Introduction
2856MHz buncher cavity. After bunching, the bunches are
accelerated up to 80MeV by a 3m structure, then go into the
The main purpose of ATF is to develop an extremely low Linac regular section. One klystron is used in the preinjector
emittance beam and to demonstrate that one of main key issue which is operated at 60MW, ljis with no SLED. It supplies
of a linear collider is solvable. ATF linac is not only a injector an rf power into the 3m structure together with the buncher
linac of the damping ring but also a test-stand of common key cavity.
components to realize a linear collider such as multi-bunch
beam generation, high gradient acceleration, beam loading
compensation and instrumentation development. The Beam Energy for DR
1.54 GeV
85 m (from Gun to linac end)
construction was started since 1991 in the TRISTAN Total Length
2jr/3mode constant gradient
Assembly Hall in KEK which was a building of 120m x 50m Accelerator Structure
Total length
3m
width. The reinforcement of the floor driving many piles into
Total number
16
the ground was done at first to support heavy concrete shield
Accelerating Field
blocks of tunnels and to avoid floor vibration. The
Maximum Peak Field
52 MV/m
construction of linac was started on October 1992. The 80
Nominal with Beam
30 MV/m
MeV electron beam by the preinjector part of the linac [2] has
RF Frequency
2.856 GHz
been utilized to test structures and monitors since August
Feed Peak Power
200 MW/structure
1993. The main part of the linac and the beam transport line to Klystron
the damping ring has been constructed for about two years. The
Klystron Peak Power
80 MW
commissioning of the linac was then held on November 1995.
Klystron Pulse Length
4.5 us
The accelerated beam energy was 1.3GeV for both single bunch
Number of Klystrons
8
and multibunch. In this stage, the damping ring and the Pulse Compression
Two-iris SLED
Power Gain
extraction line are still under construction. The performance
5.0 ( average)
and development status of ATF linac are summarized in detail. S-band Preinjector
Beam Energy
80 MeV
The beam experiments of high gradient acceleration and beam
Number
of
Bunches
2
0
loading compensation are also described.
Bunch Population
2xl0 10 electrons
Bunch Separation
2.8 ns
ATF Linac Sub-system
The ATF linac summarized in Table 1 is consist of
80MeV preinjector, 8 regular accelerating units, two unit of
energy compensating structures. The special concern on the
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Table 1 1.54 GeV ATF Linac Parameters

High gradient accelerating unit [4]

An 1.54GeV beam energy is required within about 85m of
total Linac length including preinjector, quadrupole magnets
and beam monitors, because of the limited length of the
building. A high gradient of 30MeV/m is necessary for the
beam acceleration. The limit of accelerating gradient in the
accelerating structure is determined by the break down of the
electrical field and the intensity of the field emission current.
Since the break down comes from the field emission current,
to reduce the field emission current is a key point to get a
high gradient field. From the conclusion of the high gradient
experiment which we have done for several years, the effort
for high gradient structure has done as listed below;
1. keep cleanness during fabrication and tuning in order to
avoid dust and contamination on the surface of the structure.
2. the input and output coupler are carefully designed to
avoid field enhancement like tuning dimple.
3. use HIP(Hot Isostatic Press) OFHC for the disks to reduce
voids between crystal grains.
As a result, a maximum peak gradient of 52 MV/m was
achieved with 200MW peak rf power input in the one of
regular unit.
Using these high gradient structures, the regular
accelerating unit is composed by 80MW klystron, two-iris
SLED and two 3m structures. This system can generate
400MW peak power rf from the SLED ( 200MW peak power
rf into 3m structure) and 240MeV energy gain (Fig. 1).
~z^i

80 MW
4.5ns

j TOSHIBA, E3712

2-iris
SLED

is not acceptable, the new energy compensation scheme for
the multi-bunch was developed. Using the accelerating
structure which is operated in slightly higher frequency, the
front bunches can get deceleration and the rear bunches can get
acceleration. To cancel out an energy spread within a bunch,
the other structure which is operated in lower frequency of the
same amount with opposite slope is used. With this system
the energy spread among bunches can be reduced from about
5% to 0.2% peak to peak. In order to simplify the timing
system, the frequency deviation was chosen to 4.327 MHz
which is just twice of damping ring revolution frequency[6].
Consequently all of the frequencies are fully synchronized.
The system consist of two klystrons and 3m structures which
are operated in2856+4.32MHz and 2856-4.32MHz each. The
maximum output of klystron is 50MW, lus square wave
which can compensate maximum 80MeV beam energy in one
unit.
200MW compact modulators [7]
A 200MW modulator development has been continued
since 1987. In total eleven modulators, seven of them are
supplied by the one common DC power supply. Four of
them are independent type which are supplied by 200V AC.
The main effort of this development is focused on the total
size, stability and efficiencies which will directly affect on the
scale of the linear collider machine. The use of the compact
self-healing type capacitors makes the PFN more compact.
The packing of each device into the modulator box was rechecked to make high density packing. By discarding the
electric standard for spacing of high voltage device in Japanese
industry, 1.5m x 2.5m width and 2.2m height modulator was
realized for the three of them. To make a hold-on time of
thyratron shorter, the charging into the PFN is initiated by
the command from the controlled command charging). To
avoid reverse voltage on the thyratron, a tail clipping diode
circuit are added By these method, the lifetime of the
thyratron will be longer. The energy loss of the de-Qing
circuit is collected by a simple circuit which makes 5%
saving of wall plug power.
Wire Alignment System [4]

g1
•a

34 MV/m

52 MV/m
34 MV/m

h- 120 MeV

120 Me V
Fig. 1. Block diagram of the high gradient accelerating unit
Energy Compensation

System

In multi-bunch acceleration, a beam energy decreases from
the front to the end gradually by a transient beam loading of
the structures. Since the maximum energy acceptance of
damping ring is ±1% and since a variation of bunch spacing
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The stages of the linac have an active mover mechanism
and wire position sensors. In order to monitor the stage
position and to align the whole stages, two stretched wires are
used with the length of about 85m. The wires are stretched in
both side from the preinjector stage to the end of the linac.
The sag of wires are calculated in each sensor position as far
as no kink on wires and assumption of uniform wires with
no creep and no friction on the wheel. The center position of
wire sensors mounted on the support stage are calibrated in its
calculated position in the calibration stand. Each sensor
mount is fixed to the reference surface of the stage which is
machined with less than 10pm in accuracy. In this way, when
the stages are aligned so as to get the wire position into the
center of the sensors, the reference surface of the stages are

aligned to the wires in straight. The resolution of position
sensor is 2.5pm and the accuracy of center finding is ±30jjm.
The wire position is detected by a synchronous detection of
the signal from the differential coils using 60kHz current on
the wire.
Since the stretched wires had a big sag of a few cm greater
than the calculated value at the initial alignment, the
alignment of the stage has been done by using the telescope
and the alignment target. The alignment sections are divided
to five sections and connected them by partial superposition.
As the first result of the telescope alignment, the stage
reference edges were lied in the range of ±250um. The further
study will be done on this alignment problem.
Beam Position Monitors
In order to measure the orbit in the linac and the beam
transport line, the BPM system was installed and
commissioned on February 1996. The pickup chambers are 6
button-type BPM for the pre-injector part and 24 striplinetype BPM for the linac and the beam transport line. The
stripline type BPM which has 80mm length of strip and
30mm inner diameter has a resolution of lpm for 2x10 10
beam charge together with the high precision track&hold
electronics[9]. Fig. 2 shows the cross-section of the stripline
BPM chamber used in the linac. These BPM chamber are
installed in the reference stage girder of the linac by the
precision support.

In addition to ordinary monitors such as toroid current
monitor, screen profile monitor, stripline beam position
monitor and bunch length by streak-camera, we are
developing bunch by bunch position, size and current
monitors which measures each bunch in the 20 bunch train.
The preliminary result of gated beam size measurement done
by using a fast gated camera on OTR light and gated gamma
detection in the wire scanner is reported in elsewhere [1,7],
The fast current measurement using wall-current monitor and
gated position measurement using fast sample-hold circuit are
now under developing.

Control System
The control computers are VAX cluster which consists of
one main control computer(alpha), one hardware interface
computer (VAX4000) which is connected to the hardware
device by the CAMAC serial highway, and four workstation
terminals. V-system is adopted as a control software for the
window system. In order to connect to the program 'SAD'
running on the HP workstations in the different place, and to
support the experiment data processing, the Macintosh
computer is used together with the VAX station. As a realtime control information, the CATV(cable TV broadcasting )
system is introduced for monitoring beam signals on the
oscilloscope, screen profile, streak-camera image and so on.
RF Processing of Accelerating Unit
A high power test of the regular accelerating unit has been
done using one of the accelerating unit from January 8 to
February 13, 1994. The power was raised up to 80MW,
4.5ps at the output of the klystron. The input peak power of
each 3m structure was about 200MW with SLED cavity. The
total processing time was about 600 hours with 200 hours
system check and SLED tuning. The rest units were processed
from September 29 to November 28 1995 during night only.
The day time was spent for the wiring of magnet and
monitors, alignment of the linac and construction of the beam
transport line. The power level of the klystron output was
reached to 44MW average at the commissioning time. After
few months operation, it was raised to 62MW average. The
main reason of this lower operation power level comes from
the modulator over-current trip initiated by the electrical
noise.

SMA fcett-tkroiiiiti

Beam center

Fig. 2. Stripline BPM chamber
The relay multiplexing is used for the detection
electronics which consist of 5 set of the track&hold
electronics of x and y position detection. The measurement of
beam position is done by 6 pickups multiplexing for each
set. The measured orbit of the beam is corrected by the
program "SAD". The convergence of the correction into
±1 mm deviation is attained by around 4 iterations.
Multi-bunch Beam Monitors
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Beam

Commissioning

The beam commissioning of ATF Linac was begun on
November 22 with insufficient rf processing level. The
emittance of 80MeV injection beam was measured at first.
Then the optics which was the matching calculation result
from 'SAD' by using the measured emittance was set. The
delay timings of rf pulse with beam were adjusted by
measuring a difference between BPM signal and rf signal. The
phase of rf then searched to get good transmission. The orbit
was also adjusted by using screen profile monitors. Once the

beam went through the linac, the rf phase and timing were
adjusted precisely to get the highest beam energy. After few
days above beam tuning, the single bunch of 1x10 was
accelerated up to 1.3GeV by the average gradient
of
25.5MeV/m, and the multibunch of 6 bunches/pulse were
also accelerated with the intensity lxlO9/bunch. The energy
spread of the single bunch was 1%FWHM and the normalized
rms. emittance was 2x10"*. The intensity was raised up to
about 2xl0 1 0 during the operation for the several
experiments. However, the transmission ratio of the beam
current from the exit of preinjector to the end of the linac
was about 60% at around lxlO 10 or over. The reason of this
low transmission was investigated, and found that it came
from the low energy toil of the energy spread which slipped
out from the acceptance of the optics. The energy of the beam
which is still below the required. The reason comes from the
modulator over-current trip problem which is caused by an
interference with an electrical noise. This is now under fixing.
On February 1996, the BPM system was installed and
commissioned as mentioned above. The measured orbit of the
beam is corrected by "SAD". The beam operation of linac
became easy than before. The linac is now operating routinely
for various beam experiments of linear collider R&D. To
summarize the performance of this linac, the achievement are
listed in Table. 2.
Maximum Beam Energy
Maximum Gradient with beam
Maximum Klystron Power
Accelerated Intensity: single bunch
:20 multi-bunch
Energy Spread : single bunch
:20 multi-bunch with ECS
Emittance yt%: single bunch
: 20 multi-bunch

demonstrated in the case of 10 bunches with 4x10 each
bunch and 20 bunches with 7x10 each bunch intensity[l].
The calculated energy difference by the beam loading was 5%
for 20 bunch case, the ECS by 2856+4.32MHz fiequency
could compress it to 0.5% by 25MW rf power.

Energy Compensation
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In order to confirm the principle of this compensation
scheme, the beam test was performed by using the
2856+4.32MHz structure only at the beginning. Since the
klystrons of the energy compensation system(ECS) were not
ready at that time, the regular unit klystron was switched to
the ECS structure. The frequency of the ECS is generated by
th* single side-band modulator which combines the signal of
4.32MHz with the carrier of 2856MHz. The measurement of
beam energy for each bunch was done by using BPM after the
bending magnet of the beam transport line. The multibunch
signal from the BPM was measured by the digital
oscilloscope of lGHz band width. After the adjustment of the
beam timing with rf pulse, the phase of rf was set to an
appropriate value to get a maximum deceleration for head
bunches and a maximum acceleration for tail bunches. Then,
the rf amplitude was set to get a flat energy distribution for
all the bunches. The effect of the ECS is successfully
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Fig. 4. Energy Spread of each bunch with and without ECS
After the installation of two sets of ECS modulator and
klystron, a beam test of this regular ECS system was held on
July 1996 using both 2856+4.32MHz and 28564.32MHz
frequencies[10]. TheOTR monitor combined with a bending
magnet was installed for the measurement of energy and
energy spread of multibunch beam in order to confirm the
ECS performance. The bunch charge was limited to 1.5xl09
each by the radiation control alarm which was caused by an
emitted radiation from the OTR monitor. The measured
relative energy of each bunch by the BPM demonstrate the
ECS compression performance shown in Fig. 3. The power

level of the klystron was around 2MW in this low charge
compensation. The energy decrease at front of the bunches
seems to come from the position shift caused from the side
tail cut by the collimator.
The energy spread of each bunch, on the other hand, was
measured by the OTR monitor with the 3ns gated camerafl 1].
Fig. 4 shows the energy spread with ECS and without ECS
in the case of 2.5x10 each bunch. Although the measured
spreads are scattered around 0.3% FWHM, there is no big
difference even with this ECS. The observed waveform of
multi-bunch beam by the wall-current monitor is shown in
Fig. 5 in the case of the same charge. The monitor is placed
at the downstream of the linac in front of the first bending
magnet of the beam transport line.
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Y. Funahashi working on the support stages of the transport
line, S. Araki working on the alignment of transport line
magnets, Y. Takeuchi worked on the safety control system of
the linac, H. Hirayama and Y. Namito working on the
radiation control system, M. Yoshioka worked on the rearrangement of the assembly hall, positron experiment line
and collaboration work. The students came from universities;
A. Miura, M. Tawada, T. Asaka, M. Kagaya, S. Kashiwagi,
T. Okugi, K. Watanabe, C. Takahashi also participated in the
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The success of ATF linac is a natural consequence of the
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universities made a great advance in the design and the
operation of the linac.
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Fig. 5. Waveform of the multi-bunch beam
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Schedule toward Damping Ring commissioning
After the commissioning of the Linac in 1995, the
installation of Damping Ring components was started in
urgent. Almost all the magnets, chambers and active stages
were ordered during 1995. The fabrication of these component
are almost finished. The installation will be finished till
November 1996. Then, we will have the beam
commissioning of ATF Damping Ring on December 1996.
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Abstract
CERN is studying the feasibility of building a 1 TeV cm.
e e" linear collider (CLIC) based on 30 GHz accelerating
structures and RF power production from a low energy, high
intensity drive linac. Two major challenges of the CLIC twobeam scheme are the generation of the high intensity drive
beam and the extraction of 30 GHz RF power using transfer
structures. Two test facilities are currently being used to
study these specific problems. The CLIC Test Facility (CTF)
is a purpose-built CERN facility to study the generation of
the drive beam by photo-injectors, the generation of 30 GHz
RF power, and the testing of components. This facility has
produced single bunch charges of 35 nC with a bunch length
of 14 ps (FWHH) and up to 76 MW of 30 GHz RF power. It
is at present being updated to a 10 m long two-beam test
accelerator producing 480 MW of 30 GHz RF peak power
and accelerating electron bunches with gradients of
80 MV/m. The FEL Test Facility at CESTA (Bordeaux) is
being used to study the generation of the CLIC drive beam
by direct bunching at 30 GHz. This facility has recently
made the first direct observation of beam bunching by a high
power microwave FEL. The status of these two test facilities
and the results obtained are given.
+

Introduction
CERN is studying the feasibility of building a compact
1 TeV cm. e + e' linear collider based on normal conducting
travelling wave accelerating structures operating at 30 GHz
and a gradient of 80 MV/m, and RF power production from a
low energy (3 GeV) high intensity drive linac [1]. The design
luminosity of 10 34 c m ' V 1 is obtained by colliding 30 bunch
pairs per RF pulse. With a bunch spacing of 1 ns this means
an RF pulse length of about 45 ns.

Typical peak powers of 150 MW/m are required along
each of the 6.25 km long main linacs. The two-beam scheme
avoids the thousands of individual klystrons, modulators and
RF compression units required by the classical approach.
There are no active RF components in either of the linacs
resulting in a particularly simple tunnel layout.
Generation of the drive beam and extraction of 30 GHz
RF power from the drive beam using transfer structures is
one of the major technological challenges of the CLIC twobeam scheme. The drive beam consists of trains of 30
bunchlets (spaced at 1 cm) with 50 nC/bunch and a
a = 0.6 mm. It is proposed to generate this beam either
directly using the bunching capability of an FEL or by
combining the outputs of a battery of photoinjector linacs.
The bunch trains are accelerated to 3 GeV using a 250 MHz
superconducting linac. In the drive linac the bunched beam is
progressively decelerated in transfer structures as RF power
is supplied to the main linac.
An alternative scheme based on an isochronous storage
ring is also under study. This would also require a photoinjector source and the beam would be accelerated by a
1.5 GHz SC linac
Two test facilities are currently being used to study the
above-mentioned technological challenges of the CLIC
scheme.
(i) The CLIC Test Facility (CTF) is a purpose-built
CERN facility to study the generation of the drive beam by
photo-injectors, the generation of 30 GHz RF power, and to
test components.
(ii) The FEL Test Facility at CESTA (Bordeaux) is
being used to study the generation of the CLIC drive beam
by direct bunching at 30 GHz.
The CTF1 layout (CTF 1995) is shown in Fig.l.
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CTFl was built to (i) study the production of short, high
charge electron bunches from laser
illuminated
photocathodes in RF guns, (ii) generate high power 30 GHz
RF pulses by passing bunch trains through transfer cavities
for testing CLIC prototype components, (iii) test beam
position monitors.
The CTFl electron source consists of a laser-driven
S-band photoinjector producing single bunches or trains of
up to 48 bunches with a spacing of 10 cm and a momentum
of 12 MeV/c. Introducing a correlated longitudinal energy
spread by adjusting the RF phase of the photo-injector and
passing the bunches through the magnetic chicane produces
a longitudinal bunch compression [2]. Final acceleration to
65 MeV/c is obtained using a 1 m long S-band travelling
wave (TW) section (NAS). A 1.5 m long drift space between
the TW section and a magnetic spectrometer is reserved for
testing CLIC prototype components with beam. Energy is
extracted from the beam by a 30 cm long TW section
(CAS1) to provide short high power 30 GHz RF pulses. This
power is then used to feed either a second identical CLIC
structure (CAS2) or used to supply power to other CLIC
prototype components. The decelerated beam then either
goes to a dump, or is turned through 180° by bending
magnets at the end of the line and is re-accelerated by the
second high gradient CAS2 section. The facility is operated
at a repetition rate of 10 Hz.
Photo-injector
The photo-injector consists of a 1^ -cell S-band RF gun
followed by a 4-cell SW booster cavity [3]. A Cs2Te
photocathode in the first 1/2 cell of the gun produces the
electrons when illuminated by 262 ran wavelength light
(fourth harmonic of the Nd: YLF laser). Multiple bunches are
made by splitting the laser pulse into a train of pulses each
spaced by one 3 GHz wavelength. A maximum laser energy
before splitting of 1.0 mJ per pulse is available. The laser
pulse length is 8 ps FWHH. The RF gun is routinely
operated with a peak cathode field of 110 MV/m.
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Fig.2 QE of Cs2Te photocathodes as a function of RF hours
Electron bunches
A maximum single bunch charge of 35 nC has been
obtained from the gun-booster with a laser spot of about
10mm diameter. The length and emittances of the electron
bunches are measured with a streak camera using the light
pulse produced by the interaction of the bunch with a
transition radiation monitor or a Cerenkov monitor. After
the gun-booster cavity the bunch length is typically 10 ps
(FWHH) with a charge of 10 nC. The bunch compressor is
used to reduce the length of single bunches by a factor of
two to four depending on the charge, the minimum
measured was 3 ps FWHH. At low charge per bunch
transverse normalised emittances of about 30 mm.mrad are
observed. With high charge per bunch both the transverse
emittance and the bunch length are blown up by space
charge effects at low energy. The maximum charges
measured at various positions along the beam line in both
single and multibunch operation are given in Table 1.
Table 1: Maximum measured charge in CTFl
Position in beamline

Photocathodes
The Cs2Te photocathodes are prepared in a laboratory [4]
and are transported under vacuum and installed into the gun
using a specially designed transfer system. The initial
quantum efficiency (QE) is more than 10%. It however
drops rapidly over the first 30 hours of operation and then
stays at a level of about 2% for several weeks (see Fig. 2).
The photocathode only deteriorates when the RF is on.
A GaAs cathode, prepared by SLAC, was tested up to
85 MV/m in the RF gun to test its high voltage holding
capability. This result is an important step in the study of the
production of polarised electrons using RF guns.

100

Exit photo-injector
Exit TW section
Exit CAS 1

Single bunch
(nC)
35
20
7

48 bunches
(nC)
450
160
81

In the photo-injector the single bunch charge is limited by
space charge forces whereas in multibunch operation the
maximum charge is limited by the available laser energy. In
the 3 GHz TW section, the beam loading limits the
multibunch charge. Beam is lost at the 4 mm diameter
aperture restriction in CAS1 at high charges due to
emittance growth caused by space charge forces, transverse
wakefields and chromatic errors in focusing quadruples due
to beam loading.
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30 GHz Power generation
Significant amounts ( » 1 MW) of 30 GHz power can
only be extracted from the CAS1 section by using bunch
trains. Peak power pulses 27 ns long of 76 MW with a 3 dB
bandwidth of 12 ns have been generated using trains of 48
bunches with a charge per bunch of 3 nC. This power level
corresponds to a decelerating field in the CAS1 section of
124 MV/m. In spite of these very high fields, which are well
above the CLIC nominal accelerating gradient of 80 MV/m,
no sign of RF breakdown or the need to condition has ever
been observed. The accelerating field in the second CLIC
CAS2 structure is determined from the difference between
the maximum energy gain and energy loss of the beam as its
phase with respect to the beam-induced RF accelerating
field is varied. The highest average re-accelerating gradient
obtained in this structure was 94 MV/m.
30 GHz Power tests
One of the principle uses of the CTF1 has been the
testing of CLIC prototype components using either a
bunched beam directly or using 30 GHz pulsed power.
The following components were tested with 27 ns 60 MW
power pulses: (i) 10 cm section of flexible WR28 waveguide
(ii) high power stainless steel waveguide load, (iii) WR28
phase shifter, (iv) high gradient test section consisting of a
sharp stainless steel point in a piece of standard WR28
waveguide (the aim of this test was to provoke a breakdown
to examine breakdown behaviour).
No evidence of RF breakdown was observed in any of these
tests. High frequencies combined with short pulse lengths
are apparently very forgiving.
Testing 30 GHz components with beam
The following components were tested with beam,
(i) A 30 GHz transfer structure with two output waveguide
channels. The measurements revealed unacceptable field
inhomogeneities which subsequent simulations indicated
would create serious transverse blow-up and energy
dispersion effects.
(ii) A 30 GHz transfer structure with four output waveguide
channels. Going to four channels substantially improved the
field homogeneity.
Klystron

(iii) A 30 GHz BPM system. The set-up consisted of two
resonant E n cavity BPMs to reduce beam jitter effects. A
super-heterodyne receiver was used in the signal processing
electronics to obtain charge independent horizontal and
vertical positions in each BPM. Independent 0.1 urn
resolution micromovers were used for displacement
calibration. An upper limit on BPM resolution of ±4 um was
demonstrated [5], the measurement being limited by shot to
shot angular jitter of the CTF1 beam,
(iv) Two large aperture button type 4 GHz bandwidth BPMs
for the CLIC drive beam with associated signal processing
system. A resolution of 0.2 mm was demonstrated.
Coherent radiation monitor test
Bunch length measurements were made for the TESLA
team using a coherent radiation monitor that they are
investigating [6]. A clear signal increasing as the square of
the charge - the coherent radiation signature - was obtained.
It was demonstrated that the device could be used to
optimise the bunch compressor setting.

CLIC Test Facility (CTF2)
CTFl has achieved all its objectives and has clearly
demonstrated the principle of the two-beam acceleration
scheme. It will be upgraded in stages during the period
1996-1998 to a two-beam test linac (the so-called CTF2)
with the following main goals [7].
(i) To study the feasibility of the two-beam acceleration on a
larger scale than CTFl with beam parameters as close as
possible to those proposed for CLIC.
(ii) To design and construct a fully-engineered
representative active-aligned test section of the 30 GHz
drive and main linacs using nominal CLIC components
working at nominal RF powers and accelerating fields.
(iii) To develop drive beam generation technology.
(iv) To compare measurements and CLIC beam dynamics
simulations.
(v) To help estimate the realistic cost of a representative
part of the CLIC complex.
The proposed layout of CTF2 is shown in Fig.3.
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Spectrometer

Drive linac
The drive beam train (48 bunches spaced at 10 cm) of
640 nC total charge is generated by the new S-band 2^ -cell
RF gun [8] equipped with a Cs2Te photocathode and driven
by the same CTF1 laser. It is accelerated to 62 MeV/c by
two new 0.65 m long high charge, high gradient (60 MV/m)
TW structures (HCS) built for CTF2 by LAL (Orsay) [9].
These structures, designed to minimise both beam loading
and transverse wakefield effects, work at two slightly
different frequencies (2998.55±7.81 MHz) to provide beam
loading compensation to reduce the energy spread along the
train. After passing through a magnetic bunch compressor,
the bunch train is used to drive six CLIC transfer structures
(CTS). A transfer structure consists of a 15 mm diameter
beam tube coupled through four diametrically-opposite slots
to four periodically-loaded rectangular waveguides. Each
70 cm long CTS provides enough power to drive two CLIC
accelerating sections (CAS) with 40 MW, 12 ns long,
30 GHz power pulses. In a first stage when the drive beam
charge is not yet at the nominal value of 640 nC one CTS
will be used to power one CAS. In this configuration 453 nC
are required to produce 40 MW at the CAS input.

the vertical plane is provided by an hydraulic leveling
system. The main linac will be equipped with a CLIC
30 GHz BPM system and this could possibly be used at a
later date for beam-based active alignment tests.

Present status and future planning
The two 3 GHz linacs are complete except for the two
HCS sections which will be installed at the end of 1996. In
the meantime the 1 m long NAS section will be used. Two
30 GHz modules will be installed for the end of 1996 and
two more in 1997 and 1998. With all six modules installed
the drive linac will produce a total peak power of 480 MW
and the main linac will accelerate the probe beam to
320 MeV. In an ultimate stage, in order to provide the
capability to test elements above their nominal field, the
drive beam is expected to be increased to 1 |J.C. A new 2 and
1/2-cell RF gun is at present being designed to meet this
requirement and is expected to become available in 1997.
With 1 u.C 217 MW would be produced at the TRS output
and if used to power a single CAS would generate an onaxis accelerating field of 176 MV/m.

CESTA Test Facility

Main linac
The probe beam will consist of two bunches only. The
first bunch will have the CLIC nominal charge of 1.3 nC.
The second weaker bunch of 0.1 nC will possibly be used to
probe the wakefields induced by the first. The two bunches
will be generated by the existing 1.5-cell CTF RF gun and
laser and will be accelerated with the existing LAS section
to 40 MeV before entering the string of 30 GHz high
gradient (80 MV/m) CLIC accelerating sections. Most of
these sections will be the constant impedance type but
damped structures will be added if and when they become
available.
Active alignment system
In order to minimise problems due to misalignments and
at the same time to simulate the CLIC tunnel configuration
as closely as possible, both 30 GHz linacs will be equipped
with the support and active pre-alignment system developed
for CLIC in the Alignment Test Facility. The RF structures
and all beamline components are supported by precision vblocks on 1.4 m long silicon carbide box-section girders.
The ends of two adjacent girders are connected via link rods
to a common platform that ensures continuity of transverse
position whilst permitting full rotational freedom. The
platforms are activated by three 0.1 um resolution steppingmotors (two in the vertical plane for vertical displacement
and axial rotation, and one in the horizontal plane). The
triplet focusing unit in the drive linac and the doublet unit in
the main linac are each supported and can be moved
independently of the beam lines by similar stepping motor
drivers. An accurate active alignment of the two linacs is
obtained by referencing all moveable elements to a stretched
wire running along the length of each linac by means of high
precision capacitive position transducers. The reference in

It was suggested some years ago that the CLIC drive
beam could be generated directly with the required lcm
spacing by using the bunching properties of an FEL powered
by an induction linac [10]. A collaboration to study this
proposal was set up between CERN and the Centre d'Etudes
Scientifiques et Techniques d'Aquitaine (CESTA) in
Bordeaux. An experiment has been made using the lkA
2.2 MeV induction linac LELIA as power source and has
resulted in the first direct observation of bunching of a
relativistic electron beam by a high power FEL interaction.
The work reported here was carried out by the CESTA
group [11] and more detailed information is given elsewhere
in this conference.
A schematic layout of the experiment is shown in Fig.4.
The induction linac is composed of 10 injector cells and 12
accelerating cells. Each cell is powered with a 100 kV 80 ns
FWHH pulse. The 10 injector cells produce 1 MV at the
thermionic cathode enabling 1 kA of beam to be extracted.
The 1 MeV beam is then accelerated to 2.2 MeV by the 12
accelerating cells. Solenoidal magnets (1 kG maximum field)
are used downstream of the cathode to focus the beam.
Steering magnets are used to maximise transmission
efficiency. The measured geometrical emittance at the end of
the injector is 130K rnrn.rnrad. A short two magnet transport
section is used to transfer the beam from the exit of the linac
(diameter 150 mm) to the entrance of the wiggler (diameter
40 mm). Half of the 1 kA beam is lost during this transfer
process. The 2.88 m long wiggler magnet is formed from a
double helix copper winding which is powered by a 10 kA
280 us current pulse obtained by discharging a 50 kJ
capacitor bank.
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Fig.4 Layout of the CESTA FEL beam bunching experiment
The wiggler produces a circularly polarised magnetic field of
up to 3 kG on its axis with a period of 12 cm. The first six
wiggler periods are strapped together to create an adiabatic
entry into the wiggler with a gradual increase in the
transverse momentum of the electrons, the same technique is
used over four periods at the exit. The FEL works in the
amplifier mode, the 500 ns long input signal is provided by a
100 kW 35 GHz magnetron. A tungsten wire grid is used to
launch the wave into the circular waveguide of the FEL
interaction region. As a result of the electron beam
interaction with the EM wave in the field of the helical
wiggler the beam becomes bunched and the input power is
amplified. The extent of beam bunching is measured
optically by analysing the Cerenkov radiation produced by
the beam hitting a 5 mm thick silica target placed at different
on axis positions at the exit of the wiggler. The Cerenkov
light is detected with a streak camera and stored on a CCD
camera. Viewing the light through a 0.3 mm slit gives the
distribution of the light intensity along the beam.

Fig.5 FEL generated 35 GHz bunched beam
(horizontal scale time of 278 ps)
A typical scan showing a distinct bunch structure is shown in
Fig.5 for a time interval of 278 ps at a position 27.5 cm from
the wiggler exit. The bunch spacing corresponds to the FEL
frequency. The 35 GHz modulated current component is
about 150 A or approximately 30% of the total current.
Inside the wiggler a vertical scan of the beam shows it to be
bunched over its 5 mm diameter. At 80 cm from the wiggler
exit the portion of the beam that displays bunching is
reduced to a 0.5 mm spot. This reduction is due in part to
longitudinal space charge forces but also depends on the
magnitude of the solenoidal field used to extract the beam.

References
[1] H.Braun,
R.Corsini,
JP.Delahaye,
G.Guignard,
C.Johnson,
J.Madsen,
W.Schnell,
L.Thorndahl,
I.Wilson, W.Wuensch, B.Zotter, "CLIC - a compact and
efficient high energy linear collider", CERN-SL-95-26,
May, 1995.
[2] K.Aulenbacher, H.Braun, F.Chautard, R.Corsini,
J.Madsen, L.Rinolfi, "Bunch compressor performances
in the CLIC Test Facility", Proc. EPAC, Barcelona,
June 1996, to be published.
[3] R.Bossart, J-C Godot, S.Lutgert, "Modular electron gun
consisting of two rf sections and an intermediate
focusing solenoid", Nucl. Instr. Meth., A340, p.157,
1994.
[4] G.Suberlucq, "Photocathodes pour le CLIC Test Facility
du CERN", Proc. 7* Symposium on high current photoemission, Grenoble, 1995.
[5] J.P.H.Sladen, I.Wilson, W.Wuensch, "CLIC Beam
position monitor tests", Proc. EPAC, Barcelona, June
1996, to be published.
[6] K.Hanke,
V.Schlott,
K.Aulenbacher,
H.Braun,
F.Chautard, "Beam diagnostics using coherent transition
at the CTF", CLIC Note 298, 1996.
[7] The CLIC Study Group, "CTF2 Design Report", CERN
PS 96-14 (LP), July 1996.
[8] R.Bossart, H.Braun, M.Dehler, JC.Godot, "A 3 GHz
photoelectron gun for high beam intensity", Proc. FEL
Conference., New York 1995.
[9] G.Bienvenu, J.Gao, "A double high current, high
gradient electron accelerating structure", Proc. EPAC,
Barcelona, June 1996, to be published.
[10]H.D.Shay, R.Jong, R.Ryne, S.Yu, E.Scharlemann, "Use
of a FEL as a buncher for a TBA scheme", Nucl. Instr.
Meth, A304 (1991) 262-267.
[ll]J.Gardelle, J.Labrouche, J.L.Rullier, Direct observation
of beam bunching produced by a high power microwave
free electron laser, Phys. Rev. Let., Vol.76, p.4532, June
1996.

556

REVIEW OF BEAM DYNAMICS AND INSTABILITIES IN LINEAR COLLIDERS
Rainer Wanzenberg
DESY, Notkestr. 85
22603 Hamburg, Germany

Abstract
An important issue for a next generation e + e~ high energy lin- linac, VLEPP (coordinated by BINP), also using an rf-frequency
ear collider is the preservation of the beam quality through the in the X-band, and CLIG (coordinated by CERN), a two beam
acceleration in the linac. Recent design studies at different labo- accelerator with 30 GHz rf structures. An overview of these deratories adopt very flat beams at the collision point to minimize signs can be found in [1, 2].
beamstrahlung. Therefore most problems are related to the verA schematic layout of a linear collider complex is shown in
tical single bunch dynamics which is determined by chromatic Fig. 1. The actual layout of a linear collider differs from design
effects in the quadrupoles and wakefield effects in the accelera- to design. Some designs use a two stage bunch compression systor structures due to the misalignment or vibrations of these linac tem, others use the spent e~ beam for an undulator based e +
components. Almost all linear collider designs consider mul- source, to mention only two possible differences to the shown
tiple bunches in each if pulse to raise the luminosity. The cu- schematic layout. The electrons and positrons are injected into
mulative beam break-up instability due to long range wakefields damping rings to produce very small emittance beams, which are
(HOMs,higher order modes) is a severe problem for all multi- accelerated to 250 GeV in the main linac. The beam is delivered
bunch schemes. Only the damping and detuning of the HOMs to the final focus system which focuse the bunches to a very tiny
in the accelerator structures can reduce the long range wakefield spot at the Interaction Point (optional two I.P.'s). The different
effects. This report reviews several topics with respect to the linear collider designs are aiming at luminosities in the range of
preservation of the longitudinal and transverse beam quality in
next generation linear collider designs. Single and multi bunch
issues are covered.
with a vertical beam size of ay ss 3 - 20 nm at the (I.P.). To
achieve this goal it is necessary not only to produce beams with
Introduction
very small emittances of
Several linear collider designs are being considered to achieve
e + e~ collisions at a center-of-mass energy of 500 GeV with
upgrade potentials to the TeV range. These collider studies
include the following international collaborations: TESLA (coordinated by DESY), a linac using 1.3 GHz super-conducting
cavities, the SBLC (also coordinated by DESY), based on
S-band rf-technology, the JLC (coordinated by KEK), including
3 approaches with accelerating structures operated at S-, C- and
X-band frequencies, the NLC (coordinated by SLAC), a X-band

5 . . . 25 • 10~ 8 m

330... 1400 • 10~8m

but to preserve this emittance during the acceleration in the main
linac. The most critical plane is obviously the vertical. A comparison with the 1995 data from the SLC [3], where the emittance dilution in the vertical plane is controllable to < 60% (initial jev = 200.. .300-10~ 8 m at 1.2 GeV), demonstrates clearly
the challenge of the design goals of a future linear collider.

main linac

main linac

bunch
compressor
damping
ring

damping
ring

positron
target
Figure 1: Linear Collider, schematic overview.
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The increase of the transverse emittance of the beam is ultimately due to the misalignment or vibrations of the linac components, i.e. mainly the accelerator structures and the focusing
magnets. When a bunch traverses an accelerator structures offaxis, wake field effects kick the tail of the bunch even more offaxis. Fig. 2 shows schematically how a bunch develops a banana
shape while it is passing through several accelerator structures.

tion of betatron oscillations and dispersive effects in misaligned
quadrupoles.
Fortunately, a correlated energy spread can be used to reduce
the filamentation of the emittance when the bunch performs coherent betatron oscillations. This technique, called BNS damping [5], is based on the increased focusing of the low energy tail
of the bunch. Since only the tail is driven off axis by transverse
wakes, these effects will partly cancel. But randomly misaligned
quadrupoles will still cause an increase of the emittance due to
dispersion. Sophisticated orbit correction methods are needed to
minimize these effects.
The bunch is focused by quadrupole magnets which are arranged in a FODO lattice, characterized by the scaling of the beta
function and the phase advance with the energy. Almost all designs use a constant phase advance of about /x « 90° and a scaling of the beta function /3 ~ E° with a = 0 . . . 0.5. The average
of the beta functions in the focusing quads (/?max) and in the defocusing quads (/3min) is related to the FODO cell length Lceii
and the quadrupole strength K in the following way:

Figure 2: Wake field effects in the accelerator structures.

Pm

Furthermore, chromatic effects will affect the focusing of
the bunches in the quadrupole magnets since the bunch is not
monochromatic. Quantum excitation in the damping ring will
produce an initial uncorrelated energy spread in the bunch.
Additionally, a correlated energy spread of the bunch is induced
by the rf-fields (ace. mode and wakes) in the accelerator structures.
Almost all existing linear collider designs, except VLEPP,
consider the acceleration of a bunch train in one rf-pulse. The
acceleration of multiple bunches has the advantage that the
efficiency (AC power to beam power) of the linac is larger compared to a linac operated in a single bunch mode producing
the same luminosity. Additionally, less synchrotron radiation is
produced by beamstrahlung during the bunch collision, which
improves the conditions for the high energy physics experiments
with respect to the width of the luminosity spectrum and the
backgrounds. Furthermore, the single bunch wake fields can be
less severe since a lower single bunch charge can be used. Unfortunately, several complications are added due to transient beam
loading and long-range transverse wake fields. The cumulative
beam break-up instability, first investigated at SLAC [4], due
to higher order dipole modes (HOMs) is a severe problem.
These HOMs have to be damped and/or detuned to avoid this
instability.

1

Ani
sin/i

(1)

\Klq\ cos/i/2

(lq is the length of the quadrupole). The choice for the lattice parameters depends on the balancing of transverse wakefieldand
dispersive effects. The scaling constant a is mainly determined
by the BNS-damping condition. TESLA uses a = 0 . . . 0.2,
while most other designs use a = 0.5. Actually the lattice is
changed in steps which follow approximately the (3 ~ Ea scaling law. Fig. 3 shows as an example the beta function of the
SBLC design.
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Single Bunch Dynamics
First consider the longitudinal dynamics of a single bunch. The
bunch length is determined by the bunch compressors and is already frozen at injection into the main linac since the injection
energy is at least 3 GeV. Longitudinal short-range wake fields
will add to the initial uncorrelated energy spread a correlated one.
Furthermore the slope of the rf-wave will influence the energy
spread of the bunch, i.e. part of the wake-induced energy spread
can be compensated if the bunch is properly placed off the rf
crest. An energy spread will give rise to chromatic filamenta-
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Figure 3: Scaling of the beta function along the linac. (Example:
SBLC, a = 0.5).
Suppose that uncorrelated random kicks 9n are applied to the
bunch along the linac. The rms orbit change at the end of the
linac (index f for final) is given by
If-

(2)

The kicks at different positions n are transformed to an offset at
the end of the linac via the R\2 transport matrix element. Adiabatic damping is included using the relativistic factor j n =
En/(m,(?). The kicks give rise to an emittance dilution if different parts of the bunch are affected differently.
This is indeed the case for dispersive effects. The kick depends on | K lq | and the energy spread 6 = Ap/p in the bunch:

= \Klq\(l-8)yq

energy spread due to longitudinal wakes and the slope of the rfwave. Consider the orbit difference of the head and the tail of
the bunch Ay = ytaii — yhead- The difference due to transverse
wake fields is Ay^ ofce ~ f ds0(s)NW'±/y(s),
while the effect due to dispersion is given by Aydisp ~ / ds 0(s) 6(s) K(s).
Both effects cancel if the following BNS-damping / autophasing energy spread is maintained during the passage of the bunch
through the main linac:

(3)

2o-l

(8)
= 6Bfts
(The bunch goes through the quadrupole with an offset yq.) The
relative emittance growth due to dispersion depends on the en- with
ergy spread, the rms value (y 2 ), acceleration gradient and aver'xtanM/2'
age FODO cell length (L) in the following way:
The required BNS energy spread is constant along the main
<y2)
(4) linac when the beta function is scaled with the square root of the
eN
(L)2 gradient e^'
energy. BNS-damping is not needed in the case of the TESLA
design
since the wakes are small due to the relative low rfThe kicks due to transverse wake fields are given by:
frequency of 1.3 GHz.
(5)

moc27

Scaling of wake effects

where N is the single bunch population, la the length of one accelerator structure, ya the offset of the bunch with respect to the
axis of the structure and W'x is the transverse wake potential per
length at the tail of the bunch (measured in V/(C m 2 )) depending on the longitudinal position s in the bunch (see Fig. 2). The
transverse wake potential scales with the third power of the rffrequency frj of the accelerator structure and with the square
root of the bunch length az. Using the equations (2) and (5) the
scaling law for the relative dilution of the normalized emittance
is obtained:
AT2
Ae N
.. . — .
(6)
etj
gradient ejv
Using the parameters from references [1,2] the transverse wake
field effects are compared in Fig. 4. The right hand side of equation (6) is calculated for each design and the results are normalized to values obtained for the TESLA parameters. All designs
but VLEPP are using multiple bunches. The larger bunch population (VLEPP N = 20 • 10 10 ) explains the difference between
the NLC and the VLEPP designs, both using a rf-frequency in
the X-band.
To limit the emittance dilution to reasonable limits also for the
high rf-frequency linear collider designs it is necessary to align
the accelerator structures with higher precision. NLC accelerator structures have been built with a 3 fim precision. Furthermore, at SLAC S-band accelerator structures have been aligned
with a precision of 13 /xm with respect to the beam using signals from higher order modes [6]. Furthermore one can gain
from a stronger focusing and a higher gradient. Additionally, it
is la ~ I/gradient, i.e. the length of an accelerator structure Za
will be shorter and the emittance growth smaller:
Aejy

la

N2W'±
gradient

(7)
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Figure 4: Comparison of the transverse wake fields effects for
the different linear collider designs.
The quadrupole magnets and the accelerator structures can be
aligned with a precision of about 100 /xm rms by a careful survey. The length of the "ideal" reference line is about a betatron
wavelength at the end of the linac (say 500 m). The beam position monitors (BPMs) can also be aligned with a precision of
better than <JBPM ~ 100/um rms with respect to the magnetic
center of the quadrupole magnet. The usual beam steering (oneto-one correction), which zeros the BPM readings, is not sufficient to avoid a dispersive emittance dilution in a future linear
collider. The situation can be significantly improved by special
orbit correction techniques, often called beam based alignment.
The basic idea is to use difference orbit measurements in addition
to the absolute orbit measurements. The precision of difference
orbits depend only on the resolution of the BPMs, which is better than (say)ovei = 5 /^m. Especially the DF steering algorithm
[7] minimizes:

The filamentation of the bunch emittance due to betatron oscillations can be significantly reduced by the BNS-damping technique, which was already mentioned together with the correlated
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min.

(10)

The orbit and difference orbit measurements enter into the equation with weight functions which are inversely proportional to
their precision. The difference orbits are taken for different beam
energies or equivalently with different quadrupole strength settings. Furthermore, different bunch charges can be used. The
stability of the linac during the measurements has to be much
better than the BPM resolution.

the structure or injection error. The excited fields drive subsequent bunches of the train even more off axis leading to an even
stronger excitation of the modes in the next accelerator section
(see Fig. 5). The bunch offsets from the axis grow exponentially:
yend ~ expC^/Jpuige WL Tpuu,,.) [9].

inmwm

Multi Bunch Dynamics
The acceleration of multiple bunches in one rf-pulse adds several
complications to the beam dynamics. Strong transient beam
loading will causes a bunch-to-bunch energy spread, which will
amount to 20 % (SBLC, NLC, JLC) if not compensated. In a
traveling wave accelerator section the first bunches of a train gain
more energy than the later ones. The transient beam loading can
be significantly reduced by the following methods:

IIIILJLELJLJLJ

nur
ULLLjMjyjJJ

Figure 5: Cumulative beam break-up of a bunch train due to
HOM's.

- staggered timing

The instability can be suppressed by a special design of the
accelerator structures. The cures are:

- klystron drive power control

- detuned structures

- klystron phase control

- HOM dampers

- SLED pulse shaping

- iris coating with lossy material

- choke mode cavity.
Using these techniques the problem of bunch-to-bunch energy
spread can be completely cured for the price of providing addiA detailed discussion of the subject can be found in [ 10]. The
tional rf-power for the control.
strongest damped structure is the choke-mode cavity, proposed
Staggering the timing of the klystron pulses with respect to the for the JLC-C design and already tested at S-band [11]. For the
bunch train is a non-local method to reduce the bunch-to-bunch TESLA design a light damping of the HOMs to Q ~ 104 . . . 105
energy spread. The other methods are more local ones based on a is sufficient due to the large bunch spacing of 0.7 /xs.
control of the amplitude or the phase of the rf. The drive power
of the klystron can be used to ramp up the output rf-amplitude
Special Issues, Ideas, Activities
as the bunch train passes the accelerator section. This may have
the disadvantage that the klystron is not always operated at sat- Mechanical motion of the quadrupole magnets due to ground
uration. An almost local method is achieved by a control of the motion can significantly degenerate the beam collision condirf-phases of two accelerator sections, which can be mutually in tions in a linear collider. Diffusive ground motion processes can
or out of phase with opposite sign. During the passage of the first be described by the so-called ATL - rule:
bunches the two sections are out of phase and the transient beam
<r 2 = A • t • I,
loading is canceled. A SLED system is an rf-pulse compression
technique which transforms a longer rf-pulse into a shorter one
using a special cavity to store the first part of the rf-pulse. After the rms displacement a of two points separated by the distance
a phase switch the second part of the rf-pulse is combined with I growth with y/i. A is nearly constant over a large frequency
Measurements for A are site dependent (A « 1.0 •
the pulse from the cavity. The SLED pulse decreases during the range.
8
10~
...1.0
• 10~ 5 /xm 2 /(ms)). This type of random ground
beam pulse. The rate of the decrease can be adjusted to minimize
the energy spread [8]. This SLED pulse shaping can be achieved motion can also deteriorate the performance of beam based alignby an rf amplitude modulation or a programmed phase variation. ment techniques. Systematic geological motion of the bedrock,
which can be dominant at some sites, is less important since the
Another very severe problem arising from a multiple bunch
effects can be corrected. Even quadrupole jitter can be reduced
operation is the cumulative beam break-up instability. The
by feedback systems.
transverse long range wake potential is the sum over several
Feedback systems are of general importance for linear colmodes characterized by the frequency u/n = 2TT / „ , the Q-value
liders. At the SLC the orbit and the energy of the beam are conQn and the transverse shunt impedance:
trolled by feedback loops [12]. A feedback system can transform a tolerance on (|y(t)| 2 ) (say a vertical position) into one
sin(uns/c) exp(W±(s)=
on (\y(t) - y(t - T ) | 2 ) , where r is the delay between two mea2O~n
modes
surements. Due to this delay the feedback works only for fre(k± n ~ {R/Q)n is transverse wake amplitude of the n-th quencies / < /rep/6 in the spectrum of the motion/jitter of y, if
mode.) These modes are excited by the bunches when the pass the sampling rate 1/T is the repetition rate of the linac. It is diffithrough the accelerator structure off-axis due to misalignment of cult to operate a feedback loop on the beam even at frequencies
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greater than frep/20. Generally one may distinguish orbit feedbacks which correct the average orbit operated at a low sampling
rate and fast orbit feedbacks using fast kickers.
Fig. 6 shows the principle of a slow orbit feedback. The average bunch position of the train is measured and corrected for
the next pulse (or later pulses), which can never be perfect due
to the delay r = l / / r e p . This is especially a problem if the repetition rate of the linac is low. Therefore another variant of feedback loop is needed for the TESLA design (/ r e p = 5Hz). Fig. 7
shows the principle. The offset of the first bunch is measured and
the offsets of the trailing bunches in the same pulse are corrected
by a fast kicker. The effective repetition rate for the TESLA design will be 1.4 MHz. The bunch-to-bunch offset fluctuations
due to long range wake fields are small for the TESLA design.
Different from the feedback shown in Fig. 7 would be a feedback loop which samples from pulse to pulse but affects individual bunches. A multi-bunch pattern which is stable from pulse
to pulse could be corrected by a very fast kicker.
Quadrupole jitter causes beam position jitter at the I.P. and
degenerates the luminosity. Mechanical quadrupole motion can
be measured by a geophone and corrected by a mover on the
quadrupole support. A feedback system running with a sampling
rate of 2 kHz has been successfully tested at DESY [13]. It was
possible to stabilize the quadrupole motion to about 20 nm.
The contribution of resistive wall wakes to the wake field effects is usually small. Nevertheless, these wake fields are important for very short bunches (<r = 25/xm), which are considered
for Free-Electron-Laser facilities with very small tolerances for
the energy spread. Furthermore, resistive wall effects have to be
taken into account for collimators with small apertures.
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Figure 6: Schematic presentation of an orbit feedback system.

TESLA: 700nsec
.eg

B«->

Same pulse
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ACCELERATING STRUCTURES FOR MULTIBUNCHES
M. Dohlus
Deutsches Elektronen Synchrotron, D-22603 Hamburg, Germany
Abstract
Although the interaction between the beam and the fundamental mode is by far the strongest multibunch effect
(beam loading), this process can be compensated by choosing
an appropriate mode of operation (staggered timing, shaping
of klystron pulses etc.). In contrast to this, higher order mode
effects depend strongly on mechanical tolerances and require
special structure designs to prevent multibunch beam breakup and emittance dilution: Cell-to-cell and structure-tostructure detuning are based on small variations of the cell
geometry to decohere the long range wakefield contributions.
On the other hand effective HOM damping in long traveling
wave structures with either one or few dampers is limited by
the existence of trapped modes and the low velocity of
energy propagation. Even reduced requirements of damping
together with detuning can be fulfilled only with a large
number of damper cells. Therefore different concepts of
damping with strong impact on the structure design are
proposed.
Introduction
To avoid emittance dilution due to short and lang range
wakefields the bunch charge is limited, so that only a small
fraction of the cavity energy can be transferred to a single
bunch. Therefor, for effective operation, most linear collider
studies consider multibunch operation to increase the power
conversion efficiency i\c=QiVimj0/tJilf and the filltime efficiency T l / w , = / f )

Vns
TESLA [1]
SBLC [3]
JLC-C [4]
JLC-X [2]
NLC[5]
CLIC f61

515
790
281
110
100
12

r/ns
1130
333
72
85
90
50

708
6
2.8
1.4
1.4
1.0

Tlc
0.98
0.40
0.42
0.54
0.55
0.73

0.61
0.72
0.42
0.52
0.56
0.81

On the other hand multibunch interactions due to long range
wakefields have to be taken into account. The beam loading
of monopole modes - especially of the fundamental mode are by far the strongest long range effects, but they are
insensitive to manufacturing and alignment tolerances and
predictibaly reach a predictablesteady state. Several modes of
operation controlling the klystron timing, phase and/or
amplitude are known to compensate this effect sufficiently.
In contrast the excitation of fields with higher azimuthal
order depend on the offset and tilt of the beam compared to
the structure axis. Therefore transverse wakefield effects
which cause emittance dilution can only be controlled by
structure design, the straighness and the alignment. Active
alignment is used to avoid the excitation of transverse

wakefields while the rf-structure design intrinsically
suppresses the relevant part of the long range wake - either
by damping or detuning. Any alignment technique is limited
by the straightness of the structure (mechanical structure design), the sensitivity of higher order mode pickups (rfdesign), injection errors and the accumulation of alignment
errors along the LINAC. Both methods, the suppression as
well as the alignmnent allow the requirements for the other
one to be relaxed.
Dipole Long Range Wake
The dominant contribution to the transverse wake of one accelerating section is produced by dipole fields and can be
written as
W7.(j,r1,<p,,r2,(p2) = r1 cos(<p, -<92)-wT(s)
with rr <p;, r2, cp2 the offset coordinates of the source and witness charge and s the longitudinal distance between source
and witness. The normalized transverse wake function w^s)
can be split into a resonant term w,(s) and a transient term
wj(s). The resonant part can be expressed by eigenmodes
WAS) =

0 if s < 0
2 else

Usually this equation is modified by damping terms with the
time constants xv=2Qv/(ov to take into account small losses
e.g. due to the wall conductivity. As the cutoff frequency of
the beam pipe is approximately two to three times higher
than the operation frequency only modes below this limit are
trapped in the section and can be considered as 'undamped'.
Even for higher modes the velocity of energy propagation is
typically small compared to c so that the damping time is
much higher than Uc (with L =s section length). Therefore it
is convenient to use this description (together with the
corresponding longitudinal component) for beam dynamic
simulations of weakly damped structures. For strongly
damped structures w./s) is directly calculated in time domain.
The requirements for the suppression of the long range
wake, derived from beam dynamics simulations, depend on
many parameters (such as the bunch charge, acceleration gradient, focussing strength and tolerable emittance growth).
Nevertheless for most design studies a rough criterion can be
given: for the CLIC [6] and the X-band sections [7] the transverse wake for following bunches has to be reduced by at
least by a factor of 100 compared to the peak wakefield. The
simulations for the SBLC structure indicate that a factor of
10 is necessary [3], and for TESLA a supression factor of 2 is
more than sufficient [8].
The sums of loss- and kick-parameters to a certain
frequency/
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Higher Dipole Bands
The contribution of the 2nd, 4th and 5th dipole band to the
normalized kick-parameter sum is only a few percent for
illustrate the net effect of mode density and strength. Fig. 1 each. In constant impedance sections (such as CLIC) this
gives an impression of the frequency distribution of kv and contribution is essentially caused by one mode which cannot
the spectrum of wjs). This diagram was calculated for a decohere with other oscillations. Only a continuous cell-toconstant gradient structure with 180 cells very similar to the cell detuning is necessary to decrease the transversal wake
SBLC section, but it is typical for most disc loaded for the succeding bunches below 1%. This is already reached
structures. In the frequency range below 4f0 about ten with conventionally designed constant gradient sections.
separated passbands can be distinguished1 for individual cells Significant steps higher than 10% can be seen for the 3rd
in a periodic approximation. Although these bands are not band (#fa=2.3) and for the 6th band (#fa=3.2). The effect
identical for different cells in a tapered structure, certain calculated in [9] for the NLC structure is smaller, but could
frequency ranges can be related to particular bands. In this only be avoided by tapering the iris thickness of the NLC and
sense even in aperiodic structures many modes can be JLC-X structures to improve the detuning. For the SBLC
addressed by band numbers.
structure the 'natural' CG detuning is sufficient for the 3rd
5
band, but the synchronous frequencies of the 6th band are too
close for all cells. Therefore a slight tapering of the iris thickness is necessary as well.
G(f)
Very High Modes
The influence of very high modes (above the sixth passband)
is neglected for two reasons: the decay time xd=2Q/<& de2
creases at least with co*'5 and the spectral power density in a
loss free structure decays asymptotically with at least <a'. The
first argument is certainly right for damped structures, but in
undamped sections with 100 cells or more the energy dissipation in the walls and the power flux into the beam pipe or
through high power couplers does not prevent decay times in
the order of or above tb. The second argument was verified
Fig. 1. Normalized sum of loss- and kick-parameters,
for the SBLC structure by a direct calculation of the
H,=H(1.5fJ.
transverse long range wake in the frequency range below/%.
The First Dipole Band
This frequency range is still too small to estimate the
The first step in fig. 1 2Xf/fo=* 1.3..1.5 corresponds to the low- exponent of the spectral decay, but a significant drop could
est dipole band. As most design effort and most HOM calcu- be observed. The frequency contribution above the sixth
lations were dedicated to this band the step is normalized to passband (3.3f0) appears as stationary noise with the rms
one. The absolute values Go and Ho depend on the precise cell amplitude 0.01 maxfw,,) for s>40X.
shape (e.g. the ratio of coupling hole diameter to wavelength)
but they can roughly be estimated by
Bunch-to-Bunch Damping
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The peak value of the transverse wake, which is essentially
caused by modes of the first dipole band, is approximately
2H0. This gives a relation for the absolute requirements of
wakefield suppression.
L
unit
TESLA
SBLC
JLX-X
NLC
* Contribution
1

""""

!M bind

1010
V/Cm 3
m
81O1O12
3.6
1
95 1015
1.1
6
1310"
0.65
1.5
1310"
0.63
1.8
of the first dipole band.

V/Cm2
47-1012
2.1-1015
80-1015
80-10"

At higher frequencies passbands of different periodic modes
overlap.

Bunch-to-bunch damping means that the damping time is at
least of the order of the bunch repetition time. This is the
only method to reduce wake fields in CI structures (more precisely: not detuned structures) but it is also used in tapered
structures to ensure - independent from the detuning - that all
HOMs are damped. On the one hand a higher order mode v
needs a quality factor equal or below Qv=ttnfyAnd to be
damped during the bunch repetition time tb by the factor d.
On the other hand the maximal damping is limited by the
velocity of energy propagation and the distance between
HOM dampers. The following estimations are based on a
simple propagation model. They are valid if the decay length
v
,G\A^v is large compared to the cell period. With dampers
at the structure ends the quality cannot be reduced below
2=(0vV^, where ty is the HOM filltime. xv is given for CI
structures by L/v(V and for smooth tapered structures can be
estimated by l/(fv.,-fv-,)- However the theoretical Q values are
by far not reachable for trapped modes.
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Only TESLA with its large bunch distance and small
damping requirement is well below this limit. Therefore two
couplers at the beam pipes of every nine cell cavity are sufficient for both polarization planes. Nevertheless the detuning
of the end cells (due to the beam pipes), their different polarization (due to the coupler polarization) and manufacturing
tolerances may cause trapped or tilted field distributions with
little energy at the coupler with the matching polarization. As
the cell to cell coupling of modes below the cutoff frequency
of the beam pipe (TE in - and TM110-like modes) is large, their
field pattern is not very sensitive to this effects. Tilted modes
above fc are either damped by the coupler at the cavity end or
the coupler at the next cavity. To "untrap" TE121-like modes
an asymmetric end cell tuning (with modified cavity
curvature) is used [10].
Using several dampers along a section provides
stronger absorption, but even with perfect absorbers, the distance between dampers cannot be greater than Lc=2\st/lnd.
(This equation is applicable to tapered structures provided
that vs, the local group velocity, is approximately constant
over the length Lc.) For LC projects with small bunch spacing
it would be necessary to place dampers every few cells in
order to fulfil the requirements for the first pass band. As it is
difficult to manufacture and tune sections with a high number
of special cells and as real absorbers are less efficient than
ideal ones, structures with one damper per cell (for at least
one polarization plane) are preferred.
The "HOM free" choke mode cavity [4] in fig. 3 is foreseen for the JLC-C section. The choke is a sharp notch-filter
which only traps the accelerating mode inside the cavity. All
other modes can propagate out of the cavity without large
reflections at the choke. A good broad band absorber is
necessary to terminate the outgoing cylindrical wave.
Compared to a conventional disc loaded structure the quality
of the accelerating mode is reduced by 13% and
approximately 13% of its field energy is stored in the choke
filter so that the shunt impedance is lowered by 25%. As also
the beam loading is also reduced, only 15% more input
power is necessary to achieve the same loaded gradient2.
For the new CLIC multibunch parameters purely
damped structures are being investigated [6]. Therefore either
two or four radial output waveguides couple to each cell. The
two waveguide version uses T-shaped waveguides which
directly couple to the cell. In principle this type of coupler is
suitable for both polarization planes, but to avoid asymmetric
damping it is turned by 90 degrees from cell to cell. The four
waveguide version uses iris coupling - which is more difficult
to fabricate - but reduces the additional losses to about 5%.
Time domain simulations with perfectly terminated waveguides obtained less than 1% of the single bunch total
transverse wake for the following bunches in a frequency
range below 4.7f0.

2

For Th

Cell-to-Cell Detuning
The interference of several modes in a narrow frequency
range can be used to suppress the wake field by detuning. If
the frequency spacing of modes is small compared to c/s the
sum for the normalized wake can be approximated by an
integral

wr(s)

F(co)sinn|—s
— s \d(0
\da

K

= 2*(o>)—^-

)

CO dCO

with continuous functions for the loss parameter k and the
mode density 9n/3co. If we consider the contribution of only
one band, F(a>) is a narrow function with the center
frequency coc. The envelope E(s) of the wake function is
given by the magnitude of the Fourier transformation of F(cod)c). In the range of a few bunch distances a very good
approximation for wr(s) and F(a>) can be found from the
'uncoupled model' [9]: the parameters 0)v and kv of the
complete (coupled) solution are replaced by the synchronous
parameters (Ovc and kVc which can be calculated for the
periodic approximation of each individual cell. On a longer
scale the oscillations may recohere to some extent and after a
very long distance the oscillator phases are randomly
distributed which
leads
to the rms
amplitude

Constant Impedance Structures
For conventional disc loaded structures F(<a) is determined
by the generic cell geometry, the cell number N and the
damping parameter
x=0.51n(PyP o J.
To a
good
approximation it rises linearly from F(oo/c)=F,«it,/<o;c to
NC- The envelope is

sin(Q.y)

E(0)

Cls

+1

(sin(fl^)

\ p)

2

cos(ftr)

~

to

with A=(FA,-F,y(F;+FA,) and O=(Gva>;cy2c. Usually the
second term is negligible for the third and later bunches.
According to this model the wake of the first dipole band of
the SBLC structure (with /A(t-/,,:=320MHz, F/F N =1.38) is
below 5% of the peak value for all following bunches. The
calculation of the long range wake by a loss-free, doubleband coupled oscillator model indicates that the wake is
below the 5% level for the next 120m and recoheres to 30%
after 132m.
Detuned Structures
Three cavity parameters are used for the JLC-X and NLC
sections to tune the accelerating mode and to detune the first
and some higher dipole bands. As mentioned before the iris
thickness is used to spread the synchronous frequencies (0vc of
the third and sixth dipole band. Therefore the pairs of cell
and iris radii are uniquely defined for every group velocity vf
of the accelerating mode. In contrast to CI structures the
group velocity profile is not adjusted with respect to the accelerating mode but to obtain a particular frequency response
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F(ca). One idea was to produce minimas of E(s)<x
\sin(Ck)/(Cls)\ at the positions of the next bunches (s=nt/c)
but the present proposals use a truncated Gaussian
distribution

f or 2(cov - co c ) < Aoo
D, is essentially determined by the structure parameter
i=ln(P/PJ and co</Aa) is set so that the envelope function for
the second bunch drops below 0.01 E(0). Calculations for the
NLC structure based on coupled oscillator models show that
the envelope function resurges after Lr=10m above the \%
level. To verify that the detuning works as expected, a full
scale prototype of the detuned NLC structure has been build
and was measured in the ASSET test facility [11]. The
measurement is in good agreement with the prediction over
the first 60cm but for the rest of the L,-range significant
differences (values even above 0.01 E(0)) are observed. This
is explained by an 1.5-10"4 rms fractional error of the cell dimensions. At larger distances the prediction would better
agree with the data if the Q of the modes used in the calculations were lowered from the assumed value of 6500 to
about 4000. Measurements of the loaded Q, however, show
no evidence for the smaller values.
Section-to-Section Detuning
The wake function of two or more successive structures can
be added to a total wake if the length of the combined
sections is still small compared to the betatron wavelength.
A systematic detuning of multiple sections is limited by
manufacturing tolerances. For a randomly distributed frequency error
with the rms width (8co), the effective
transverse error-wake can be estimated by

M , *CV2M/V
J 5 ± for !<*>>«!
c

max(w r )

(M is the number of sections). Even for one section it is
difficult to keep(w r ) below the desired level with realistic
manufacturing tolerances. Therefore systematic section-tosection detuning is not considered for the present LC
projects.
A random detuning of the center frequencies by 8 %
leads to the envelope

M

*/c)

If the arguments of the exponential function are in the order
of in or larger the effective envelope is E{s) I -JlM • As all
sections of a LINAC are randomly detuned the particle
dynamics over many betatron wavelength is affected and an
'effective' value of M cannot trivially be determined.

Damping and Detuning
The recoherence of the wakefield in purely detuned
structures takes place on a time scale i=L/c which is short
compared to the fill time xfil, and therefore short compared to
the length of the bunch trains considered in most LC design
studies. Only a weak additional damping in the order of
Q=itfcx, is needed to suppress the long range wake. For the
SBLC structure an average Q value of 3000 is needed, the
goal for the NLC damped and detuned structure (DDS) of
1000 even allows the cell and alignment tolerances to be
relaxed.
For the concept 'weak damping with few dampers' a
large variety of coupling geometries and structure-damper
configurations have been investigated. Due to the existence
of trapped modes, damping cells inside a section are needed.
E.g. for the SBLC structure, dampers would be needed at at
least three positions, so that one damper is in the trapping
range of each mode. Unfortunately even a damping cell
inside the trapping range can be completely ineffective. This
is the case for damping cells with two fundamental-modewaveguides per polarization plane which do not break the
dipole symmetry3. To overcome this, either more or more
complex one-cell-dampers (with broken symmetry, more
than two waveguides or waveguides with more than one
propagating mode) are required. Another disadvantage of
special damping cells is their interference with the detuning:
'weak damping with few cells' needs an optimal cellwaveguide coupling which drastically disturbs the detuned
short range wake. This effect can be lowered by increasing
the number of dampers and reducing their coupling strength.
The extreme is 'weak damping with one damper per cell'.
Usually the HOM-absorbers are separated from the
accelerating mode by a special coupling geometry and/or
frequency selective elements, but even with artificially
increased losses at a part of the resonator surface, it is
possible to achieve the needed selectivity [12]. Therefore the
iris tips of all SBLC cells are covered by a material with ten
to twenty times higher surface resistivity, as can be seen in
fig. 2b. This decreases the quality of the accelerating mode
by 5%, but the effective shunt impedance is lowered by less
than 2.6%. As the iris coating is located exactly where the
highest surface field strength occurs, investigations are
necessary to prove the high power capability. The first tests
with steel and Kanthal coated cells under conditions
corresponding to an unloaded gradient of 25MV/m showed
no evidence of surface break-down effects. Further
measurements aiming to the doubled field in the ITeV
version are in preparation. To minimize the HOM excitation
by active structure alignment, each section is equipped with
two HOM pickups. One will be located near the front end,
and one almost at the 2/3 point of the section length. The
3

The waveguide-structure configuration is a three port
system. Due to the unitarity of the scattering matrix not all
waves from the periodic structure can be diverted to the
waveguide absorber.
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coupling to the circumference pickup waveguides is a
compromise between the necessary resolution (about lOjxm)
and the perturbation of the tOy, kv distribution.
The damping of the NLC structure [13] is provided by a
set of four waveguides that run parallel to the structure (see
fig. 2c). In a localized sense the field in a tapered structure
can be approximated as the superposition of forward and
backward traveling waves. If their phase advance is close to
that of the manifold waveguides, their energy can be drained
to absorbers at the ends of the manifold waveguides.
Additionally the excitation of all 'trapped' modes can be
detected at these terminating loads. For each mode the
coupling condition is fulfilled in the range of only few cells,
therefore the damping can be controlled locally. The
structure dimensions are determined in the following
succession: the thickness and beam hole dimensions of the
coupling irises are taken to be the same as those of the purely
detuned section to retain their coy, kv distribution. To reach
the desired damping, the depth of the circumferential
coupling holes and the widths of the waveguides are tapered.
Finally the cavity radii are adjusted for the 2rc/3 accelerating
mode. For the first 2/3 of the cells the depth of the manifold
coupling holes is positive so that the shunt impedance
degradation is less than 3%. In the last third the waveguides
protrude into the cells which causes an increasing
degradation to a maximum of about 5%.

Wake Fields

Choke Filter
Trapped
Accelerating
Mode

(b)

Summary and Conclusion
Concepts for the suppression of long range wakes are
presented for all multibunch LC design studies which take
into account a large frequency range. With the exception of
the SBLC iris coating, the NLC damped and detunded
structure and the CLIC proposals, all techniques have been
investigated in test structures. Besides refinements of the
theoretical models and further test setups, economical
manufacturing methods will have to be developed.
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Abstract
For light ions, Laser Ion Sources have already found
their application (e.g. Dubna). At CERN a source for heavy
ions with the final characteristics Pb25+, with current of 5 - 10
mA, a pulse length of 5 - 6 u.s, a normalised 4 x rms
emittance of 0.2 - 0.4 mm*mrad, is under development.
Topics like the required laser energy and performance, the
ion beam transport and the acceleration are discussed. The
different phases of the realisation of this source and its status
are presented.

the future lead to solid state lasers and sources, providing
sufficient ion yield at much higher charge states.
How we intend to cope with these trends is discussed briefly
in the section on recent developments.
Target
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Target
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Introduction
In the late 80s the concept of a Lead-Ion Accelerating facility
at CERN was under discussion, so laser ion sources became
of interest. In 1988 a 50 J carbon dioxide laser was acquired
to assemble an experiment (Fig.l). In 1991 first results were
reported [1]: Pb26+ was observed, a group of ions of charge
states around 20+ providing current densities of 1 mA/cm2
was obtained. From the start, most of the studies were
carried out together with ITEP, involved in plasma physics
and a branch of the Kurchatov Institute at Troitsk, TRINITI.
There, lasers 2-3 times higher in energy became available,
and the generation of Pb ions around charge 25+ at current
densities of 0.3 mA/cm2 per charge state, was observed.
At the beginning of 1994, Al ions, generated in the Laser
Ion Source (LIS), were accelerated in a radio frequency
quadrupole (RFQ). Currents of more than 1 mA per charge
state of Al'* to Al11*, were observed [2], the pulse length was
several |is. This achievement, together with the results with
heavy ions, encouraged us to direct our development work
towards a source capable of providing ions for the Large
Hadron Collider (LHC)[3]. The scheme retained in the LHC
feasibility study is based on an ECR source and a low energy
storage ring. The approach based on a LIS is pursued as an
alternative solution.
In this report a possible configuration of a source and a preaccelerator is sketched. Attention is focused on some key
elements. The different phases of realisation of a complete
device are described. In this context, the present experiment
and its preliminary results are analysed. Building such a
device is a matter of many years. New technologies may in

Laser beam

Insulator

Fig.l.

Configuration of a Laser Ion Source

Requirements from a Source
For heavy ion experiments, the LHC demands a luminosity
L = 3.2*1024 cm 2 s 1 /bunch. The machine is designed to
obtain this value with 9.4* 107 ions / bunch at a normalised
1 rms emittance of en = 1.5*10° m*rad.
The LHC filling scheme described in [4] and the present
performance of the different machines lead to our target
value at the extraction electrodes of the LIS:
1.4*10" ions of Pb"* in a pulse of 5.5 us,
en(rms) = 0.05*!©"* m*rad, every 1.2 sec.
A Possible Configuration of a Source with Pre-accelerator
The configuration should consist of
1) A laser of 100 J.
2) A photon transport system of sufficient length to decouple
the laser from the target.
3) A target capable of producing 103 shots without
replacement.
4) An extraction system for accelerating Pb25* to 9.6 keV/u.
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5) A low energy beam transport channel (LEBT).
6) AnRFQ, accelerating Pb25* from 9.6 to 250 keV/u.
7) A beam line with switch yard inLinac3[5].

Total Energy Em, = 80 J,
50% in pulse of 30 ns, 50% in spot with d = 100 |nm
~> useful E ' = 20 J, -» P = 8 * 1012 W/cm2
observed:
z with highest abundance: 25
at 1 = 3.5 m, x = 8 (AS for ions around z = 25,
at 1 = 3.0 m, j , = 1.2mAycm2 in aperture 0 = 34 mm
relations, leading to the set of "key data":
T « l , j °c I"3, j oc E \ j lf. = 15% of j , .
key data:
with a laser of E' = 80 J in 30 ns, focused to d' = 200 \un,
a current density j lu = 1.12 mA/cm2 at 1 = 2.6 m should
be obtained.
The pulse should last x = 6 |as. Through the extraction
aperture 0 , a current of 10 mA should flow.

Key Elements
At present, design concentrates on (i) a new laser and (ii)
the construction of the ensemble "target - illumination - ion
extraction".
The results of the present experiment should later allow
the choice of the definitive LEBT (e.g. a multi element
filter line or a straight line (e.g. 2 solenoids)).
(i) The Laser
The present 50 J laser, well suited for many of the
preparatory experiments, fails as final laser as repetition
rate, energy per pulse and stability from shot to shot are too
low.
In experiments and plasma simulations, the charge state with
the highest abundance as function of laser power density and
focal spot size was established (see Fig. 2 [6]). Current
density was found to scale linearly with energy.
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Table 1 Estimation of Laser Energy and Plasma Expansion
Length for the Final Set-Up, based on Experimental Data
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Another characteristic of a free running laser is the variation
of pulse form from shot to shot due to excitation of different
longitudinal modes (Fig.3). This effect is considered
responsible for most of the ion current variation ( ± 25 %).
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spot diameter of central diffraction pattern of laser beam
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j , = current density of group of charge states around 25+
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Fig.2. Charge-State as Function of Power Density (d 0 = 50 (im).

Based on these results and keeping the aperture of the
extraction electrode sufficiently small (emittance is a
function of the diameter), laser energy and plasma expansion
length could be estimated [7]. The set of data, scaling laws
and the result are summarised in Table 1.
A very important observation was that from the total laser
energy only the photons reaching the target area within the
first 30 ns and the Airy spot, contribute to the ion yield.
The energy within these constraints is termed useful energy
(E1). In a free-running laser, E' can become as low as 25 %
of the total energy. The non-useful energy contributes,
however, to the damage of the target and contamination of
the optical elements.
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Pulse Shape of a Self locking Laser.

These problems may be solved by using a laser system of a
master oscillator and a power amplifier (Fig.4)., working in
single transverse mode (TEM^,) and single frequency.
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Fig. 4. CO2 Laser Master Oscillator and Power Amplifier.
Concentrating all the laser energy in the first 30 ns and
choosing an appropriate optical design of the laser mirrors, is
supposed to lead to a laser device with 80% of useful energy.
The design of a 100 J laser has started. Two characteristics
that are a strong challenge to the designer and manufacturer
are the pulse repetition rate of 1 Hz and the demand of
intervention free operation for 2*10' shots,
(ii)
The ensemble "target-expansion-extraction-target
illumination"
Another element in detailed design, is the target, expansion
area, extraction area and illumination system. The target
should withstand at least 10s shots before replacement.
Based on 300 laser shots per LHC filling cycle every 8.5 hrs,
this target would allow more than 100 days of uninterrupted
operation. However, in sessions of machine development,
when continuous 0.8 Hz operation is needed, this target will
be used in less than 2 days.
Results from experiments on multi-shots per target position
with the high energy lasers at TRINITI show stable ion
production from 20 shots per position. With a crater
diameter of 3 mm, a target surface of more than 400 cm2
must be available. This demands a new configuration shown
in Fig.5. The target will be a rotatable cylinder, fine
adjustment in the plane normal to the laser beam and in its
axis will be possible. The ensemble is modular such that
geometry can be changed by replacement of tubes.

The completion of the LIS for the LHC can be seen in 4
phases:
1) Integration of the laser ion source in an accelerator
environment, matching of the different beam parameters
with respect to beam brightness.
2) Demonstration that this device can be tamed with respect
to plasma instabilities.
3) Device scaling to "operational" dimensions
4) Integration in Linac3.
We are in phase 1. Next year we will enter phase 2, when a
master oscillator will be installed and the present 50 J laser
converted to an amplifier.
In parallel, the design of the final amplifier will proceed,
construction and integration of the new source ensemble into
the experiment is envisaged. Up-grade of the final LEBT
may become necessary, and the design of a mean energy
beam transport (MEBT) should start.
Phase 3, should see the up-grade of the RFQ to 250 keV/u for
Pb25*, and the integration of the 1 Hz - 100 J laser system.
Phase 4 is still far future. Getting the beam into the MEBT of
Linac3 will demand a switchyard.
Present Experiment, Preliminary Results
A schematic diagram of the set up is shown below.

Quadnipola Doublet

Phosphor
Screen

\
Target

Parabolic
Mirror

Transformer

Fig.6. Schematic Diagram of Experimental Set up
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Magnetic
spectrometer

The experiment is described in detail in [8], shown in Fig.6.
The main characteristics of the laser can be found in Table 4.
50 J is the nominal energy per pulse. The laser parameters
have been optimised with respect to ion yield. Under these
conditions, 30 J is drawn. About 7.5 J contribute to the yield
of Ta16* - Ta24* ions. A power density
P = 1.6 * 10'3 W/cm2 is achieved. At present we use
Tantalum. Ta16* is, in its charge to mass ratio, very similar
to Pb"*. It is preferred to Pb due to less contamination of the
target area and longer life time (less craterering of the target).
Later Pb18t will be used as well.
The relative abundance of ions, passing the extraction
electrode, is shown in Fig. 7.

Its performance measured with protons is close to design.
The feared sparking from plasma photons entering the RFQ,
occurs very unfrequently. This RFQ is designed for peak
currents of 30 mA, 19 mA are available now. To test the
RFQ to its full performance, the present charge to mass
ration of 0.11 will be decreased to 0.086, working with
Ta"*orPb"\
The performance of the experiment is given in Table 3. The
LEBT is at present the weak element in the chain. Matching
of the extraction to the RFQ is yet not achieved.
pos.

1

2

mean current
in 5^s
(mA)
60,
(peak 80)

e , 4 x rms

60

250

7

8

4

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Charge state ( Q

5

Fig. 7.

Abundance of Ions for the Unaccelerated Plasma, a) y
independent of charge state, b) y scaling with kinetic
energy, c) y proportional to charge state.

Measurements of the secondary emission coefficients y for
the detector material, CuBe, bombarded by heavy ions, are
still missing for ions with mean energies of 2.5 keV/q . For
these energies the two mechanisms for the generation of
secondary electrons , (i) due to kinetic energy and (ii) due to
potential energy seem to overlap. The three distributions in
the graph indicate the "uncorrected" measurement, and two
corrected ones. The true distribution will be somewhere in
between b) and c).
The LEBT, consisting of two solenoids, had to be designed
on the basis of preliminary parameters, measured under
conditions very different from the final set-up; TRACE was
used for beam simulations. Now, the program PATH [9,10]
(based on TURTLE) which allows multi-particle tracing and
the representation of magnetic elements by field tables, will
be used to optimise the beam transfer. The RFQ is described
in [11,12]. Some characteristics are given in Table 2.

Design ion:
Input energy:
Output energy:
Transmission:
Current per charge-state
Acceptance:
Longitudinal emittance:

charge 18+, mass 208 a.m.u.
6.9 keV/u
100 keV/u
90%
10 mA
300 mm*mrad, total, unnorm.
12deg*keV/u, 1 rms value

Table 2 Main characteristics of the RFQ

6

remarks

(mm*mrad)

3
6

fullAE/E

0.11
0.025
10,
(peak 19)
2.0, (peak 9)
Ta20+: 1
22

0.05

0 = 30 mm,
1= lm,
U= 60 kV
Imax= 100mA
at 1 = 0.9 m
18 charge-states
in 3-8 |is
max: Ta20+
no modulation
60-65 kV, modul.
0 = 6.5 mm
6 charge-states
pulse length 2 (is
5 charge-states
Tal8+-22+

Table 3 Summary of Preliminary Results

The positions are 24 mm after extraction (1), 79 mm after
extraction (2), spectrometer after LEBT (3), RFQ in-input
plane(4), 90 mm after RFQ (5), behind spectrometer after
RFQ (6). U = extraction voltage, 0 = aperture of Faraday
cup, 1 = plasma expansion length.
Recent Developments
Today, CO 2 lasers with high energies, at high pulse rates, are
field proven. Energies and pulse characteristics to provide
the needed particles from the target, are known.
In the past, solid state lasers in the energy range of 20 - 100 J
with pulse rates of lHz were not available. The problem was
heat dissipation (solved in CO 2 lasers by circulating gas
stream). Diode pumped lasers, where the pumping efficiency
is much higher than with flash lamps may break this
limitation and performance to cost ratio may become more
favourable for solid state lasers than for gas lasers.
In parallel to this development, it could be shown that ions
with charge states, much higher than 20-30 (Ta55*, Pb51+), can
be obtained [13] at shorter pulse duration and laser wave
lengths, 10 times shorter than for CO 2 , yet with low particle
yield. An ion linac without a stripper may become a reality
in the future.
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To follow these developments as tightly as possible, our
collaboration has been enlarged.
A brief overview on lasers, available in this collaborations is
given in Table 4.
Institute
CERN
ITEP
TRINITI

ASCR
Prague

IPPLM
Warsaw

lasers
CO,, 50 J, 10.6 u.m, 50 ns FWHM, 0.05 Hz
free running oscillator (FRO)
CO, ,10 J, 10.6 fun, 50-60 ns, fro, 1 Hz
CO,", 20-40 J, 10.6 um, 50-60 ns, 0.07 Hz
CO 2 , 100 J, 10.6 um, 30 ns, fro, 0.02 Hz
other, master - oscillator / power amplifier
systems, CO,, max 300 J
Iodine photodissociation, 50 J, 1.315 |im,
300 - 500 ps, also higher harmonics of 2nd,
3rd order, then 25 J,
time between shots: several minutes,
master oscillator / power amplifier
Nd:glass, 15 J, 1.06 jam, I n s ,
2*30 J, 1.06 urn, 0.5 ns
Nd.glass, 2 J, 1.06 nm , 1-2 ps, all systems
master oscillators / power amplifier
time between pulses 20 minutes

shrinking. We would like to thank all those who despite their
increasing daily duties find the time to help us at this
experiment: the teams, taking care of magnets, mechanical
elements, radio frequency, survey and the vacuum
equipment.
References

Table 4 Lasers at the Collaborating Institutes
Conclusion
Reaching nearly 20% of the finally required amount of ions
for Pb25* for the heavy ion Tantalum, see Table 5, is
encouraging.
However, much attention will still have to be spent on laser
performance, particle transmission from the extraction
electrodes to the RFQ and lay-out and construction of the
ensemble target - extraction - illumination to reach the
required source performance.
The experimental set-up with its RFQ and the numerous
beam diagnostic devices, should allow us to evaluate the
beam brightness.
1 = year, 2 = ion, 3 = particles (10exp9), 4 = pulse length
(Us), 5 = transverse rms emittanc:e, normalised (mm*mrad),
6 = longitudinal rms emittance (c leg*keV/u),
7 = kinetic energy (keV/u), 8 = 3 (10exp-2)
1
2
3
4 5
7
6
8
1994
27 Al 10+
3
140 1.73
<2
1996 181Ta20+
2 0.08
100 1.47
1.6
208 Pb 25+
5 0.07
7-8
13 250 2.32
Table 5 Parameters at Out-let of the RFQ
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BEAM TEST RESULTS OF THE INS RFQ/IH LINAC
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3-2-1 Midori-cho, Tanashi, Tokyo 188, Japan
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Abstract
As a front-end structure of the linac complex, we employed
A linac complex for radioactive beams has been constructed at
an
SCRFQ, because the cavity diameter is smaller than 1 m even
INS, which comprises a 25.5-MHz split coaxial RFQ (SCRFQ)
with modulated vanes and a 51-MHz interdigital-H (IH) linac . at a low frequency such as 25.5 MHz. The SCRFQ accelerates
The SCRFQ accelerates ions with a charge-to-mass ratio (q/A) ions with a q/A greater than 1/30 from 2 to 172 keV/u [2]. After
greater than 1/30 from 2 to 172 keV/u. The beam from the charge stripping, the IH linac, 5.63 m in total length, accelerates
SCRFQ is charge-stripped by a carbon-foil, and is transported ions with a q/A > 1/10 up to 1.05 MeV/u, which comprises four
to the IH linac through two magnetic-quadrupole doublets and a tanks and three magnetic-quadrupole triplets between tanks [3].
25.5-MHz rebuncher cavity. The IH linac accelerates ions with Since the tanks are excited separately by four rf sources, it is posa q/A greater than 1/10, and the output energy is variable in the sible to vary the output beam energy continuously in a range from
range of 0.17 through 1.05 MeV/u. Beam tests of the linac com- 0.17 to 1.05 MeV/u by adjusting the rf power levels and phases.
plex performed with N 2 + ions show that the output beam energy The duty factor of the linac complex depends on q/A of the ions:
nearly 100% at q/A >1/16, and given by 270x( q /.4) 2 x 100%
and transmission efficiency agree well with predictions.
at 1/17> q/A >l/30.
In the stage of completion of the SCRFQ, the low-energy beam
Introduction
transport (LEBT), and first quadrupole doublet in the mediumA short-lived nuclear beam acceleration facility has been, con- energy beam transport (MEBT), we conducted beam tests of the
structed at INS, which is a prototype for the exotic nuclei arena SCRFQ, by using stable-nucleus ions, N + . After beam tests,
of the Japanese Hadron Project [1]. The facility comprises an the IH linac, the rebuncher cavity, the second quadrupole douSF cyclotron, an ISOL and a heavy-ion linac complex. The blet in the MEBT, and a momentum analyzer in a high-energy
short-lived nuclei, produced by bombarding a thick target with beam transport (HEBT) were aligned precisely on the beam line
a 40-MeV 10-^A proton beam from the existing SF cyclotron, down the SCRFQ. After low-power tests of the IH and rebuncher
are ionized in an ion source, mass-analyzed by the ISOL, and cavities, we conducted their high-power tests for aging the cavtransported to the linac complex through a 60-m long beam line. ities. On March 29,1996, we succeeded in the first acceleration
The linac complex comprises a 25.5-MHz split coaxial RFQ of the SCRFQ/1H linac with a N 2 + beam. This paper describes
(SCRFQ) with modulated vanes and a 51-MHz interdigital-H the linac construction and the beam test results.
(IH) linac, as shown in Fig. 1.

25.5-MHz SCRFQ
- Ion Source
, EMI

51-MHz IH Linac
Stripper rRebuncher
2.EM2 / rFC4.EM3

FC6

ISOL

Figure 1: Layout of the heavy-ion linac system.
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Split Coaxial RFQ (SCRFQ)
Construction of the cavity
The SCRFQ has been constructed on the basis of the studies of a
prototype. Design parameters of the SCRFQ are summarized in
Table 1. The cavity (0.9 m in inner diam., 8.6 m in length) comprises four unit cavities, whose structure is nearly same as that
of the prototype. In the new cavity, we didn't use the vane coupling rings installed in the prototype, because they caused appreciable shift of the resonant frequency in high-power operations. The unit cavity comprises three module-cavities as shown
in Fig. 2. The material of the tank is mild steel, whose inner wall
is plated with copper to a thickness of 100 jum, and that of the
inner structure except the vanes and spacing rods is oxygen-free
copper. The vanes are made of chromium-copper alloy containing Cr of 1%, and the spacing rods are copper plated stainless
steel.

The vane tip geometry has following features: the transverse
radius of curvature of the vane-tip (px) is variable in the lowenergy part, about 1 m long in the first unit cavity, and the px is
constant at the mean aperture radius (r 0 ) in the high-energy part.
The vanes in the first unit cavity were machined by means of a
three-dimensional cutting technique, and for the other vanes a
two-dimensional cutting technique was used. For each vane-tip
geometry, we made a correction on the aperture parameter a and
modulation m (Aw correction) to bring the actual field close to
an ideal one.

Table 1
Design parameters of the 170 keV/u SCRFQ
Frequency (/)
Charge-to-mass ratio (q/A)
Kinetic energy (T)
Input emittance (e in )
Normalized emittance (e n )
Vane length (ly)
Number of cells (radial matcher)
Intervane voltage (V)
Max. surface field (£ S | i n a x )
Mean aperture radius (ro)
Minimum aperture radius (a m i n )
Max. modulation index (m m a x )
Margin of bore radius (amin/abe&m)
Final synchronous phase (fa)
Focusing strength (B)
Max. defocusing strength (At,)
Transmission efficiency*
at 0 mA input
at 5 mA input
•(for <5t/,4=l/3O ions)

25.5 MHz
> 1/30
2-172keV/u
29.1 w cmmrad

- Vartrnx. van*
- Horlzontot Vow

Figure 2: Structure of the unit cavity.

0.6TT mm-mrad

8.585 m
172 (20)
108.6 kV
178.2 kV/cm
(2.49 Kilpatrick)
0.9846 cm
0.5388 cm
2.53
1.2
-30°
5.5
-0.17

Rf aspects

91.4%
86.0%

The module length, 0.7 m, was determined so as that the droop
of the vanes due to the gravity might not exceed 35 yum, and the
cavity diameter, 0.9 m, so as that the resonant frequency might be
25.5 MHz. The electrodes comprising the vanes and the spearshaped back plates are supported by stems. The stem-flanges are
arranged at equal distances by spacing-rods. By introducing the
spacing-rods, it became possible to align the vanes with an accuracy better than ±40 pm before installation in the unit-cavity
tank. The unit cavity is cooled by eleven water channels running
in parallel. Total flow rate for one unit cavity is about 2901/min,
and the temperature increase of the water is less than 1.4°C under
a 30% duty operation with a peak power of 90 kW. After completion of the four unit-cavities, we aligned them in an accelerator
room with an error less than ±50 /j,m.

We tuned the resonant frequency and the longitudinal voltage
distribution by changing locally the inter-electrode capacitance
and the stem inductance. For changing the capacitance, C-tuners
of the copper plates (170 or 120 mm in height, 30 mm in width,
3 mm in thickness) were attached on the back-plates so that a
plate confronted a stem with a distance of 25 mm. In order to
flatten the longitudinal voltage distribution, C-tuners (170 mm
in height) were installed in the 1st module, and other tuners (120
mm in height) in the 2nd and 12th ones; the number of tuners is
four per module. Further fine tuning was performed by adjusting the stem inductance between the 6th and 7th modules. After
tuning, the longitudinal distribution was flat within ±1%, and the
azimuthal field imbalance within ± 1 %. The resonant frequency
was 25.46 MHz, and the unloaded Q- value 5800. From their values and total capacitance between electrodes, 1616 pF, the resonant resistance (Rp) is derived to be 22 kfi. The final tuning to
25.5 MHz is performed by means of piston tuners.
The high-power operation was conducted for aging the cavity
and for calibration of the intervane voltage (V^). The rf source
generates a max. power of 350 kW in peak with a duty factor
of 30%. The input power (P, n ) is transmitted into the cavity
through a 6-m coax (WX-120D) and a loop coupler. By using
four 500-1/s turbo-molecular pumps, the cavity is kept at a vacuum of 5 x 10~ 7 Torr without power input. So far, we have
achieved the goal intervane voltage of 109 kV at a duty factor
of 15%.
We figure out intervane voltage from the output voltage (VML)
of a monitor loop attached to the 12th module cavity. We obtained the calibration constant, V VV /VML = 10,388, by measur-
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ing the endpoint energy of X-ray from cavity. From the relation,
Rp = Vrv2v/2Pjn, the resonant resistance was derived to be 24.55
± 0.44 kfi under high-power operation. This value is higher than
22 kft, which we obtained in low-power test. The increase of
the resonant resistance may be due to the Q-value improvement
through the aging.

field distributions in the gaps, we figured out effective shunt
impedances (Zeff)> and then the rf powers (P) required for accelerating the q/A = 1/10 ions up to 1.05 MeV/u.
Table 2
Design parameters and low-power test results of the IH linac

Interdigital-H Linac
T o u t (keV/u)
Ltank (cm)
Aank (Cm)
iibore (Cm)

Construction of the cavities
The design parameters of the IH Hnac are listed in Table 2 together with the low-power test results. The synchronous phase
is —25° to assure a stable longitudinal motion. In order to obtain
the high shunt impedance, the accelerating mode is TT-TT, and no
transverse focusing element is installed in the drift tubes. The
inner diameters of the 1st through 3rd tanks are a little bit larger
than that of 4th one, so that the resonant frequencies are kept to
51 MHz without reducing the shunt impedance. Each gap length
between drift-tubes is equal to one half of the first cell length.
Both end structures of the cavity, i.e., the magnetic flux inducers
and the gaps between end-wall and ridge, are determined experimentally so as that the longitudinal field distribution becomes
flat over a cavity.
The material of the tank is mild steel, whose inner wall is
plated with copper to a thickness of 100 /xm, and that of the
ridges, drift-tubes and stems is oxygen-free copper. For tuning
the cavity, three kinds of tuners are used: a capacitive tuner (Ctuner), four inductive end tuners (end L-tuner), and an inductive
piston tuner (L-tuner). The C-tuner is a manually movable disk
(19 cm in diam.) facing a ridge. The .L-tuner is moved automatically to compensate the frequency shift due to the temperature
change. The structure of the 4th tank is illustrated in Fig. 3.

Rf-Coupler

End L-Tuner

•Dd.tube ( c m )

No. of cells
VW (kV)
/initial (MHZ)

/ t u n e d (MHz)
Qo
ZeS (Mfi/m)
P(kW)
AV gap (%)

Tankl
294
68
149
1.0
3.8
9
200
51.084
51.000
10681
264
10.5

Tank2
475
90
149
1.2
4.4
10
250
51.134
51.000
15387
289
15

Tank3
725
115
149
1.4
4.6
11
315
51.180
51.000
16230
268
25

Tank4
1053
153
134
1.6
5.2
12
370
51.003
51.000
18490
218
39

±2.0

±2.9

±3.5

±2.2

The capacities of the rf sources for the 1st through 4th tanks are
12kW, 22kW, 30kW and 50kW, respectively. The rf sources were
connected to the tanks through about 20-m coaxes (WX-77D for
the 1st through 3rd tanks, WX-120D for the 4th tank). Each of
the 1st and 2nd tanks is evacuated by a 500-1/s turbo-molecular
pump, and each of the 3rd and 4th tanks is by a 1500-1/s one. The
obtained vacuum pressures are in the range of 10~ 7 Torr under no
power feed. The high-power aging was conducted for the N 2 +
beam acceleration test, in which 70% of the max. gap voltage
was required at a duty factor of 15%. The time spent in aging
conducted at a duty factor of about 20% was about 12 hours per
cavity.

End Hate

Beam Transports

L-Tuner
Magnetic Flux Inducer

End Drift Tube

Figure 3: Structure of the IH-linac tank4.
Rf aspects
The results of the low-power tests are summarized in Table 2.
The resonant frequencies (/initial) of four tanks were tuned with
C-tuners to 51 MHz (/tuned)- Without any particular tuning,
we obtained the gap-voltage distributions almost flat except at
the tank ends. From the measured unloaded Q-values (Q o ) and

As shown in Fig. 1, the LEBT consists of a 2.45-GHz ECR ion
source, a 90° bending magnet, two quadrupole magnets, and four
einzel lenses [4]. The ion source produces stable nucleus beams.
The bending magnet separates ions with different charge-to-mass
ratios. The quadrupole magnets are used for making the vertical beam size small in the bending magnet and for matching the
transverse phase spaces at two focal points. The momentum resolution of the ion separating system is 0.65%. A double-slit emittance monitor (EMI) and a Faraday cup (FC1) are installed at the
RFQ entrance.
The MEBT between the SCRFQ and the IH linac comprises a
charge stripper (carbon foil of 10 jug/cm2), a rebuncher and two
quadrupole doublets [4], This transport system has a total length
of 3.76 m. Since the frequency of 25.5 MHz was required for
the rebuncher, a double-coaxial resonator with 6 gaps was developed to maintain the size small and power low [5]. The emittance monitor (EM2) is separated into two parts: the front slit is
near the RFQ exit, and the rear one is between the quadrupole
magnets. The Faraday cup FC2 measures the current of drift-
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through ions (both of accelerated and unaccelerated ions), and
FC3 the current of accelerated ions only. The emittance monitor
(EM3) and the Faraday cup (FC4) were located at the entrance
of the IH linac. The EM3 comprises four moving slits. The vacuum chamber containing EM3 and FC4 was made compactly so
as to be installed in a small space (38 cm in diam. and 15 cm in
length) just before the first tank of the IH linac. The Faraday cup
(FCS) cooled by a water channel was located at the exit of the IH
linac. The momentum analyzing system in the HEBT was set up
at the downstream of the IH linac. This comprises a quadrupole
doublet, a dipole magnet, a vertical slit with a width of 4 mm and
a charge collecting plate (FC6). This system has a energy resolution of less than 1 % for the 1-MeV/u ion beam, which has the
design emittance of the IH linac. The beam energy was estimated
from the magnetic field measured by a hole probe.

Performance of the linac complex
The overall performance of the SCRFQ/IH linac was examined
by using a N 2 + beam. The beam intensity at the entrance of the
SCRFQ is about 1 /xA at peak in a pulse operation, 0.6 ms in
width and 100 Hz in repetition rate. The rf pulse widths of the
SCRFQ and IH linac were set to 1.5 ms so as to cover the beam
pulse from the ion source. The 25.5 MHz-rebuncher was operated at 100% duty. The beam accelerated by the SCRFQ was
directly injected to the IH linac without using the stripping foil.
Before measuring the beam performance, we adjusted the gap
voltage and rf phase of each IH tank to the design values, because
the output beam energy and its spread from the IH linac are very
sensitive to those parameters. In Fig. 5, the output energies are
plotted as a function of the rf phase of the tank4; figure (a) shows
a simulation, and figure (b) a measurement. In the simulation,
they were calculated at the design gap voltage.

Beam Tests

Tink4 (calculated)

Performance of the SCRFQ
We measured the transmission efficiency as a function of the
intervane voltage. The RFQ operated at 25.47 MHz with a
duty factor of 5%. The N + beam had the input emittances, 17
and 22 x cmmrad in the x-x' and y-y' planes, and the current was about 0.22 mA in peak at FC1. The measurement result is shown in Fig. 4 along with a simulation. The horizontal scale is the normalized intervane voltage, Vn = Fvv/50.68
kV. The measured transmission efficiency of drift-through ions
(o in the figure) is defined by J(FC2)//(FC1), where 7(FCt) is
the beam current from the Faraday cup i, and that of accelerated
ions (•) by J(FC3)/J(FC1). The simulation was done by using
the PARMTEQ-H version including the higher-order-multipole
fields calculated by Crandall [6]. At the nominal intervane voltage (Vn = 1) the measured transmission efficiency is 90%. This is
close to the designed value of 91.4% with a matched input beam
with sn = 0.06 7r cmmrad. The measured output emittance profiles were inside of the design ellipses, with e n = 0.06 n cmmrad.
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Figure 4: Transmission efficiencies vs normalized intervane
voltage.
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Figure 5: Output beam energy vs accelerating phase; (a) is the
simulation and (b) the measurement.
If the beam with a design energy is injected into the tank4, we
can adjust the gap voltage and the rf phase experimentally by
comparing the measured function with the simulated one. As a
result, we set the gap voltage and rf phase to give the nominal
output energy. The voltages and phases of the other tanks were
also set by the same method as that for tank4.
After adjusting the gap voltage and rf phase, we optimized parameters of the focusing elements to increase the transmission efficiency of the IH linac. Figure 6 shows the beam energy spectra
measured at six operating modes, and figure 7 the transmission
efficiencies of almost 100% for five operating modes. For example, "IH-Tank3" in the figure shows the result obtained when
the SCRFQ and the 1st through 3rd IH-tanks are operated and
the 4th tank is not operated.
As seen from "IH-Tank4", the beam was accelerated up to the
max. design energy, 1.05 MeV/u. The measured energy spreads
(AT/T) are listed in Table 3 with the calculated values given in
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an area of e n = 0.06 -K cm-mrad. The broken-line ellipses in figure (c) show the designed acceptance of the IH linac with 0.24
n cm-mrad normalized.
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Table 3
Output energies and energy spreads for five operating modes
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RFQ
172
(172)
1.56
(1.06)
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293
(294)
1.65
(1.77)
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(475)
1.97
(1.65)

Tank3
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(725)
1.15
(1.02)

Tank4
1059
(1053)
1.12
(0.63)

Figure 6: Energy spectra for six operating modes.
Concluding Remarks
The beam tests of the SCRFQ with a N + beam showed following
results: 1) the transmission efficiency exceeds 90% at a design
voltage, 2) the form of the transmission measured as a function
of the intervane voltage and the emittance profiles of the output
beam agree well with PARMTEQ prediction.
The beam tests of the SCRFQ/IH linac with a N 2 + beam
showed following results: 1) for five operating modes, the output beam energy and its spread agree fairly well with the design
values, when the gap voltage and accelerating phase of each tank
of the rebuncher and IH linac are set to the design values, and 2)
the transmission efficiency of the IH linac is nearly 100%, when
the transverse focusing elements are optimized. From the beam
test results obtained so far, we can say the performance of the
SCRFQ/IH linac is close to the designed one.
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Figure 7: Transmission efficiency for five operating modes.
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CONCEPTUAL DESIGN OF A SUPERCONDUCTING
HIGH-INTENSITY PROTON LINAC
K. C. Dominic Chan
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Los Alamos, NM 87544, USA

Abstract
High-intensity continuous wave (cw) proton linacs have
been proposed as neutron spallation sources for accelerator
transmutation technology applications. These linacs have
energies and currents around 1 GeV and 100 mA. Linac
designs using room-temperature copper technology require
significant microwave power and the cost of operation is high.
Superconducting linacs, because of their insignificant wall
losses, provide an attractive alternative.
Recently, a
superconducting design has been developed at Los Alamos
National Laboratory (LANL). To make sure the high
availability required by the application is satisfied, the design
is based on demonstrated superconducting technology. The
resulting design reduces power and operating cost, and offers
high operational flexibility, high power upgradability, and low
beam loss.
Although a superconducting linac offers many advantages
for neutron spallation source applications, a proton
superconducting linac has yet to be built. Unanswered design
feasibility questions concern the multipacting characteristics of
elliptical cavities with P (v/c) less than one and the effects of
proton beam spill on the long-term superconducting
characteristics of niobium. Both issues can be resolved by
straightforward tests.

Introduction
High-intensity RF proton linacs have been proposed as
neutron sources for research and accelerator-driven
transmutation technologies [1]. High-intensity RF proton
linacs are attractive alternatives to reactor as a neutron source
because linacs can be operated very safely and do not produce
high-level radioactive waste. Also, the beam-pulse format of a
linac-driven neutron source allows additional flexibility in
time-of-flight measurements, which is beneficial for research
needs. Projects based on high-intensity proton linacs include
the Accelerator Production of Tritium (APT) [2], the European
Spallation Source [3], and Accelerator Transmutation of Waste
[4]. Each design uses proton linacs with typical beam energy
and current of 1 GeV and 100 mA, requiring hundreds of MW
of power to operate. These linacs use copper structures
operating at room-temperature. Although room-temperature
structures have been successfully demonstrated, their cavity
resistive power losses are significant, typically more than 25MW.
Superconducting (SC) RF linacs can be an attractive
alternative to room-temperature linacs because of their
negligible cavity losses. SCRF linac technology has been
580

under development since the early 1970s. SCRF cavities are
now in use in various accelerator centers, including KEK,
DESY, CERN, and CEBAF, (recentJy renamed the Thomas
Jefferson National Accelerator Facility). CEBAF is a notable
demonstration of SCRF linac technology [5], with 334
cavities configured similarly to the proton linac needed for
neutron source applications. Given the commitments made by
LHC and TESLA [6] in SCRF technology, SCRF can be
viewed as the future of accelerator technology.
Recently, studies have been completed on use of SCRF
linacs to produce high-intensity proton beams [7] [8]. Results
from these studies show that the SCRF linac is technically
feasible for accelerating high-intensity proton beams. Besides
greater power efficiency, the SCRF linac offers high
availability and low beam loss, which are important
performance requirements for linacs considered for neutron
sources. During a recent APT study, an SCRF linac design
was developed and its performance investigated [7]. Important
technical issues and R&D efforts needed to provide additional
information have been identified.
In this paper, the advantages and technical issues of using a
high-intensity SCRF linac as the driver for a neutron source
will be described using the APT SCRF linac design.

High-Intensity SCRF Linac Design
The APT SCRF linac [7] has been designed with
demonstrated SCRF technology. It is intended to show what
can be achieved without extensive R&D efforts. The design,
therefore, is very conservative.
The baseline room-temperature APT linac design has a
low-energy section and a high-energy section [2]. The lowenergy section, which brings the beam to 100 MeV, includes
an injector, a radiofrequency quadrupole (RFQ) linac, and a
coupled-cavity drift-tube linac, and the high-energy section is a
coupled cavity linac. In the SCRF design (Fig. 1), the highenergy section is replaced with a SCRF linac. The SCRF
linac has two constant-p sections made up of identical
cryomodules, where p* is the relativistic factor equal to the ratio
Room-Temperature
Copper Linac

100 MeV

Superconducting Elliptical Cavities
(700 MHz, 4 cells, Doublet Focusing)

260 MeV
M>-62

1000 MeV

-Mem-

Fig. 1 Schematic layout of the APT SCRF linac

of the beam velocity and the speed of light. Figure 2 shows
the two designs of these cryomodules. The cryomodules are
separated by doublet quadrupole magnets that provide the
transverse focusing. Table 1 summarizes the linac parameters.
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power level that a power coupler can handle. Too many levels
of power splitting can cause difficulties in RF control.
Considering the klystron size, the power handling capability of
couplers, and RF control, the resultant APT design uses a 1MW klystron to supply power to four cavities. Each cavity
will use two 105-kW power couplers.
To minimize RF power splitting, a power coupler with the
highest power carrying capability should be used. A survey of
the power carrying capability of existing power couplers
(Table 2) showed that a power level between 100 to 150 kW is
achievable, consistent with the choice of 105 kW for the APT
power coupler. Figure 3 shows a schematic of the power
coupler design. A coaxial power coupler has been chosen
because it has been used in most SCRF cavities. The coaxial
power coupler consists of a 3-1/8" coaxial line with antennatype termination. To minimize the multipacting caused by
gas condensation, the coaxial power coupler is designed for
baking. Multipacting limits were investigated by comparing
data obtained by Kindermann for the CERN coupler [9] and
with the recently-published scaling law [10]. The coupler uses
warm windows located outside the cryomodules sufficiently far
from the beam to minimize beam-induced window breakdown.
The use of two windows provides redundancy for higher
availability. The coupling coefficient will be adjustable over
10 dB using a copper-plated stainless steel hydroformed
bellows in the outer conductor. The adjustability allows
minimization of reflected power during operation.

HIGH SETA CRYOMOnui.F

Table 2
Demonstrated power coupler capability with beam

Fig. 2 Layout of a) medium-p" section, b) high-P section.

Facility

Table 1
Superconducting linac parameters
Beam Current
Energv of SC Sections
Final Beam Power
Cavities oer RF Module
Cavities oer crvostat
Cells Der cavitv
RF input couplers/ cavitv
RF power/ coupler
Acceleratine gradient, E,,T
Aperture radius
Nominal operating temperature
Cavitv RF Dower loss (total)
HOM Dower (total)
Static heat leak
Number of 8 sections
Number of cavities
Number of crvostats
Number of klvstrons

CERN
KEK (TRISTAN)
DESY
CESR
KEK(AR)

100 mA
100 to 1000 MeV
100 MW
4
2
4
2
72 kW and 105 kW
4.2 to 5.3 MV/m
5.0 and 7.5 cm

Frequency
(MHz)
352
508
500
500
500

Capability
(kW)
60
80
100
155
168

Current
(mA)
2-4
13
70
110
500

RF CENTER CONDUCTOR
DRIVE MECHANISM
INTERFACE PLATE

BEARING 121
PRELOAD WIT

2K
3.17 kW
2.98 kW
4.22 kW
2
488
244
122

CAVITY
INTERFACE
FLANGE.

Fig. 3. Schematic of power coupler.
RF power is a major design consideration because of the
amount needed. Because they cost less per watt of power,
larger size RF units are preferred. However, a larger RF unit
means further levels of power splitting to reach the lower
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Figure 4 shows the RF system architecture. The power
source is a 1-MW klystron at 700 MHz protected by a
circulator. It supplies power to four cavities. Cavity field

signals from these four cavities are summed and used in
feedback control of the klystron. Beam dynamics show that
the linac maintains good performance if the amplitude and the
phase of the sum of the cavity fields are controlled,
respectively, to 1% and 1°; and the fields of individual cavities
controlled to 3% and 5°. This RF control specification is
expected to be achievable, given experience at CERN and
DESY.

solid niobium with an RRR-value of 250. Fabrication and
processing procedures will be similar to those used for the
CEBAF cavities [11]. In addition, high-pressure rinsing will
be used. Heat-treatment is not planned because it is not needed
at this field gradient and can reduce the mechanical strength of
the niobium.

CRYOMODULES

CIRCULATOR
PRE
AMP

Fig. 4. RF system architecture.

Fig. 6. Schematic of cavity design.

An elliptical cell shape, commonly used in SCRF cavities,
will be used here (Fig. 5). Because of the lower p\ the cell is
significantly shorter than the |J=1 elliptical shapes in electron
SC accelerators. Although one-point multipacting is not
expected for elliptical shape cells, two-point multipacting,
particularly for f}=0.48, may exist due to shorter cell length.
Shorter cell length may also reduce the mechanical rigidity of
the cavity structure. Figure 6 shows the cavity design. The
cavity will be operated at a gradient
of 5 MV/m,
corresponding to peak surface field of 16 MV/m. This gradient
is well demonstrated in existing SCRF cavities with elliptical
cells. At this gradient, field emission and thermal breakdown
(quench) are not expected. The cavities will be operated at a
temperature of 2-K to minimize cryogenic power and to
provide better quench resistance. They will be fabricated with

Figure 7 shows the cryomodule design. The cryomodule
contains two cavities. Its design is based on the CERN LEP
wrapup design [12].
Both a motor-driven tuner and
magnetostrictive tuner are included in the design.
The
cryogenic system is based on the CEBAF cryogenic system,
which has demonstrated availability of 97%. To satisfy a
higher cooling requirement and to increase the availability of
the cryogenic system, three CEBAF units will be used and a
liquid helium storage facility will be provided.

W CENTER COHOUCTOH
DHVE MECHANISM (4|
Rf DfUVE MECHANISM
INTERFACE PLATE

TUNER DRIVE MECHANISM (!)
TUNES ORIVELNM?)

SUPPORT STAND

Fig. 7. Medium-p cryomodule.
Because of the power handling constraints of the power
coupler, the SCRF cavities have only 4 cells. Their lengths
are short compared to room-temperature structures, and have
large velocity acceptance as a consequence. Figure 8 shows

Fig. 5. Shapes of half cells for different |J.
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the transit time of cavities with different numbers of cells
when the cavities are used for particle velocity (P) other than
the design particle velocity (Pg). The transit time, which is a
measure of the efficiency of acceleration, peaks when p is equal
to Pg, and decreases when P is change from Pg. Cavities with
fewer cells can accelerate efficiently for a wider range of p and
have a large velocity acceptance. The efficiency reduction can
easily be compensated with a slightly higher gradient. The
large velocity acceptance offers availability and upgradability
advantages that will be described in the following section.

are large compared to the typical aperture radius (<2.5 cm) used
in the room-temperature structures.
The beam size is
minimized with strong quadrupole doublet focusing. The
SCRF linac achieve ratio of aperture-to-rms beam size as large
as 26. The large velocity acceptance of the SCRF linac also
allows better tolerance to beam mismatch.
Depending on the design of the room-temperature linac, the
required RF power and ac power for a SCRF linac is at least
25% less than for a room-temperature linac. The savings in
operating cost will amount to $20 M per year for APT because
of the reduced power usage.
Because of the large velocity acceptance in a SCRF linac,
beam power can be upgraded by increasing the beam energy, in
addition to by increasing the beam current. For the same
linac, beam power can be increased by increasing the field
gradient, the RF power, and the power coupler capability. The
option to upgrade beam power by increasing beam energy is
not possible for a room-temperature linac without lengthening
the linac, generally requiring extensive facility modification.

Technical Issues

Fig. 8. Transit time factor versus P

Performance Advantages of a SCRF Linac
The performance requirements of a high-intensity proton
linac used as a neutron source are the following: high
availability over scheduled operation time; low beam loss
allowing hands-on maintenance; high power efficiency for low
operating cost; and upgradability to higher power level. The
APT SCRF linac described here has advantages in satisfying
all these performance requirements.
SCRF linacs can achieve high availability because the
short cavities have large velocity acceptance. Only two
cryomodule designs are needed for the whole high-energy
section.
The limited number of designs will reduce
prototyping efforts and allow provision of ready-to-go spares.
Beam dynamics also showed that, because of the large velocity
acceptance, the linac is tolerant of single-point failures. The
linac can continue to operate with single-point failures such as
the loss of cavities, cryomodule, quad magnet and klystron.
Operation experience at major SCRF accelerators shows that,
as for room-temperature linacs, the RF system is the major
source of unavailability. Because the SCRF linac requires
25% less RF power, it can be more reliable than a roomtemperature linacs. Preliminary availability estimates of the
APT SCRF linac indicate that the required availability is
achievable. The present APT SCRF linac design produces 5%
extra beam power to cover any unexpected availability
shortfall.
SCRF linacs can achieve low beam loss because of their
large beam aperture radius. The aperture radii are, respectively,
5 and 7.5 cm for the medium- and high-p sections. These radii
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Although a cavity field gradient of 5 MV/m is conservative
considering field emission and thermal breakdown limits,
multipacting can limit achievement of such a field.
Multipacting usually occurs at low field gradient. It depends
on the secondary electron coefficient of the cavity surface and
satisfaction of resonant conditions. Although multipacting
has been eliminated in high-p (p~l) cavities by using elliptical
cell shapes, the multipacting property of a medium-p cavity
still needs demonstration.
The lower-p cell shape is
significantly shorter than the P=l cell shapes (Fig. 5) and its
multipacting property may be different. The APT project has
designed experiments to investigate multipacting of single-cell
lower-P cavities. This information will determine the starting
energy of the SCRF linac.
The SCRF linac has been used mainly for electron
acceleration. There are few data on the interaction of Nb with
proton beam spill. Proton impingement on Nb may cause the
Nb to be activated or to lose its superconducting properties.
Excessive activation of Nb may prevent timely maintenance
and extend the mean time of repairs, reducing facility
availability. Proton impingement can cause defects and
impurities in Nb and change the thermal and electrical
conductivities of the Nb. These changes will be shown as a
change of the RRR value of the Nb. It can also change the
surface resistivity of the Nb cavities and consequently the Qvalues of the cavities. Experiments have been designed to
measure these radiation effects. First, experiments are being
carried out to irradiate Nb samples with proton beam at
Saturne and Brookhaven National Laboratory. The activation
of Nb will be measured and compared to other structural
materials such as stainless steel, copper, and aluminum. The
change of RRR value will be measured as a function of proton
fluence to find the change in the bulk thermal and electrical
conductivities. Second, a 3-GHz single-cell cavity will be
irradiated at cryogenic temperature at LANSCE, Los Alamos

National Laboratory. The changes in the Q-value of the cavity
will be measured as a function of proton fluence. The
possibility of Q-value recovery by warming to room
temperature will also be investigated. The results of this
experiment will help in specifying the additional capacity of
cryogenic power required to compensate for a decrease in Qvalue. A similar experiment has been completed at Saturne
recently, although the irradiation was done at roomtemperature. There has been no observed decrease of Q-value.
As discussed earlier, power coupler capability is important
design information for determining RF architecture. Power
coupler design will be developed and tested at a test stand under
different operation conditions. The information obtained will
be used to optimize linac layout and cost.

Summary
A SCRF design has been developed for a high-intensity
proton linac which will be used as the driver for neutron
sources. This design is conservative, using current SCRF
technologies. As well as lowering operating cost, the design
offers performance advantages in availability, beam loss, and
upgradability, which are important for the application as a
neutron source.
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SMOOTH TRANSVERSE AND LONGITUDINAL FOCUSING
IN HIGH-INTENSITY ION LINACS
James H. Billen, Harunori Takeda, and Lloyd M. Young
Los Alamos National Laboratory
Los Alamos, NM 87545 USA
Abstract
We examine ion linac designs that start with a high-energy
radio-frequency quadrupole (RFQ) followed by either a drifttube linac (DTL) or a coupled-cavity drift-tube linac
(CCDTL). For high energies, a conventional CCL follows the
CCDTL. High RFQ output energy allows tailoring the
transverse and longitudinal focusing strengths to match into
the following structure. When the RFQ beam enters a higherfrequency structure, the DTL or CCDTL starts with a low
accelerating gradient and large negative synchronous phase.
The gradient and phase both ramp up gradually to higher
values. Other changes later in the machine are also gradual.
Beam-dynamics simulations show that these linacs require no
separate matching sections. Applications include a cw 100-mA
H* beam from a 350-MHz, 6.7-MeV RFQ injecting a 700MHz CCDTL and CCL; a 7% duty 28-mA H~ beam from a
402.5-MHz, RFQ and DTL injecting 805-MHz structures; a
cw 135-mA D+ beam produced by a 175-MHz, 8-MeV RFQ
and DTL; and a 2.4% duty, 80-mA H* beam using a 433-MHz
10-MeV RFQ and a 1300-MHz CCDTL. The machines take
advantage of the considerable flexibility of the CCDTL.
Designs can use a variety of different transverse focusing
lattices. Use of two coupling-cavity orientations permits a
constant period even when the number of drift tubes per cavity
changes along the linac.
Introduction
For the past two years, we have been incorporating the
CCDTL [1] structure into conceptual designs of several highintensity ion accelerators. We have concentrated on designs
that require no separate matching sections between linac
sections with different if structures. Table 1 lists parameters
for four applications. Of all the designs, the Accelerator for
Production of Tritium (APT) is in the most advanced state of
development. We are now building the 6.7-MeV (RFQ) [2,3]
as part of a low-energy demonstration facility for APT.
Other accelerator designs we have studied differ in details
from the APT, but follow similar design strategies. Work on
the National Spallation Neutron Source (NSNS) has just begun
[4]. This conceptual design study is a collaborative effort by
five US national laboratories (ORNL, LBNL, BNL, ANL, and
LANL). Recent design studies [5] for the International Fusion
Materials Irradiation Facility (IFMIF) accelerator do not
include a CCDTL. However, the Los Alamos design in Ref. 5
uses matching strategies at the RFQ-to-DTL interface similar
to those developed for the CCDTL. For medical isotope
production, our design concept [6] is a compact machine
consisting of an RFQ and CCDTL.
These designs offer advantages that stem from four key
features: 1) a uniform focusing lattice throughout the major
portion of the linac, 2) external location and separate
mechanical support of the electromagnetic quadrupole
magnets, 3) flexible modular physics design and mechanical
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implementation, and 4) compact, high-frequency structures.
These features help to reduce beam loss and, hence, also
reduce potential radioactivation of the structure. They should
result in easy alignment, fast serviceability, and high beam
availability.
Using the APT Linac as an Example
In this paper, the APT design serves to illustrate the
techniques that help achieve smooth focusing and acceleration
throughout the linac. We mention features of the beamdynamics, rf-structure, and mechanical engineering design.
Parameters listed for the APT linac in Table 1 correspond to
the reference design of a room-temperature copper structure.
Several other papers [7,8,9,10,11] at this conference provide
more technical details of this work.
The APT project includes a superconducting option [12]
for the high-energy portion of the machine. The physics and
engineering design of the superconducting (SC) components is
approaching the maturity of the room-temperature reference
design. Work is now in progress on an integrated design that
will use room-temperature structures discussed in this paper up
to about 217 MeV proton energy. The SC linac consists of two
constant-length FODO lattices. The first one uses P = 0.64
cavities and the second uses p* = 0.82 cavities. Transitions
between linac sections do not require separate matching
sections. Careful attention to maintaining constant average
focusing strength through the transitions provides the match.
RFQ Features For a Smooth Transition
Our recent RFQ designs employ several features near the
RFQ exit that help match the beam into the following
structure. These include:
• a gradual reduction in the transverse focusing resulting in a
larger bore radius,
• a reduction in the usual loss of longitudinal focusing by
ramping the vane voltage and making the synchronous
phase more negative,
• a transition cell in which the vane-tip modulation drops to
zero, and
• an exit radial matching section.
In order to apply the technique of reducing the transverse
focusing strength, the final RFQ energy must be high
compared to most previous RFQ designs. For example, the
APT RFQ energy is about 6.7 MeV, which requires a long (8
meter) structure described in Ref. 2 and 3. In the design now
under construction we were able to reduce the transverse, zerocurrent phase advance per period to about 20 degrees. The
focusing period is four times longer in the 700-MHz CCDTL
than in the 350-MHz RFQ. Thus, 20 degrees/period in the
RFQ provides a smooth transition to 80 degrees/period in the
CCDTL.

Table 1. Accelerator Design Summary for a Few Applications

APT
H*
100
1.0

NSNS
EFMIF
D+
H~
27.7
135
0.067
1.0
RFO Parameters
350
402.5
175
Freauencv (MHz)
0.075/6.7
0.100/8.0
Injection/Final Energy (MeV)
0.050/2.5
to be determined
8.0
11.5
Length (m)
1.2
to be determined
1.2
Peak Structure Power (MW)
0.07
Peak Beam Power (MW)
0.7
1.1
1.8 Kilpatrick*
1.8 Kilpatrick
1.8 Kilpatrick
Peak Surface Electric Field
Parameters for RF structures after the RFO
CCDT1/0CL
DrrLCCDTDCCL
DTL
Structures Types
700/700
402.5/805/805
Structure Frequencies (MHz)
175
1300
1000
Final Energy (MeV)
40
2.8
Cavity Ep (MV/m)
1.7 to 2.8
1.8
Quadrupole Focusin^JLattice
FFDD/FODO
FODO
FODO
Transverse Focusing Period
8 ^ ( 7 0 0 MHz) 8/16 BX (805 MHz) 2 BX (175 MHz)
570*
Total Length (m)
1152
38.9
1.0 to 2.5
0.8 to 2.2
Radial Aperture (cm)
1.5
1.3 Kilpatrick
Peak Surface Electric Field
1.5 Kilpatrick
1.3 Kilpatrick
100*
3.1
Peak Structure Power (MW)
59.9
Peak Beam Power (MW)
27.7
5.4
130
64*
Number of RF Modules
43
6
Klystron Power (MW)
5.0
1.0
to be determined
3 to 7
0.5
Klystrons/Module
to be determined
*Estimate based upon current design parameters.
Application
Ion Species
Peak Beam Current (mA)
Duty factor

The transition cell described by K. Crandall [13]
eliminates energy gain or loss in the following radial matching
section. This feature frees the designer to choose the length of
the radial matching section for the transverse match into the
CCDTL magnetic quadrupole channel. The increased
longitudinal focusing achieved by tailoring the vane-tip
modulation reduces the phase width of the exit beam. The
shorter bunch eases capture of the beam in the CCDTL.
The RFQ-CCDTL Transition
Figure 1 shows the first few focusing periods of the
CCDTL structure that starts at 6.7 MeV. The gradual ramp in
synchronous phase <)>s starts at —60° ensuring a large enough rf
"bucket" to capture 100% of the beam. (The term synchronous
phase here refers to the design particle's average phase with
respect to the rf-field peak in a 2-gap cavity. For a given cavity
with cells designed for fixed B, the true <|>s would be -90°.) The
ramp in <j>s eventually stops at -30°. However, the first two
cavities are exceptions. The first CCDTL cavity has <|>s = -90°
and a larger field amplitude than subsequent cavities. The
second cavity operates at <|>s = —30°. This scheme compensates
for the lack of any longitudinal focusing from the RFQ
transition cell to the first CCDTL cavity. Reference 8 provides
additional numerical details. Unlike conventional matching
sections, these matching cavities are an integral part of the
CCDTL structure described in the next section. Their phases
and amplitudes are locked to the subsequent cavities through
side coupling cavities. The relative longitudinal spacing
between cavkies determines the synchronous phase.
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Medical Isotopes
H*
80
0.024
433
0.075/10.0

6.7
2.4
0.8
1.8 Kilpatrick
CCDTL
1300
30/50/70

5.0
FODO
16 BX (1.3 GHz)
29.9

0.6
1.8 Kilpatrick
4.4
4.8
1
10.0
1

Matching the CCDTL to the average longitudinal focusing
strength in the RFQ results in a low accelerating gradient Eo.
Both the phase and the accelerating field vary gradually as the
beam energy increases. By 12 MeV the synchronous phase has
reached about -40°, and Eo has increased from 1.68 to 2.2
MV/m. Figure 4 of Ref. 7 shows how Eo varies throughout the
entire accelerator.
The first four quadrupole lenses in the CCDTL match the
beam from the RFQ in both transverse planes. In Figure 1, the
quadrupole magnets are approximately centered in the spaces
between cavities. Including a beam-line valve before the first
Quadrupole
magnet

2-gap
accelerating
cavity

Coupling
cavity

RFQ exit

<J>S (degrees): -90
EQ (MV/m): 2.78
Figure 1. After the RFQ, the accelerator consists of 2-gap cavities of
length 3p7/2 with quadrupole magnets approximately
centered in the 5(&/2 spaces. Sideways-mounted coupling
cavities maintain the proper phase between cavities.

cavity required a modified layout. The structure's flexibility
allowed a redesign in which all the cavities were shifted
downstream with respect to the fixed magnets.

3PA/2

Start of 3-gap
cavity segments

Cavity-Type Transition at 8.1 MeV
The first 24 accelerating cavities, up to a beam energy of
8.1 MeV, are single-drift-tube cavities of length 3PX/2. The
drift spaces between cavities are 5PA/2 long. Electromagnetic
quadrupole (EMQ) singlets and diagnostic elements occupy
the drift space. A transverse focusing period consists of a
cavity, a focusing EMQ, another cavity, and a defocusing
EMQ. This FODO lattice has a period of 8PX at 700 MHz. For
the low particle velocity (P = 0.12 to 0.13) in this part of the
linac, 3-gap cavities of length 5pA/2 would have a higher
effective shunt impedance than 2-gap cavities. But at low p,
they do not leave enough room for the magnets. We can use
inefficient 2-gap cavities for the lowest-energy section of the
CCDTL because the accelerating gradient is low to match the
longitudinal focusing strength at the RFQ exit.
As the accelerating gradient increases, we start paying a
power penalty in the 2-gap cavities. At the lowest P that has
enough room for EMQs in the length 3PA/2, we switch to the
more efficient 3-gap CCDTL. Figure 2 shows the transition at
8.1 MeV. We use the term "segment" to refer to one or more
contiguous accelerating cavities between two focusing
magnets. The nominal length of this 3-gap cavity segment is
5PA/2. For structures in which the cavities share a common
wall, the nominal length would equal the actual cavity length
(including half the wall thickness). However, these APT
segment contain only single 3-gap cavities. To support the
vacuum loading, we use a somewhat thicker wall, so not all of
the 3PX/2 space between cavities is available for EMQs. The
same situation applies to the end cavities for all the different
types of CCDTL and CCL segments.
By comparing the first two figures, it is evident that some
adjustment of the EMQ spacing is necessary to avoid an abrupt
change in spacing where the 3-gap cavity segments start. The
EMQ must fit inside the first 3PA/2 space between cavities. To
accommodate this requirement we gradually shift each EMQ
slightly upstream in successive spaces. Thus, the actual
spacing between EMQs is just under the nominal 4pX. and the
magnetic focusing lattice remains smooth across the transition.
The focusing magnet in the last 5PA/2 space is as far upstream
as possible. In the next space, we fill the available space with
another ipX-long cell on the upstream side of the following
cavity.
Two-Cavity Segments Start at 20 MeV
Figure 3 shows the next transition at about 20 MeV,
where the structure changes to pairs of one-drift-tube CCDTL
cavities. This transition includes the first of several increases
in the bore radius. A compromise between shunt impedance
considerations and the consequences of beam particles striking
the accelerator influence the selection of the cavity bore
radius. The bore radius affects the shunt impedance ZT2
mainly through the transit-time factor T. A smaller bore
improves ZT% but increases the likelihood of beam loss. On
the other hand, relatively little damage or radioactivation of
the structure occurs if low-energy particles strike the surface.
Beam-dynamics simulations [8] show that an initial
CCDTL bore radius of 1.0 cm is sufficient to capture the entire
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Beam

Figure 2. The transition from one-drift-tube, 2-gap cavities to twodrift-tube, 3-gap cavities occurs at about 8.1 MeV. The
quadrupole magnet is as far upstream as possible in the last
5p"A/2 space.
3-gap cavity

Start of 2-cavity,
4-gap segments

Flange

Figure 3. The transition from 3-gap cavity segments to
2-cavity, 4-gap segments occurs at about 20 MeV. At this
point, the bore radius increases from 1.0 to 1.2S cm.
Flange

2-cavity, 4-gap
segment

6-cavity, 6-gap
segment

Figure 4. The transition from 2-cavity, 4-gap segments to 6-cavity
CCL segments occurs at about 100 MeV. The space
between cavity segments remainsftA.though this transition.
RFQ output beam. No beam is lost even with the expected
misalignment of the EMQs. The RFQ beam edge is very sharp,
essentially free of any halo. The pole-tip inner radius of the
EMQs at 6.7 MeV is 1,4 cm. The magnets fit over stainlesssteel bore tube, which is brazed into the accelerating structure
through a short bellows* At 20 MeV, the bore radius increases
to 1.25 cm. Two more increases occur within the 2-cavity, 4gap section of the linac. The next step to a radius of 1.5 cm
occurs at about 31 MeV, and then another step to 1.75 cm
occurs at 55 MeV. At each step in bore radius, the structure
efficiency decreases, but then it recovers as the cell lengths
increase in a section of fixed bore radius.
CCL Segments Start at 100 MeV
Figure 4 shows the transition to 6-cavity CCL segments,
which occurs at about 100 MeV. The drift space between

segments remains (JA, in length and the bore radius remains
1.75 cm through this transition. At 125 MeV, the bore radius
increases to 2.0 cm. Starting at about 157 MeV, the segments
become groups of seven cavities with a drift space of length
PW2. At this point we also make the last increase in the bore
radius to 2.5 cm. This structure and the lattice period of 8pA.
both continue all the way to 1.3 GeV. Figure 5 shows the last
7-gap segment of the linac.
Sideways-mounted
coupling cavity

Conventional
coupling cavity

Figure 5. The high-energy section consists of segments with seven
CCL cavities. Each cavity and the space between segments
is PX/2 long.
Accelerating Gradient Across Transitions
In a linac such as APT with its constant S$\ focusing
period after the RFQ, the transverse focusing strength per unit
length remains constant through transitions in accelerator
structure type. The key to maintaining a smooth average
longitudinal focusing strength is an adjustment of the
accelerating field Eo at each structure transition. In this regard,
we distinguish between Eo, the axial field gradient averaged
over the active cavity length, and the "real-estate" gradient,
which includes the transit-time factor as well as the packing
fraction. We define the packing fraction as the ratio of active
structure in a period to the period length. We present three
examples of how Eo changes at transitions in the APT linac.
Figure 6 plots the accelerating gradient for several segments of
the APT linac on either side of the change in cavity type at 8.1
MeV (see Fig. 2). Each point represents a cell containing a
single accelerating gap. There are two cells per cavity below
the transition energy and three cells per cavity above it. The

8.0

8.2

average axial field is constant within a cavity, so points appear
in pairs of equal Eo below 8.1 MeV and in groups of three
above the transition. In this case, the bore radius remained
fixed at 1.0 cm, so the transit-time factor differs only slightly
between cavity types. The main difference is the change in the
packing fraction.
Figure 7 shows Eo and EoT for several segments on either
side of the change in bore radius at about 31 MeV. The cavity
type on both sides of the transition is the same, consisting of 2cavity, 4-gap segments. Because the packing fraction does
change, the real-estate gradient (not plotted) is just EQT
reduced by the constant factor 0.75 through this energy range.
The larger-bore cavities require a higher field level because of
a -5% reduction in the average transit-time factor. These
changes in the field level occur within the same rf module.
Unequal coupling-slot sizes on either side of a coupling cavity
introduce the required step in the field level in adjacent
accelerating cavities. We set the slot sizes during the lowpower tuning of the structure before furnace brazing the
copper assembly.
Figure 7 illustrates an important effect included in the new
PARMILA code [14] used to simulate the beam-dynamics
performance of the CCDTL. The outer gaps in these 4-gap
segments have a lower transit-time factor T than the inner gaps
because the axial electric field penetrates into the connecting
bore tubes. Inner gaps share one Dirichlet boundary between
cavities, which improves T relative to the end gaps. The larger
bore degrades T for both inner and outer gaps, but the
degradation in the outer gaps is worse. Thus, above 31 MeV,
there is a larger difference in EoT between the inner and outer
gaps.
The third example includes a change in the bore radius
from 2.0 to 2.5 cm as well as an increase in the packing
fraction from 0.75 to 0.875. Figure 8 shows the transition from
6-cell CCL segments to 7-celI CCL segments at 157 MeV.
Again, Eo is constant through a segment containing either 6 or
7 cavities. Transit-time factors for the end cells are noticeably
lower relative to the inner cells of a segment. This effect is not
as pronounced as in Fig. 7 because the cells are longer. The
particle velocity P has increased from 0.25 to 0.51.

28

30

31

32

33

34

Beam Energy (MeV)

Beam Energy (MeV)

Figure 6. Accelerating gradient through the transition at 8.1 MeV.
The bore radius (and hence T) does not change. The
packing fraction increases from 0.375 to 0.625.
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Figure 7. Accelerating gradient through the transition at 31 MeV. At
this transition, the bore radius increases from 1.25 cm to
1.5 cm. The packing fraction remains constant at 0.75.

transverse emittance and only small growth in longitudinal
emittance.
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Abstract
High-intensity, high-energy proton beams are required in
various fields of science and industry, including pulsedspallation neutron experiments, nuclear-physics experiments,
and nuclear-waste transmutation. We have various possible
accelerator schemes for these purposes. The advantages and
disadvantages of the parameter choices are summarized while
emphasizing the importance of understanding the haloformation mechanisms in order to settle various controversial
issues. The beam current to be accelerated is actually limited
by the amount of beam loss, which is critically dependent
upon the amount of beam halo, both longitudinal and
transverse. The optimum design is also dependent upon the
future performances of the key components, such as highintensity, low-emittance ion sources. Thus, we should
concentrate our efforts on the development of these
components in order to realize these machines. Some examples
of the efforts being made in this direction are presented.
Introduction and the Time Structure of a Beam
The scope of this paper is to list various topical
controversial issues concerning the design of high-intensity
(typically more than 0.1 mA), high-energy (more than 1 GeV,
but less than several 10 GeV) proton accelerators, and to
hopefully present possible solutions, or to propose directions
for further research and development. Examples of these
machines are listed in Table 1 [1-8].
The optimum design of an accelerator is dependent upon
its detailed specifications. The specifications for intensity and
energy are still insufficient for optimizing the design. Other
important factors are the time structure and emittance of the
beam. Typical examples of useful time structures are shown in
Fig. 1 ( a few 100 ns, a few 10 ns, CW or nearly CW). The
beam as shown in Fig. 1 b) is required for spallation neutron
experiments [10] with a high energy resolution, based upon
the time-of-flight method. That shown in Fig. 1 c) is useful
for muon spin rotation/resonance/relaxation experiments [11]
in order to study mainly material science. An average current
as high as possible is required for nuclear-waste
transmutation/incineration [12], while a long-pulse or nearly
CW beam is usually requested for nuclear-physics
experiments(Fig. 1 d) [13]). A relatively low emittance

(typically an unnormalized 90% emittance of around 2 n
mmmrad) is necessary for the latter.
The beam represented by Fig. 1 b) and c) ( a peak current
of a few 10 A) cannot be obtained directly from an ion source,
the maximum peak beam current of which is on the order of
100 mA. This is the reason why we need a synchrotron ring
with a revolution time of a few 100 ns. A typical schematic
accelerator complex thus comprises an injector linac and a
synchrotron ring. The highest possible beam current will be
filled up in the ring, and will then be fast-extracted. The ring
is used as a compressor with a pulse length equivalent to its
revolution time in this case. Additional bunch compression
with a bunch rotation is possible down to a few 10 ns (Fig. 1
c)) in a ring by applying a high voltage [9,14].
On the other hand, if what one needs is only a high
average current, for example a few 100 mA, a unique solution
would be a CW proton linac. However, if the necessary
average current is much lower than the possible peak beam
current in a linac, the CW proton linac scheme is extremely
expensive. The best choice is again the accelerator complex
comprising a linac and a ring, where the ring is used as a
stretcher [9,14]. The beam is slowly extracted from the ring in
this case. If the necessary energy exceeds around 3 GeV, one
more ring should be built as in the case of JHP [7].
Beam Loss
Among the various technical problems involved in
building high-energy, high-intensity proton accelerators, beam
loss is among the most crucial. It should be realized that the
beam current to be accelerated is really limited by the amount
of beam loss. Beam loss in the high-energy region not only
gives rise to a radiation-shielding problem, but also to the
radioactivity of the machine itself. The radioactivity should be
reduced to a certain level which would allow hands-on
maintenance (at worst around 5 nA/m/GeV [15); hopefully,
much less). Accidentally, this level of the radiation can be
shielded by a reasonable amount of concrete down to an
environmentally allowable level.
At present it is believed that the behavior of the beam core
can be well controlled during the injection, acceleration, and
extraction processes. Also, we perhaps understand some
mechanism concerning the growth of rms- or 90%- emittance
during the acceleration in linacs. However, beam loss

Table 1
Examples of the operational and planned high-intensity, high-energy proton accelerators. The first three columns show the operational
machines, while the others are planned. The MMF linac is partly operational.

Energy (GeV)
Injection Energy (GeV)
Repetition Rate (Hz)
Average Current (uA)
Total Power (MW)
Ref.

ISIS

LAMPF/PSR AGS

0.8

24
1.5

50
200

0.8
0.8
20
70

0.16
[1]

0.056
[2]

0.12

0.6
0.6
100
500
0.3

PI

[4]

0.07

0.56

5

MMF-INR
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ESS
1.33
1.33

ORSNS
1
1

50

60
1.000

3
0.2
25
200

1
[6]

0.6
[7.8]

3,800

5
[5]

JHP-Booster

JHP-50

50
3
0.3
10
0.5
[7,8]

at a level 10' 7 /m/GeV arises from the beam halo, the
generation mechanism of which has not yet been fully
understood. The difficulty to reliably estimate the beam loss
gives rise to controversy for determining the optimum design.
a)

rr p

20 mA

given one to a uniform one [20], the energy transfer among
the longitudinal and transverse oscillations [21], rmsmismatching [22] and structure resonances [22]. In particular,
the latter two mechanisms imply the effect of a deviation from
the ideal focusing and/or accelerating systems within the
framework of non-linear space charge dynamics, which is
perhaps common in both halo-formation and rms-emittace
growth.

Rapid-Cycling Synchrotron versus Storage Ring

0.4 ms
20 ms

b)

c)

100A

10 A

200 ns

20 ns

20 ms

Fig. 1. Typical examples of time structure of the highintensity proton beam, a) Pulsed proton linac. b) For pulsed
spallation neutom sources, c) For pulsed muon sources, d) For
nuclear physics experiments. These are examples of tbe beams
of the original JHP [9].
For this reason, considerable efforts [16] have been
devoted to a theoretical study of the beam-halo generation
mechanism. For example, it was shown that the halo is
formed from particles interacting with the core oscillation or
breathing [17]. A recent computer-simulation result [18] has
shown that a beam with a hard core eventually results in a soft
beam during the course of 1.3-GeV acceleration in the ESS
proton linac [5], although no error in the alignment or
accelerating field is included. Since a halo comprising a
fraction of 10"4 of the total beam current grows far beyond the
Gaussian tail, these kinds of halos can not be recognized by
watching only the rms-emittance growth.
It is quite common that non-linear phenomena are
strongly influenced by the error field [19], such as a deviation
from the ideal focusing or accelerating system in the present
case. The information which is really necessary to design
high-intensity, high-energy proton accelerators is quantitative
in the form of tolerance, by which the halo formation can be
minimized. Unfortunately, it is still impossible to obtain
quantitative information, since this kind of simulation
presently consumes a tremendous amount of computing time.
Until a quantitatively reliable estimate becomes possible,
we have no other way than to follow the design principle to
minimize the rms-emittance growth, keeping the difference in
mind. Nevertheless, the principle seems to be qualitatively
applicable to minimizing the halo formation from the general
characteristics of non-linear phenomena. It has been
theoretically known that emittance growth arises due to the
following mechanisms: the charge-redistribution from the

There are two ways of obtaining MW proton beams with
a fis pulse duration: combining a full-energy linac and a
storage ring, or combining a low-energy linac and a rapidcycling synchrotron (RCS). However, if the specification
exceeds around 5 MW, or requires upgradability, the former
option is only a choice regarding the space charge limit in a
ring and a relatively short stay of the beam in the ring. By
adding a relatively inexpensive storage ring (compared with
RCS), and by increasing the pulse length of a linac, one can
double the power in this case. The RCS option requires a
larger number of powerful RF cavities in order to rapidly
accelerate the beam, and ceramic vacuum chambers with RF
shields to eliminate any eddy current which would otherwise
be induced by rapidly changing magnetic fields.
However, if the beam current is limited by the beam loss
during the injection process, the lower injection energy has
some advantages, since the radioactivity is roughly
proportional to the beam energy. A beam loss of
approximately an order of magnitude higher will be allowed in
200-MeV injection than in 1.334-GeV injection. One may
partly attribute the success of ISIS [1] to its low injection
energy (70 MeV) to RCS. Since the beam-loss mechanism in
a ring is another, or more difficult problem, to understand, it
is not yet a settled problem which is more advantageous
between the two options if the beam power does not exceed a
fewMW.
It should be appreciated that magnet lattices have been
devised in order to realize a negative, or extremely small,
momentum compaction factor [23], by which no transition
needs be crossed during acceleration. The beam loss otherwise
arising from the transition crossing will be drastically
eliminated. This kind of lattice has been extensively and
carefully tested in Super ACO [24], showing the validity of
the theory.
If beam-halo formation is unavoidable in a linac, and if
high-energy injection is necessary regarding the space-charge
limit, a series of halo collimators [5] should be installed,
particularly in longitudinal phase space, in order to eliminate
the halo, which would otherwise result in a beam loss during
injection. The longitudinal collimators must be located in the
high-dispersion, (hopefully) low-P region. In any case, the
beam loss should be localized by the halo collimators.
Ion Source
If one has to inject the beam into the ring for an order of
several hundred (is or turns, it should comprise negative
hydrogen ions. In contrast to positive ions negative ones can
be injected with the same condition as that of circulating
positive ions until the time is limited by other effects, such as
the space-charge limit and/or beam instabilities and/or
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Coulomb scattering in a charge-exchange foil. At present no
ion source simultaneouly meets all the requirements
(typically, a peak current of several 10 mA, a normalized 90%
emittance of 1 n mm-mrad, a pulse length of several 100 us,
a repetition of several 10 Hz, without or with a very small
amount of Cs) for MW machines. It is, again, very difficult to
predict what will be the current limit of a single negative
hydrogen ion source in the future. This is another reason for
controversy regarding choosing parameters. In any case, the
highest-possible peak beam current (of course, stably
obtainable) of negative hydrogen ions with a reasonably low
emittance ( a normalized 90%-emittance below In mm-mrad)
should be improved by carrying a more extensive study and
developing ion sources.
At first, the volume-production type of ion sources was
considered to be advantageous regarding not only high
brightness, but also the elimination of Cs vapors. There are
some indications that the Cs vapors reduce the discharge limit,
possibly being harmful to the high-field operation of the
following RFQ. However, a source without Cs has produced
only a peak current of 16 mA with a normalized 90%
emittance of 0.S n mm-mrad [25]. Since it has been indicated
that the introduction of a very small amount of Cs vapor
drastically (approximately by a factor three) improves the
beam current, even in the volume-production type [26], it is
important to empirically test the effect of this amount of Cs
on the discharge limit in the RFQ. It seems to be quite
possible that a small amount of Cs vapor is practically
harmless.
On the other hand, if a beam current of negative hydrogen
ions continues to be by an order of magnitude smaller than the
proton beam for the same emittance, proton injection would
be another choice for a 0.1-MW machine.
Frequency Issue
The frequency is another important parameter which needs
to be determined. Conventional proton linacs have been using
around 200 MHz for the drift-tube linac (DTL). Most of the
recently proposed designs have suggested the use of a higher
frequency (300 MHz to 400 MHz) for the following reasons.
If one doubles the frequency, it is possible to halve the
number of particles per bunch. In addition, the focusing
period becomes more frequent both longitudinally and
transversely. As a result the space-charge effect would be
approximately halved. Computer simulations have been
attempted in order to confirm the above expectation. For a fair
comparison between the low- and high-frequency schemes we
need optimum designs for both schemes, although we have no
reliable algorism which can generate the optimum parameters
for reducing the emittance growth and halo formation. In spite
of this difficulty, some computer simulations indicate that the
higher frequency scheme is more advantageous [27].
The best advantage of the higher-frequency scheme is the
use of klystrons, which are the most powerful and stable rf
power sources, and having mature engineering techniques.
It is difficult to increase the frequency of the low-energy
front DTL further, if one wishes to contain quadrupole
electromagnets in drift tubes in order to keep the flexibilty for
the future upgrade of the peak beam current. This is the reason
why we choose 324-MHz DTL to accelerate the beam from 3
MeV.

RFQ
An RFQ linac [28] is an ideal device, in which both
longitudinal and transverse focusings are incorporated together
with the ideal adiabatic bunching. Therefore, it is preferable to
use the RFQ up to the highest-possible energy [29]. However,
the field of a conventional four-vane RFQ is difficult to
stabilize if the RFQ is elongated over four wavelengths in
order to accelerate the beam up to typically 3 MeV. The
dispersion curve [30] of the RFQ clearly shows the reason for
the difficulty in field stabilization. The dipole (TElln) mode
is easily mixed with the accelerating quadrupole (TE210)
mode, since the frequencies of these modes become close
together. Although a Vane-Coupling Ring (VCR) [31] could
solve this problem, by increasing the frequencies of the dipole
modes, it cannot be used for a high-duty machine, because it is
difficult to water-cool. The re-mode Stabilizing Loop (PISL)
[32] is easy to water-cool while keeping similar beam
stabilizing characteristics to that of the VCR. Another
solution may be to use a four-rod RFQ [33], for which we
should again find a special water-cooling device. Together with
a recent further development for elongating the RFQ [34], it
has been proposed to use an RFQ of up to 8 MeV.
However, the transition energy from an RFQ to a DTL
should be carefully chosen by taking into account the detailed
design of the medium-energy transport for matching the beam
both longitudinally and transversely. In addition we should
find the optimum space for installing the chopper. In the ESS
design the 5-MeV RFQ is separated into two parts, between
which the chopper is located at 2 MeV [5]. The beams of the
two RFQ's are funneled together into the DTL by choosing
the frequency of the two RFQ's as one half of that of the DTL.
In this case one should find some means to minimize the
emittance growth and halo formation during the funneling
process.
Accelerating Structure
Before discussing the DTL it is useful to introduce the
concept of a separated DTL(SDTL) [35], in which the focusing
magnets conventionally contained in the drift tubes are located
outside. Since the drift tubes become free from the constraint
of containing the quadrupole magnets, the shunt impedance of
the SDTL can be optimized even further. In addition, the drift
tubes become significantly easier to fabricate by removing the
magnets, resulting in a drastic reduction in the cost of the
DTL. It is, however, controversial what should be the
transition energy from the conventional DTL to the SDTL.
Needless to say, the focusing quality of the SDTL is inferior
to that of the conventional DTL (the focusing period of the
SDTL is longer than that of the DTL). If one wishes to have a
better quality in order to overcome various space-charge
effects, one should choose a higher transition energy. We are
at present assuming a transition energy of 55 MeV for the
JHP.
There may be several versions of SDTL: a Bridge-Coupled
DTL in narrow [36] and wide meanings and a Coupled-Cavity
DTL [37]. The choice of a specific version requires a
significant trade-off study, including the detailed engineering
design.
A discussion concerning the choice of the high |J structure
is omitted here, since it is detailed in Ref. [38]. However, the
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choice is again dependent upon understanding the haloformation mechanism. The transverse electric kick [39]
existing in the side-coupled structure (SCS) gives rise to a
slight amount of continuous transverse oscillation of the beam
core, possibly resulting in halo formation. We have not yet
obtained any reliable quantitative conclusion for this
possiblity. If it is really significant, the annular-ring coupled
structure (ACS) is the one which has the balanced
characteristics of both the shunt impedance and the field
symmetry [40]. The importance of the field stability, in
particular, against the heavy beam loading stressed in Ref. [39]
is justified by a recent study [41].
It is another issue as to at what energy one should make
the frequency jump from low frequency to high frequency, or
any other abrupt transition, if necessary. The frequency jump
at lower energy is preferable from a power-saving point of
view. In addition, die beam loss arising from the frequency
jump at a lower energy can be managed more easily than that
at a higher energy. However, the ratio of the acceptance to the
emittance is higher in the case of a high-energy frequency
jump due to adiabatic damping, favoring the high-energy
option from the beam-loss viewpoint [29]. It should also be
noted that a low-energy, high-frequency structure is difficult to
fabricate, particularly to equip it with water-cooling channels
for a high-duty machine.
SCC versus NCC
It appears to be energy-saving to use a super-conducting
cavity (SCC) structure. This is true only if the beam pulse is
longer than a few ms, since the filling time of the typical
super-conducting structure is of several 100 us under
practically "reasonable" beam loading. In a long beam-pulse
machine the SCC approach (see also Ref. [42]) implies the
following additional advantages over the normal-conducting
cavity (NCC) scheme (sometimes referred to as roomtemperature cavity). First of all, we can use large bore radii,
which are unpractical in an NCC scheme due to the increase
in power dissipation. This is advantageous regarding a
reduction in the beam loss. (This is only true if the present
theories concerning the halo formation correctly predict the
behavior of the halo, which is characterized by a saturation in
the halo-envelope development. Otherwise, the large bore radii
may give rise to a delay in beam loss to the high-energy
region, resulting in more radioactivity.) Second, we can use a
higher field gradient, typically 5 MV/m and hopefully 40
MV/m, than that of the NCC (typically around 1 MV/m for
CW). The former is determined by the power capability
through input couplers or by the refrigerator power
consumption, while the latter is usually determined by
optimizing both the capital and operational costs. Since the
RF power becomes expensive both capitally and operationally
as the pulse is elongated [38], the total shunt impedance must
be increased by elongating the NCC's, that is, by decreasing
the field gradient. Third, the stored energy in the SCC system
is extremely higher, being immune against any variation of
the beam loading [43,44], as in the case of beam chopping.
On the other hand, the amplitude-phase control is more
difficult than the NCC scheme, since the beam loading is
extremely heavier than the power dissipation. It is noted that
the tolerance of the amplitude-phase control in proton
accelerators is much more severe than in electron accelerators.

It will also be necessary to carefully investigate the radiationdamage effect on the superconductivity, although there is no
evidence that it is fatal.
If one uses the SCC, it is possible to use a low peak
current in order to ease the space-charge problem. However, if
one wishes to inject the beam into a ring, there is a limit in
the number of turns by which higher-order resonances can be
excited. The number can be significantly reduced by the tune
spread due to the space-charge effect, being the same order of
magnitude as that of the typical filling time, as mentioned
above. In addition, the beam instability and the Coulomb
scattering by the charge-stripping foil limit the number of
possible turns for injection. A careful study is still necessary
in order to settle the problem of whether the SCC scheme is
really advantageous if the injection to a ring is required. The
SCC scheme is definitely useful for a multi-purpose facility,
for example, including multi-storage rings, nuclear-waste
transmutation test area and others, like the new version of the
JAERI project [45] (the multi-storage rings are not included
in this project).
Injection Schemes to a Ring
There are two kinds of longitudinal capture schemes in a
ring: one is an adiabatic capture [46], while the other uses a
chopper. The chopper system should be more advantageous
than the former regarding beam loss during the capture
process. However, we have no established chopping scheme
for the several-MeV RFQ, although there are some proposed
schemes. For example, a series of two subsequent RFQ's will
be used in the ESS linac with a chopper in between the two
RFQ's. For the JHP linac a low-Q deflecting cavity is under
investigation with the same frequency as those of the RFQ and
DTL, in between which the chopper is located [47]. It is most
important to eliminate the beam during the beam-chopped
period rather than the nominal values of the rise and falling
time of the chopper.
Other important features required for high-intensity proton
rings are painting in the ring acceptance, both longitudinally
and transversely, in order to suppress the space-charge effect.
The bunching factor should be decreased by some means, such
as 2nd-harmonics cavities [48] or barrier cavities [49].
Conclusion
After LAMPF/PSR and ISIS were built, extensive studies
were performed in order to improve the design of highintensity, high-energy proton accelerators. The experience
obtained by operating these accelerators has been playing an
important role in the studies. However, since no such machine
has been built afterwards, we have had only a few chances to
test the new theories. This is the main reason why we have so
many controversial issues. It is really necessary to build a new
machine with an improved design on the basis obtained from
the LAMPF/ISIS experience and others.
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REVIEW OF NEW DEVELOPMENTS IN THE FIELD OF INDUCTION ACCELERATORS
(ELECTRONS AND IONS)*
Simon Yu
E. O. Lawrence Berkeley National Laboratory

INTRODUCTION
Induction machines have the unique capability of
delivering very high current and peak power in a pulsed mode.
It was the need for high power for fusion that led Nicholas
Christofilus in the 1950's to invent and build Astron, the first
induction accelerator [1]. Since then, various high power
applications have led to the construction of the Electron Ring
Accelerator (ERA) [2], Experimental Test Accelerator (ETA)
[3], Advanced Test Accelerator (ATA) [4], the flash
radiography machine FXR and the high repetition rate
machine, ETA II [5], which was designed to deliver high
average power as well as high peak power. The largest of these
machines is ATA with design goals of 50 MeV and 10 kA.
All of the high current electron machines since ERA are
"short-pulse" devices ("50 ns). Meanwhile, the invention of
heavy ion fusion in the 70's led to the development of
induction machines for ion acceleration [6]. For this
application, the devices tend to have long pulses (>1 \is). The
induction machines for ions and electrons operate on the same
principle. The pulse length difference between electron and ion
machines is historical and incidental, although long-pulse
devices lead to different approaches to magnetic material and
pulse power technology than short-pulse machines.
While some of the past applications, particularly those
related to the Strategic Defense Initiative, have come and gone,
the need for high power continues to exist in energy,
environment, national defense, and basic sciences. In this
paper, we will review three ongoing applications, one in
fusion energy, one in defense, and one in high energy physics.
Induction machines for heavy ion fusion [7], for radiography in
hydrodynamic tests [8], and for relativistic-klystron two-beamaccelerators [9] are three areas of active research. Induction
machines have also been considered for other applications such
as treatment of nuclear wastes [10], neutron spallation sources
[11], and mi collider components [12]. These applications will
not be reviewed here because of space limitations. In addition,
the inductive voltage adder (IVA) technologies are described in
a separate paper in these proceedings [13]. The three
applications we will review were chosen to demonstrate that
with vastly different goals, different machine parameters, and
very different architectures, a similar set of performance
objectives has led to technological advances along closely
parallel paths.
In any large machine, the economic issues of cost and
efficiency, and the technological issues of machine and beam
performance are equally important considerations. We hope to
show how these factors have affected the development paths in
these three areas. We will first summarize recent activities in
each one of these fields, and then proceed to describe issues and
advances in the control of beam energy flatness, emittance

preservation, and beam instability suppression. While these
issues are common to all accelerators, the fact that we are
working with very intense beams and long pulses makes the
challenges of induction machines unique. For the purpose of
this review, we will broadly include the induction accelerators
proper, as well as their injectors.

RECENT DEVELOPMENTS
Heavy Ion Fusion
Induction linac technology has been the primary approach
to the heavy ion fusion driver in the U.S. The baseline
scenario [6, 7] consists of multiple beams of heavy ions,
sharing common (large) induction cores. These beams are
focused by electrostatic quadrupoles in the front end, and
magnetic quadrupoles at the higher energies. The beams are
many microseconds long in the front end, and are compressed
eventually to about 10 nanoseconds at the target. To hit a
target spot of several millimeters within a reactor of several
meters in diameter, the ion beams must have low emittance
and less than a percent of energy spread [14]. The ions are non
relativistic and space-charge-dominated, and collective effects
play a central role in the beam dynamics.
Early experiments at LBL had demonstrated transport of
space-charge-dominated beams in electrostatic quadrupole
channels (SBTE) [15] as well as the simultaneous acceleration
of four beams (MBE-4) [16]. An ongoing experiment at LBL
seeks to demonstrate the combining of four separate beams
into one with acceptable emittance growth [17]. Beam
combining is motivated by the economics of the fusion driver
where attractive cost savings could be realized with many
beams in the front end and fewer beams at higher energy.
Small scale tests of magnetic quadrupole transport, final
focusing, and beam bending are also planned in order to address
the beam dynamics issues anticipated in the final driver.
An alternative accelerator architecture in a recirculating
configuration [18] where induction cores and magnetic
transport lines are being reused as the beam is recycled about
100 times is also being studied, both in a driver-design study
[19] as well as in a small-scale recirculator experiment at
Lawrence Livermore National Laboratory [20]. This scenario
involves higher technical risks, but the architecture has the
potential of large cost reductions for the driver. Recirculator
studies have led to development of advanced technology
elements such as very fast and flexible switching at high
repetition rates [21].
In addition to these small scale experiments, much of the
HIF engineering effort has been directed to the cost reduction
of key components, such as the magnetic material, the
electrostatic and magnetic focusing elements, alignment
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techniques, etc. [22]. Underlying much of these physics and
engineering studies is the ultimate goal of making heavy ion
fusion as competitive as the lowest cost energy options in the
market.
An equally important programmatic goal is to work
towards the production and control of driver-scale beams. An
injector with driver-scale energy (2 MV), current (0.25 nC/m,
or 800 mA of singly charged potassium ions), and emittance
(normalized edge emittance of less than lrc mm-mr) was
constructed and successfully operated at LBL [23]. The beam
parameters are required to be constant over the entire pulse of
1.5 us. Such a demonstration was essential as a first step
towards the highly controlled beam performance required for
the ultimate fusion driver. Detailed measurements of beam
current, energy, envelope, and transverse phase space were also
essential for validating 3-D PIC codes which have been
developed to model performance of fusion drivers [24]. The
agreement between experiments and simulations have been
excellent thus far [25]. Various experiments to transport,
focus, and bend space-charge-dominated beams have been
performed, using this beam, and more are planned.
Radiography for Hydrodynamic Tests
Development of induction machines for X-ray radiography
are ongoing in the U.S. and in France. The goal is to design
machines with 3 to 4 kA of electrons, 15 to 20 MeV and
about 60 nanoseconds, low emittance (en~1200Jtmm-mr) and
minimal energy variation (Ip/p<l%), to impinge upon an Xray target for the imaging of hydrodynamic events.
The DARHT (Dual Axis Radiographic Hydrodynamics
Test) facility [8], under construction at Los Alamos National
Laboratory, will consist eventually of two independent
induction accelerators. The first arm is under construction,
using technologies that are similar to the ETA II. The French
machine AERDC [26] has design goals that are quite similar to
the first arm of DARHT. Full scale test stands at LANL
(Integrated Test Stand, ITS) and at CESTA (PF/AIR) are
addressing key engineering and beam dynamics issues. The
second arm of DARHT may have multiple pulse capability
over a microsecond duration, but is otherwise quite similar in
current and energy to the first arm. While DARHT I and
AIRTX are short pulse machines, and are based on ETA II type
technologies, DARHT II has the options of ETAH-like cells
with advanced 4-pulse switching, or long-pulse technologies
similar to those of Heavy Ion Fusion. These options are under
active study.
More advanced machines for hydrodynamics are also under
study. The ETA II machine at Livermore is in fact being
reconfigured to study the beam dynamics of one such advanced
scheme (the Advanced Radiographic Machine ARM). The
proposed scheme accelerates several long pulses each of which
is "cut" into several shorter pulses at extraction by means of
fast kickers. These short segments of the beam are then
transported through separate beamlines to produce X-ray
images at different angles and at slightly different times. These
manipulations clearly require excellent control of the beam,
and successful demonstration of beam chopping will
undoubtedly advance the art of beam control.

Relativistic-Klystron

Two-Beam-Accelerator

The relativistic-klystron two-beam-accelerator is a
combination of the klystron technology with induction
technology for an efficient high frequency rf power source for
high gradient linear colliders. A key physics issue that has
recently been demonstrated is the reacceleration of bunched
beams [27], An experiment using the ATA injector which
provides a beam of 5 MeV and 1 kA was "chopped" into small
bunches at 11.4 GHz by a transverse beam chopper. The
chopped beam was then made to traverse three extraction
cavities and two intervening reacceleration induction cells. The
power levels measured at the three extraction cavities were
consistent with simulations, and the measured rf phase was
stable over the beam pulse.
While the ATA experiment provides a first demonstration
of reacceleration, a full-scale efficient two-beam-accelerator,
must of necessity be a long device with challenging drive
beam dynamics issues. A new scheme recently proposed
(TBNLC) [28] offers the possibility of a low cost and efficient
architecture with acceptable drive beam stability. The scheme
was based on the observation that the peak rf power levels of
180 MW/m required for high-gradient upgrades (100 MV/m
unloaded) of the X-band linear colliders studied by SLAC
(NLC) [29] and KEK (JLC) are, by induction linac standards,
rather low, and can be generated by a low current (600 A) and
low-gradient (300 kV/m) drive beam at an operating energy of
10 MeV. Reacceleration is provided by induction modules of
100 kV and 300 ns. This induction module has almost twice
the volt-seconds of an ATA cell (250 kV, 70 ns), comparable
axial lengths, but only one-half the diameter, and one-quarter
the transverse area (see Figure 1). This compact cell is made
out of a low-cost magnetic material (Metglas) and low-cost
ferrite permanent magnet quadrupoles. In addition, the bore
diameter is very small (5 cm), and is possible because of the
relatively low current of 600 A, operating in a "betatron node"
mode for beam break-up control. The pulse-power system
consists of a low-voltage architecture with a pulse-formingnetwork switched by ceramic thyratrons powering a series of
small 20 kV cores. This pulse power system bypasses the
voltage step-up transformer of the usual klystron modulators,
and the rf source requires no rf pulse compression. This simple
architecture is expected to have high efficiencies. Detailed cost
and efficiency estimates indicate that such a machine could be
an attractive power source candidate for future colliders.
The feasibility of this new device depends critically on the
ability to control beam breakup and other beam dynamics
issues. Simulations to date show acceptable beam behavior,
but experimental demonstration is essential. A prototype
machine RTA [30] with 8 to 12 rf extraction cavities over 8 to
12 meters of reacceleration is being built at LBL to test these
beam dynamics issues. Construction of this new machine also
offers the opportunities for detailed engineering, costing, and
efficiency checks on critical components.
ADVANCES IN INTENSE BEAM CONTROL
While the applications and activities associated with
induction accelerators have been varied and diverse, yet the
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Figure 1. The RTA cell (100 kV, 300ns) is much more compact than the ATA cell (250 kV, 70 ns).
quest for improved beam control is a recurring theme in most
applications. In this section, we will describe advances in three
areas.
Energy

Flatness

The three applications share a common goal of minimal
energy variation over the entire beam pulse. In heavy ion
fusion, the final objective is to deliver several megajoules of
heavy ions onto a small target spot several mm in diameter.
Final focus requires that the energy spread from head to tail be
small at accelerator exit, (Ap/p ~ 0.1%). It is therefore
important to have control over the entire beam pulse at every
stage from injector to target. At the LBL 2MV injector, energy
flatness is attained by a combination of a flat MARX voltage
pulse and a well controlled current extraction pulse. The
MARX voltage was designed to have 4 to 5 |xs flat-top
(Ap/p~0.1%) to accommodate the entire beam pulse plus
transit time through the injector column. The pulse extraction
pulser has a tunable pulse forming network which was tuned
to yield an energy flatness, as measured by an electrostatic
energy spectrometer at injector exit, of ±0.15% over the pulse
body (see Figure 2a). During the fall and rise of the beam
pulse, there are strong space charge forces which lead to high
energy at beam head and low energy in beam tail.

Radiography for hydrodynamic tests have similar final
focusing requirements since the electron beam must hit a submillimeter spot on the target to produce X-ray for high
resolution imaging. In both the ITS at LANL as well as
PTVAIR at CESTA, spectrometer measurements have
demonstrated flat-tops of less than 1% over 60 ns both at
injector exit as well as after acceleration through several
induction cells (see Figures 2b and 2c).
Relativistic klystron two-beam-accelerators require very
good energy flatness because of r/ phase stability
requirements. In the RTA, for example, ±0.3% energy flatness
is required eventually to achieve 5° phase stability over 12
meters of rf extraction and reacceleration (12 extraction
cavities). This requirement must be satisfied from the gun
through every stage of the RTA front-end. During 1996/97,
gun construction is in progress, and we have demonstrated 1%
energy flatness over 200 ns in a full-scale induction cell under
a resistive load. This is a first necessary step towards an
acceptable 1 MV gun which is made out of 24 such induction
cells.
Emittance

Preservation

Low emittance is essential for HIF if the heavy ion beams
are to hit the small target spot at the center of the fusion
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Figure 2. Energy spectrometer measurements for: (a) Ion beam from Heavy Ion Fusion Injector, (b) Electron beam from ITS at injector
exit, (c) Electron beam from ITS after acceleration. Courtesy LANL for Figures 2(b) and 2(c).
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chamber. Although the final emittance of En > 10 itmm-mv
required is a factor of 10 to 100 larger than the emittance at
source (consistent with source temperature). Nevertheless, care
must be taken at each step to minimize emittance growth. The
issue of emittance growth has been central to experimental and
theoretical beam dynamics studies at the LBL 2 MV Injector.
The LBL HIF injector column consists of four sets of
electrostatic quadrupoles arranged to accelerate and focus the
ion beam simultaneously (see Figure 3). The interdigital
structure of the quadrupoles is intrinsically 3-dimensional with
associated higher order multipoles. The beam is dominated by
space charge effects. In addition, a third order kinematic effect
is present when low energy beams are focused by strong
electrostatic quadrupoles leading potentially to phase space
distortions. All these effects can lead to emittance growth. The
design of the electrostatic quadrupole injector was performed
using the 3-D PIC code WARP3d, and the column geometry
and voltages were optimized to minimize emittance growth at
the design current and voltage. The measured phase space is in
good agreement with 3-D simulations over a broad range of
parameters. The normalized edge emittance of less than 1 n
mm-mr meets the initial design goal.

Figure 3. In an electrostatic quadrupole injector, the electrodes
are arranged to accelerate and to focus the ion beams
simultaneously.
While much has been learned about emittance growth
mechanisms in space-charge-dominated beam, recent
observations of rapid density fluctuations in the transverse
plane as the ion beam propagates down a six-quad matching
section beyond the injector exit was quite unexpected, and has
led to further emittance growth (by another factor of two) down
the transport line. Whether the observed density fluctuations
are due to some space-charge instabilities, or source
irregularities, or a combination of both, is still under active
studies.
Radiographic
machines
have similar
emittance
requirements imposed by final focusing. ITS and PIVAIR
employ a technique where the beam emittance is deduced from
measurements of envelope changes after the beam exits a
solenoidal lens of varying magnetic field. The measured
normalized edge emittance of 1200 n mm-mr is consistent
with final focus requirements.
Relativistic-klystron two-beam-accelerators have tight
emittance constraints which come primarily from the
requirement that the beam must be transported through
multiple extraction cavities. In the case of RTA, the 4 MeV,
600 A bunched beam must be able to go through 10 or 12
cavities with an inner radius of about 8 mm. The required
normalized edge emittance is 800 Ji mm-mr. Although the
corresponding emittance at source is 80 n mm-mr, one must

again be very cautious with emittance preservation as the beam
undergoes acceleration, transport, chopping and bunching.
Simulations to date from extraction to chopper entrance have
yielded beams with normalized edge emittance of 400 n mmmr.

Beam Breakup Instability
It is well-known that the transport of high current in
induction machines is limited by the beam breakup instability.
In the ATA machine, although the design current of 10 kA
could be produced at the source, the beam develops large
transverse oscillations, leading to the loss of beam tail long
before it reaches the design energy of 50 MeV. At least three
different ways of controlling BBU are known and proposed.
Some are well-tested, while others are studied theoretically,
with actual experimental demonstration still to be performed.
The technique of reducing BBU by de-Qing of induction
cavities is well-known. The addition of ferrite dampers to
reduce the Q of induction gaps is a standard technique. Every
cavity design requires careful shaping of gaps to minimize the
transverse impedance. The AMOS code, which calculates
impedances in the presence of ferro-magnetic material, was
first written to model induction gaps, and has been used quite
successfully for the design of ETAII and DARHT cells.
Whether AMOS could be used for the modeling of induction
cores with Metglas remains an open question. But the design
of induction gaps with minimal impedance is a key issue for
all applications.
In addition to the reduction of transverse impedance.
Landau damping is known to be an effective way of
controlling transverse instabilities. Laser guiding, which
allowed the transport of high current through ATA, introduces
Landau damping by the nonlinear space charge forces from the
non uniform distribution of ions in the channel. In TBNLC,
the bunched beam is maintained in stable r/ buckets by
inductively detained r/ extraction cavities. These r/ buckets
have a natural energy spread of a few percent. BBU simulations
have shown that this amount of energy spread is enough to
damp the BBU instability associated with the induction gaps to
a manageable degree. Without Landau damping, transport of a
600A beam through a 300 m long two-beam-accelerator, as
proposed in TBNLC, would be impossible.
There is one additional BBU mode for the drive beam of
TBNLC, at a much higher frequency of 14 GHz, associated
with the HEM| t , mode of the r / extraction cavities, which is
quite virulent, and Landau damping alone cannot control this
high frequency instability sufficiently. One additional "trick"
was introduced to put it under control. The scheme involves
the arrangement of the focusing channel so that adjacent
extraction cavities are separated by exactly one betatron period.
In this scheme, the displacement in every r/ cavity is identical,
even though the transverse kick experienced by the beam
through successive cavities is additive. The growth of
instability in this scheme is linear rather than exponential. We
have studied the sensitivity of this scheme to errors in
focusing fields and/or energy errors. The simulations indicate
that errors of about 1% in either field or energy is tolerable.
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While the Landau damping of the low frequency BBU, as
well as the betatron node scheme for the high frequency BBU,
have been shown in simulations to be effective methods of
control, experimental demonstration is highly desirable. The
RTA machine, a prototype two-beam-accelerator, is under
construction at LBL. When operating at full-scale, this
machine is capable of testing these critical BBU control
mechanisms.
CONCLUSION
We have briefly reviewed recent development in induction
accelerators for heavy ion fusion, radiography for hydrodynamic tests, and for relativistic-klystron two-beamaccelerators. I have attempted to show how much of our
activities has been motivated by cost reduction and improved
beam control.
Control of intense beams is key to the success of the
applications. Even though the architecture and parameters of
the three applications are vastly different, yet the goals of
energy flatness, emittance preservation, and BBU control are
common to all. Significant advances have been made in these
areas, although a lot more work needs to be done. Induction
technology, when compared to the more conventional r/
accelerators, is a relatively young field. Yet its unique
capability for high current and high peak power merits
continued aggressive development.
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Abstract

At the end of 1995 about 16000 patients had been treated
with proton beams over the world [4] and about 150 with
The most recent applications of hadron accelerators to tumor carbon ions at HEMAC (Heavy Ion Medical Accelerator Centre)
therapy are reviewed and the Italian Hadrontherapy Programme in Japan [5]. The pioniering work done in LBL with helium
is presented in the framework of what is done and planned in ions (about 2000 patients) and neon ions (about 500 patients)
the rest of the world.
has been discontinued in 1992 [6]. Nowdays carbon ions (Z=6)
This programme foresees three independent but coherent are considered to be better suited than helium (Z=2) and neon
activities:
(Z=10) ions for the treatment of radioresistant tumours,
(i) the construction in Milano of a large National Centre because the stopping power (or LEJ=Unear Energy Transfer,
for Oncological Hadrontherapy based on a 22 m diameter which for a given velocity is proportional to Z2) is less than
synchrotron, with 3 rooms for proton treatment and 1 room for 100 MeV/cm at the entry point (so that in the first traversed
ion treatment (which can control radioresistant tumours);
layers they behave roughly as X-rays and protons) but is
(ii) the construction (financed by Istituto Superiore di definitely larger than 100 MeV/cm in the spread out Bragg
Sanita, Rome) of a novel 3 GHZ linac which will accelerate peak, which covers the tumour. Such a high LET is suited to
protons to 200 MeV. The second part of this linac can also be treat radioresistant tumours, i.e. the slowly growing hypoxic
used as 200 MeV booster for protons accelerated to 60- tumours which are insensitive to both X-rays and protons and
70 MeV by high current cyclotrons;
represent about 10% of all tumours treated with X-rays. Thus
(iii) a multimedia information network (RITA) connecting light ions, and in particular carbon ions, have the double
the Associated Centres with the Centres having hadron beams, property of a favourable dose distribution (crucial for a
conformal radiotherapy) and of a large LET (necessary for the
so to select before any travelling the patients to be irradiated.
cure of radioresistant tumours).
Introduction
Protontherapy of eye melanomas, requiring 60-70MeV
protons, is performed in many, also European, centres. Deep
Approximately 50% of the lO'OOO accelerators running in seated tumours are treated in one dedicated hospital-based centre
the world are devoted to medicine and/or biology [1]. About (at the Loma Linda University Centre in California [7]) and in
80% of all the biomedical accelerators (4'000 in 1994) are ten centres which originally were, or still are, nuclear research
devoted to radiotherapy with either X-rays [2]; very few of centres:
them are used for hadrontherapy. Hadrontherapy is discussed in
CPO
Orsay,
GWI Uppsala,
this paper with particular reference to the Italian Hadrontherapy
HCL
Boston,
ITEP Moscow,
Programme promoted by the TERA Foundation.
IUCF
Indiana,
JINR Dubna,
LINPh St.Petersburg.NAC Faure,
Hadrontherapy with protons and ions
PMRC Tsukuba,
PSI
Villigen.
It is seen that only two of them are in the European
Fifty years ago Bob Wilson remarked that the Bragg peak Union (CPO and GWI). The HIMAC facility in Chiba (Japan)
of monoenergetic protons, and of other charged hadrons, easily is fully dedicated to ion therapy [5]. Together with Loma
allows to deliver the dose with millimetric accuracy, what is Linda, this is the only hospital based dedicated hadrontherapy
now called a "conformal" treatment of deep sited tumours [3]. centre. As discussed below, iii the next years the situation will
To reach 25 cm in soft tissues the kinetic energy of the change, in particular outside Europe.
protons has to be 200 MeV. For carbon ions, the most used
In all these centres the lines transporting the hadron beam
hadrons after protons, one needs 4500 MeV, i.e. 375 MeV/u. to the patient are fixed. In Loma Linda instead they are they
Since the width of the Bragg peak of monoenergetic particles consist in three 10 m high rotating isocentric gantries which
is very narrow, to irradiated thick targets the energy of the allow the irradiation of the patient from any angle. The
charged particles has to be modulated in time either by an aligment procedure is long: typically 20-30 minutes.
absorber of variable thickness or by changing the energy of the
Untill now no patient has been treated with a properly
accelerator.
directed pencil bean (active beam spreading system). All
With a Spread Out Bragg Peak (SOBP) of 8-10 cm, the centres use a scattered beam of hadrons properly shaped in
distall fall-off of the dose takes place in 2-3 mm and the space and energy with absorbers and collimators.
Active systems have been recently tested in PSI and GSI
surface dose for proton (carbon ions) is typically 70% (50%) of
the peak dose at 20-25 cm depth. These conditions are much and will be used on patients towards the end of 1996. At PSI a
more favourable than the ones of X-rays, which have a roughly compact gantry and a voxel scanning system for protons has
exponential absorption in matter. Due to the convenient been constructed [9], while the carbon beam of the GSI
macroscopic energy distribution, a truly "conformal" therapy synchrotron will be used to irradiate patients with a horizontal
can be performed with only one or two directions of incidence raster scanned pencil beam [10]. In future all facilities will
of the hadron beam. Moreover the total energy delivered to the have active spreading systems, but medical doctors still prefer
surrounding healthy tissues is definitely lower than in X-rays the passive method which is proven and guarantees an uniform
conformal radiotherapy which uses 6-12 crossed beams [2]. irradiation in the transverse plane. Active system will have to
This allows an even larger tumour dose than in CRT for sites be very reliable to be accepted.
which are surrounded by critical tissues, as in the brain.
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Number of Potential Patients

Superiore di Sanita (the Italian National Health Institutes sited
in Rome) decided to join the Hadrontherapy Programme and
requested and obtained funds for the construction of a proton
accelerator.
Three Committees coordinate the research and development
activities done in the framework of the Hadrontherapy
Programme:
the Pathologies and Treatments Committee,
the Radiobiology Committee,
the Dosimetry and Microdosimetry Committee.
Their activities, not presented here, are common to all the
projects of the Programme.
As far as the direct intervention of the TERA Foundation is
concerned, the design and construction activities of the
Hadrontherapy Programme are organized in three projects:
(1) The planning and the construction of a National
Centre for Oncological Hadrontherapy (CNAO), a healthcare
and research structure of excellence which will be the focal
point of all the hadrontherapy activities and — being equipped
with proton and ion beams to be used in parallel — will be
able to treat with protons about l'OOO patients per year, and at
a later stage, an equal number with carbon ion beams.
(2) The design and the construction of a certain
number of Protontherapy Centres equipped with proton
accelerators, of small dimensions and relatively cheap,
possibly built by Italian industries; each of these will treat at
least 200-300 patients a year with a proton beam and about
double that number with an added treatment room. This is the
"Compact" Accelerator Project PACO.
(3) The creation of an informatics and organisational
network, called RITA {Italian Network for Hadrontherapy
Treatment), which will connect the Associated Centres —
distributed throughout Italy (and abroad) and situated in the
public oncological institutions and in private clinics — with
the Centres where proton and ion beams will be made
available. The specialised medical and physics staff in these
Associated Centres will be able to discuss in remote through
multimedia connections the clinical cases, with the experts of
the Hadrontherapy Centre and those of the Protontherapy
Centres by using the most modem informatics means. They
will exchange diagnostics images and some of the physicians
at these Associated Centres (sometimes after using
conventional radiotherapies) will even be in a position to plan
a successive treatment for their patients, which will then be
irradiated in one of the Centres where hadron beams are
available.
The first two projects are described in the following
Sections. For lack of space the RITA network and other Italian
hadrontherapy projects not under the direct TERA
responsability will not be further discussed.

In Europe (3.2 108 inhabitants) about 50% of all the
tumours are irradiated with high energy photons. This
corresponds to more than 600'000 new X-ray treatments per
year, which implies about 60'000 new patients with
radioresistant tumours, who could profit from iontherapy. To
substantiate this large figure many clinical trials are needed at
HIMAC, GSI and possibly other new iontherapy centres.
For protontherapy solid clinical results exist for brain, eye,
spinal cord tumours and few other sites. Salivary glands,
prostates and cervices have also been treated. A conservative
analysis made in the framework of the TERA programme
(described in Ref. [11]) concluded that about 5% of X-rays
patients would profit (i.e. about 30'000 in Europe). In a study
for Europe Gademan obtained much larger figures: 280'000
patients, of which about 25'000 first priority cases [12].
Similar results are contained in a recent unpublished report
prepared for the National Cancer Institute by H.D. Suit and
collaborators of the Massachussets General Hospital (MGH).
Since a multigantry centre can treat about 1000
patients/year (each one for 20 sessions lasting 20-30 minutes
each) one conservatively concludes that in Europe there is
space for at least twenty protontherapy centres aiming at
improving the local control of tumours close to critical
organs.
In the world by the year 2000 there will be at least four
new dedicated facilities for hadrontherapy, on top of Loma
Linda and HIMAC. Two of them (one in USA and the other in
Japan) are based on the cyclotron designed by IBA [13]. For
the Japanease centre of Kishawa (Chiba) IBA has teamed with
Sumitomo. The American Centre (NPTC) will have two
rotating gantries; it is being built in Boston by Mass General
Hospital (MGH) and utilizes all the knowledge collected at the
Harvard cyclotron. The Japanese centre is very similar; it will
also be ready by 1998.
While these two centres will have only proton beams, in
the Prefecture of Hyogo (Japan) a proton and ion centre is
under construction and will be ready in 2001. The investement
of 273 M$ includes a 50 bed hospital. Mitsubishi Electric is
building the accelerator and the hightec facilities. The purpose
is similar to the one of the Italian CNAO (see later).
The fouth funded hadron accelerator, to be presented below,
is a novel 3 GHz linac, which has been designed in the
framework of the Italian Hadrontherapy Programme, initiated
in 1992 by the TERA Foundation .

The TERA Foundation and the Hadrontherapy
Programme
The Foundation was created to collect funds and employ a
staff fully devoted to the Hadrontherapy Programme. In 1996
more than twenty people work fulltime on the projects of the
Foundation, whose 1995 budget was about l'300'OOO kLit
(lkLit = 1DM). In fall 1991 INFN (the Italian Institute for
research in fundamental nuclear and subnuclear physics) decided
to finance the research part of this activity; since men the
support to the twelve Sections and Laboratories of INFN now
working on the Programme has increased: in 1996 it is about
800'CKX) kLit. ENEA (Ente Nazionale per le Nuove tecnologie,
1'Energia e L'Ambiente) joined the Programme in spring 1993
to contribute to the design of "compact" accelerators for
protontherapy, a project led since then by Luigi Picardi of
ENEA-INN, Frascati. Also in 1993 the physicists of Istituto

The CNAO Project
From the beginning of 1992, the Foundation is engaged in
the design and realization of the hadiontherapy centre CNAO
based on a synchrotron which can accelerate protons to at least
250 MeV and carbon ions to at least 4500 MeV (i.e. at least
375 MeV/u). This will be a centre of excellence devoted to
tumour hadrontherapy of more than one thousand patients/year,
to clinical research in cancer therapy and to R&D in the fields
of radiobiology and dosimetry. The first study was completed
in spring 1994 and published in the form of a "Blue Book",
which describes versions A and B of the Centro Nazionale di
Adroterapia Oncologica (CNAO). Since the volume was much
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requested, a second edition of the Blue Book was distributed in
1995: "The TERA Project and the Centre for Oncological
Hadrontherapy", Volumes I and II (U. Amaldi and M. Silari
Eds, INFN, Frascati, 1995) [11]. Version C is described in the
Addendum. G. Brianti is the Chairman of the CNAO Project
Advisory Committee.
In 1995 CERN funded a small research activity (the TERA
Group) formed of part-time physicists and engineers who,
since then, contribute to the design of the medical synchrotron
for protons and ions, which is at the hearth of the CNAO
project. At the beginning of 1996 a new optimized study of
such a synchroton was started at CERN under the leadership of
Dr. Philip Bryant. Five TERA staff members and two doctoral
students from the AUSTRON Project (Vienna) partecipate in
the study, which aims at finding new optimized solutions for
the synchrotron and the isocentric proton gantries. GSI
(Darmstadft) — where at the end of 1996 Gerald Kraft and
collaboratotors will start patient treatment with carbon ions —
has the responsability for the design of the ion injector and of
a gantry for carbon ions.
For a medical synchrotron the intensity of the extracted
beams poses no special problem, since 10" p/s and 3 109
ions/s are enough. The issue is the time uniformity of the
spill since, due to the magnet ripples, synchrotron pulses have
time structures at many frequencies; this makes the active
spreading of the beams particularly difficult. At HIMAC [5]
this problem has been partially solved with an accurate (to few
10"7), but costly, stabilisation of the magnet power supplies.
The new study of the medical synchrotron is thus taking
time uniformity of the extracted beam, which lasts about one
second, as the highest priority, as alreeady done at LEAR for
much longer time scales.
The work is not yet completed, but the main ideas behind a
solution, possibly to be combined with other methods, can be
explained with reference to Fig. 1, in which the transverse
beam size is represented. Due to the unavoidable ripples in the
dipoles and quadrupoles, the resonance lines (drawn at 45°) can
be thought to oscillate continously in the directions indicated
by the arrows. When the beam is uniformly pushed to the
resonance, for instance with a betatron core which has no
ripple, the movement of the resonance lines produces a time
disuniformity. To reduce the effect the part of the beam which
is closer to the resonance can be made moving much faster, so
that the extracted beam is less sensitive to the ripples.
Extracted beam
Transverse
beam size
Ripples
Resonance
lines
Beam

x, dp/p, Qh
High-density.
sjow-moving
part of beam

Low-density,
fast moving
part of beam

Fig. 1. The figure represents the extraction process. The arrows
indicate the effect of the magnet ripples and the dashed
areas the densities of the beam.

While the design of the machine goes on, TERA physicists
and engineers have defined a new layout of CNAO (version D).
An image is given in Fig. 2.

Fig. 2. The layout of CNAO. The proton/carbon synchrotron has
an average diameter of 22 m. The centre will have three
rooms for proton treatment and one with an horizontal
beam of ions. The building is extendable for constructing
other therapy rooms.
In December 1995 the TERA Foundation offered to six
Hospital and oncological Institutes of Milano and Pavia to
form a Consortium and realize the National Centre for
Oncological Hadrontherapy in Milano. The Policlinico
Ospedale Maggiore offered a site and on June 17, 1996, an
instrument of understanding among the six institutions and
TERA was signed.
As mentioned above, the status of CNAO is described in
the Blue Book and in the Addendum [11]. In summer 1996 a
second one is in preparation. It describes the layout of version
D and it will be ready by October 1996.

The "Compact" Accelerator Project PACO
The second project of the Hadrontherapy Programme,
PACO, was started at the beginning of 1993. For about three
years four working goups designed four different types of
200 MeV proton accelerators with the aim of eventually
comparing their characteristics and costs. The work done is
described in the recently printed "Green Book" [14].
As a starting point, the apparently vague notion of
"compact accelerator and gantry" is quantified with the aim of
reducing the cost of protontherapy. The national centre CNAO
is designed as a centre of excellence where the best
performances will be achieved for both protons and carbon
ions. To reduce the costs, ions (and thus the treatment of
radioresistant tumours) should be forgotten and "compact"
accelerators should have somewhat more modest goals, of
course without compromising the health care possibilities. It
is obvious that striking such a balance is difficult and the
conclusions are somewhat arbitrary. It is worthwhile
reproducing the definition here because the adjective "compact"
has been and still is misunderstood.
In the framework of the Hadrontherapy Programme, a
proton facility foir therapy deserves the adjective "compact" if:
(1) it accelerates a minimum of 2 x 10'° protons per
second to an energy of at least 200 MeV reliably and
reproducibly, so to have a running efficiency close to the one
of present conventional electron linacs (98%);
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(2) it is possible to install the accelerator, the control
room and the power supplies in a shielded bunker and a service
area covering a total surface of less that 300 m2;
(3) it has a consumption — during irradiation — of less
than 250 kW;
(4) costs, without buildings, not more than 17 million
kLit (about 11 M$); this cost should include a rotating gantry
with all the control and dose distribution systems, and should
be able to run with both passive and active spreading systems;
(5) the addition of a second gantry should cost less than 3
million kLit (about 2 M$);
(6) a 70 MeV beam for eye therapy should also be
foreseen and provided at low cost, if desired.
The required beam characterisics and field dimensions, not
discussed here, are such that a "compact" accelerator can treat
85% of the about 5000 patienys/year treatable with the proton
beams of CNAO.
The different solutions studied by the Hadrontherapy
Collaboration for the "compact" proton acceleratoros are: a
conventional synchrotron , a high-field synchroton, a highfrequency linac and a superconducting cyclotron. A room
temperature cyclotron was not considered since IBA is
producing it. Instead a chapter was written by P. Cohilis and
Y. Jongen on a simplified and cheaper version of the IBA
facility.
These five types of accelerators are described in five
chapters of the Green Book. The remaining chapters are
devoted to the status and future plans of the network RITA and
of the three activities coordinated by the three Committees
mentioned above. There is no space here to discuss these
subjects.
The Green Book was prepared in connection with the
entering of Istituto Superiore di Sanita in the field of
hadrontherapy.

The TOP LINAC of ISS
In fall 1993 the Physics Laboratory — directed by
Prof. Martino Grandolfo — of Istituto Superiore di Sanita\
which was since long active in the fields of proton
radiobiology and dosimetry, decided to request special funds for
the construction of a prototype of a "compact" accelerator (and
its routing gantry) and to finance R&D programmes in the
fields of radiobiology, dosimetry, networking, pathology and
treatment planning. This programme is now known as the
TOP Project of ISS, where TOP stands for "Terapia
Oncologica con Protoni". The initial funds (6'000'000 kLit)
were allocated in 1994 and appropriated in 1995 with the
understanding that about 80% of this sum had to be spent for
the construction of a prototype of a "compact" accelerator, of a
type yet to be decided. A contribution of 2'330'000 kLit was
granted at the end of 1995. Requests for about the same total
amount are pending.
In September 1995 draft copies of the Green Book were
distributed to the members of the Scientific Committee of the
TOP project. After auditing the persons responsible of the
various designs and considering the still limited funds available
(8'33O'OOO kLit) in December 1995 the Committee advised
ISS to concentrate on the construction of the first part of the
high-frequency linac [15], whose injector should also be
capable of producing PET isotopes. Istituto Superiore di
Sanita accepted this advice and in spring 1996 found a
convenient site located in between the buildings of ISS and of
the oncological Institute Regina Elena. After the decision of

ISS the PACO project was terminated since its mission was
accomplished.

Fig. 3. The low current 3 GHz protontherapy linac to be
constructed in Rome by ISS, ENEA and TERA under the
direction of L. Picardi (ENEA).
The 3 GHz proton linac, designed in the framework of the
Hadrontherapy Programme, solves the challange of accelerating
low energy protons with a high frequency linac, in itself a
scientifically interesting problem.
As shown in Fig. 5, the high frequency linac is made of
three sections: a ten MeV injector of lower frequency (which
can also produce PET isotopes), a new accelerating structure
named Side Coupled Drift Tube Linac (SCDTL), which has
been patented by ENEA, and a conventional Side Coupled
Linac (SCL). Each SCDTL tank contains 5 or 6 drift tubes,
about lcm long with a 3-4 mm diameter hole. Permanent
magnets located between adjacent tanks focus the accelerated
beam. The SCDTL section accelerates protons to 70 MeV, and
is the one financed at present. The SCL part will be built next
and bring the beam to 200 MeV.
The overall TOP linac project is coordinated by
Dr. Salvatore Frullani (ISS) and Dr. Luigi Picardi (ENEA) has
been nominated responsible for the construction of the highfrequency linac. The new project was presented to the
authorities and the public on June 24,1996, during the Second
National Day on Hadrontherapy, held in Rome in the
auditorium of Institute Regina Elena.
The advantages of the high frequency proton linac with
respect to, for instance, a cyclotron are: (i) the beam emittance
is ten times smaller, so that the gantry can be lighter and less
expensive; (ii) the beam energy can be varied continously
between 140 and 200 MeV, as required by the tumour depth;
(iii) the accelerator has no problem of injection and extraction;
(iv) a linac is modular and can be constructed in pieces; (v)
when looked closely, the surface occupied by the centre is not
much larger than the one needed by a cyclotron.

A 3 GHz Linac Booster for Protoncyclotrons
With small modifications the SCL part of Fig. 3 can also
be used as a booster of a 60-70 MeV proton cyclotron. A
Section of the Green boook is devoted to this option, which is
very interesting because in the world there are at least twenty
50-70 MeV cyclotrons which could be transformed in facilities
for protontherapy of deep tumours. In the Green Book the
study has been made with reference to the 62 MeV cyclotron of
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the Cyclotron Unit of the Clatterbridge Hospital (UK) [16]. In failures, Chauvel et al. conclude that protontherapy is
a total length of 13 m, 9 modules formed of 4 tanks and economically competitive with CRT. This argument represent
powered by 9 klystrons bring the proton beam from 62 to a strong incentive to develop cheap proton accelerator and
200 MeV. The repetition rate is 400 Hz, which is good for a gantries, which do not require special buildings for the
voxel active spreading of the beam. The overall linac capture installadon and consume little plug power. In a few years we
efficiency, taking into account the fact that the linac acceptance shall know wether this interesting challange has been met.
is about three times the cyclotron emittance, is 1.5 10"*, so
that the average proton current at 200 MeV is 10 nA. The plug
/ am very grateful to Philip Bryant, Marco Pullia, Sandro
power is about 100 kW. By switching off klystrons it is Rossi and Mario Weiss for helping me in preparing this
possible to vary the proton energy between 140 and 200 MeV. review.
The no-profit TERA Foundation is looking at present for
partners interested in transforming their cyclotrons in a
References
200 MeV variable energy facility for protontherapy.

Cost of Protontherapy versus other Oncological
Treatments
In Chapter 16 of the Green Book P.Chauvel and
collaborators
(Centre
Antoine-Lacassagne,
Cyclotron
Biomedical, Nice) show that a protontherapy centre based on
three gantries would be economically competitive with a centre
of X-ray conformal radiotherapy (CRT), which use more than
six cross-fired X-ray beams, if the accelerator and the gantries
require investements not larger than the costs chosen in the
definition of a "compact" accelerator: about 11 M$ for the
accelerator and the first gantry, and about 2 M$ for each added
gantry [17]. This would allow, taking into account both of the
lifetime of the facility and of the cost of the staff, to charge
about 1000-1100 DM for each 30 min session of
protontherapy, so that a complete average treatment of 20
sessions would cost not more than 22'000 DM. This is a
crucial point for the future developments of affordable hospital
based protontherapy.

[1] W.H. Scharf and O.A. Chomicki, Physica Medica, 1996,
in print.
[2] A. Wambersie, these Proceedings.
[3] R.Wilson, Radiology 47 (1946) 487.
[4] The statistics are published in Particles the journal of the
Particle Therapy Coordination Group (PTCOG).
[5] H. Sato et al., EPAC94, V. SuUer and Ch. Petit-Jean-Genaz
Eds, World Scientific, p. 417.
[6] J.R. Castro, Hadrontherapy in Oncology, U. Amaldi and
B. Larsson Eds, Elsevier, Amsterdam, 1994, p. 208.
[7] G. Coutrakon et al., Ref. 17, p. 282.
[9] E. Pedroni, Ref. 5, p. 407.
[10] G. Kraft et al., Rcf. 6, p. 217.
[11] The TERA Project and the Centre for
Oncological
Hadrontherapy, Vol. I and Vol. II, U. Amaldi and M. Silari
Eds, INFN, Frascati, 1995. Addendum, D. Campi and M.
Silari Eds. The whole collection is called the "Blu Book".
[12] G. Gademann, Ref. 6, p. 59.
[13] Y. Jongen, Ref. 5, p. 355.
[14] The RITA Network and the Design of Compact Accelerators,
U. Amaldi, M. Grandolfo and L. Picardi Eds, INFN, Frascati,
1996. The "Green Book".
[15] M. Weiss et al., Ref. 14, p. 213.
[16] M. Weiss et al., Ref. 14, p. 254.
[17] P. Chauvel et al., Ref. 14, p. 433.
[18] E. Borgonovi et al., Ref. 11, Vol. II, p. 535.

Fig. 4. The SCL part of the protontherapy linac can be used as a
booster for a 60-70 MeV cyclotron. The parameters are
given in Ref. 16.
To understand the meaning of this figures it is worth
recalling that X-ray radiotherapy is the cheapest of all
oncological therapies. In fact precise evaluations by
G. Gademann [12] and by E. Borgonovi et al. of the Bocconi
University [18] indicate that while a conventional radiotherapy
costs between 6'000 and 7'000 DM, an average oncological
surgery costs 15'000 DM and a heavy chemotherapy for a
systemic tumour goes up to 60'000 DM. Recent calculations
indicate that an average CRT with X-rays treament may cost
17'000-19'000 DM.
Comparing these figures with the ones possible with a
"compact" proton accelerator and gantry system of the cost
indicated above, and taking into account the cost of the
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Abstract
Electron linear accelerators ("linacs") are today the primary equipment of a modern radiotherapy department.
Indeed the majority of the patients referred for radiation therapy are treated with linacs, for at least part of the
treatment.
The current machines produce photon beams with energies ranging from about 4 to 20 MV. This energy range is
sufficient to treat most of the tumours, even those which are deep seated. Attenuation of the photon beams in the
tissues is nearly exponential and, in typical conditions, 50% of the maximum dose is obtained at 17 cm in depth
for a 8 MV beam and at 20 cm in depth for a 18 MV beam. A treatment is rarely performed with a single beam,
but a combination of several beams adequately orientated allows the radiation-oncologist to deliver the prescribed
dose to the target volume without exceeding the tolerance of the surrounding normal tissues.
In addition modern linacs allow us to apply electron beam therapy. Electron beams have, in the tissues, a limited
penetration which depends on energy. Electron beam therapy is thus suitable to treat superficial (or semi-deep
seated) tumours; it is often used as a "boost" and is then combined with photon beam therapy.
Special techniques using linacs are reviewed: total body irradiation for bone marrow grafting and stereotactic
radiosurgery with photon beams, total skin irradiation and Intra-Operative-Radiation-Therapy (IORT) with electron beams. Lastly, conformation therapy is at present a very promising field in great expansion. It aims at matching as close as possible the actually treated volume and the clinical target volume. Conformation therapy requires
accurate acquisition of patient data, 3-D treatment planning and a strict quality assurance programme.

This paper will be published on the World Wide Web (Linac96 Proceedings)
when it becomes available.
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Abstract

system architecture-based
on a client/server data
communications design[l]. The server module resides in each
During the past five years, the control system software one of the system controllers along with that controller's
toolkit called EPICS (Experimental Physics and Industrial portion of the distributed database. From there, the server is
Control System), has developed from a comparatively small able to send any value, calibration, alarm status, etc. to any
code co-development effort between Los Alamos National client application, e.g., a display, archiver, etc., that requests
Laboratory and Argonne National Laboratory into an that data by name. The multiple instances of the server in a
international collaboration on real-time distributed control control system respond to a request for data by searching for
systems. The wide application of this set of tools is the result the named data in their local portion of the distributed
of a combination of high performance, scaleable distributed database. If a server has the requested data in the local portion
control and well defined open interfaces between system layers of the database, it responds to the request and the client then
that encourage users to add extensions. These extensions can initiates a connection to that data. This allows any of an
subsequently be reused by others, adding to the utility of the arbitrary number of data-using clients to receive data from any
tools. This paper will describe the architectural features that of an arbitrary number of data-supplying servers without the
have supported these extensions, some of the new extensions client needing to know the location or other attributes of the
produced by the 58 projects currently using EPICS and some data. The result is an easily scaleable control system which
of the new functions and interfaces we are planning to add to can operate as separate independent controllers in an integrated
system.
this control system toolkit.
Introduction: EPICS' primary functions and architecture a basis for collaboration
The development of EPICS started with a few
fundamental user- driven requirements. Heading the list was
the need for a control system that could be expanded easily and
could concurrently support subsystem development and
commissioning as well as integrated operation of an entire
accelerator facility. A maximum level of functional flexibility
in the control system software without additional programming
was also a prime requirement. Further, the software needed to
provide excellent real-time performance to close control loops
in and between subsystems. These and other functional
requirements were met in the original design of the EPICS
control system toolkit that employs a client/server architecture
for data transport to all system components and a modular,
"process model" database for data acquisition and control.
Two structures fundamental to EPICS success
The two structures are: a distributed control system
architecture based on client/server data communications and a
modular "process model" database. The requirement to
provide independent sub-system operation as well as integrated
system control in a scaleable control system was addressed by
the first of these fundamental structures, a distributed control
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Fig. 1. Distributed Control System Architecture
The functional flexibility requirements were met by
EPICS' second fundamental structure, a modular "process
model" in the EPICS database[2]. A process model was
embodied in a unique active database distributed to the many
controllers in a control system. The process model consists of a
set of input, process and output records in the database that are
scanned by time or event. An input record for any type of data
source can be selected from an extensible set that includes
discrete (binary), analog and waveform (array) input records.
These input records, when scanned, will interact with software

drivers and acquire data from the facility through a wide
variety of supported VME, VXI, CAMAC, or industrial data
acquisition modules. The data measurement thus acquired can
be linked to one or more of a set of process records that can
transform the data, or can contain a feedback controller (e.g.
PID), or can generate a sequence of outputs. These outputs can
be linked to discrete, analog, positioner, etc. output records
which provide feedback to the facility. Input and output
records may be used independently for supervisory control or
linked with process records in an almost unlimited variety of
combinations to provide automatic control for most of a
facility's data acquisition or control needs.
The EPICS database is generated by data-driven
configuration tools and for most date acquisition and control
no additional programming is required. Using these tools, the
control system implementers can respond rapidly to changes in
control requirements. Using EPICS client/server data
communication called "channel access", an X-Windows based
operator interface can display any of the input, process, output,
status, alarm, etc., values in the database from anywhere on the
control system network. These fundamental structures and a
set of tools for creating process databases, for creating operator
displays and for archiving data were in the initial software
toolkit that was the basis for the EPICS collaboration.

Later, they implemented a MOTIF based operator interface to
add drag and drop capabilities to the operator interface.
Outside Paris, SACLAY added SL-GMS as an operator
interface client based on their need for a richer set of display
objects to provide the control required for the Tesla Test
Facility injector development program. A client interface to
Dataviews was implemented at Lawrence Berkeley Laboratory
(LBL), for use on the Gamma Sphere project while the
University of Chicago developed and contributed an interface
to Interactive Data Language. The channel access client
interface continues to support a large and growing set of
extensions to the EPICS toolkit.
Database Record and I/O driver extensions

The EPICS database records comprise another clean
extensible interface, especially after the APS team defined and
implemented an interface to separate the input/output records
and the hardware driver software layer. Many new record
types have been developed including signal select, data
compression, timer, sequence, interlock, fanout, magnet
setpoint, beam position monitor, etc. Almost every institution
that has subsequently used EPICS responded to the clean
hardware driver interface by contributing dozens of additional
drivers for a multitude of hardware types and modules. APS
produced the GPIB and Bitbus drivers supported under EPICS
Collaboration with large facilities produce
or a small independent operating system (HideOS). The
new requirements and developments
CAMAC driver was built and then improved by a
The next phase of EPICS development began with code collaboration between TJNAF (formerly CEBAF), the Duke
development collaborations with several large facilities then University FEL team and LANL. CAMAC is used as the
under construction. During control system development for primary I/O interface for the 100K channel central control
these large facilities, new requirements were identified and the system for the recirculating beam superconducting linac at
TJNAF and for the proton storage ring at LANL. ProfiBus and
set of interfaces in EPICS were extended.
Siemans HI bus drivers were produced by DESY for use on
the cryogenic controls at HERA. The CANbus has been
Client Extensions
implemented by DESY, Royal Greenwich Observatory (RGO)
The original client/server channel access data and BESSY for use on the Synchrotron Light Source and
communication network defined an interface between the industry pack support has been produced by DESY and LANL.
hardware, driver, data acquisition, control, and database
functions on the server side and other control system functions
such as data display, operator control, archive, analysis, etc.,
on the client side. This clean client/server interface was the
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Multiple platform support developed
Many programs that were using EPICS to build and
integrate control systems needed to develop and run the code
on their local Sun, H/P, DEC, UNIX workstation platforms.
Many ports of EPICS to different platforms resulted: The port
of the channel access client codes and development platform to
Solaris was done at the RGO; to HPUX at TJNAF; to DEC
UNIX at the University of Chicago and SLAC; the database is
being ported to LynxOS at NASA Langley, and the channel
access client was ported to Windows 95 and Windows NT at
LBL. Changes to the original Sun UNIX installation
procedures were extensive and resulted in clean, documented
and easy to use procedures to build and install EPICS systems
at new sites.
Today, APS provides EPICS software
distribution to many R&D institutions and a significant part of
the documentation support on the Internet for the EPICS
community. The balance of the EPICS documentation is
served on the WWW from LANL and TJNAF.
Operational reliability demonstrated
This fully distributed system with no single point of
system failure took long strides toward demonstrating
reliability in continuous facility operation. EPICS, used for
HERA cryogenic controls for monitoring 6000 channels by 5
IOC's, has run without rebooting for their eleven month
operational cycle. At Argonne and CEBAF the majority of
IOCs run reliably[3][4]. One reliability issue occurs when the
front end controller is left with too little available memory.
This is easily resolved by dividing the application into two
IOCs or adding memory. The other issue occurs when sub-bus
controllers, particularly the bitbus controller, gets hung and
requires a reset on the VME bus. This problem has been traced
to a defect in the controller's bitbus interface chip. Most
installations do not experience these problems. The EPICS
collaboration and toolkit is currently in use at over 50
installations and has provided improved control system
reliability and significant cost savings.
Project
#signals #IOC
^workstations status
APS
175,000
130 IOC 20 ws
Mostly reliable*
HERA Cryo
6,000
4 IOC
1 ws
reliable operation
TeslaTestlnj
600
4 IOC
2ws reliable operation
Keckll
1,500
2 IOC
2ws
reliable operation
PSR
2,500
4 IOCs
6ws
reliable operation
DukeFBL
2,500
6 IOCs
3ws
reliable operation
PEPIIRF
8,400
8 IOCS
2WS
80% complete
BESSY
15,000
15 IOCs 4ws
construction
lAPSBeamline 15,000
22 IOCs 10 ws
reliable operation
CEBAF
125,000 40IOCs 8ws
Mostly reliable**
* a bitbus controller mishandles comm. errors and requires a VME reset
** memory fragmentation causes ca-client connections to be refused when
IOCs are run with over 7,000 process records on 16 MegRAM

Other functional additions
During the period where large user facilities were joining
the collaboration, many incremental changes occurred to make
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EPICS easier to configure, more secure, and more portable.
Channel access improvements supported data communication
connections across a wide area network allowing users to
access data even though the data source (server) was not on
their local area network. This provided support for more
widely distributed control networks as well as providing the
ability to improve system communication bandwidth by
isolating network traffic on sub-nets while still providing
integrated access to the data. Shortly afterwards access control
was added to channel access to provide a level of data and
control security. The original access control evolved at APS
and LANL to provide data security for facility parameters that
need to be protected from read or write access by some users
or locations during specific modes of operation. Graphical
tools for database definition with hierarchical capability and
multiple instantiation were developed to simplify and speed the
conversion of the nearly 100,000 channels in the TJNAF
control system to EPICS. The ability to have a database make
references to data in other databases without concern for their
location on the network, the ability to change channel
addresses and data links during operation and to directly load
database and record types in an ASCII format all provide more
powerful and flexible logic definition to the application
engineers. This work was done in a collaboration with the
controls groups of KEK, LANL, and APS. These functions
became even more important as large user facilities became
operational.
Support for commissioning and high-level control
The early EPICS tools were adequate for construction
and testing physics research facilities, however, they were not
adequate for commissioning complex accelerator facilities and
telescopes. New facility commissioning tools were needed. In
response, the APS community developed a suite of command
line tools based on Self Describing Data Sets (SDDS)[5] with
modular functions that could be linked together to provide
quick turnaround data acquisition, data analysis, visualization,
and high-level control, such as bumps, global orbit correction
and ad-hoc experiments. Tcl/TK user interfaces have been
built on top of these SDDS tools to make them more friendly
for operators. TJNAF is developing interactive graphical tools
to provide similar data analysis functions modeled on the high
level tools at SLAC[6]. In addition, TJNAF has developed a
model server called ARTEMIS and integrated this beamline
model with their EPICS real-time data system. The late
conversion of the TJNAF control system to EPICS delayed the
development of these commissioning tools until recently.
KEK on the other hand, has already interfaced their modeling
code, SAD, to the EPICS system for use during operation at
TRISTAN in preparation for the KEK B-factory[7]. These
commissioning tools have been successfully used to identify
and determine the root cause of beam control problems within
an operations shift and to optimize beam control parameters.

A higher-level interface is defined
As these high-level tools have been developed, the need
to provide data abstractions at a level higher than the
individual control system channels provided by channel access
and to integrate non-real-time data, such as beamline
configuration,
became apparent. TJNAF developed an
application program interface (API) called common devices,
CDEV[8], that provides this level of abstraction. For example,
using CDEV all the separate data and control channels used to
power, cool, control and monitor a power supply and a
beamline magnet could be represented by a higher level
abstraction that can be named as a single object, e.g., "quad n".
This level of abstraction simplifies the interface between a
beamline model and the control system by hiding the hardware
and data dependencies associated with a particular instance of
the power supply connected to a coil with its associated
cooling and power, etc. CDEV currently supports the channel
access client as well as CORBA bindings. It also provides the
ability to re-map the control system name space thus keeping
high level applications from being modified when the low
level organization changes. This interface is viewed as a
mechanism to make high level applications shareable even at
installations that do not use EPICS. A distributed client/server
based archiver and the X-based display manager are both
slated to use this interface. CDEV itself continues to evolve
with a higher level of organization in the form of collections of
devices in a future release.
Taking advantage of a multi-lab collaboration
Learning to work together effectively was a significant
ingredient in the success of this work[9]. It became evident
that research programs needed to be able to do independent
system development to meet the requirements of their projects.
The clean interfaces that make many of the extensions simple
to add are a portion of this success[10]. The resource to
reintegrate this work is provided by the APS controls group.
The support for learning, installing, extending and trouble
shooting the system is provided by all experienced members of
the collaboration. KEK supports other projects in Japan, APS
supports their many beamline users, CEBAF supports theiT
experimental users, central project groups in large distributed
collaborations like the Gemini telescope and the BaBar
detector support the multitude of universities that are
associated with them. It is impossible to quantify the value of
this working relationship, but nearly all members will point to
this cooperation and support as one of the major benefits of
using EPICS.
The results of collaborations with large facilities
During this phase of the collaboration, we successfully
learned how to effectively co-develop software to port the
tools to various platforms and environments, to provide clean
interfaces for extending the tools, and to effectively employ
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the expertise of the collaboration members. The fundamental
architecture was demonstrated to scale up to a 100,000 signals
distributed over more than 100 single board computers with up
to 30 operator workstations. 60 Hz closed-loop control,
distributed interlock implementation, the use of on-line
modeling and adaptive control were all demonstrated to be
supportable in the EPICS point-to-point distributed
client/server model. As the toolkit became more completely
developed, projects began to experience the cost advantages in
using the shared development of EPICS. Most of the initial
development costs of implementing a control system could be
avoided by starting with EPICS.
New system requirements and future EPICS developments
Now that APS and TJNAF are completing
commissioning and beginning operation as user facilities, there
is a need for hundreds of experimenters to have simultaneous
access to current accelerator parameters and historical data.
Since these data requests connect directly to the front-end
computers controlling the process in the present architecture,
the additional data communication load could impact the
operation of the facility. Providing a gateway to concentrate
requests for current data from multiple clients would allow
many users to access data from the primary control network
while limiting the impact of these many connections on the
control network. This gateway has been implemented by APS
and is under test. Hundreds of users will be able to observe
data from the gateway while only one connection is made to
each of the data sources in the control network. The additional
latency introduced by a gateway is not critical as these users do
not require high performance, real-time operation. The
collection and distribution of archived data raises other issues.
DESY has successfully used CORBA to distribute archived
cryogenic system data.
More stringent performance
requirements may lead TJNAF to develop new archive data
visualization tools that can correlate large numbers of channels
of current and historical data.
Extended support for alternate data sources
Another major change in EPICS will soon create an
interface in place of the previous tight bond between the
process database and the database server. Responding to user
requests for the ability to serve data from legacy data stores, to
serve data from the various workstations on a control network,
and to serve data from alternate operating systems; a portable
channel access server[ll] has been developed under a
distributed computing environment, DICCE, grant. This
module defines a new system interface that allows legacy or
other non-EPICS control systems to serve data to any EPICS
client. It also enables processes, such as analysis or modeling
programs, running in workstations on the control network, to
supply data to displays, archivers or other clients. In the
current alpha release, this server runs under Solaris and
provide the ability to connect other data stores into EPICS.

The portable server is being ported to VxWorks to replace the
existing channel access server. With this new capability, it
will be possible to integrate existing systems and other datastores (such as relational databases) and to port the EPICS
database into other operating systems such as Windows NT,
LynxOS, or UNIX.

The APS has taken advantage of FDDI and Ethernet hubs to
increase network bandwidth. ATM is also becoming a cost
effective answer to increasing network bandwidth. As a result,
any new and promising technology (as well as old existing
technologies) can be easily integrated.
Conclusions

Lower cost small data/control systems
Small experiments or independently developed
components need a control system solution that is packaged as
a single box with no expensive components required for
software or hardware, yet which is able to integrate into a
larger facility or distribute it's data. Presently the minimum
sized EPICS system is one client (workstation) and one server
(a single board CPU running VxWorks) with some I/O
modules. In the future, we plan to develop a single computer
solution for small data/control applications while maintaining
the client/server architecture so that the single computer
application can be easily integrated into a larger control
environment if and when it becomes necessary.
System Data Available to Every Desktop
If we are to make all the control system data available to
the desktops of physicists, commissioners and engineers, the
current support for data to PCs through an X-client will need to
be expanded to include native visualization tools under
windows NT and windows 95. Extremely large systems, such
as slow control for detectors with over a million signals,
present new challenges in configuration management and
distributed name resolution. The challenges in performance
and labor cost for systems another order of magnitude larger
than those operational today is being studied. Graphical
configuration tools and relational database configuration tools
have replaced some of EPICS original text-based tools to
improve user friendliness and to respond to the demands for
configuration control at large facilities. Specialized tools are
being developed for accelerators, detectors and astronomy
applications. Tools to provide data to users on any platform on
the network are also being developed. There is continual
improvement aimed at reducing the manpower required to
define and maintain applications while providing users with
more convenient desktop access to their data.
Support for new hardware technology
As industry provides higher speed and higher accuracy
hardware as well as lower cost platforms, the collaboration
continues to take advantage of these developments. Originally,
we used VME, GPIB, and Allen-Bradley industrial I/O. As
other institutions joined, industrial offerings changed, and
existing systems were integrated, support for CAMAC, VXI,
Bit-Bus, and serial devices were added. Future support will be
provided for the PCI and compact PCI bus with the IOC
software running in industrial PCs. The extensible driver
interface in EPICS has enabled any user to add I/O support.
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The collaboration has successfully extended the base set
of tools by taking advantage of well defined interfaces and
productive cooperation. Today's core set of EPICS tools has
been successfully used at green field sites and existing
facilities with up to 160,000 signals controlled by 100 single
board computers with 30 operator interface terminals spread
over 3 kilometers in accelerator control, particle detectors,
astronomy and other research areas. Minimally funded
projects have been able to use high performance, distributed
control technology. A large and diverse group of projects have
found a common set of capabilities, but more importantly, they
found the means to extend the core set and then reintegrate the
extensions into a more capable toolset. The modular
architecture allows continuous developments that eliminate
obsolescence. Through the combined efforts of many
institutions we continue to extend control system capabilities,
reduce costs, and employ new technologies.
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Abstract
The CEBAF accelerator at Thomas Jefferson National
Accelerator Facility (Jefferson Lab) successfully began its
experimental nuclear physics program in November of 1995
and has since surpassed predicted machine availability. Part of
this success can be attributed to using the EPICS
(Experimental Physics and Industrial Control System) control
system toolkit. The CEBAF control system is one of the
largest accelerator control system now operating. It controls
approximately 338 SRF cavities, 2300 magnets, 500 beam
position monitors and other accelerator devices, such as gun
hardware and other beam monitoring devices. All told, the
system must be able to access over 125,000 database records.
The system has been well received by both operators and the
hardware designers. The EPICS utilities have made the task of
troubleshooting systems easier. The graphical and text-based
creation tools have allowed operators to custom build control
screens. In addition, the ability to integrate EPICS with other
software packages, such as Tcl/Tk, has allowed physicists to
quickly prototype high-level application programs, and to
provide GUI front ends for command line driven tools.
Specific examples of the control system applications are
presented in the areas of energy and orbit control, cavity
tuning and accelerator tune up diagnostics.
Introduction
The 4 GeV CEBAF accelerator at Thomas Jefferson
National Accelerator Facility (Jefferson Lab) is arranged in a
five pass racetrack configuration, with two superconducting
radio-frequency (SRF) linacs joined by independent magnetic
180° transport arcs. The continuous electron beam is composed
of three interlaced variable intensity beams that can be
independently directed from any of the five passes to any of
the three experimental halls. This allows three simultaneous
experiments at the same or different energies and currents.
Electrons are emitted through a thermionic cathode or a
polarized laser cathode that is being commissioned. Presently
only one experimental hall, hall C, is fully operational, with
hall A in the final commissioning stages.
The control system for the accelerator is based upon
EPICS (Experimental Physics and Industrial Control System)
[1]. The control system follows the so-called standard model,
which is a client server system consisting of a collection of

UNIX workstations and X-terminals connected by a network to
multiple servers running device control software [2]. CEBAF uses
a switched Ethernet network which allows simple scaling to higher
bandwidths as needed. The servers are VME based single board
computers running the EPICS real-time database, and the client
computers are HP work stations.
In 1993 CEBAF decide to convert from TACL (Thaumaturgic
Automated Control Logic) to the EPICS control system [2]. The
integration has been one of evolution where the two control
systems were allowed to coexist as the change was being made.
This made commissioning easier and did not overly stress the
controls group.
Using the CEBAF control system as a platform, engineers,
physicist and operators developed the tools necessary to
commission and run the machine. Control screens have been built
and customized as needed by both the operators and the hardware
designers [3, 4]. High level applications programs for energy and
orbit control have been developed through software packages such
as tcl/tk [5, 6, 7, 8, 9]. The following discussion will describe in
detail these applications of the CEBAF control system.
Screen Development
One of the problems with commissioning large accelerators is
that many of the screens have been developed by the designers,
engineers and physicists. The control screens they have built are
rarely useful for the day-to-day operators. The expert screens
contain too much information and detail to be useful. At CEBAF
most of the screens have evolved into more user friendly screens
designed by the operators. The EPICS graphical and text based
creation tools, and scripts and other tools, are relatively easy to
learn and operators have been encouraged to do this. Visual
screens have been developed that allow the operator to identify
problems quickly and make adjustments. These screens make it
easy for operators to clear faults, initiate automated routines,
access programs for documenting hardware problems and get to
more complex expert screens for detailed trouble shooting. The
combination of visual screens and automated scripts has greatly
decreased the time required to identify and recover from problems
associated with a large accelerator [3].
To help the operators develop their screens, an aggressive
screen management system has been put into place [4]. Each
operator can develop a prototype screen, but to get it approved for
general use it must meet some basic criteria. Guidelines
concerning color, size and naming conventions have been issued.

* Work supported by the Department of Energy, contract DE-AC05-84ER40150.
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In addition user feedback is very important; screens that are
not being used are removed. While this may seem overly
structured it does insure that the screens are consistent and that
documentation is completed.
One of the largest and most complex systems to monitor is
the RF system. It consists of 338 independently controlled
superconducting accelerating cavities and 13 warm cavities for
beam processing, chopping and separating. The expert screen
for a superconducting cavity contains over 70 signals that are
continuously monitored and is much too busy and complicated
to use in day-to-day operations. One example of an operator
developed screen is the RF status screen (figure 1) [3].

•

Buttons to access databases for documenting changes made to
individual cavities.
• Reset buttons to clear common RF faults.
This screen is highly visible, and with a glance an operator can tell
that something is wrong with the RF system. In most cases the
operator will never need to go beyond this screen once the RF is
operating.
If it is necessary to get to more detailed screens they are only a
button away. The screens are treed in a fashion from lowest to
highest in detail so you can continue to jump down to the screen
with most functions and information. Controls screens for
magnet, beam instrumentation and many other systems have been
developed in a similar fashion.
High Level Applications
At Jefferson Lab the brunt of the application programming fell
upon the operational physicists [5]. They formed close working
bonds with both the subsystem designers and the software
programmers. In most cases applications were developed when it
was necessary or would greatly enhance the commissioning
process. Table 1 gives a detailed list of the programs developed
and their functions.
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Program
Display Library

Function
Assists in the building of display
pages
Slow Feedback Locks
Keeps the beam at correct energy
and orbit
On-Line Comments
Database established to assist in
the RF maintenance
Autokrest
Automated program to phase
cavities
Save/Restore Interface
Saves and stores operational set
points
Linac
Energy Adjust cavities and quadrupoles
to specific energy
Management
Autosteer
Helps to steer beam through arcs
and minimize orbit
On-Line Procedures
Operators can access procedures
directly to X-terminals
Table 1
Application programs
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Operator developed RF Status Screen

The screen in figure 1 displays the status of all the accelerating
cavities (32) in an I/O controller. The square indicator for each
cavity is a composite of nine signals that describe the
condition of the cavity. The nine status signals are layered so
that higher priority signals cover lower priority signals. The
status screen also provides the operator with:
• The state of the high power amplifiers (HPA) that feed the
eight cavities in each cryomodule.
• Buttons to access expert control screens for diagnosing
problems in specific cavities.

Most of the high level applications were developed and
prototype using the Tcl/Tk programming Toolbox [6,7]. The
graphics user interface (GUI) is based on an interpretive shell
called "wish", which is programmed in the Tel language[7]. The
Tel language has a set of features geared toward event driven
programming which is perfect for control systems where
exceptions are more common than straight command flow. Tel has
worked well with the EPICS channel access routines. It can also
be mated with computational software such as MatLab, numerical
recipes, and optics codes such as DIMAD. We have extended the
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Tel language by adding C compiled routines. By adding C
routines the prototype programs have been made faster and
more efficient and not reliant on the CPU thirsty Tel language.
Slow Orbit and Energy Lock
The most important high level applications are those
pertaining to energy and orbit lock. Energy and orbit lock are
necessary since CEBAF is a mulitipass machine that has
independent transport arcs for each pass. Therefore it is
imperative that some form of feedback is utilized to insure the
beam stays within the energy and orbit apertures. The ultimate
requirement of the locks is to insure that the beam energy and
energy spread are maintained, and to a lesser extent that no
beam scraping occurs. The locks are also used for steering the
beam to the proper orbit. This essentially makes the
accelerator modular since a single lock sets the launch into
each arc or pass.
The design approach has been one of eliminating the most
pressing energy or orbit related drifts instead of meeting our
stringent beam requirements right away. The locks that were
first developed have been termed "slow locks" which
eliminated most of the diurnal drifts and allowed the
accelerator to be commissioned. The slow locks are used on a
daily basis and without them the accelerator would only be
able to function for short periods of time. Without the locks
the accelerator would require expert attention from an operator
many times an .hour! By quickly developing the slow locks we
were able to develop a more comprehensive fast lock system
that has allowed CEBAF to meet our beam specifications
without delays in initial operation.
EL.OL
0.4-QtV Linac
(20 Cryomodulcs)
45-M«V Injector
(2 1/4 Ciyomodules]

^ _ 0.4-GeV linac
(20 Cryomodulcs)

Injector

Fig. 2

Energy (EL) and Orbit (OL) locations

The lock system uses beam position monitors (BPMs) to
determine changes in energy and orbit [6]. Figure 2 shows the
locations of the energy and orbit locks for both fast and slow
locks. In the case of energy control a group of BPMs at high
dispersion points in the arc look at the change in energy and
then use the information to feed back on accelerating cavities
in the linacs. The relative linac energy, AE/E, is controlled to

better than 5xlO~ 5 using this method. Orbit lock uses several
BPM and vertical and horizontal correctors to keep the beam
centered in the accelerator. The bandwidth of the locks is
approximately 0.2 Hz which is determined by the control system.
Machine experts can select BPMs, corrector magnets, and RF
cavities from the associated control panels and start the lock by
toggling a button. Both energy and orbit lock programs make
extensive use of a numerical matrix package. Matrices are sent to
the package for singular value decomposition and the error vector
is sent to the program every two seconds for back substitution.

As the machine was commissioned the locks have been
upgraded to include more exception handling features for
detecting beam loss and device failure. The locks made it possible
to commission the accelerator by allowing operators to
concentrate on new transport lines instead of continually retuning
those already operational.
Fast Energy and Orbit Lock
To ultimately meet beam stability specifications for nuclear
physics experiments, a fast feedback system has been developed
[8]. Since the slow lock has a control bandwidth of only 0.2 Hz it
cannot eliminate higher frequency noise signals. A fast feedback
system is needed to correct for disturbances on beam position and
energy at 60 and 180 Hz associated with AC line power
harmonics. In addition noise components on beam energy have
been observed at 4 and 10 Hz.
The fast feedback system has been based on the concepts of
modern control theory using state space formalism [7]. Like the
slow lock, BPMs in a high dispersion or orbit sensitive regions of
the accelerator give a measurement of the beam's energy or
betatron fluctuation. In the case of the energy lock the correction
required is obtained by modulating the accelerating gradient in
selected accelerating cavities upstream of the BPMs. The control
input signal is calculated using the BPM measurements from the
current sample and the state of the system from the previous
sample. The controller design is based on a Linear Quadratic
Gaussian controller/estimator and is optimized by using a system
dynamics model, and process and noise statistics.
A prototype fast energy lock was installed in CEBAF's
injector where energy variations are measured using five BPMs.
To implement this fast energy lock two I/O controllers (IOCs)
were remotely linked through Ethernet [8]. The BPM receivers are
located in a CAMAC crate controlled by one of the IOCs. The
correction signals are computed on this IOC, and sent via Ethernet
to the other IOC which controls the RF. A CAMAC DAC card
that resides close to RF control modules then sends out a ± 5 V
signal to correct for the energy variations. The RF system has
feedback inputs exclusively designed for this purpose. This
prototype system was run at a 60 Hz rate.
Tests using the prototype system have shown that the system
works very well. Figure 3 shows the effect of closing the loop on
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the energy lock in the injector [8]. An energy perturbation of
0.225 MeV was introduced upstream from the lock BPMs
while the loop was open. The lock was then closed and the
energy error was corrected. The system is very agile and can
be operated using pulsed beam or with cw beam. In addition
the system can also distinguish between betatron oscillations
and energy variations. This prototype system has now been
modified to perform measurement, computation of correction
signal and actuation from a single IOC such that this system
could be run at a 540 Hz rate.

Fig. 3

Samples
Injector Energy lock- Effect of closing the loop
(E = 45 MeV)

Presently the fast lock system is being implemented as
needed in the rest of the accelerator. The bandwidth of the full
system will be scaled such that the 180 Hz noise component
can be suppressed by 30 dB. The fast lock system will not
make the slow locks obsolete. Rather they will complement
each other such that the slow locks will take out the larger
slow drifts, allowing the fast locks to have maximum
headroom. Slow locks will also handle the detailed exception
handling.
Linac Energy Management "LEM"
The ability to precisely set the energy of the two linacs is
necessary to insure that the beam is within the energy aperture
of all the transport arcs. A program affectionately known as
LEM has been written to do this [6]. The program calculates
the cavity gradients for each linac and then determines the set
points for the quadrupoles in the linac to provide the desired
FODO lattice. The program uses an optimized set of cavity
gradients that limit the maximum cavity gradient due to: beam
current, available RF power or cavity trip rates. During setup
the program also compensates for non-crested and cavity
calibration errors by adding a "fudge factor" as an input. The
program is run whenever a cavity is removed or added during
operations and for restoring the linacs after maintenance
periods. Once the linac is LEM'd it is up to energy lock to
maintain its energy.

A parasitic program that uses the LEM routine, "Kemcheck"
calculates the headroom in each linac. It sums the requested cavity
gradients and then compares them to the actual energy that is
entering an arc. From this information an operator can not only
determine headroom but also how well the cavities are phased. A
large fudge factor and high gradient sum indicate poorly phased
cavities.
Cavity Phasing
A novel use of the slow energy lock has been to phase (crest)
all of the accelerating cavities in the two linacs. A program called
Autokrest has been developed which uses the energy lock error
signal to phase the cavities or crest the cavities for maximum
acceleration [9]. The beam's energy spread is greatly dependent
on the ability to crest the accelerating cavities [10]. The
specification for slow phase drifts is 2.9° rms for individual
cavities. The energy locks do not differentiate between phase and
amplitude drifts and do not take phase into account when
compensating for energy loss. Therefore autokrest is needed to
keep the cavities within phase specification to minimize the
beam's energy spread. The program is also useful during
accelerator startups when the cavities tend to be dephased due to
maintenance activities. The program can be configured in a variety
of ways to phase a whole linac, a cryomodule (8 cavities) or
individual cavities. The program runs in the background
transparent to beam operations. Operators have found that once
the cavities have been phased it is only necessary to phase the
cryomodules for periods exceeding 4 weeks.
The program works by shifting the phase of a cavity,
cryomodule or linac by a prescribed amount and then observing
the error signal of the slow energy lock BPMs. Typically a
cavity's phase is shifted by ±10°, which corresponds to an energy
shift of 1 x \QT*. From the energy shift it is quite easy to determine
distance off phase crest, and the cavity is adjusted accordingly.
The error in determining the crested phase set point is
approximately 2°. The crested phase resolution improves when the
program is operated using groups of cavities like in a cryomodule.
Presently this program can be run continuously in the
background even during experimental beam operations. The
program is able to do this beeause energy lock is compensating for
the phase shifts in the background. As long as the cavity is
somewhat close to crest it will be adjusted. The program is not
without its problems: other cavities can affect the measurement by
perturbing the error signal while a cavity is being phased.
Improvements to this are presently being implemented.
Cavity Tuning
A good example of a subsystem application is the automated
frequency tuning of the superconducting cavities. An operational
problem for the CEBAF accelerator is the detuning of the cavities
after a helium liquifier crash or after an extended maintenance
period. The resonant frequency is very sensitive to pressure
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variations within the helium bath and changes of only a few
mbar will detune the cavity. A program known as Autotune
has been written that can tune a cavity as much as 5 kHz off
from 1497 MHz [11]. The application lives above the RF
cavity controllers in the cluster of HP9000-7xx workstations
that control the RF. The program itself has three steps in
tuning a cavity: a coarse tuning known as burst mode, a fine
tuning known as sweep mode and finally a tracking mode that
keeps the cavity tuned.
Burst mode is used to coarsely tune the cavity to within
160 Hz of resonance. It uses a pseudo-random phase
modulated noise burst from the RF control module to measure
the transfer function of the cavity. The modulated signal is
such that its power spectrum is a positive constant for
frequencies within ± 5 kHz and zero outside this range. By
taking the Fourier transform of the cavity output, the
resonance frequency can be determined. The bandwidth of the
signal, ± 5 kHz, is limited by the RF cavity control module's
microprocessor. For over 95% of the cavities this limited
bandwidth has not been a problem. Cavities that are outside
this range are initially tuned manually with a vector network
analyzer.
Once the cavities are within 160 Hz they can be fined
tuned with sweep mode. In this case the cavities are amplitude
locked at a low gradient of 3 MV/m. A single sideband
modulation is produced using the phase vector modulator.
This modulation is then swept ± 200 Hz. A detuning angle
offset is generated by comparing the forward power and the
output of the cavity. The program uses smoothing techniques
and curve fitting to extract parameters such as detuning angle
offset and loaded Q and also to minimize the effect of
microphonics. If it does not fit within expected limits the
process is terminated and an alarm is generated. The control
system uses the offset angle to normalize the RF controls to a
resonance condition.
Finally a program called Autotrack is used to correct any
differences from the normalized angle. The program
automatically turns itself on if the detuning angles are greater
than ± 10° and turns off when the angle is within ± 3°. This
program also minimizes the over and undershoot of the
stepper motor tuner due to the backlash and hysteresis of the
gear train. Autotune has been succesfully working for almost
two years with very few changes.
Summary
Any large process control whether, it is a petroleum
refinery or a large particle accelerator, will depend on process
and application specific programs. These programs are the
real test of a control system. While all of the various
subsystems - RF, beam instrumentation, magnets, etc.- have
basically been tested for functionality and reliability, the
control system is not tested until the commissioning and
preliminary operations start. A control system must have the

flexibility and speed to allow the multi-subsystem application
programs to run. The high level programs at Jefferson Lab have
been successful because the control system meets these basic
criteria. EPICS is not without its detractors', it can be slow and
new code upgrades have not always been bug free. This has been
a handicap in some cases for the more complicated programs. The
control system has been flexible enough so that solutions to these
problems could be made with little or no impact on operations.
The success of CEBAF's control system can also be attributed
to the working culture. It involves the close communication
between the hardware and the software designers. Software
engineers were brought in early on in the hardware development
to assist in the design of prototype controls. In some cases they
have developed a better feel for the functionality of the hardware
than the designer! In a similar manner the accelerator physicists
and operators have formed strong bonds with the control system
experts to assist them in making the machine more efficient and
easier to turn on. This is not to say there were no frustrations;
there have been many, but they are easier to deal with in an
atmosphere of pervasive mutual respect.
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Abstract

Linac and Ground Motion

The future TeV linear collider should have extremely small beam
emittance to achieve the required luminosity. Precise alignment
of focusing and accelerating elements is necessary to prevent
emittance dilution. Analysis of ground motion is therefore an
essential problem. This paper reviews studies of ground motion, focusing on the effects the in main linac. After recalling
results of measurements of ground motion collected at different
places, the method based on spectral description of ground motion, which allows prediction of emittance dilution, in presence
of orbit correction feedback as well, is discussed.

General equations
Misalignments of focusing quadrupoles of the linac produce offset of the beam trajectory and hence chromatic dilution of the
beam, which can be expressed via an integral involving the
power spectrum of the quadrupole displacements and a spectral
response function of the considered linac.
Let ij(t) = x(t, Si) be the transverse position of quadrupoles
of the linac, relatively to a reference line, s» the longitudinal position. The incoming beam angle and position are zero, the reference line passes through some element, placed at the entrance.
The beam offset at the exit, relative to the exit position ifi n , and
the dispersion, linear term, are

Introduction

x

The first study of ground motion with respect to linear collider
was performed at SLAC by G. Fischer [1]. The intention to build
TeV linear collider has inspired new studies started at Protvino
[2] and since then in all laboratories developing linear collider
projects [3]-[7].
The level of understanding of ground motion has been developed significantly in recent years. The correlation properties of
high frequency motion have been investigated [2, 3, 7] in addition to simple spectral amplitude analysis. The slow motion investigations have resulted in discovering of the diffusive ground
motion ('ATL law' [2]). Dependance of motion on the earth
structure was studied [12,6].

JV

x

x

*w = 12 * «w - e»

and

N

»k(o = 5Z di x <w

Here Cj and di are the first derivatives of the beam offset and dispersion at the exit of the linac with respect to the displacement
of the i-th quadrupole.
While (x* (t)) and (%(<)), averaged on realizations, are zero,
the mean squared value gives the offset or dispersive error, for
example

fo2(*)>

As we consider random process, one can express this through the
corresponding power spectrum P(t, k).
For initial misalignment or (and) ground motion all spatial harmonics are independent. We have then

ivlit)) = /

•p(*»*:)G,(fc) —

The mathematics, which allows prediction of the effect on the
2?r
J-oo
beam, was also being developed in parallel to measurements.
Here Gv(k) is the so called spectral response function correThe 2-D power spectrum P(LJ, k), introduced for ground mosponding to dispersion. The expression for the offset is similar,
tion description [4, 8], makes the evaluation of the effect on the
with Gog(k). The expression allows to obtain results for any
beam easy and natural — once this spectrum, the spectral respectrum, including the particular case of static gaussian missponse function of the focusing structure and the spectral properalignments studied in detail [9].
ties of applied orbit correction feedbacks are known. The meaThe spatial power spectrum P(t, k) of displacements x(t, s)
sured data were used to to find an approximation of P(u>, k) [8]
can be easily found as far as initial misalignment or ground mofor typical seismic conditions.
tion are concerned. Assuming that focusing elements are aligned
This paper intends to show the complete way from measure- ait = 0 and then are moved by ground motion, the evolution of
ments to the beam emittance growth. We start from general equa- the power spectrum is [4]:
tions, then consider measured data, create approximation of the
P{t, k) = j T P(u, k) 2 [1 - cos(u;t)] ~
2-D spectrum, and get results using spectral response functions
and feedback properties. The misalignment generated beam off- It is connected therefore to the 2-D power spectrum P(uj,k),
set and dispersion in the main regular linac governed by the 'one which characterizes ground motion properties, including both
to one' orbit correction is used to illustrate our considerations.
spatial and temporal correlation information.
In a regular linac the correction procedures can also be correctly
considered within the analytical spectral approach. Cor' On leave from Branch of the Institute of Nuclear Physics, 142284 Protvino,
rection procedures, such as 'one to one' or 'adaptive alignment'
Moscow region, Russia
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[10] may introduce correlation of phases between harmonics k
and k = femax - k (where fcmax = ir/ L, L is the quadrupole spacing). The rms dispersion is then given by an expression, which
takes the correlation into account [14].
In short, the spectral response functions G(k) describe the
properties of the focusing channel, while the power spectrum
P(t, k) depends on the applied method of correction, initial misalignment and ground motion.

conditions) that contribution of non-wave motion, if there is any
not resolved by probes, is negligible at / > 0.1 Hz.

Ground motion properties
The 2-D spectrum P(UJ, k) is hard to measure directly. But if
one knows the power spectra of absolute motion and correlation
information, or the power spectra of relative motion p(w, L), the
2-D spectrum can be found using
P(u>,k)
and the reverse relation [4]. Naturally, p(w,oo) = 2p(u).
The measurable correlation, denned via mutual spectrum as
C(u, L) = p 1 2 / v 'piP2, connected to the relative spectrum as
C(w,L) = l - p ( w , L ) / ( 2 p ( w ) ) .
The power spectrum p{u>) of absolute ground motion (which
contains contribution of all k) grows very fast with decreasing frequency. In quiet conditions it behaves approximately as
p(w) <x 1/w4 in rather wide frequency band. The motion is unavoidable as it consists of seismic activity. At low frequency
/ < 1 Hz the sources are also the atmospheric activity, water
motion in the oceans, temperature variations etc. A famous example of the ocean influence is the peak in the band 0.1 - 0.2
Hz with a few micrometers amplitude (Fig.l). In general, motion in the low frequency band / < 1 Hz depend not only on the
local conditions, remote sources give significant contribution to
the slow motion.
From the other side, in the band / > 1 Hz the human produced
noises are usually dominating over the natural noises and the
power spectrum depends very much on the local conditions (location of sources, depth of tunnel etc.). Locally generated noises
can be much bigger than remotely generated. For example the
spectrum measured at the tunnel of operating accelerator (like
HERA collider at DESY or SLC at SLAC) presents high amplitudes at / > 1 Hz due to noises generated by different technical
devices (Fig.2). These noises may have big amplitude and bad
correlation. Technical devices therefore should be properly designed in order to pass as low vibration as possible to the tunnel
floor.
It is known from correlation measurements [3,7] that in quiet
conditions the motion in the band / > 0.1 Hz can be considered as wave-like, i.e. the frequency u> and wave number k are
connected via phase velocity v. At / « 0.1 Hz the value of v
was found to be close to the velocity of sound (in the surrounding media): about 3000 m/s at LEP and about 2000 m/s at SLC
tunnel. At the cultural noise dominated band this value decreases
rapidly — the fitted value of v determined from the measured at
SLAC correlation behave as v « 450 + 1900exp(-//2) m/s
(/ > 0.1 Hz) [7]. The SLAC measurements, which used the
most accurate probes, have shown (at least at this place and these
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Figure 1: Absolute power spectrum measured in a quiet place
(CERN [3]) and the modeling spectrum. Modeling relative
spectra p(u>, L) for different L.
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Figure 2: Absolute power spectrum measured in a noisy place
(HERA [5]) and the modeling spectrum. Modeling relative
spectra for different L.
The motion at / < 0.1 Hz is different. The elastic motion
(produced by the moon, for example) presents here too, but of
much bigger relevance is the inelastic diffusive motion, probably fed by the elastic motion and caused by its dissipation. The
motion is believed to be described by the 'ATL law' [2], which
says that the relative rms displacement after a time T of the two
points separated by a distance L is (AX 2 ) — AT L. The parameter A was found to be A w 10~ 5 ± 1 fim2s~1m~1 for different
places. One can see that this displacement is proportional to the
square root of the time and separation: this stresses the random,
non wavelike, diffusion character of the slow relative motion and
means that the number of step-like breaks that appear between
two points is proportional to the distance between them and the
elapsed time.
If this phenomenon is indeed connected with dissipation of
the elastic motion, the parameter A should depend mainly on
me earth properties, because the sources of elastic motion are
the same for all places. One could expect that in the places with
smaller dissipation the value A should be smaller and it should
also depend on the level of the rock fragmentation. Indeed, the
parameter A was observed to be smaller in tunnels built in solid
rock. It also depends on the method of tunnel construction: in the
tunnel bored in granite A w 10~ 6 /im 2 s~ 1 rn~ 1 was observed,
while in the similar tunnel, which was built by use of explosions,
the parameter A is found to be 5 times larger probably because of
the fragmentation, artificially increased during construction [6].
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The parameter A also depends on the tunnel depth, generally it
is smaller in deeper tunnels [12].
The ranges of T and L where the 'ATL law' is valid are very
wide. In [12] it was summarized that 'ATL' is confirmed by measurements of ground motion in different accelerator tunnels in
the range from minutes to tens of years and from a few meters
to tens of kilometers. The measured relative power spectra, presented in [6] and in [11], exhibit the 'ATL' behavior already for
/ < 0.1 Hz (for L «s 30 m). These measurements indicate that
the transition region from wave to diffusion motion is placed at
rather short times (a few seconds). This can result in certain decreasing of correlation around / « 0.01 Hz.
Although the 'ATL law' was found from the direct analysis
of measurements of ground motion, its most interesting confirmations come from the observations of beam motion in big accelerators produced by displacements of the focusing elements.
An example is the measurements of the closed orbit motion in
the HERA circular collider, which have shown that the power
spectrum of this motion corresponds to the 'ATL law" in a wide
frequency range, from / « 0.1 Hz down to / « 10~ 6 Hz [11].
The very slow motion can be systematic (not described by
power spectrum) as well. Such motion has been observed at
LEP Point 1 and PEP [13] where some quadrupoles move unidirectionally during many years with rate about 0 . 1 - 1 mm/year.
Quite close (a few tens of meters) points can move in opposite
direction. Amplitude of the motion can be larger than the one
of diffusive motion. The motion is probably due to geological
peculiarities of the place or due to relaxation if the tunnel was
bored in solid rock.
Ending with the ground motion one could note that the elements of the linac will be placed not on the floor, but on some
girder, which could amplify some frequencies due to its own resonances. It is not only this amplification that is dangerous, more
important is that the not identical girders will amplify or change
the floor motion by different way, which can spoil correlation
of the floor motion. It is therefore preferable to push the girder
resonances to high frequencies where the correlation is poor anyway and floor amplitudes are smaller. This requires firm connection of the girder with the floor. The active systems [15], which
can help in certain extend to isolate the quadrupoles from high
frequency human induced floor motion, should be made insensitive to slow motion (say, below 1 Hz), otherwise long wavelength motion can create more dangerous short wavelength due
to inequality of active supports.
Ground motion model
The approximation for P(u, k) is built [8] in assumption that
the low frequency part of motion is described by the 'ATL
law', while the high frequency part is produced mainly by
waves. The 2-D spectrum corresponded the 'ATL' motion is
P(w, k) =A/{u)2k2) (here u> and k are defined on the entire
axis). In order to be included into the model, this spectrum
should be corrected because it overestimates fast motion — the
corresponded spectrum of relative motion exceeds the one of absolute motion. The correction is made by the way that will overestimate the effect rather than underestimate it. Better model

can be built once measured data on transition region are available. The elastic waves are assumed to be transverse, propagating at the surface of the ground with uniform distribution over
azimuthal angle. Finally, the modeling spectrum is:
P(w, k) = •—

(1 - cos(kB/A/w2)) + £

A(w) Ut(u, k)

The function Ui{w, k) describes the wave number distribution
of the waves with frequency u. In our case Ui(u, k) =
2/ v /fc 2 ut - ft2 if \k\ < &cut and zero otherwise. Herefc cut (u) =
w/vi and Vi the phase velocity of wave propagation. The cases
k = Oand/c = fecut correspond to the waves propagating perpendicular and along the linear collider correspondingly. Since the
integral over dk/(2ir) of U(w, k) equals one, the function £>(u>)
describes contribution of these waves to the absolute spectrum
p(w). Wewrite J D(w)as£> i M = a«/(l + [di(w-a;i)/a; i ] 4 ). In
order to model complex behavior of the spectrum, for example
in presence of cultural noises, a few terms with waves added to
P(LJ, k), i is the number of the peak.
We consider here two models. Parameters of the first model
are the following:"" "A-=10" 5 /xm 2 s" 1 m- 1 , B = 10~ 6 Mm 2 s" 3 .
The single peak described by wi = 27r • 0.14 Hz for the frequency of the peak, oi = 10/*m2/Hz for its amplitude, di = 5
for its width, and vi = 1000 m/s for the velocity. It is the
model of quiet place such as LEP tunnel during shutdown.
The thick line on Fig.l shows the spectrum of absolute motion, calculated from P(CJ, k), corresponding to these parameters. The actual measured p(w) can be bigger than the modeling one at / < 0.1 Hz, because slow long wavelength motion does not included into the model. The second model corresponds to seismic conditions with big contributions from cultural noises (as in the HERA tunnel in operating conditions).
The parameters are the following: j4 = 10~ 5 /im 2 s~ 1 m~ 1 ,
3 2 3
B = 10- 3 Mm 2 s- 3 and three peaks: / i = 0.14, / 2 = 2.5, / 3 = 50
Hz; ai = 10, a 2 = 10- 3 , a 3 = 10"Vm 2 /Hz; dx = 5, d2 = l.5,
d3 = 1.5; vi = 1000, v2 = 400, u 3 = 400 m/s. One can see (Fig.3)
how the waves are faded by the 'ATL' in P(t, k) when time increases. The parameters of these two models have been chosen taking into account correlation measurements in the LEP [3],
HERA [5] and SLC [7] tunnels and measurements of the closed
orbit motion in HERA [11].
The effect of the ground motion on the beam can be obtained
both by analytical way via the integral of spectral function with
the modeling power spectrum and also by simulations, when
ground motion displacement x(t, s) is modelized by summation
of harmonics and the beam degradation determined by particle
tracking. In the latter case we first analyze the modeling P(w, k)
spectrum to define the band of relevant u> and k, assuming that
Ttmn <T < T m a x andXmin < L < Lmax. Then we split this
2-D band by cells (50 x 50 typically) equidistantly in logarithmic sense, find rms amplitude of each cell a 4J and generate two
sets of random phases fcj and $ij- Positions of Wj and kj withing each cells are chosen randomly so after many seeds all (ui, k)
will be checked. The modeling displacement x(t, s) is then
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(cos(wit) -

l)sin{kjs

This harmonics model was used in our simulations, eventually
it will be used in the linear collider flight simulator 'MERLIN'
[16], which is being developed to analyze performance of the
beam delivery systems.

10'!

10

l/X (1/m)

Figure 3: Modeling power spectra P(t, k) for the second noisy
model and the spectra obtained in simulations using the harmonics model.

alytical results are shown in comparing with results of simulations, which use tracking and the model of harmonics to simulate beam line misalignment. To estimate the critical time scale,
this offset should be compared with the beam size at the exit. If
7£ y = 2.5 • 10~ 7 m, then at the exit av « 3.5 • 10~ 6 m and the
critical time is about one minute. For somewhat smaller emittance the cultural noise of the second model becomes important
and the critical time decreases to a fraction of second.
One can see that the chosen P(w, k) spectrum gives a linear
dependence of the relative misalignment variance (and hence the
rms beam offset as well) versus time for large T ('ATL' behavior), while for small T the variance is proportional to T2. This
square dependence at small time is the general property of the
spectrum that drops fast enough with increasing frequency [17],
One can mention that if the systematic motion is significant, the
T2 behavior will appear at big T too.
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Spectral response function

10*

The spectral response function corresponded to dispersion of the
beam is
N

Gv(k) = \

J

w"

Similar for the offset, with a, with the sum runs up to N +1 and
CN+I = —1. In thin lens approximation, in linear order Cj =
- Ki r\2 and dj = Ki (rj 2 - t[26) where Ki is r 2 i of the quadrupole matrix, r\2 and t\26 are the matrix elements from the i-th
quadrupole to the exit.
2

2

At small k one has GoR(k) « k R\2 and Gv(k) « k T?26.
For the regular linac only the band [0, fcmax] is unique. In this
band the spectral function has two resonances: kL = \i)2 and
kL = -K - /x/2. The values of spectral function at these resonances as well as their width can be found analytically.
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Figure 4: Spectral response functions.
The examples in this paper are given for the modeling FODO
linac: number of quadrupoles N = 600, spacing L = 25 m,
phase advance n = 60 degrees, initial and final energy 7inj =
6000, 7fin = 5 • 105, beta functions at the even defocusing
quadrupoles and at the exit are /3min = 28.86 m. The spectral
functions for this linac are shown on Fig.4.
Free evolution
Fig.5 shows the rms beam offset relative to the linac exit versus time for quiet and noisy models of ground motion. The an-
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Figure 5: Relative beam offset. Free evolution. Quiet and noisy
models. Analytical results (lines) and simulations.
Feedback controlled evolution
Many feedbacks will inevitably be used in linear collider. To
study the equilibrium rms offset accurately, one need to put the
feedback gain function into the integral, which will suppress frequencies smaller than / r e p / 6 - / r e p / 2 0 .
To illustrate influence of an orbit correction feedback on the
beam dispersion, let us consider the 'one-to-one' algorithm,
which consists in zeroing the BPM measurements (assumed to be
perfect). Here we assume that this is done by steering the beam
by means of dipole correctors (equivalent to the quadrupole
shift). This and other orbit correction or alignment methods are
considered in more details (including BPM errors etc.) elsewhere [14].
If the i-th quadrupole is misaligned, three angles are needed
to re-align the beam. The equivalent quadrupole displacements,
to be subtracted from their initial positions, are (if acceleration
is neglected):
After such a procedure the beam trajectory will pass through positions of quadrupoles before correction (Fig.6).
To find the beam dispersion one can notice that in spectral
approach, in a regular FODO lattice with Kt = -Ki+i, a fcth harmonics of the initial misalignment produces two harmonics of quadrupole displacements after the correction: fc-th and
(fcmax - fc)-th with opposite phases. If this self correlation as
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well as injection conditions are taken into account, the dispersion after correction can be found [14].
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Figure 6: Position of quadrupoles (symbols) before correction,
beam trajectories (lines) and dispersion before and after correction. Quiet model at t = 100 s.
An alternative way to write the beam dispersion after 'one-toone' correction is

Conclusion
A future TeV linear collider, having extremely small emittance
of beams, will suffer from the ground motion, which will spoil
alignment of focusing and accelerating elements and result in
offset and emittance growth.
The ground motion studies, performed by different laboratories, resulted in significant improvement of understanding of this
phenomenon. Different types of motion have been investigated,
many factors that the motion depends on are learned. The mathematical formalism allowing prediction of the beam behavior is
developed.
Though many ground motion features are still to be carefully
investigated, one may reasonably believe that the ground motion
problem of the future linear collider can be overcame provided
that stored knowledge will be used at each step of design and
construction.
Acknowledgement

I am grateful to colleagues from Novosibirsk INP and Protvino
Branch INP for being working together over many years and to
Jo
colleagues from CERN, DESY, CEA Saclay and SEFT for fruitwhere Gv(k) and P(t,k) are the effective spectral response ful collaborations. I am indebted to colleagues from KEK and
function and the effective spectrum of quadrupole displacements SLAC for numerous helpful discussions.
before correction (which can include BPM offset and resolution
errors also) respectively. The Gv (k) is built with new coeffiReferences
cients (neglecting acceleration) [14]:
[I] G. E. Fischer, SLAC-PUB-3392 Rev., 1985.
di = di + (2di + di+i + di-MiLKi)
[2] B. Baklakov, P. Lebedev, V. Parkhomchuk, A. Sery, A. Sleptsov, V.
It gives di = -Kir\2- This follows from the algorithm of corShiltsev, INP 91-15; Tech. Ph. 38, 894, (1993).
rection —the angle caused by displaced quadrupole is corrected,
[3]
V.
Juravlev, A. Sery, A. Sleptsov, W. Coosemans, G. Ramseier, I.
thus the term T^e vanishes. The Gv and GOR are practically
Wilson,
CERN SL/93-53, CLIC-Note 217,1993.
the same therefore. The considered 'one-to-one' scheme reduce
2
emittance growth by factor N roughly, which increase signifi- [4] V. Juravlev, P. Lunev, A. Sery, A. Sleptsov, K. Honkavaara, R.
Orava, E. Pietarinen, HU-SEFTR 1995-01, Helsinki 1995.
cantly the time interval until a beam based alignment might be
again required. The critical time (when Ap/pr; = ay) for the [5] V. Shiltsev, B. Baklakov, P. Lebedev, J. Rossbach, C. Montag,
DESY HERA 95-06, June 1995.
beam with Ap/p = 10~ 3 is a few hours without and about one
year with correction (Fig.7).
[6] Shigeru Takeda, K. Kudo, A. Akiyama, Y. Takeuchi, T. Katoh, Y.
Kanazawa, S. Suzuki, Proc. EPAC 96,1996.
[7] C. Adolphsen, G. Mazaheri, T. Slaton, in Proc. of Workshop on
10*
Physics and Experiments with Linear Colliders, Tsukuba, 1995;
10*
10'
Zeroth Order Design Report for the NLC, SLAC, 1996.
sr 10*
*
[8] A. Sery, O. Napoly, Phys. Rew. E. 53, 5323, (1996).
i /A
io
[9] T. O. Raubenheimer, SLAC report 387,1991.
10"
10"
[10] V. Balakin, in Proc. of Workshop on Next Generation Linear Col10"
10"
lider LC91, Protvino, 1991.
10"
\ lime(s)
I""
10"
[II] R. Brinkmann, J. Rossbach, Nucl.Instr.Meth.A 350, 8, (1994).
2
1

(Vl(t))=2

(1)

in*

10"

10"*

10*'

10°

10

10

W

1b 4

10*

io"

Figure 7: Beam dispersion. Free (upper curves) and feedback
controlled evolution (lover curves).
Fig.7 shows dispersion without and with 'one-to-one' correction. In the second case the dispersion is shown at the moment
just after correction. This value does not depend on how many
times the correction has been applied before. If the repetition
rate of corrections is enough high, the values just after and just
before correction are very close.

625

[12] V. Shiltsev, in Proc. of Workshop on Accelerator Alignment,
TSukuba, 1995.
[13] R. Pitthan, SLAC-PUB 95-7043,1995.
[14] A. Sery, A. Mosnier, DAPNIA/SEA/96-06, CEA Saclay, 1996.
[15] C. Montag, DESY 96-053,1996.
[16] N. J. Walker, work in progress.
[17] S. Fartoukh, O. Napoly, A. Sery, DAPNIA/SEA/95-05, CEA
Saclay, 1995.

DARK CURRENTS
H. Matsumoto
KEK, National Laboratory for High Energy Physics
1-1 Oho, Tsukuba, 305, Japan

Abstract
Dark current stadies in the S-band structures and the DC
electrodes have been primarily pointed at elucidating the causal
relationships between the internally generated field emission
currents and breakdown electric fields at high gradient. The
experiment was focused to improve the material and fabrication
method.
An S-band nose cone shape TMo,0 single standing-wave
cavity was successfully operates surface electrical gradient up
to 334 MV/ra with 0.34 mA of peak dark current. A
microscopic field enhancement factor of 37 obtain from the
modified Fowler-Nordheim plots.
The DC electrodes using very clean SUS316L successfully
obtained the maximum surface electrical field gradient of
34 MV/m with a 88 pA of very low dark currents at a gap
width of 1 mm.
From these studies, it can mainly conclude that a
magnitude of dark current is depend on a cleanliness of an
inside of a structure, and the maximum electric field gradient is
determined by shape of a structure geometry.

Introduction
This paper is an overall review of high gradient studies in
the S-band structures and the DC electrodes carried out by
author, some of our colleagues at KEK and T. Nakanishi
group of Nagoya University. Also this work helped by
G.A. Loew and J.W. Wang of SLAC and their colleagues.
A motivation of this work is to make clear an rf break
down and a dark current phenomena at the breakdown surface
electrical gradients as high as 200 MV/m; and determine the
upper limit of the actual large scale accelerators.
For e*e" linear colliders with center of mass energies of 500
to 1000 GeV, the main linac will be operated with accelerating
field gradients ranging from 40-100 MV/m. At this level, the
corresponding peak surface electrical field gradient are in the
range of 80-200 MV/m. At the present time however, most
actual large electron accelerators run with accelerating gradients
of around 10-17 MV/m. No laboratories have any experience
yet with high gradient operations.
RF breakdown studies were started by SLAC and Varian to
investigate the phenomena and to determine the upper limit of
field gradients for rf structures [1,2, 3].
In 1986, G.A. Loew and J.W. Wang of SLAC reported [1,
2, 4] their experimental results with a standing-wave cavity
that could produce an equivalent traveling-wave accelerating
gradient as high as 147 MV/m and a peak surface field in
excess of 300 MV/m. However, at this high a gradient, a
considerable amount of field emission and x-ray radiation was
observed.

From these studies, many factors have been found which
must be discussed with regard to rf breakdown phenomenon
and dark currents: such things as the surface finish,
microscopic dust, electron multiplication, materials and the
vacuum condition inside the structure. However, the
fundamental mechanisms involved in rf breakdown are not yet
clearly understood well enough for application not only to the
accelerating structure but also to photo-cathode rf guns with
peak surface electrical field gradients in excess of 200 MV/m.
In 1987, KEK started a high gradient study in connection
with plans for linear collider R&D in Japan. The experiments
were done on four traveling-wave disk loaded structures, four
TMo,o standing-wave single cavities and DC electrodes.
From those experiments, the main conclusions obtained
about the relations between rf breakdown and dark currents are
the following:
1. The magnitude of the dark current depends on the
cleanliness inside the structure,
2. It was shown conclusively that the maximum electrical
field gradient is determined by the shape of the structure
especially that of the coupler cavity,
3. Further the existence of microscopic voids between crystal
grains even in very high quality OFHC copper was
demonstrated, and it was shown that these voids are one of
the reasons for dark currents [5].
In the following, the author would like to show the
relationships between rf breakdown phenomena and dark
currents based on our experimental results.

High Gradient Experiments at KEK
The work started with conventional disk loaded travelingwave type structures, operating as close as possible to actual
accelerator conditions. The following test structures were
machined from high quality OFHC (Oxide Free High
Conductivity) copper blocks with purity of -99.996% and
having typical chemical compositions as listed in Table 1.

Table 1
Chemical compositions of OFHC copper (x!0~*%)
Pb
1
Sb
2

Zn
<1
As
1

Bi
1
Mn
1

Cd
<1
Sn
2

Hg
<1
Fe
2

2
Ag
4

P
1
Ni
<1

S
6

Se
<1

Te
<1

Copper: HITACHI CLASS 1 (>99.996%)

Test structures
All test structures were chosen to be of the 2n/3 phase
shift per cell. They were designed so as to test peak axial and
surface electrical field gradients of up to 100 and 200 MV/m,
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respectively. The main parameters of the structures are listed in
Table 2.
Table 2
Main specifications of high gradient structures.
5 cell structure
Frequency (MHz):
Phase shift per cell:

17 Cell structure

2856
2n/3, C.I.

2TC/3, C.G.

<-

Structure length (cm):
Iris diameter (cm):
Factor of merit Q:
Attenuation constant (u.sec):
Filling time (usec)
Surface gradient Ep(MV/m):

17.5
1.6
13330
0.702
0.19
18.84^/yMW]

59.5
1.8998-1.590
11600
0.48
0.475
14.32^/^JMW]

Surface finish at irises dim):

0.6

Conventional: 0.8
Clean: 0.8
Electroplated: 0.3

5 cell traveling-wave structure. For the first step,
experiments were done on a small scale (five cells) travelingwave, constant impedance (C.I.) type structure at S-band. It
was manufactured by the usual methods and fabricated in the
usual atmospheric environment (class 10000). The vacuum
seal was made by an electroplated layer; no brazing process
was necessary.
For this experiment, the maximum peak axial electrical
field gradient and surface field gradient obtained was 104.5 and
209 MV/m, respectively. At this level, however, a large
amount of dark current generated from the beam hole and rf
breakdown was often observed coming from the structure.
From this experiment, it was found that reducing the dark
current is more difficult than getting a high peak electrical field
gradient on the conventional structure. However, as can be
seen in Figure 1, the modified Fowler-Nordheim (F-N) plot
gives us a hint towards the direction for the next step.

upper limit of the electrical field gradient mainly depends on
the local P value; consider a simple geometry such as the
electrical potential problem for two parallel plates.
17 cell traveling-wave structure. In the second
step, the investigation was primarily aimed at elucidating the
causal relationships between the internally generated dark
currents and breakdown electrical field in high gradient
accelerator structures.
Three structures were made to compare the maximum
accelerating gradient and the amount of dark current emitted in
the same experimental system [6].
Two structures were manufactured by a brazing method in a
hydrogen furnace. The third was manufactured by the
electroplating method. One of brazed structure was fabricated in
the usual atmospheric environment (conventional structure);
the other was carefully fabricated so as to be free from any
contamination inside the structure (clean structure). The
electroplated structure was fabricated in the usual atmospheric
environment (electroplated structure).
During rf processing, the rf power (0.8 Jis pulses at
50 pps) applied to the structure was controlled by a program
to keep the vacuum pressure below 1 x 10~8 Torr. The
electrical field gradients were evaluated by measuring the
energy spectrum of the dark currents generated by field
emission from the structure. The performances achieved by the
three structures are listed in Table 3.
Table 3
The performances achieved by the three structures.
The maximum
field gradient

MV/m

P
Processing time

hours

Conventional
91
44
800

Clean
73

Electro-plated
83.6

57
200

53
200

The modified F-N plots for the three structures are shown in
Figure 2.
•—*—BIMV/m-,—.—.
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-6-ELECTROPLATED STRUCTURE

83.8 MV/m

|

^J

•IBL....
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^

>.5

3.0

3.5

4.0

^

i^0

•

i

1/Ep[(MV/m)'x10"]

6.0

INVERSE PEAK SURFACE ELECTRICAL FIELD GRADIENT

8.0
1/6,

10
[(MWmj'xiO 3 ]

12

INVERS SURFACE ELECTRICAL GRADIENT

Fig. 1. Fowler-Nordheim plots at different times on the same day.
Three fitted F-N plots lines in Figure 1 come from
measurements at different times on the same day. From this
we can see that the quantity of dark current emitted decreases
with rf processing time; but the microscopic field enhancement
factor (P) does not depend on the rf processing time. This data
suggests that we may have to separate the dark current from
the rf breakdown phenomena, because one can guess that the

Fig. 2. Modified Fowler-Nordheim plots for three 60 cm-long
traveling-wave structures.

As can be seen in Figure 2, the three F-N lines have
almost same p values and the amount of dark current from the
clean structure is an order of magnitude lower than that of the
conventional and electroplated structures. The point to consider
is that the only difference between the conventional and clean
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structure is the amount of contamination on the structure
surface. Thus, it can be concluded that a reduction in
contamination could drastically reduce the dark current and that
the upper limit to the electrical field gradient is determined by
other factors.
In this experiment, both the input and output couplers of
the clean structure had protruding areas (bumps) on the axis at
each end cavity wall. These areas, with heights of a few mm
and diameters of 1 cm, were caused by the rf tuning process.
The effects can be seen in Figure 3, where in the energy
spectrums of the emitted dark currents at each gradient, there is
a narrow peak appearing in the energy range of 3 to 5 MeV and
a broad peak appearing at around the maximum energy. Both
of these features were caused by continuous rf breakdown at
both bumps. After 200 hours of rf processing, the coupler
cavities were examined and it was found that the top of the
down-stream bump was melted by the continuous rf
breakdown.

TM 010 standing-wave single cavities. After the first
half of the second experimental stage, it was decided to try
some experiments to make clear the rf breakdown and dark
current phenomena in a high gradient structure.
Four TMo,o single cavities were made to study the effects
of fabrication methods such as using a pure water rinsing
process and fabrication in a very high quality clean room (class
1), using low secondary electron emission coefficient Titanium
(Ti) material and reducing the micro-pores of the OFHC copper
by Hot Isostatic Pressing (HIP).
Three cavities with very simple pill box shapes all of the
same dimension were designed so as to obtain surface electrical
peak fields in excess of 100 MV/m at an input peak rf power
of 5 MW. The main electrical parameters and cavity
dimensions are listed in Table 4 and shown in Figure 5.

Table 4
The specifications for the three TM0|0 cavities.
Conventional

Clean

CLEAN STRUCTURE

Frequency (MHz):
Structure length (cm):

0.6 m-long structure

< Iff*

Iris diameter (cm):

59 MV/m

Factor of merit Q:
Surface gradient (MV/m):

10 1

Surface finish at irises
(u-m):
Clean room quality:
Rinsing solvent

10 1
fr-73.7 MV/m
1-68.6 MV/m
<-63.9 MV/m

11<J"

2854.5
3.0
2.0
13200
146/Pto[MW]
0.1

2851.4
««14090
l49/PlnlMWr
0.1

10000
Acetone

1">
UPW'2'

Electroplated
2852.3
^_
<_
8650
12ajPln[MW]
Copper: 0.1
Ti: 0.8
10000
Acetone

1) Particles per cubic feet (>0.1 (im)
2) UPW: Ultra Pure Water (>18.2 M-Ohm* cm)

39^3 MVM,

10

10
20
30
40
50
DARK CURRENT ENERGY [MeV]

60

195
_34_

Fig. 3. Dark current energy spectrum of the clean structure.
COOPERi

This is the main reason why the clean structure did not
achieve the highest electrical field gradient of the three
structures. On the other hand, the Figure 4 shows that the
electroplated structure did not have a clear peak in the dark
current spectrum at any electrical field gradient. While even the
electroplated structure has large amount of dark current, the
maximum axial electrical field gradient achieved, up to
83.6 MV/m, is higher than the clean structure gradient of
73 M/m.
ELECTROPLATED STRUCTURE
0.6 m-long structure
10 12 . 78.4MV/m
ui
__ Iff' 3

• ^*r~r

I 10" i
uj

£ 10'

7

j

"

^

59MV/m

^ 4 9 . 1 MV/m I ^ ^ » ~ i ^

5

3

£

10"

39.7 MV/m

1 •.••**» /
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20
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50
DARK CURRENT ENERGY [MeV]

60

Fig. 4. Dark current energy spectrum of the electroplated structure.
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Fig. 5. Three TM010 cavity dimensions. Only the Ti bounded cavity
has Ti blocks around the beam holes.
A conventional cavity was fabricated by the usual methods
in a class 10000 room and used as a reference to compare the
quantity of dark current with the other two specially processed
clean and Ti bounded HIP cavities.
The clean cavity was rinsed with ultra pure water
(>18.3 M-Ohm*cm) at end of manufacture and fabricated very
carefully in a class 1 clean room to avoid contamination during
the final assembly.
The composite material cavity is composed of two
materials, OFHC and Titanium (Ti). Ti blocks were attached
around the beam holes by using a diffusion bond with HIP
procedure as shown in Figure 5. This type of cavity is
advantageous in reducing dark current, since the secondary field
emission coefficient of Ti is less than unity (-0.9).
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HIP is a thermomechanical forging method that makes
using of a high gas pressure (-1200 kgf/cm2) at high
temperature (~850°C). Even in very high quality forged
OFHC copper, there generally are some number of micro-pores
the size of a few |J.m each at grain boundaries. These pores will
be one of main sites for contamination inside the structure
because machine oils trapped in them will be carbonized after
the brazing process. The micro-structures of forged OFHC
copper and HIP processed OFHC copper samples are shown in
Figure 6. The photographs clearly shows that forged OFHC
copper has micro-pores between the gains and these micropores disappeared in the HDP processed OFHC copper [5].
High gradient experiments on the three cavities were done
on a test stand to make relative comparisons in the amount of
dark current.
Two simple Faraday cup detectors (FD) were used to
measure the dark current. One FD mounted just to the left of
the straight beam line was used for the F-N plots. The other
was located on the right side with a 90 degree bending magnet
and used to measure the dark current energy spectrum. The
vacuum status is very important in ascertaining the surface
cleanliness inside the cavity. The vacuum level was monitored
with B-A and cold-cathode gauges. Partial vacuum pressure
was measured with a residual gas analyzer. The total base
pressure of the high gradient test stand reached ~1 x 10"10 Torr
after baking at 200 °C for 100 hours. It is necessary to observe
the details of the residual gas mass spectrums for each of the
cavities.
The conventional cavity, clean cavity and Ti bonded cavity
produced maximum surface gradients of 134 MV/m,
146 MV/m and 156 MV/m, respectively. In this experiment
the maximum surface electrical gradient of three cavities was
limited by the available klystron peak rf power. Figure 7
shows the F-N plot of three cavities at the end of the rf
processing time. As can be seen in Figure 7, the three F-N
lines have almost the same slope (p = 50-59) and the amount
of dark current from the clean and Ti bonded HIP processed
cavities are one order of magnitude lower than that of the
conventional cavity. From the results shown in Figure 6, it
can be seen clearly that cleanliness is essential in reducing the
dark current. The low secondary electron coefficient of Ti is
also effective in reducing the dark current; this will be useful
in rf gun applications.

10'

10"
60

a0

10.0

12.0

14.0

1/Es[(MV/m)"' x10 3 ]
INVERSE PEAK SURFACE ELECTRICAL FIELD GRADIENT

Fig. 7. Modified Fowler-Nordheim plots for the three differently
processed cavities.
Figure 8 and 9 shows the mass spectra of the residual gases
from the conventional and clean cavities at each surface
electrical gradient level. As can be seen in Figure 8, three high
peaks appeared showing H2, CO and CO2 in the mass
spectrums. CO and CO, molecules are typically caused by the
impurities and contamination on the inner surface of the
cavity. These two molecules are also very dangerous for a
semiconductor photo-cathode material such as GaAs. On the
other hand, the clean cavity in Figure 9 shows that the mass
spectrum amplitudes do not depend on the surface electrical
field gradient since only very small CO and CO 2 responses
were observed. The total amount of residual gas in the clean
cavity was smaller than that of the conventional cavity even at
the highest 140 MV/m surface electrical gradient. These
experimental results show again that the amount of dark
current strongly depend on the cleanliness inside the cavity.
50
8 Ep=40 MV/m
• Ep=127MV/m
40

30
IE
0.
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20

10

1 5

10

15

20

25

30

35

...I.
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MASS NUMBER

Fig. 8. Residual gas mass spectrum of the conventional cavity
during rf power tuning.

Fig. 6. Optical micrographs showing forged OFHC copper (left)
and HIP-OFHC copper (right). [HIP parameters: temperature
850 °C and isostatic pressure 1200 kgf/cm2].

A nose cone shaped cavity was used to determine the upper
limit of surface electrical field gradient on the S-band cavity for
an rf gun. The maximum electrical surface gradient was
designed so as to obtain up to 350 MV/m at a peak input rf
power of 5 MW.
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Table 5
Chemical compositions of SUS316L (%)

• Es=70 MV/tn
• Es=140 MV/m
BASE PRESSURE: 1.3 X 1 0 " T O I T

i

NKclean-Z
JISSUS316L

60

C
0.004

P
0.001

0.0006

s

Ni
14.96

Cr
16.8

Mo
2.36

<io.63 <1.0 <2.6 <d.<W

<6.O3

12
-16

16
-18

2-3

Si

0.12

Mn
0.27

40

The surface treatment and rinsing methods were also very
important for obtaining a smooth and clean surface. Electromechanical polishing and warm pure water rinsing methods
were selected. The surface roughness of the electrodes obtained
from the lathe was less than 0.1 |i.m without pits on the
surface. To avoid any contamination, the entire system of the
DC high voltage test stand was fabricated in a class 1 clean
room and pumped down to ~4 x 1 0 " Torr after baking at
250 °C for 1 week . In the experiments, no field emission
current was observed from the 1 cm gap electrodes at the
-120 kV operating voltage, which corresponds to a surface
electric field gradient of 11 MV/m. The maximum surface
electric field gradient obtained was 34 MV/m at 88 pA of dark
current from the 1 mm gap electrodes. At this level, the
microscopic enhancement factor obtained was 40 from the F-N
plot [8].
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MASS NUMBER OF THE RESIDUAL GASES IN THE CAVITY

Fig. 9. Residual gas mass spectrum of the clean cavity during rf
power tuning.
The cavity was rinsed with pure water at a pressure in the
range of 10 to 30 kgf/cm2. During this process, the specific
resistance of the pure water was kept higher than 17 M Q cm.
All the processing and fabrication was done in a clean room of
class 100. The cavity was filled with methanol until just prior
to installation in the standard test stand [7]. Figure 10 shows
the cavity rinsing procedure.

Conclusions

SUS 304 PIPE
ULTRA PURE
WATER

It is concluded that the magnitude of dark current depends
on the cleanliness of the structure, and the maximum electrical
field gradient is determined by the shape of the structure.
The general phenomena of dark current and breakdown ate
not strong frequency dependent from the DC and S-band
frequency results.
However, multiple long structures operating at high
frequency will necessitate more study. This study should be
useful for the realization of a semiconductor photo-cathode if
gun.

J 10 - 30 kgf/cmA2

0—
CAVITY

Fig. 10. Cavity rinsing procedure by high pressure ultra pure
water.
The high gradient test was started at a base vacuum
pressure of 8 x 10"" Torr. In this experiment, the base
vacuum pressure did not change greatly during if processing at
each power level except for an occasional rf breakdown. A
maximum surface electrical field gradient of 334 MV/m was
achieved which was limited by the klystron rf power available.
Even at this level, the amount of peak dark current was
0.34 mA and a microscopic field enhancement factor of 37
was achieved.
DC electrodes. In the third experimental phase, the
work went back to being a very basic study using DC
electrodes to confirm the principles learned from the high
gradient study and to prepare for the application of a very
sensitive photo-cathode rf gun, such as a GaAs cathode. The
electrode material was carefully chosen to be very high quality
stainless steel SUS316L, because in general stainless is
contaminated by oxide impurities such as dust particles during
manufacture which is the main reason for dark current at high
electrical surface gradients. Table 5 shows the specifications of
clean (NK-clean-Z, SUS316L) and JIS standard SUS316L
materials.
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Abstract
The KEK/PF 2.5-GeV linac is under reconstruction for
KEKB (the B-Factory at KEK). The linac will be renewed in
the autumn of 1998 as an 8-GeV electron linac, which can
provide full-energy beams into the 8-GeV electron ring and
3.5-GeV positron ring of KEKB, while continuing the
injection of 2.5-GeV beams for the synchrotron-radiation (SR)
facilities. The main goal of the injector linac is to achieve an
energy upgrade from 2.5 GeV to 8 GeV, as well as to increase
the positron intensity. This report covers recent construction
progress and the remarkable activities regarding the energy
upgrade and positron beam improvements.

as 2.5-GeV multi-bunch beams for the SR rings. The energy
upgrade is to be achieved by using 57 accelerator units with an
acceleration gain of 160 MeV each: the linac building is being
extended at the upstream end of the present linac in order to
increase the number of accelerator units from 40 to 57; for
increasing the rf peak power, the klystron modulator powers
will be increased twice, the 30-MW klystrons replaced by the
LER

®
TSUKUBA
IR

WIGGLER

Introduction
KEKB includes an 8-GeV electron ring (HER: highenergy ring) and a 3.5-GeV positron ring (LER: low-energy
ring), which is under construction in the same tunnel for
TRISTAN (Fig.l). KEKB aims at a luminosity of 1x1034
cm-2s-l by establishing a crossing angle (±11 mrad) collision
between 1.1-A electrons and 2.6-A positrons. In order to save
injection time, KEKB requires full-energy injection from the
linac for both electrons and positrons; furthermore, a positron
beam intensity ten times as much as the present linac produces
is required.
The present 2.5-GeV linac [1] was commissioned in early
1982 as an electron injector for the Photon Factory (PF)
storage ring; a positron generator linac [2] was added during
1982-1985 for the TRISTAN project. Electron/positron beam
injection was started in the autumn of 1986 to the TRISTAN
accumulation ring (AR); the storage beam in the PF ring was
changed from electrons to positrons in 1988 autumn, resulting
in a stable long-life storage for SR experiments.
For KEKB, the linac will be reconstructed and expanded
as shown in Fig.2. The linac will be renewed so as to deliver
8-GeV electron / 3.5-GeV positron single-bunch beams as well

HER

PF2.5-GeV
STORAGE RING,

Fig. 1 Schematic plan-view of KEKB.

Sector P (positron generator)

Sector 1
\
New gun
Sector A " 1 r

Sector 1 Positron
Radiator

Sectors

Fig. 2 Linac reconstruction from 2.5 GeV (upper) to 8 GeV (lower). The existing linac has 40 accelerator units which are divided into 5
sectors. The shadow areas are extension buildings to increase the number of accelerator units from 40 to 57.
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50-MW klystrons, and rf pulse compressors used. These
parameter changes are summarized in Table 1. The basic
design details have been reported elsewhere [3]. The
following section considers recent construction progress and
the research and developments regarding the KEKB injector
linac.

(1) INJECTION BEAM
energy
electron
positron
pulse length
bunch width (lo)
particle(chargeypulse
electron

(GeV)
(GeV)
(ns)
(ps)

(nC)
positron
pulse repetition
emittance (lo)
electron
positron
energy width (la)
electron
positron
(2) MAIN LINAC
frequency
filling time
accelerator structure
accelerator unit length
accelerator unit number
total
before positron radiator
standby, energy tuning
energy gain per unit
with SLED
without SLED
input rf power / unit
energy multiplication
(3) PRE-INJECTOR
Gun
type (cathode)
normalized emittance
sub-harmonic buncher
SHB-1 frequency
SHB-2 frequency
Prebuncher / Buncher
frequency
phase velocity (Prebun.)
phase velocity (Bun.)
Output beam
energy
energy spread (lo)
normalized emittance

(nC)
(pps)

(m)
(m)

(m)

(MeV)
(MeV)
(MW)

(m)
(MHz)
(MHz)

(m)

0.125%
0.125%

2856
0.5
T.W., 2p/3-mode, semi-C.G.
9.6
40
3
-3+1

57
26
4+2

62.5
20

160
90
40
1.8

triode (EIMAC Y796)
' x 10"6
119.00

(MHz)

(MeV)

The KEKB project was approved in FY 1994 as a fiveyear program; half of this time has already passed. AH of the
TRISTAN experiments were completed by the end of 1995,
and the old TRISTAN accelerator and detectors were removed

Table 1 Change in the major parameters to the KEKB injector.
KEKB
PRESENT
PRESENT
KEKB
(4) POSITRON PRODUCTION
Radiator
material
2.5
8.0
tantalum(Ta) tungsten(W)
(mm)
3.5
thickness
2.5
8
14
diameter
(mm)
<2
single bunch
8
4
Primary electron
-5
—5
energy
(GeV)
0.25
3.7
2x10'
particle / pulse
1x10"
8xl0 9
6xlO10
(nC)
(0.32)
(charge / pulse)
(128)
(16)
(10)
positron production rate
2x10"
4xlO9
(e+/c'GeV)
(0.032)
(0.64)
after the DC solenoid
6.5%
>6.5%
(e+/e'GeV)
final
25
50
1.8%
>1.8%
Focusing system
6.4 x lO 8
type
4 x 10"8
quarter-wave transformer
7
(m)
normalized acceptance
6>L10- 3
8 x lO"
8.8 x t0"7
0.2%
0.22%

(MHz)
(us)

Construction progress

114.24
571.20
2856
0.7 c
0.7 - 1 c

40

60
1.2%
- 6 x 10s

(5) RF SOURCE
Modulator
pfn charging voltage (kV)
45
45
total capacitance (MF)
0.29
0.60
stored energy
295
610
(I)
impedance
6.0
4.7
(n)
output width (FWHM) (us)
3.5
5.6
(kV)
voltage
22.5
22.5
(MW)
power
80
108
Pulse transformer
step-up ratio
1:12
1:13.6
core bias
no
use
Klystron
(kV)
beam voltage
270
305
current
(A)
295
354
(MW)
output power max.
33
46.5
(MW)
power ave
-27
-41
width
1.8
3.8
(us)
44%
efficiency
46%
(6) SYNCHRONIZATION BETWEEN LINAC AND RING
synchronization
(ns)
T0:
96.2886
(MHz)
f0:
10.3854
Linac
5x5x1 lfO
fLinac (2856MHz)
(MHz)
SHB-1
11(0(114)
(MHz)
SHB-2
5xllfO(571)
KEKB
f
(MHz)
7x7f0(5O9)
Ring
(kHz)
7x7fO/n(99)
'revolution
harmonic number n
5120(29x10)
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from the tunnel. From late 1996, (he first magnet for LER is replace (wo 4-m accelerator structures by two l-m ones and
two 2-m ones. A positron-production study was recently
to be installed.
As for the linac, before the KEKB project was formally
approved, the linac group had discussed ways to upgrade the
energy, and conducted feasibility studies using the existing
linac [4,5]; consequently, the way mentioned above was
adopted as a reasonable one, because the linac must continue
injection for the SR experiments and (he upgrade should be
performed only during annual shutdowns.
Since the project began, (lie upgrading of the existing 2.5GcV linac has gradually been performed. By the end of
FYI995, 32 high-power klystron pulse-modulators of 40
existing units had been upgraded; of 5 the sub-boosters, each
of which will drive 8 klystrons, 2 were replaced by new ones
for the SLED system [6]; 12 SLED's and 50-MW klystrons
were installed (Pig.3), and the rf conditioning was finished in
10 units.
These units were tested in order to prove the
Fig.4 Positron generator replacement at a high-energy point of
the upgraded linac. The accelerator structures behind the
positron production target were improved in order to
reduce tlic coupler field.
begun; a preliminary result concerning the clcclron-to-positron
conversion rate is as follows : 5.4% e+/c GeV after the DC
solenoid with a 500 McV and 3.2 nC single bunch.
The beam-transport system of the existing linac is being
replaced so as to accommodate higher-energy beams, adding
beam-position monitors accompanying the quadrupolc
magnets.
Expansion buildings arc being added to two areas: one is
the most upstream part; the other is the 180 degree-bend part
("arc") of the new linac layout, which forms a J-shape (see
Fig.2). These are under construction (Fig.5) and will be
completed by October and December, 1996, respectively.
Fig.3 RF-smirce upgrade (if the existing linac for KEKB: the
modulator powers were doubled; the PFN cabinets became
lall-boy in order to make a capacitance doubling; and the
klystron outputs were upgraded from 30 MW to 50 MW
while maintaining tlie height.
acceleration gain and stability of (he beam energy [7]. During
(he rf conditioning, electric discharge, which causes a strong
vacuum degradation, was frequently observed in one unit. The
cause is now under investigation in connection with the rf rise
time and phase-switching time. The upgrading of the existing
linac will be almost completed by the end of FY1996.
In order to conduct a study regarding the production and
acceleration of a high-current, single-bunch primary electron
beam for positron production, two sub-harmonic bunchcrs
(SHBs) were inserted between the gun and the prcbunchcr.
The results obtained by a streak-camera system using opticaltransition radiation indicated dial this system can produce a
bunch of about 12 ps FWMM at 10 nC |8].
The positron production target and the positron focusing
system have already been moved to a higher energy point
(Fig.4). The target was newly fabricated in order to be used at
higher beam powers; also, the layout was changed so as to

Fig 5 Extension buildings being constructed in order to increase
the number of the accelerator units from 40 to 57.

Research and Developments
Compact high-power klystron
For KEKB, the 30-MW klystrons used lor the PF 2.5-GcV
linac will be replaced by the 50-MW klystrons, which should
be operated at an average output of 41 MW, 4 (is, 50 pps. For
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this purpose, the 30-MW klystron has been improved at KEK.
The design concept is to increase the output power while
keeping its original size, so that such equipment as the
focusing magnet and pulse-transformer tank can be utilized,
and that the height of output port is not changed.
In 50-MW klystrons, which were successfully developed
at KEK [9], the overall size of the klystron assembly was not
changed. However, the cathode insulator and the dimensions
around the anode were improved s o as to decrease the field
strength at this part; the cathode diameter increased from 80 to
85 mm in order to decrease the current density; the distance
between the anode and the input cavity was increased; the
focusing field distribution was optimized so as to improve the
efficiency on the basis of computer simulations.
The applied voltage has been increased from 270 to 305 kV.
At this voltage, it can output more than 50 MW pulses with an
efficiency of more than 46%.
RF compression system
The 50-MW klystron with an rf compression system is to
be used for the rf source of the KEKB injector linac. Three
types of SLED systems were considered: the original SLED
fabricated at SLAC [6], a modified SLED developed by the
Japan Linear Collider group [10], and a resonant-ring type
compression system (RRCS) developed by the injector linac
group [11]. The former two use double TM0|S-cyIindrical
cavities with a 3-dB power divider; on the contrary, the RRCS
has a simple structure comprising a single resonant ring.
However, we decided to adopt the JLC-type SLED, which
is improved in a low-gradient electric field around the cavitywaveguide coupling irises by using a two-hole coupling
system. The RRCS was not adopted for two reasons: (1) the
energy multiplication factor is 8% lower (this corresponds 4 or
5 accelerator units against the total 57 units); (2) the radiation
is higher (40 nSv/h at a 40-MW input), while not being
detectable in JLC-type at more than 50 MW. These defects
are due to the choice of the TE2o-Hke mode in a rectangular
waveguide for the transverse cross section of resonant ring.
The detail structure of the JLC-type SLED was further
modified in order to facilitate fabrication and handling in the
existing linac: the processing precision and the welding
structure/method were optimized so that they are sufficient for
obtaining a Q-value of about 100,000 (theoretical value
107,000); the tuner function was improved so as to facilitate
smooth adjustments with the necessary resolution (2 kHz in
resonant frequency); the drive mechanism of the detuner
needle was replaced by a solenoid type; the position of the
needle was magnetically sensed while producing an electrical
signal; and easily observable indicators were attached.
Accelerator structure
For the linac expansion, the number of regular accelerator
section was increased from 160 to 228. The deficits are being
newly fabricated. These are 2jt/3-mode traveling-wave disk-

loaded structures operated at 2856 MHz. In order to distribute
the HEM-mode frequency, the structures have five sets of
different disk-hole apertures, which have been decreased by 75
|xm per cell from the input to the output, making an
approximately flat field against wave attenuation through the
structure. The input/output couplers are those of the cavity
type, whose field asymmetry due to the coupling-iris is
corrected by a dip on the opposite side of this iris.
The fabrication method used for the PF injector linac is
unique compared to those widely used in other accelerators.
The disk-loaded structure is made by an "electroplating
method": disks and spacers, which were processed to a final
dimension and inspected by measuring resonance frequency,
are made one body by electroplating to a thickness of 5 mm.
The motivation for developing this method was rather to
facilitate mass production by eliminating any tuning after
machining and welding. In a modern view of accelerator
physics, it should be noticed that this method is only a "cool
method" carried out at room temperature, thus eliminating any
unexpected or uncontrollable HOM resulting from dimpling of
the spacer surface.
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Fig. 6 Typical results of a nodal shift measurement: the standard
deviation of phase error is about 0.9 degrees; the 2-m
accelerator structures were fabricated by a "electroplating
method" without any dimpling after machining.
These basic design and fabrication method are also
followed in the new structures. However, in the old positron
generator, where two 4-m structures were used in a solenoidal
magnetic field, the acceleration field in the accelerator
structure installed immediately after the positron production
target was not sufficient due to frequent electric breaking in
the structure. Most marks due to arcing were found around the
input coupler and the first disk. From this experience, in
KEKB 1-m long structure was decided to be used after the
positron production target; the coupler structure is being
renewed in order to decrease the field strength when a higher
input power is used. The coupler dimensions (2b:inner
diameter, W:iris aperture), were determined by a computer
simulation [12]. These structures will be tested under higher
input power this autumn.
Positron beam increase
One of the major target is to increase the positron
intensity. The required intensity of 4 x 109 positrons (0.64
nC) per bunch was determined so that the injection time from
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vacancy to 2.6 A would be ten-several minutes. In the case of
a uniform fill into the 5120 ring rf buckets, the stored charge
per bucket is 5 nC; about eight injections per bucket are
therefore needed. This linac positron intensity is obtainable
when a primary electron beam of 6 x 1010 electrons (10 nC)
per bunch can be accelerated to the target, and the positron
production rate still be kept at 1.8% e+/e- GeV, as in the old
generator [13].
We have already experienced some difficulty concerning
high-current beam acceleration at 2-ns, 16-nC beam up to 250
MeV. The investigation is still continuing using a
combination of relevant fields: the first is how to produce an
intense single-bunch beam by the pre-injector [14]; the second
concerns theoretical studies regarding the wake-field [15]; the
third involves beam monitoring [16]; the forth, an accelerator
alignment [17]; and the fifth, a beam transport. Although
beam studies regarding the pre-injector has been progressing,
as mentioned before, the other studies are either under
investigation on paper or are being qualitatively discussed.
Because of restrictions coming from the linac-ring beam
transport line, the standard deviation of energy spread must be
less than 0.125%. For the primary electron beam, the 180degree bending "arc" in the expansion building was carefully
designed so as to be achromatic and isochronous to the
second-order optics [18]. The final design comprises 6 bends
with quadrupoles and sextupoles, and satisfies less bunch and
emittance growth for an energy spread of up to 1.2% Og/E.
Further, a bunch-compression system (BCS) will be
introduced before the radiator in order to suppress any
debunching effect in the positron focusing system. For the
produced positron beam, an energy compression system (ECS)
will be used at the end of the linac.
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Fig. 7 Estimated bunch/energy width of the positrons after ECS.
For increasing the positron yield, the focusing system
behind the positron production target will be improved.
Recently, a feasibility study was initiated regarding the use of
a super-conducting magnet. According to a preliminary study,
a tapered shape solenoid field (6T) would improve the yield by
more than two-times as much as the present system [19].
Summary and future
The construction of the KEKB injector linac is
successfully progressing. Reconstruction for the energy
upgrade in the existing linac will be finished by the end of
FY1996. The expansion buildings will be completed by the
end of 1996, and the construction of the expanded part will

start at the beginning of 1997. The pre-injector, including subharmonic bunchers, will first be moved to the most upstream
of the new building (before the construction is completed,
injection for the PF ring will be made using a temporary preinjection system). Then seventeen accelerator units will be
installed sequentially. From the autumn of 1997, some of
these units and "arc" will be tested by the local control system
installed at the new sub-control station of the expansion
building. Most of the construction will progress during
FY1997, finished and connected to the existing linac by the
summer 1998, and commissioned in the autumn of 1998.
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Abstract
The design for the Next Linear Collider (NLC) at SLAC is
based on two 11.4 GHz linacs operating at an unloaded
acceleration gradient of 50 MV/m increasing to 85 MV/m as
the energy is increased from 1/2 TeV to 1 TeV in the center of
massfl]. During the past several years there has been
tremendous progress on the development of 11.4 GHz (X-band)
RF systems. These developments include klystrons which
operate at the required power and pulse length, pulse
compression systems that achieve a factor of four power
multiplication and structures that are specially designed to
reduce long-range wakefields.
Together with these
developments, we have constructed a 1/2 GeV test accelerator,
the NLC Test Accelerator (NLCTA). The NLCTA will serve
as a test bed as the design of the NLC is refined. In addition to
testing the RF system, the NLCTA is designed to address
many questions related to the dynamics of the beam during
acceleration, in particular the study of multibunch beam
loading compensation and transverse beam break-up. In this
paper we present the status of the NLCTA and the results of
initial commissioning.

Downstream from the linac we have a magnetic
spectrometer that can horizontally momentum analyze the
bunch train after acceleration. A vertical kicker magnet in the
spectrometer will provide a method for separating the bunches
vertically so that the energy and energy spread can be measured
along the bunch train. We can also measure the emittance in
the spectrometer and in the chicane.
In the future we plan to increase the linac gradient to 85
MV/m by installing six 75 MW klystrons as shown in Table
2. We also plan to upgrade the injector in order to increase the
bunch spacing and intensity, each by a factor of 16. This will
permit more detailed beam-dynamics studies on a train of
bunches similar to that required for the NLC.
Table 1. NLCTA RF System Parameters
Upgrade
Parameter
Design
540 MeV
Linac Energy
920 MeV
Active Length
10.8 m
10.8m
Ace. Gradient
50 MeV
85 MeV
Inj. Energy
90 MeV
90 MeV
RF Freq.
11.4 GHz
11.4 GHz
No. of Klystrons
4
7
50 MW
75 MW
Klystron Power
Klystron Pulse
1.5 |Xsec
1.5 Jisec
RF Compression
4.0
4.0
Structure Length
1.8 m
1.8 m

Introduction
The Next Linear Collider Test Accelerator (NLCTA) is a
42-meter-long beam line consisting consecutively, of an
injector, a chicane, a linac, and a spectrometer[2].
The injector consists of a 150-keV gridded thermioniccathode gun, two prebuncher cavities and two 0.9 m detuned
accelerator structures. The injector is surrounded by solenoids
to provide the necessary focusing. Downstream from the
injector we have a magnetic chicane for longitudinal phasespace manipulation, energy measurement and collimation.
After the collimation, the average current injected into the
linac is comparable to the NLC specification, 1.0 nC/1.4 ns.
The NLCTA linac when complete will consist of six 1.8meter-long X-band accelerator sections which are designed to
suppress the long-range transverse wakefield. These sections
will be powered by three 50-MW klystrons whose peak power
is quadrupled by SLED-II RF pulse compressors. This yields
an unloaded acceleration gradient of 50 MV/m over 10.8 m so
that the maximum energy gain in the linac is 540 MeV. The
NLCTA RF system parameters are listed in Table 1.

Klystron Status
The NLCTA (and NLC) specifications call for 50 MW
klystrons operating with a 1.5 [isec pulse length (1.2 |xsec for
the NLC). Thus far, the klystron development effort at SLAC
has produced four klystrons that meet or exceed the NLCTA
specification^]. Figure 2 shows the output power of the
fourth in the series, XL-4. It is a very robust klystron with a
very stable output power and can produce a 75 MW pulse 1.2
Usec long. Both XL-2 and XL-3 also produce more than the
required 50 MW, and all of the three klystrons have the
required bandwidth to work with the SLED-II compression
system. The XL-4 klystron has been installed on the NLCTA
injector modulator and is being used to power the initial
commissioning of the injector.

" Work supported by Department of Energy contract
DE-AC03-76SF00515.
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Several more klystrons of the XL-4 type will be produced
for the NLCTA. However, the development effort for NLC
klystrons has been turned towards the development of a
periodic permanent magnet (PPM) focused klystron[4]. This
eliminates the focusing solenoid from the klystron, reducing
the capital and operating cost significantly. The initial tests of
the first PPM klystron have just been completed yielding up
to 60 MW with about 60% efficiency. This klystron power
exceeds the 50 MW required for the 1/2 TeV NLC.

XL-4 Klystron Test, 2/1/96
Efficiency 47.5%
Gain 53.6 db

expectations[6]. High-power processing of the injector SLEDII system is presently in progress. Thus far the system has
been conditioned up to 135 MW output power with a 250 ns
pulse.

RF Structure Status
The NLC design requires accelerator structures that operate
reliably with an unloaded gradient of 50 MV/m for the 1/2
TeV collider and 85 MV/m for the 1 TeV upgrade. The
NLCTA will serve as a model of this upgrade path in that we
will begin at the lower acceleration gradient and eventually
increase the gradient to the required 85 MV/m (see Table 1).
In addition to the gradient requirement, the NLC structures
must be designed to substantially reduce the long-range
transverse wakefields that can cause beam breakup. To achieve
this reduction we have pursued two basic types of accelerator
structures, a detuned structure and a damped-detuned structure.
There are a total of eight structures in the NLCTA. The first
two are one-half-length detuned structures. The second pair ate
full-length detuned structures. The third pair are dampeddetuned structures; and finally, the last pair will initially be
KEK detuned structures and later will be damped-detuned
structures.

Detuned Structures
Figure 1. High-Power test of XL-4.

RF Pulse Compression Status
In SLED-II RF pulse compression the klystron power
flows through a 3-dB hybrid where it is split to resonantly
charge two delay lines. After several round trip times, the
klystron phase is flipped by 180 degrees, after which the power
from the klystron adds to the power emitted from the delay
lines to create a large compressed pulse of RF power. Figure
2 shows high-power tests of the SLED-II prototype for the
NLCTA powered by the XL-2 klystron. The prototype
exceeded the required output power of 200 MW, but with a
shorter pulse of 150 nsec [5].
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During the past several years we have performed many
high-power tests of different types of structures[9]. These tests
indicate that surface fields up to 500 MV/m can be obtained in
copper structures at 11.4 GHz. In power-limited tests, average
acceleration gradients in short structures have reached 120
MV/m[10]. The first 1.8 m detuned structure has been highpower tested up to 67 MV/m[l 1]. These tests indicate that the
conditioning up to the desired 50 MV/m will be
straightforward.
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In a constant gradient traveling wave structure the irises ate
tapered to vary the group velocity in order to keep the gradient
constant in spite of the loses in the structure. This tapering
produces a variation of the frequency of the first dipole mode
along the structure length that can be as much as 10%. The
detuned structure takes advantage of this, but the profile of the
iris taper is changed in order to create a smooth Gaussian-like
distribution of higher-order modes. This leads to a Gaussianlike initial decay of the wake field behind the bunch[7]. We
have successfully tested this concept using probe and witness
beams in the Accelerator Structure Test Set-up (ASSET)
facility in the SLC[8].
This technique has been used to manufacture four structures
in the NLCTA. The first three are complete and the remaining
structure will be brazed this fall.

1

1

7 96

8196A4
0.15 |xs/div
Figure 2. High-power test of the SLED-II prototype.

Damped-Detuned Structures

Three SLED-II systems have been installed in the NLCTA,
one for the injector and two for the linac. Initial low-power
tests of the injector SLED-II system have shown excellent
performance with an overall efficiency that exceeded our

In order to further reduce the wakefield and the tolerances, it
is necessary to provide some moderate damping for the higherorder dipole modes. To accomplish this we have developed a
damped-detuned structure that uses four symmetrically placed
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manifolds to provide the damping [12]. The structure cells ate
coupled to four waveguides that are formed when the cells are
diffusion bonded together. The dipole mode is coupled out to
the waveguide where is propagates to the end of the structure
to a load. This techniques should damp the first dipole modes
with Qs of about 1000. The signals from the manifold can be
used as a beam position to align the structure to the beam.
The first two damped-detuned structures are being
constucted in collaboration with KEK[13,14]. In addition, we
have just completed an experiment to measure the wakefield of
the damped-detuned structured 5]. The measured long-range
wakefield is reduced by more that two orders of magnitude
relative to the short-range wake and agrees well with the
theoretical predictions[14,15]. Finally, the modes that are
damped have now been shown to yield a sensitive position
measurement along the length of the structure[16].

Beam Line Commissioning
The entire NLCTA accelerator from the gun to the final
dump has been constructed and installed except for the
downstream 1.8 m accelerator structures. Spool pieces replace
these structures in the beam line, and the entire system from
the gun to the dump is evacuated. The current, position and
profile of the beam are monitored from the gun all the way to
the dump with monitors that are used to optimize and
characterize the beam.

(0.27 A). The beam energy and energy spread were monitored
on a profile monitor in the middle of the chicane. While all
the phases of the bunching components and the accelerator
sections are not completely optimized yet, an energy spread of
0.6% for the core of the beam was achieved. Figure 3 shows
the signal from the various current monitors up to the end of
the chicane. Commissioning of the linac will commence this
fall as the remaining accelerator structures and klystrons are
installed.
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The first 150 keV electron beam from the gun was achieved
in May. The gun and related electronics were characterized and
beams varying in intensity from 0.2 to 2 A and in pulse
length from 40 to 150 ns were transported to a Faraday cup
one meter downstream. The calibration of the gap current
monitor at the gun was verified against the Faraday cup.
In June and July 1996 the remainder of the injector system
was installed completing the beam line between the gun and
the chicane. In August, beam from the gun was accelerated
and transported all the way to the final dump of the NLCTA.
For the initial turn on a 150 kV, 0.5 A, 40 ns wide beam
from the gun was bunched into X-band buckets and accelerated
up to 60 MeV in the injector. We obtained 65% beam
transmission at the entrance to the chicane (0.32 A), and 55%
of the gun current reached the toriod at the end of the chicane
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Abstract
An X-band Damped Detuned Structure (DDS) for NLC has
been fabricated as part of a collaboration between KEK and
SLAC. The individual cells were diamond point machined
and microwave tested at KEK. The cells were diffusion
bonded at SLAC. The structure has been cold tested. The
time dependence of the beam induced dipole wakefields have
been measured with the SLC beam in the test station ASSET.
The structure is designed so that the dipole modes have an
approximately gaussian density distribution in the frequency
domain. This gives an approximately gaussian decrease of
the wakefields for short times (about 10 ns), which is
produced by the interference among the 206 modes in the
lowest dipole mode band of the 206 cell structure. Without
damping, however, the wakefields then rise back to a level
which is approximately equal to the expected incoherent
level from the 206 modes. The damping is accomplished by
means of 4 rectangular slots or manifolds (approximately 5
mm by 10 mm) equally spaced in azimuth around the
structure and running the full length of the structure. These
manifolds act as single mode rectangular waveguides for the
lowest band dipole modes, but are cut off for the accelerating
mode. The manifolds are coupled to every cell in the
structure, except for 3 at each end, by means of radial slots.
Each of the four manifolds will have the dipole mode
frequencies traveling in both directions and so are terminated
on both ends. The structure will be installed in the NLC Test
Accelerator this fall.

short range wakefield suppression combined with light
damping using manifolds may be an important innovation in
the design of linacs.

Fig.l: Cutaway sketch of Damped Detuned Structure.

One of the important features of DDS's is that any dipole
modes which the beam excites propagate through the
manifolds to the end of the structure. Since the structure is
detuned, there is a one to one relationship between the dipole
frequency excited and the longitudinal position in the
structure where the beam excited the mode. Thus, the
spectrum of the dipole signals observed in the manifolds
provides an internal monitor of the beam position relative to
the structure, with a longitudinal resolution which can be a
small fraction of the structure length. For the structure
1. Introduction
discussed here the resolution is of the order of 10 cells in the
Although the Damped Detuned Accelerator Structure, Fig 206 cell structure.
1, is being developed for the SLAC design of the Next Linear
The manifold damping used in the DDS works only
Collider, the concept is applicable to any long pulse, high because the structure is detuned. If the accelerator was a
pulse current accelerator.
Indeed when linear collider uniform (constant impedance) structure the beam would
designs go to many bunches to improve luminosity, they face interact with a single velocity of light dipole mode which
the same problem which limits the performance of many would not couple to a simple waveguide manifold where the
industrial accelerators, linacs used for particle physics and phase velocity is necessarily greater than the velocity of
linacs proposed for driving high power FEL's: long range light. A coaxial manifold would couple to the dipole mode,
dipole wakefields distort the particle orbits causing transverse but it would be difficult, perhaps impossible, to keep it from
emittance growth and eventually Beam Break Up. The coupling to, and therefore damping, the fundamental
structure discussed here achieves 2 orders of magnitude accelerating mode. In the detuned structure, all the dipole
reduction in the transverse wakefields and may be capable modes which interact with a velocity of light beam also have
with some modifications of as much as 3 orders of magnitude a region where the phase velocity is greater than c and equal
suppression. Thus the approach of detuning structures for to the phase velocity for their frequency in the damping
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manifold. In this region (different for each mode), where
each dipole mode in the accelerator cells is synchronous with
the mode in the manifold, the coupling takes place. A
synchronous condition must be met because there is a
coupling hole between each manifold and every cell in the
accelerator. Thus, in effect, there is a multihole coupler
between each manifold and the accelerator. Since each
dipole mode has a different frequency, each mode is
synchronous with the manifold and hence couples to it in a
different longitudinal region of the accelerator. Since the
manifolds are simple rectangular waveguides they are not
synchronous with the fundamental accelerating mode
anywhere, and, indeed, they are cut off for the accelerating
frequency.
The pressure of the schedule for testing the structure for
wakefield in the ASSET facility [1] in SLC and for
installation in NLCTA forced the parameters of the first DDS
to be frozen before an adequate theory existed to analyze its
performance. As a consequence the performance of this first
structure is degraded, but it can be significantly improved by
some fine tuning of the design.

manifold and the cell is as wide as the manifold (the small
dimension of the rectangular waveguide) and as long as the
cell.
Advantages of Single Mode Manifold:
1) Smaller, and well cut off for Accelerator frequency
2) Easier to couple out at ends since it is single mode
3) Simpler to fabricate - no thin iris
4) Perhaps easier to analyze - fewer modes
5) Negligible degradation of accelerator shunt impedance
Disadvantages of Single Mode Manifold:
1) Match of terminations quite critical
2) Over coupling perturbs mode structures, frequencies and
Q's introducing deleterious fluctuations in the gaussian
impedance function
3) The single mode manifold chosen here couples only to the
TE component in the dipole mode, which gets very small at
the output (high dipole frequency) end of the structure. This
makes it difficult to get adequate coupling. A narrow radial
slot running from each manifold part way into the disk can
raise the coupling and solve this problem.
4) Lower conductance for vacuum pumping

2. Design Issues
Gaussian Detuning. The goal of the gaussian detuning is
to create a dipole impedance which is approximately a
gaussian function of frequency, so that the wakefields will
decay in an approximately gaussian manner. However, since
it is a complicated calculation to get from the tapered
structure parameters, or from equivalent circuit parameters to
the functional dependence of the impedance on frequency,
how does one get started? The solution is to make the quasiuncoupled approximation: that after excitation by a velocity
of light delta function bunch each cavity rings not at its
resonant frequency, but at the velocity of light synchronous
frequency of a periodic structure of that cavity. The
justification for this approximation is that the boundary
values for the fields in each cell are the fields in the adjacent
cells which were excited by the same velocity of light bunch.
Detailed equivalent circuit analysis by Bane and Gluckstern
[2] indicates that this is a very good approximation. For the
present structure the cells were picked to have gaussian
density distribution of the synchronous frequencies. It would
have been slightly better to have K,(dn/df) be a gaussian
function of the synchronous frequency, where K, is the kick
factor (=1/4 coR/Q) of the nth cell. The gaussian width factor
a=2.5%, and the gaussian is truncated at +/-2a.
Single Mode Manifolds. Although multimode manifolds
were studied first, the final design utilizes single mode
manifolds. Each design has advantages and disadvantages,
and the choice is not clear cut. The multimode manifold was
rejected for two reasons: concern about a fragile thin iris
between the manifold and the cell and complexity of analysis
of cell to manifold coupling in five modes. The single mode
design chosen has no iris because the hole between the
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With careful design it should be possible to overcome
satisfactorily the first 3 disadvantages, so the single mode
design remains our design of choice.
Choice of Q. For the present structure Q of 1000 was chosen
as the target value for all the lowest band dipole modes
which interact strongly with the beam. This was chosen to
attenuate the wakefields by a factor of e by 20 ns after the
excitation, the time at which the wakefield envelope is rising
again from the renewed constructive interference of the
modes on the edges of the gaussian. However, the Q of 1000
corresponds to a resonance width, f/Q, twice as large as the
mode separation at the peak of the mode spectrum, which
produces mode distortion in the single mode design. In a
multimode design, each waveguide mode would have weaker
coupling and since each would couple power out of the mode
at a somewhat different location, there would less mode
distortion for the same loaded Q.
A better approach to the choice of Q and hence of the
required coupling to the manifold, results from realizing that
the motivation for the damping is to produce a dipole
impedance which is a smooth, approximately gaussian,
function of frequency. Thus we would like the width of the
nth resonance to be fl/Qlt.=.k8f,, where k is a constant close to
1, and Sf5 is the mode spacing in the vicinity of the nth mode.
The value of k should be chosen to give the smoothest
impedance as a function of frequency. The optimum k would
probably be higher for a multimode design.
The manifold coupling and hence the Q's are controlled in
the present design primarily by varying the distance between
the manifold and the accelerator cells and thus the length of
the hole between them. The secondary method of varying
the coupling is to vary the cutoff frequency, fc, of the

manifolds. This affects the coupling because the dipole
modes in the accelerator have a large TE component at small
phase advance per cell and a small TE component at large
phase advance. The manifolds couple only to the TE
component of dipole modes because the narrow walls of the
rectangular manifolds are adjacent to the outer surface the
accelerator cells. In the TE10 mode the magnetic field along
the narrow wall of the manifold is longitudinal and
consequently does not couple to a TM mode in the cell. The
higher the cutoff frequency of the manifold, the smaller the
phase advance at the avoided crossing where the manifold
couples to a particular cell, and hence the stronger the
coupling. The cutoff frequency, fc, varies from 12.5 GHz at
the input end to 14.0 Ghz at the output end in order to
increase the coupling at the output end.

must be a consequence of pattern distortion associated with
strong coupling. The ASSET tests show nine times as much
energy emerging from the output end of the manifolds as
compared to their input end, a circumstance which is
presumably a reflection of these phenomena. An equivalent
circuit theory for these spectra had been worked out in
anticipation of the ASSET tests, but it has not yet been
implemented.
100.

3. Equivalent Circuit Theory Results
Since the equivalent circuit analysis is the subject of
another paper at this conference [3], only some of the most
important results will be presented here. Fig 2 compares the
wakefields for the Detuned structure (DT) with no damping
but including the copper losses and the DDS with perfectly
matched terminations each calculated with the equivalent
circuit analysis.. Fig 3 presents the calculation for the DDS
structure with the existing terminations. The round dots are
the preliminary data from the measurements of the wakefield
of the DDS using the SLC beams in ASSET [4].
~ 100
100.

s(m)
Fig. 2: Calculated wakefield of structure without damping
(upper curve) and with damping with perfectly matched
terminations on manifolds.
Prior to and during the design of the output structure for the
manifolds, an equivalent circuit investigation of the effect of
manifold mismatch on the wake function was carried out. It
was found that while the wake function was relatively
insensitive to small reflections at the input end, even very
small reflections at the output end produced significant
degradation. This asymmetry is presumed to be related to the
fact that the field patterns of the exact damped eigenmodes
with matched termination show a strong asymmetry in
manifold excitation, favoring the output end. While this
effect is not yet understood, it is absent in the manifold
excitation patterns given by perturbation theory and hence
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Fig: 3: Calculated (curve) and measured (dots) wakefield of
DDS structure with existing mismatched terminations.
As is suggested by comparison of Figs. 2 and 3, the
termination match at present is not very good: a VSWR of
about 2 at the band edges at 14.2 and 15.8 GHz and dropping
to about 1.2 at the center of the band, 15 GHz. At all 8
terminations (both ends of 4 manifolds) the dominant
mismatch above 15 GHz is due to the windows, which are
replaceable. Better windows are presently being developed,
which we anticipate will be 1.1 or better over the full range.
At 14.2 GHz the problem exists only at the output end, where
we were unable to design a mitered bend from the manifold
waveguide with a cutoff at 14.0 GHz which had a good
match from 14.2 GHz to 15.8 GHz. Since the manifold and
the mitered bend are integral parts of the accelerator, the
remedy must await the next structure. We intend to adjust
the taper of the manifold dimensions so that fc is about 13.5
GHz at the mitered bend.
There is an optimum coupling strength as a function of
frequency which gives the smoothest impedance function. If
the coupling is too strong it produces striking fluctuations in
the amplitude of the kick factor, the Q's and in the mode
density which all can give deleterious fluctuations in the
impedance function.
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Abstract
The design of the positron source for the Next Linear
Collider (NLC) is presented. The key features of this design
include accelerating positrons at an L-band frequency (1428
MHz) and using a rotating positron target with multi-stage
differential pumping. Positron yield simulations show that the
L-band design yields at the source 2.5 times the beam intensity
required at the interaction point and is easily upgradable to
higher intensities required for the 1 TeV NLC upgrade.
Multibunch beam loading compensation schemes in the
positron capture and booster accelerators and the optics design
of the positron booster accelerator are described. For
improved source efficiency, the design boasts two parallel
positron vaults adequately shielded from each other such that
one serves as an on-line spare.
1 Introduction
The NLC is designed to collide a 90-bunch positron
beam with an identical electron beam with a bunch intensity as
high as 1.25xlO10 particles for each machine pulse [1,2]. The
beam pulse intensity requirement for the NLC represents more
than a 20-fold increase over its SLC counterpart! While the
SLC positron source [3], by virtue of its relative design
simplicity and its proven operational reliability, is used as a
design basis for NLC, significant changes are made to greatly
boost the positron beam intensity to meet the NLC needs. In
this paper, we will first present a design overview, then
concentrate on the important aspects of the design and report
on the progress made in the design since the writing of our
previous paper [4].
2 Design Overview
The NLC positron source is of a conventional type based
on e f pair production from an electromagnetic shower created
in a thick, high-Z target upon bombardment by high energy
electrons. Three subsystems comprise the NLC source: a
drive beam electron accelerator, a positron production and
collection system, and a positron booster linac. Table 1
summarizes the important parameters of the NLC positron
source for both its phase-I design and its phase-II upgrade
(500 GeV and 1 TeV center-of-mass energy, respectively).
The drive beam accelerator uses S-band (2856 MHz) RF
for acceleration and has an injector consisting of a thermionic
gun, two subharmonic and one S-band bunchers. The
positrons are generated in a W75Re25 target, adiabatically
phase-space transformed in a flux concentrator and a taperedfield solenoid, and captured in an L-band (1428 MHz)
accelerator embedded inside a 0.5-T uniform-field solenoid.

Acceleration of the positron beam to 2 GeV for emittance
damping occurs in an L-band booster accelerator with a dense
array of quadrupole magnets providing transverse focusing.
Table 1. NLC Positron Source Parameters
Parameters
Drive Electron Beam:
Electron Energy (GeV)
No. of bunches per pulse
Bunch Intensity
Repetition rate (Hz)
Beam power (kW)
Beam a on target (mm)
Pulse Energy Density
p (GeV/mm2)
Positron Target:
Material
Thickness (RJL)
Energy deposition (J/pulse)
Power deposition (kW)
Positron Collection:
Tapered field (T)
Uniform field (T)
Flux concentrator field (T)
Flux concentrator minimum
radius (mm)
Accel. RF frequency (MHz)
Accel, gradient (MV/m)
Minimum iris radius (mm)
Edge Emittance (m-rad)
Collection efficiency (%)
Positron yield per electron
Positron bunch Intensity

NLC-I
3.11

90

1.5xl010

180
121

NLC-H
6.22
90
1.5x1010
120
161

1.2

1.6

4.6x10"

5.2x10"

W 75 Re25

\V75Re25

4
126
23

4
188
23

1.2
0.5
5.8

1.2

0.5
5.8

4.5

4.5

1428

1428

25
20

25
20

0.06

0.06

19%
1.4

17%
2.1

2.1xlO l °

3.2xlO10

The L-band design for the NLC positron capture and
booster accelerators is the key to achieving the order of
magnitude higher positron beam intensity over that of the SLC
positron source. By quadrupling the transverse phase space
admittance and boosting the longitudinal phase space
admittance as well, it not only immediately provides a >4-fold
increase in the positron capture efficiency, but ultimately
ensures the upgradability of the source to NLC-II intensities,
with a large intensity safety margin.
In operation, system reliability is always a critical issue.
The reliability of the positron production and capture system is
particularly important since the high radiation levels in these
areas would prevent human access for prompt repair in case of
hardware failure during a physics run. In addition to
engineering the best possible reliability into each component,
a most effective way to mitigate the reliability problem is to
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build redundancy into the system. In our proposal, two sideby-side positron vaults housing identical positron production
and capture systems that are adequately shielded from each
other will be built If one system fails, we may immediately
switch over to the other to continue the run. In the meantime,
we may wait for the radiation level in the vault with failed
hardware to drop and then repair the failed component(s). As
long as the mean time to fail exceeds the mean time to repair,
which we hope will be the case based on the superior
reliability demonstrated by the SLC positron source, such a
redundancy design will ensure excellent reliability.
3 Target Engineering
By the nature of this design, the positron target that
serves the dual purposes of generating an electromagnetic
shower upon electron bombardment and inducing e* pair
production must absorb a considerable amount of energy from
the drive beam. The drive beam energy density must be kept
below a critical threshold, which depends on the target
material, or excessive single pulse beam heating may cause
the target to fail. As in the SLC positron source, \V75Re25 is
chosen as the target material because of its high e* pair
production efficiency and excellent thermo-mechanical
properties. Target R&D at SLAC using 20-25 GeV drive
electrons and 5-7 R.L. (radiation length) thick targets [5]
established a failure threshold for W7sRe2s due to single pulse
beam heating at
N E
12 GeV
f = 1x10
(1)
Pmtx
2na
mm*
where N_ is the number of drive electrons per pulse, E_ the
energy of the electrons, and a the rms radius of the electron
beam. Thus, the rms beam radius at the target has been
chosen to be 1.2 mm for NLC-I and 1.6 mm for NLC-II,
respectively, to keep the beam energy density per pulse about
50% below this threshold.
The W 75 Re 2 5 target, shaped into a ring with an outer
radius of 25 cm and a radial thickness of 0.7 cm, will be
rotated at a frequency of 2 Hz. In this way, areas of
successive beam pulse impacts on the target will be adequately
separated and the target will be heated uniformly. Unlike
other types of target motions such as trolling, the rotating
motion preserves the geometry of the target with respect to the
incident drive beam and the emerging e* beams as well.
Therefore, it is expected to eliminate positron beam intensity
modulations that might be induced if the target motion is such
that its geometry with respect to the beam changes
periodically, as in the SLC source. The target will be cooled
from the inner ring surface to which a silver or copper casting
containing stainless steel cooling tubes is brazed. With a
cooling water flow rate of ~2 1/s and a velocity of -10 m/s, the
steady state temperature of the target is estimated to be
~400'C for the cases of both NLC-I and NLC-II, which is a
rather comfortable temperature for W-^Re^.
The rotating motion along with the necessity to cool the
target leads to a design in which the target is attached to a

rotating shaft that passes from vacuum where the target resides
to atmosphere where a driving motor is connected and cooling
water is coupled in and out. The high radiation levels near the
target precludes the use of conventional vacuum seals made of
organic materials such as viton. Instead of pursuing a
vacuum-tight seal, we propose to use multi-stage differential
pumping along the length of the shaft with radiation resistant
seals that limit conductance relying on tight clearances (<15
urn) between sealing surfaces and long path lengths.
Candidate seals include axial and radial face seals, axial and
radial labyrinth seals, and magnetic face seals.
Figure 1 depicts a conceptual design of the positron
target system with three stages of differential pumping. In
such a three-stage design, the first stage could use an oil-free
dry scroll pump, the second and third stages could each use a
turbomolecular pump backed by a dry scroll pump. If the
pressure drops by three orders of magnitude after each stage,
which we have reason to believe, then, such a design could
easily realize the desired 10" 7 Torr vacuum in the target
chamber. A test two-stage differential pumping system with a
rotating shaft will be built and experimented to prove the
feasibility of this design and also to select the best seals.
Flux
Concentrator

7M2A1

Figure 1. A conceptual design of the NLC positron target
system with three stages of differential pumping.
4 Capture and Booster Accelerators
The capture accelerator is required to quickly accelerate
the positron beam to relativistic energies to minimize
debunching due to the initial huge energy spread. As electrons
are also accelerated along with positrons, it also must be able
to handle up to 14 A of multibunch beam loading current in
the case of NLC-II. In our design, two 5-m detuned L-band
(1428 MHz) structures with an average gradient of 25 MV/m
will be used for acceleration, and two 3-m L-band structures
sandwiched in between will be used for beam loading
compensation by operating off-frequency at 1428 ± 1.428
MHz (i.e., the AF method). Each of the acceleration and
compensation structures will be driven by two 75-MW L-band
klystrons with SLED-I pulse compression. The beam will be
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focused by a long DC uniform-field solenoid with a 0.5 T
axial field that encloses all four structures.
The 250-MeV positron beam emerging from the capture
accelerator will be injected into the booster linac after an
achromatic and isochronous bend doublet, which also allows
the electron beam to be separated from the positron beam and
dumped. The booster linac, designed to accelerate the beam to
2 GeV, consists of 12 accelerating modules. Each module
contains two 5-m detuned L-band structures with a minimum
iris radius of 20 mm and will be powered by two 75-MW Lband klystrons feeding one SLED-I cavity. The unloaded
gradient is about 20 MV/m. Beam loading in the booster
linac, with a maximum loading current of 2.75 A, will be
accomplished by using the AT method, i.e., injecting the beam
before the structure is completely filled. In contrast to the AF
method, the AT method offers the advantage of not
introducing a large single-bunch energy spread, thus
minimizing chromatic emittance growth. The booster linac
has roughly a 15% energy headroom.
The lattice for the booster linac is designed using
TRANSPORT up to second order. It consists of a dense array
of FODO cells whose spacing is scaled approximately as V f
along the linac except for the first structure where the cell
spacing is kept constant. Most of the quadrupole magnets
have apertures large enough to surround the L-band structures,
with one or two small-aperture quadrupoles in between
successive structures to match the optics across the gaps. The
strengths of the large-aperture quadrupoles are kept nearly the
same. The phase advance per cell starts at 60* at the
beginning of the lattice and gradually decreases to about 25* at
the end. This design leads to a quasi-linear E scaling of the
maximum /? function. First-order TRANSPORT calculation
shows that the positron beam size is shrunk to <15 mm after
the first few structures.
Using the program LINACBBU [6], multibunch beam
blow-up due to long-range transverse wake field has been
calculated for the booster linac. It is concluded that such
effects are negligible for structures with a 10% full-range
Gaussian frequency detuning.
5 Yield Calculation
The yield for both positrons and electrons from W7sRe25
targets of thicknesses ranging from 3.5 to 6 R.L. (1 R.L. =
3.43 mm) are calculated using the program EGS [7] for both
drive beam energies, i.e., 3.11 and 6.22 GeV. While it is
desirable to maximize the positron yield, the volume density
of pulse energy deposition in the target must be kept safely
below the failure threshold. These considerations leads to the
choice for the optimal target thickness to be 4 R.L.. The
positron and electron yields per drive electron from such a
target are, respectively, 7.2 and 9.0 for 3.11 GeV drive
electrons, and 12.5 and 17.1 for 6.22 GeV drive electrons.
About 18% and 14% of the drive beam energies are deposited
in the target for 3.11 and 6.22 GeV beams, respectively.

The particle rays obtained from the EGS simulation are
traced through the adiabatic phase space transformer and the
capture accelerator, whose parameters are listed in Table 1,
using the program ETRANS [8]. The best positron yield at
the exit of the capture accelerator where the beam reaches an
energy of about 250 MeV is found to be 1.4 and 2.1 per drive
electron for NLC-I and NLC-II, respectively, after applying 6dimensional phase space admittance cuts. Correspondingly,
the positron beam intensities at the 250 MeV point are
2.1xlO 1 0 /bunch and 3.2xlO 10 /bunch, respectively, each
exceeding the respective maximum desired bunch intensity at
the IP (i.e., 0.85xl0 10 and 1.25xlO10) by a factor of 2.5.
Using the program TURTLE, the positron rays are
further traced through the booster linac, whose alignment is
assumed to be perfect. After applying a 0.06 m-rad transverse
emittance cut and a ±2% energy spread cut, it is found that
beam transmission through the booster linac is about 95%.
While structure and magnet misalignments are inevitable in a
real machine, the transverse and energy admittances of the
pre-damping ring with an energy compressor are 0.09 m-rad
and ± 3 % , respectively, or 1.5 times greater than the cuts
applied to the rays traced to the end of the linac. These two
factors have offseting effects on the beam transmission. Thus,
the large intensity safety margins after the capture accelerator
are almost fully preserved to the end of the booster linac.
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Abstract
The sum over damped modes, which provides the main
contribution to the transverse wake of the DDS, is replaced
by a Fourier-like integral of a spectral function over the
propagation band of the manifolds. We present comparisons
to previous calculations, assessment of appropriate domains
of applicability, and applications to the SLAC structure with
matched and mismatched manifold terminations.
1. Introduction
The recently completed prototype accelerating cavity for the
NLCTA incorporates both damping and detuning (the DDS
structure) of the higher order modes (HOM), with the
objective of suppressing the transverse wakefield experienced
by trailing bunches [1,2]. The current analysis of the
structure is based upon an equivalent circuit model whose
current form is described in [1]. We use the Bane-Gluckstern
two band model [3], extended to include the damping
manifold. The latter is represented by a rectangular TE10
waveguide mode, periodically shunted with a series LC
circuit, with the shunt capacitively coupled to the TE
component of the two band model. Each section of the
structure is described by nine circuit parameters defined and
determined as described in [1] along with the beam coupling
parameters (cell kick factors [3]). In the following sections
we the explain the the spectral function method, and compare
it to our previous methods. The spectral function method is
then applied to compute the dependence of the wake function
on the manifold terminations.

TE-TM coupling. R, which describes the manifold, is also
tridiagonal, while G, which describes the coupling of the TE
chain to the manifold, is diagonal. The diagonal elements of
H, G, and R are frequency dependent. Corresponding to the
above, each element of the column vectors are themselves N
element vectors. To further compactify the notation we may
also write Eq. (1) in 2N by 2N matrix form
(2)
The drive beam, represented by the N component vector B,
couples only to the TM mode. We take it to be a point
charge moving at velocity c and normalize it per unit charge
per unit displacement. With this understanding it takes the
form
Bn =

(3)

where L is the periodicity length, K" the Bane-Gluckstern
kick factor evaluated at the synchronous mode and f° the
synchronous mode frequency, both evaluated for a uniform
structure based upon the n'th cell [3]. The transverse wakefunction (ie wake potential per unit length) for a particle
trailing a distance s behind a velocity c drive bunch (per unit
drive bunch charge per unit drive bunch displacement) may
be written
W(s) = j [Z(f - je) exp[(27ijs / c)(f - je)]df

(4)

where e is a positive infinitesimal quantity and the wake
impedance Z is given by
2. Review of the Fundamentals of the Wake
Function Calculation
exp[(2njL/c)f(n-m)]H im
The TE and TM cell excitation amplitudes are related to the
drive beam via the circuit equations. In matrix form and in
the frequency domain this relation takes the form:

with the 2N by 2N matrix H given by
H = H(l-f'2H)"1

H;

(1)

where the quantities in the above expression are defined in
[1]. The elements in the above 2 by 2 matrix are themselves
N by N matrices, where N is the number of cells. H and H
are tridiagonal matrices which describe the coupled chains of
TM and TE resonant circuits, while H, is the tridiagonal
matrix with vanishing diagonal elements which describes the
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(5)

(6)

From causality Z(f) can be analytically extended to the LHP,
and singularities on the real axis are avoided in Eq. (4) by
integration over f just below the real axis as indicated in Eq.
(4). Because W is real, we also have Z(f) = Z*(-f*), for f in
the LHP. Because Z is real for sufficiently low frequencies
on the real axis, Z*(f) provides an analytic extension of Z
into the UHP. Since the Z so defined is discontinuous across
the real axis where Z is complex, cuts are introduced there to

render Z single valued on what we call the "physical sheet"
of its Riemann surface. It also satisfies Z(f) = Z(-f), that is, it
is an even function of f in the complex plane. We note that Z
is actually a four valued function arising from the sign
ambiguity in sin<t>, and sin<{>N, quantities which appear in RM
and RJJ, respectively [1]. (The cos<j>n, defined by Eq. (4) of
[1] are single valued analytic functions, but the
corresponding sines are defined only by the trigonometric
identity, sin2+cos2 = 1 . ) Damped modes appear as complex
poles on sheets of the Riemann surface adjacent to the
physical sheet
3.. The Spectral Function Method for Computing
the Wake Function
Because the equivalent circuit wake function contains a small
non-physical precursor on the [-NL.0] interval [3], it proves
to be convenient to define a "causal" wake function by

Wc(s) = e(s)[W(s)-W(-s)]

(7)

Wc equals W for s > NL and vanishes for negative s. In the
interval [0,NL] W(-s) would be zero in the absence of a
precursor. Hence Eq. (7) represents a smooth way of
suppressing the precursor, and Wc is more likely to portray
the actual structure than the strict equivalent circuit model.
From Eq. (4) and the symmetry properties of Z noted in the
previous section we have

W(-s) = | Z(f+je) exp[(27tjs / c)(f+je)]df

(8)

which leads to
W(s)-W(-s) = 2j£lm{Z(f-je)}exp[(2Jijs/c)f]df

(9)

= 4jlm{Z(f+je)}sin[(2jqs/c)f]df
(10)
o
To include the contribution of poles on the real axis (with
real residue) in Eqs. (9) and (10) we interpret

Im{(f±je-for1} =

(11)

S(f) =

KpS(f ~ fP) = 2 K » d n '

(14)

df

where the fp are the modal frequencies, n(f) is the number of
modes with frequency less than f, and the K,, are called
modal kick factors. The spectral function and the modal sum
methods are thus formally identical. In the presence of
damping, Z is complex on those portions of the real axis
which lie in the propagation bands of the manifolds, and
poles which would lie on that portion of the real axis in the
absence of coupling to the manifold split into complex
conjugate pairs on the non-physical sheets accessed by
analytic continuation through the cuts. When the coupling is
weak so that their position can be found by perturbation
theory, their distance from the real axis is small compared to
their separation, and the spectral function has sharp narrow
peaks in place of the delta functions of the undamped case.
As the coupling strength increases these poles move further
from the real axis, the peaks broaden, and while the peaks
generally remain quite discernable, the behaviour is
relatively smooth. The spectral function can be computed as
a function of frequency by direct evaluation of Eq. (5). A
combination of an N by N matrix inversion and the solution
of a 2N system of linear equations is involved. In the weak
coupling case it is relatively simple to determine the modal
frequencies, eigenvectors and Q values and hence to compute
the damped modal sum. In contrast a large number of
frequency points is required to adequately delineate the
narrow peaked spectral function. The situation is reversed in
the strong coupling case. The process of determining the
modes has proved to be quite difficult and computer time
consuming [1], while on the other hand the number of
frequency points required to adequately describe the more
smoothly varying spectral function becomes more
reasonable. The wake functions computed from the modal
expansion and from the spectral function have been
compared for the single example of the former which has
been carried out and found to be in excellent agreement [4].
4. Applications of the Spectral Function Method
•=•100

and define 4Im{Z(f+je)} as the spectral function S(f) of the
wake function. Thus we have
Wc (s) = 8(s)J S(f) sin[(2Jts / c)f ] df

(12)

We note further that the usually displayed wake envelope
function W (s) associated with Wc is given by
Wc(s) = 8(s)MS(f)exp[(27Cs/ c)f ]df

(13)

For the undamped case, which in the context of the NLCTA
design is obtained by setting the coupling matrix G to zero, Z
is real on the real axis and contains a set of poles on the real
axis at the modal frequencies. The spectral function is then
simply a sum of delta functions:
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Fig 1: Spectral Function and integral for Matched HOM
Coupler and 2K8n/6f (Shown Dashed)

The spectral function method has so far been employed
principally to explore the effect of manifold mismatch on the
DDS wake function. We begin with the spectral function for
the matched manifold case, shown in Fig. 1. We have shown
the smoothed spectral function, 2K,,8n/8f, for the undamped
case (ie the G set equal to zero case) on the same curve.
(The unsmoothed spectral function, 2K,,dn/df, is a sum of
delta functions as noted before.) One sees that the effect of
the damping is to replace the delta functions by broadened
peaks which produce an oscillation about the smoothed
umdamped spectral function. The wake envelope function
for the matched DDS structure and, for comparison, the
corresponding function for the NLCTA DT structure are
shown in [5]. There the recoherance peak of the DT is seen
to be strongly suppressed by the damping.
-.100

in quadrature are also illustrated in [6]. The combined
reflection coefficient for the output end of the manifold has a
minimum of .09 at 15.05 GHz rising to .37 at 14.2 and .4 at
16. Ghz. At the input end the reflection coefficients are
similar in the upper half of the frequency range but less than
.09 for the lower half.
The effect of these reflections on the spectral function and
wake envelope function are shown in Figs. 2 and 3. As
compared to the matched case the oscillations of the spectral
function show a large increase in amplitude, indicating
significantly higher Qs for many of the modes, and the wake
envelope function is substantially degraded. However, even
with the degradation shown in Fig. 3, the results constitute a
considerable improvement over
the DT structure.
Preliminary ASSET experimental results have already been
obtained [7], and the experimental points have been
superposed on the Fig. 3 curve. Matched windows over the
required band are in preparation, and simulations already
performed [4] indicate a two-fold improvement in the wake
function over that of the present structure.
5. Conclusion

14.5

15

15.5

16

Freq. (GHz)

Fig 2: Spectral Function For Fabricated DDS and its Integral
A series of investigations demonstrated that the wake
function was seriously degraded by small mismatches of the
manifolds, especially on the output (hence downtapered)
side. Accordingly a major effort was made to design mitered
bend type structures to match the manifolds to standard
waveguide (WR62 was used). The results achieved for both
the input and output side are given in [4]. In order to test the
structure in the ASSET experiment it is necessary to attach
windows and loads. The available windows were
unfortunately not well-matched in the 14 to 16 GHz band that
is crucial to the damping. The window and manifold added

The DDS described here was designed with rather crude
theoretical tools [2]. However, the well-founded theoretical
analysis given here and in [1] were carried out after the
design was complete (but prior to fabrication). While the
agreement between the preliminary experimental results and
the theoretical predictions is imperfect, given the differences
(some planned, some inadvertant) between the theoretical
design and the structure as fabricated, the comparison
suggests that the present version of the theory provides both
the physical insight and the quantitative analysis needed to
design an improved structure, and a number of such
improvements are under consideration [4].
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Abstract

found to agree well with the simulations. Measurements for
cell 106 are compared to the computer simulations in Fig. 2.

We report the first studies of beam-induced microwave
signals in the Damped Detuned Structure (DDS). The DDS is
a 206 cell, nearly constant gradient structure, employing
Gaussian detuning, and four symmetrically placed waveguide
manifolds to damp the first-band dipole modes. We describe the
manifold and output coupler design, bench measurements, and
measurements with beam during the ASSET experiment.
Dipole mode signals have been used to steer the beam to the
structure center and minimize the wakefield kick.
The fundamental and dipole mode features of the DDS
depicted in Fig. 1 have been described by Miller, et al. [1]. In
this work we report on the manifold coupler design and benchmeasurements, as well as measurements with beam. Our
primary concerns are good coupling of the dipole modes
through the manifolds, and the use of the microwave signals
from the manifold for measurement of the beam position.
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Fig. 2: Theoretical and measured Brillouin curve for cell 106.
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DAMPED /DETUNED
STRUCTURE

Fig. 1: Coupling of the HOM waveguide manifolds to WR62
waveguide for diagnostic measurements.

HOM Manifold Coupler Design and Measurement
To characterize the manifold-coupled higher-order modes
(HOM) eleven Brillouin curves were determined from MAFIA
frequency domain simulations, for the three lowest dipole
modes, of strictly periodic structures having the dimensions of
eleven representative cells [2]. The accuracy of the simulation
for 5 such cells was tested by fabricating a short stack
consisting of five cells and two half cells of like dimension
and measuring the frequency of the various modes. Off axis Efield probes inserted into the cell portion of the end half cell
were used to excite and detect dipole modes, while loop-type
H-field probes in the manifolds were used to excite and detect
manifold modes. Stacks were fabricated for cells
10,70,106,156, and 196, and the measured frequencies were
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Of concern next was the design of an output assembly
matched to the manifold over a broadband. This assembly was
constrained to the space made available by the absence of
manifold coupling to the first three and last three cells in the
structure. The coupling of the 14.2 - 15.8 GHz dipole modes
in the manifold depends on the local cutoff frequency of the
manifold, which tapers slowly from 12.5 GHz at the upstream
end to 14.0 GHz at the downstream end of the 1.8 m structure.
We assumed that the taper in cutoff wavelength was
sufficiently gradual that an assembly matched to a uniform
structure with all cells identical would be adequate. The
downstream assembly presented a significantly greater design
challenge than the upstream assembly because of the
proximity of the lower end of the frequency band to the
manifold cutoff frequency (14.0 GHz). Both waveguide and
coaxial coupling were considered for the upstream and
downstream ends. Earlier cold tests performed on a uniform
structure of eleven #106 cells indicated that waveguide
coupling had the most promise to achieve bandwidth and
reproducibility.
Two different output assembly designs were modeled on
MAFIA and cold tested. Coupler & bend configurations were
designed matching the manifold output to rectangular
waveguides with cutoff frequencies of 12.5 and 13.3 GHz. The
reflections of the two designs were similar, but the design
using the 12.5 GHz cutoff waveguide was chosen because it is
better suited to a small radius H bend.
An 11 cell stack of #203 cells with a coupler at each end
was machined for cold test. MAFIA was used to design a
coupler that was reasonably well matched at the middle and
upper part of the band of interest. It was not possible to get a
good match at the lower end. The coupler cold test pieces were
made so that a series of cut and measure steps could be made

starting with more metal than MAFIA predicted would be
optimum.
Measurement of the coupler assembly reflection
coefficient T c relied on the fact that the match of a single
unknown lossless network can be determined by measuring the
complex reflection cofficient of a pair of identical unknown
networks back-to-back separated by a variable length of
transmission line. Thus a pair of coupler/mitre bend networks
designed using MAFIA were separated by 8, 9, 10 and 11
identical #202 cells. The rf complex reflection measurements
are made using an HP 85IOC network analyser (NWA) in
WR62 waveguide and tapers to the rectangular waveguide used
in the coupler/mitre network.
At a given frequency, the locus of points in the complex
reflection plane will lie on a circle. There will be four points,
one from each measurement. A fifth point, located at the
origin would always exist if the electrical spacing were such as
to provide exact cancellation and thus a perfect match for this
tandem configuration. The diameter of the resulting circle is
the maximum possible reflection coefficient of the back-toback networks. The magnitude of the reflection coefficient F c
of one coupler network (by itself as though terminated by the
waveguide manifold matched in its own impedance) is related
to the circle diameter D by

It is not necessary to plot a circle for each frequency of
interest. In theory, three points define the circle, its diameter,
and ultimately the individual coupler F c . Thus two reflection
measurements (each with a different number of cells separating
the two couplers) together with the assumed match condition
will determine D according to
-2F
(2)

where IFnl and <f>n are the respective magnitude and phase
angles for the nth reflection measurement. The NWA data are
read into a computer where D and F c can be calculated for all
frequency points from equations (1) and (2). The accuracy is
reduced when the phase angle between the two vectors is less
than 40* or greater than 120*. The optimum is 60°.
The completed DDS with windows mounted was made
available for time-limited NWA cold test measurements. With
the fundamental-mode coupler-cell waveguides shorted, the
structure may be regarded as an eight port network, and the
complete S matrix with its 36 independent complex matrix
elements can in principal be determined from network analyzer
measurements. For a structure actually possessing the nominal
symmetry, the number of independent elements reduces to
nine, three of which relate to the dipole components and hence
directly to the equivalent circuit. A set of measurements
sufficient to determine one of the two dipole components was
carried out, but the reduction of the data has not yet been
completed. It is however clear even at this stage that detailed
comparison with the equivalent circuit will require the
introduction of resistive losses in the model.
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Fig. 3 Reflection coefficient F c of the manifold output
assemblies looking from the manifold into the mitre bend and
the vacuum window, as inferred from bench measurements.

HOM Spectrum and Beam Position Measurement
Next, the prototype structure was installed on the Stanford
Linear Collider beam-line, as part of the ASSET (Accelerator
Structure SETup) experiment [3], at girder 2a of sector 2, a
location where electron and positron bunches are available, at
an energy of 1.2 GeV, bunch charge of l-5nC, and variable
orbit and bunch separation. The DDS output assemblies
described above (ending in a vacuum window) were followed
by WR62 terminated in a WR62 load with a 20dB (nominal)
cross-guide coupler. In addition the fundamental mode input
couplers were joined symmetrically via WR90 to a Tee, and
tapered to WR62 followed by a lOdB side coupler and a WR62
load. The fundamental mode output ports were terminated in
loads, with a 20dB cross-guide coupler on one load. Each of
the ten output couplers fed a 17-meter length of 1/4" heliax
carrying the microwave signals out of the accelerator housing
to an instrumentation bench in the klystron gallery.
Several circuits were available in different configurations
for examining the microwave signals excited by the beam in
the structure. For spectrum acquisition we employed an
HP8560A 50GHz spectrum analyzer (SA) connected via HPIB
extender to a VXI crate and thence to the SLC's Solo Control
Program (SCP). The SA acts as a receiver, using a two stage
down-mixing scheme. In order to measure a spectrum the
primary local oscillator frequency is swept continously over
the desired frequency range. We also operated the spectrum
analyzer on a fixed frequency to analyze directly the downmixed signal after the first mixer stage. Together with a phase
reference signal from a BPM this configuration allowed
determination of amplitude and phase of selected individual
dipole modes. For power detection over the full bandwidth we
employed a crystal detector with acquisition to a 1 GHz VXI
scope. An assortment of filters was on-hand to block out nondipole bands, including a WR75 19 GHz low-pass filter, and
several WR51 waveguide high-pass filters.
Fig. 4 shows the dipole mode spectrum observed at one of
the horizontal HOM output couplers for a 1 mm vertical beam
offset. A detailed part of that spectrum around 15 GHz is
shown in Fig. 5 together with the predicted spectrum.
To employ this wakefield instrumentation to good effect
we sought to locate the orbit of minimum wake-kick by
steering the drive-bunch to a minimum of the induced 14-16
GHz microwave signals. We then checked the precision of this

alignment by measuring the size of the residual wakefield kick
with the second bunch and inferring the remaining offset of the
drive bunch from the kick. Since this could be done at close
bunch distances, where the wakefield is very strong, residual
offsets of urn size were observable.
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15.5
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The essential information of such a power scan is
contained in the fit parameter xQ(f(n)), which is the offset of
the structure as a function of cell number with respect to the
nominal beam orbit. In Fig. 6 minimum power positions
obtained by this method are compared to data from mechanical
measurements on a coordinate measuring machine.
The second alignment technique was simple, allowing fast
beam steering, but less precise. The dipole mode signal is
high-pass filtered to avoid contributions from the fundamental
mode or low frequency noise and fed into a crystal detector.
The resulting signal is roughly proportional to the averaged
quadratic offsets of the beam in the individual cells. For an
ideally straight structure the trajectory yielding a minimum of
the crystal detector signal should also result in a minimal
wakefield kick. For a structure with internal misalignments,
however, the answer will be different since the effective
wakefield kick is proportional to the averaged linear beam
offset.
0.08

frequency [GHz]

Fig. 4: Dipole mode spectrum observed at a horizontal HOMoutput coupler, while the beam was steered to a vertical offset of
1.3 mm. Spectra were taken over a 30sec sweep time, with
2GHz span, and 1 MHz resolution bandwidth, at a beam rate of
50Hz.
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Fig. 6: Comparison of a structure-straightness measurement (lower
curve) with the microwave-based determination of the electrical
center. The 60 urn kink in the structure is reproduced in the
minimum power-position measurement, though smeared out
somewhat due to the fact that the modes extend over a fair number
of cells.

o
•a

2
"5.
<

0.04

14.96

14.98
15
15.02 15.04
Frequency
Fig. 5: Fine details of the observed spectrum, compared to
theoretical predictions. The mode spacing is slightly smaller than
predicted which is compatible with the observation of a somewhat
delayed occurance of the recoherence peak in the ASSET-wakefield
measurements [1].
In fact, three variations on this technique were used to
align the beam with respect to the structure, based on dipole
mode information. The slowest, but most detailed method
involved stepping a single beam transversely across the
structure, taking a complete spectrum at each step. Thereby
one obtains a two-dimensional array of dipole mode power as a
function of beam offset and frequency. Each frequency slice of
that array is then fit to a parametrization of the form
P(x,f) = A\f){x-x,(f)Y
+ B*(f)
(3)
The frequency of the modes can be related to an average cell
number, i.e. a longitudinal position within the structure, using
n ( / / G H z ) = 104 + 108erf(1.86(/-15))
(4)
which follows from the Gaussian distribution of the modes.
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Finally the most precise alignment method uses amplitude
and phase detection of two different modes, where one was
chosen at the upstream end and one at the downstream end of
the structure. In this method, the spectrum analyzer was
switched quickly back and forth between two fixed frequencies.
When the beam passes the centre of the structure transversally
the phase of the dipole mode signal flips by 180*. Since this
phase switch occurs rather rapidly as a function of beam
position the phase measurement provides a more precise
position measurement than the mode amplitude. A detailed
analysis of the residual wakefield kicks is in preparation aid
will be published in the near future.
Work supported by DOE DE-FG03-93ER40759 and DEAC03-76SF00515.
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Abstract
This paper presents new results of high-gradient studies performed on a 1.8 m traveling-wave accelerator section with detuned high-order deflecting modes. This structure was designed
initially for studies of detuned structures and will be installed in
the Next Linear Collider Test Accelerator (NLCTA). The paper
describes the test set-up in the Accelerator Structure Test Area
(ASTA) including electron gun, pre-buncher, pre-accelerator,
spectrometer, Faraday cups, 200 MW SLED-II power compression system, Magic-T type phase shifters and attenuators. Rf
processing, detailed dark current analysis, radiation problems,
and beam acceleration measurements are discussed.

Section length
Phase advance per cell
Iris aperture diameter
Cavity diameter
Disk thickness
Group velocity
Filling time
Time constant
Attenuation parameter
Shunt impedance
Factor of merit, Q
Peak power for 50 MV/m
RF pulse length
Peak input power
Maximum E a c c
Average E a c c
Maximum surface E,
E s /E occ

Experimental Setup and Accelerator Section
The Accelerator Structure Test Area (ASTA), where all tests
were performed, has been described in a previous paper [ 1 ]. Figure 1 shows the layout of the setup for the high power test of the
1.8m traveling-wave section. The accelerating mode of this detuned structure has a uniform phase velocity equal to the speed
of light [2]. The electrons from an 80kV thermionic gun are
bunched and pre-accelerated in order to be captured in the accelerator section. Both prebuncher and pre-accelerator use single cavities with nose-cones, in order to reduce the transient
beam loading effect. The cavities are made of stainless steel
to lower their Q value. The rf power for the prebuncher and
pre-accelerator is obtained via directional couplers from the feed
waveguide for the accelerator section. Each feed includes a
Magic-T type attenuator/phase shifter to adjust rf amplitude and
phase. Two main arms are assigned to be input and output ports,
and two side-arms are shorted with non-contacting plungers
driven by stepping motors. Moving the shorts respectively toward the T-junction and away from it changes the phase at a constant amplitude, whereas moving the shorts synchronously in the
same direction changes the amplitude at a constant phase.
Several scintillator detectors are installed alongside the accelerator structure for X-ray measurements. The detector heads
are made from Nal crystals (0.38 in. in diameter x 1.0 in. in
length) with lead collimation. The photons created by the X-rays
are transmitted through a 3-5 ft. optical fiber to a Hamamatsu
HC125 PMT based-detector, which includes a divider, high voltage power supply and signal processing circuitry. The whole system is calibrated by using a standard radioactive source.
The 1.8m detuned structure is the first model for the NLC Test
Accelerator at SLAC. It has 204 cavities plus input and output
couplers. Its characteristics and main rf parameters are shown in
the table.

1.8 m
2?r/3
1.134-0.786 cm
2.228-2.059 cm
0.1-0.2 cm
0.12c-0.03c
100 ns
205-177 ns
0.498 nepers
66.48-83.40 MQJm
7416-6674
86.5 MW
150 ns
150 MW
80 MV/m
67 MV/m
159 MV/m
2.37

Experimental Results
RF processing was performed in two stages. The first stage
took place in March of 1994, over a period of 30 hours in
a two-day period, to reach an average accelerating gradient
of 50 MV/m. The second stage took place in June of 1995
after the installation of a 50 MW peak power klystron. The
improved SLED-II system was able to produce 200 MW, 150 ns
rf pulses. The maximum power delivered to the accelerator
structure was 150 MW, and the maximum accelerating gradient
was limited by the klystron output power. Figure 2 shows
the straight-ahead dark current as a function of accelerating
gradient. Significantly higher power is needed to further reduce
this dark current [3]. The dark current spectrum obtained
so far was measured using the 45° spectrometer. In order to
obtain more information on the origin of the captured dark
current, two dipole magnets were installed alongside the
accelerator section at a given z-position. They can create
about 600 Gauss of transverse magnetic field in "x" and "y" to
prevent any dark current originating upstream from reaching
the spectrometer. Hence, each curve in Fig. 3 is a spectrum
of the dark current transmitted and collected from that part of
the accelerator section downstream of the magnets. Figure 4

656

Gate Valve

Gate Valve

PMT

Retractable
Viewer

Faraday
Cup

Scintillator

1 Waveguide
Alpha
Magnet

Pre-Aocelerator

Pre-Buncher •
Lens

7-M
SIMAt

Figure 1: Layout of Accelerator Structure Test Area.

i

E.

1

10°

-

i

i

1

•

Pulse Length: 150 ns
i/june6,1995

Dipole Magnets Position

i
CO

March 6,1994 X >

10"1

(5

Peak; Dar

O

•

I

1 10°

Jy

10-2

— — No Magnets
— • Cell SO
. . . . Cell 92
— - Cell 151

/

in-3

o

30
40
50
60
70
80
Average Accelerating Gradient (MV/m)

Q
J-98

20

40
60
Energy (MeV)

80

Figure 2: Peak dark current measured by a straight-ahead Faraday cup as a function of average accelerating gradient for two Figure 3: Energy spectrum of dark current at average accelerstages of rf processing.
ating gradient of 58 MV/m for different positions of the dipole
magnets.
shows the total dark current collected at the straight-ahead Faraday cup as a function of the magnets position. From these plots
A beam test was performed at an average accelerating gradiwe can conclude that most of the dark current is composed of ent of 50 MV/m. The rf pulse length was 150 ns for the SLED-II
low energy electrons. The total number of electrons captured at system and the filling time of the structure was 100 ns. Because
the end of the accelerator section no longer increases when the of radiation safety limitations, a pulsed beam of only 40 mA,
magnets are located upstream of cavity No. 90. This is probably 30 nsec was used. The maximum rf power available to the prebecause when the field emitted electrons are accelerated or decel- accelerator was lower than expected because of the rf loss in
erated by the rf fields, a majority of them strike the cavity walls. the wave-guide system. The operating frequency was adjusted
Secondary or back-scattered electrons are then created, which slightly higher to allow the captured electrons to drift in phase
are also accompanied by X-ray radiation. During rf processing, toward the rf peak in order to increase the net acceleration. The
the outputs of the scintillator-PMT system give strong bursts if electron energy gain showed that for the particles on the rf peak,
there is sparking at nearby cells. Figure 5 gives the waveforms of the average accelerating gradient for an input power of 90 MW
four X-ray detectors at two different rf power levels. In the test, reached 50 MV/m.
scintillators 1, 2, 3, and 4 are located respectively at the input region, one third, two third, and the output region of the accelerator
section. Figure 6 shows the radiation dosage as a function of the
Work supported by the Department of Energy, contract DEposition along the accelerator section at two different gradients. AC3-76SF00515.
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A New Energy Recovering DeQing for Line-Type Pulse Modulators
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Abstract

Principle of operation

In a typical line-type modulator the amplitude of the
pulse forming network (PFN) voltage is controlled by a
deQing circuit (resistor or resistor and capacitor in parallel,
and SCR), connected to the secondary of the charging
choke. The energy stored in the charging choke at the
moment of deQing is usually dissipated in the deQing
resistor. For the SLAC modulator, for instance, the typical
value of average power dissipated in this resistor is 5-10
kW. At the moment there is only the SLAC energy
recovering deQing system, which is based on accumulation
of the deQing energy into a capacitor bank, from where it is
then transferred by inverter to the main ac line.
This paper describes a new simple energy recovering
deQing system. Other than the SLAC deQing system, the
energy accumulated in the storage capacitor bank during a
current PFN charging cycle is being transferred directly into
the PFN capacitors, before the following charging cycle is
started. The preliminary low-voltage model investigation
shows that this scheme, besides reduction of the power
consumption and elimination of the powerful deQing
resistor along with it's cooling system, allows to increase the
level of deQing and insures a stable modulator output
voltage over a wide range of the main ac voltage.

A simplified schematic of the line-type pulse modulator
with energy recovering deQing circuits is shown in Fig. 1.
Tr.l

Charging Choke
Lp

PFN

Fig. 1 A simplified schematic of the line-type modulator
with energy recovering deQing circuit

The traditional portion of the scheme consists of the dc
power supply, charging choke with deQing switch SCR3,
storage capacitor Cs and resistor R, main charging diode D l ,
pulse forming network PFN and main switch (thyratron or
SCR). The recovery components of the scheme are charging
Introduction
switch SCR1, recovery switch SCR2 and recovery charging
A typical line-type pulse modulator consists of a pulse diode D2. When the switch SI is closed, the resistor R is
forming network (PFN), which is resonantly charged from a connected in parallel to the storage capacitor C, and the
dc power supply through a charging choke, and discharging scheme works in the usual dissipative mode. In this case
into a load using a thyratron or SCR as a switching element. SCR1, SCR2 and D2 can be excluded from the scheme. The
The amplitude of the PFN voltage is controlled by a deQing idea of energy recovering deQing is to transfer the energy
circuit (resistor or resistor and capacitor in parallel, and that has been stored in the capacitor C t during the deQing
SCR), connected to the secondary of the charging choke [1, process of the current charging cycle directly to the PFN
2]. The energy stored in the charging choke at the moment of capacitors, before the following main charging cycle starts.
Fig.2 represents the waveforms along with the sequence
deQing is usually dissipated in the deQing resistor. For the
SLAC modulators [3] the typical value of average power of triggering pulses Trl-Tr4 when the scheme runs at the
dissipated in this resistor is 5-10 kW, for level of deQing 5- energy recovering deQing mode. The main charging cycle
10 %, correspondingly. At the moment there is only the begins at the moment t=ti, when the charging switch SCR1
SLAC energy recovering deQing system, which is based on is fired. When PFN voltage reaches a predetermined level
accumulation of the deQing energy into a capacitor bank, UppNreg, the deQing switch SCR3 will automatically be fired
from where it is then transferred by inverter to the main ac thus providing the PFN voltage regulation. At the moment of
deQing t=t5 the energy accumulated in the charging choke
line [3].
A new simple energy recovering deQing scheme has been will start to flow into the storage capacitor bank C«. The
proposed during the design of a line-type pulse modulator for deQing energy accumulation will be finished at t=t7.
The deQing energy recovering cycle can be made at any
the S-Band Test Facility at DESY [4]. Other than the SLAC
moment
within the time interval ti-tt, after discharging the
energy recovery deQing system, the energy accumulated in
PFN
to
a load but before starting the following main
the storage capacitor bank during a current PFN charging
charging
cycle. The recovery cycle is started at t=t2, when
cycle is being transferred directly into thePFN capacitors,
the
recovery
switch SCR2 is fired. During the recovery
before the following charging cycle is started.
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process the energy accumulated in C. will be flowing into the where 70 = Ipm (ti) is the PFN capacitors charging current
PFN capacitors, finally charging them to the voltage Uo.
at the moment of deQing. For further calculations it is
convenient to write the operating level of regulated PFN
voltage as
=

(4)

2U

DCa

where UDC is the output voltage of the dc power supply, and
a is a parameter, characterizing the level of deQing. Then
the main parameters of the scheme can be expressed as
presented below in Table 1.
Table 1

Parameter

Recovery mode

Dissipative mode

UDC-U0

UDC

UoclP

•'nux

h
sinoY,

^(l-2a(l-a»
P
2UDCa(l a)
P
2a(l-a)
l-2a(l-a)
2UDCa(\ -a)

2UDC JrtTa)
P
2ija{\-a)
0
2UDCCPFNPRRa

or

Ti4 Tr2

UpFNregCpmPRR

2UDCCPFN<*2

or

U

PPNreg

~Tr
lU

r

pff

*~PFNrnK

DC

Fig. 2

Basic waveforms for recovery deQing mode
a - voltage across PFN capacitors
b - PFN capacitors charging current
c - current through storage capacitor C,
d - voltage across storage capacitor Cs

2

2U

DCCPFNa{\-a)

-^UICCPF\

sin2 fi*5

V',jf : effective charging voltage

Imui: maximum PFN charging current
PFN capacitors charging recovery current Irec will flow
/ 0 : PFN capacitors current at the moment of deQing
through the recovery diode D2, charging choke primary Lp
and main charging diode Dl. For the main charging cycle /3 : moment of deQing
the charging current flowing into the PFN capacitors and the Uo : PFN capacitors recovery voltage
resultant voltage across them are given, respectively, by
Iav : average current from dc power supply
WL (t5): deQing energy (stored in the charging choke at t5)

(1)

I PFN =
=Ut/r(l-CO5O)t)+UQ

where co =

(2)

The maximum relative amount of energy which can be
saved at 100 % recovery efficiency, is equal to

=l-a

Lp is the inductance

PRR

of the charging choke primary and CPFN is the total PFN
capacitance.
Assuming an ideal case when the whole deQing energy
is transferred into the PFN energy and that the scheme is in
steady-state conditions, the voltage Uo can be expressed as
follows

Uo = hp

(5)

where the numerator represents the deQing energy for
dissipative mode, and the denominator equals to the amount
of energy taken from the dc power supply over the entire
charging period. An equivalent circuit describing the scheme
during the processes of deQing and recovery (time intervals
(3) t5-t7 and t2-t3, correspondingly) is not finally clear up to now,
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so it was decided to build an experimental model of the
scheme for investigation the idea of energy recovering
deQing.

Tele Slopped:

3IS7 AcaullUlonj

(a)
Chi High
1.02 V

Experimental model

Ch2 High
4.7JW

The Low Voltage Modulator Model (LVMM) parameters
listed below

Ch3 Hloh
*.7V
2-

Maximum dc voltage
Charging choke step-down ratio
Primary inductance
Secondary inductance
Total PFN capacitance
Storage capacitor bank

:
:
:
:
:
:

300 V
20: 1
10 H
25 mH
1.2 uF
300 uF

Ch< Low

T
fiT™S5om?
Ch
r"tff,
UB SO0V
BS3 5.O0V
TeK stepped:

'Mf.itmV
Chi

ioomV

2947 Acquisitions

The LVMM total capacitance was chosen to obtain a
characteristic charging impedance close to the one of real
modulator. It provides an easy scaling of current flowing
through the charging choke primary. LVMM has all the
necessary electronics for firing the SCR switches as well as
voltage dividers and current sensors for the-most important
signals.
Experimental results
Typical experimental pictures of the scheme's waveforms
for dissipative and recovery modes are presented in Fig. 3a
and 3b. Both pictures were made at UDC = 275V and
constant level of PFN regulated voltage, C/pWreg.
The value of a can be defined by comparing the amplitude
of the modulator output pulse with and without deQing and
by measuring time interval t5-t<; (see Fig. 2) and then
calculating a using the formulas for sincotj given in Table 1.
For both pictures the values of a defined by these methods
were found to be 0.91 for the amplitude method and 0.90 for
the time interval one. An efficiency of the energy recovering
deQing can be found by comparing the average currents
taken from the dc power supply in the dissipative mode Iav j
and recovery mode 7avr as
~

*a

tfavd

(6)

The experimentally measured values of efficiency were
between 0.86 and 0.91, depending on a. For the real
modulator a higher efficiency can be expected, due to the
lower relative level of losses in switching devices.

Fig. 3

Experimental waveforms for dissipative (a) and
recovery (b) modes
Chi - PFN charging current, 10 V/A
Ch2-PFN voltage, 1:100
Ch3 - storage capacitor voltage
Ch4 - storage capacitor current, 0.1 V/A

output pulse over a wide range of
voltage.

the main ac
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Abstract
The high-intensity proton linac with a beam energy of
1.5GeV and a maximum current of 10mA has been proposed
for the Neutron Science Research Program (NSRP) in JAERI.
The NSRP is aiming at exploring new basic researches and
nuclear waste transmutation technology based on spallation
neutron. The R&D work has been carried out for the
components of a low energy part of the proton accelerator and
conceptual design study on superconducting accelerating
cavity as a main option for a high energy part (high p linac)
above lOOMeV.
The proposed plan for accelerator design and
construction will be composed of two consecutive stages. The
first stage will be completed in about 7 years with the beam
current of 1mA. As the second stage, gradual upgrading of the
beam current will be made up to the final maximum value of
10mA.
Introduction
In 1980's, research activities have been made for high
intensity proton linacs to be applied to the nuclear fuel
breeding and high level radioactive waste transmutation. After
the OMEGA (the partitioning and transmutation research)
program was proposed by the Japan Atomic Energy Agency,
JAERI started the work to study an accelerator-driven
transmutation system of minor actinides. In addition to the

development of the OMEGA program, new basic neutron
researches on material science, neutron irradiation, neutron
physics and many other potential applications for applying the
intense linac have been also discussed. Those include
meson/muon production and spallation RI beam (mainly for
nuclear physics studies) and radio isotope production.
JAERI had originally planned to build the pulsed linac
with an energy of 1.5GeV and a peak current of 100mA with
10% duty factor[l]. The design study has been intended to
apply the accelerator to the engineering test for the
transmutation system and obtain the technical validity to
accelerate high peak current from the beam dynamics point of
view. In this accelerator development, the R&D work has been
continued on high brightness ion source, radio frequency
quadrupole linac (RFQ), drift tube linac (DTL) and RF source,
as well as the conceptual design of the whole accelerator
components. In the beam test, the current of 70mA with a duty
factor of 10% has been accelerated from the RFQ at the energy
of 2MeV. A hot test model of the DTL for the high power
operation with high duty factor was fabricated and tested[2].
The conceptual layout of the NSRP-LINAC is shown in Fig. 1.
High Intensity Linac Development
General Concept
Recently, JAERI has modified the original plan by
proposing an option of superconducting (SC) linac to meet

Target Area
CW Beam
Pulsed Beam

IS/RFQ/

DTL

High p Linac
( Super Conducting Cavity )

IS : High Brightness H Ion Source
RFQ :Radio Frequency Quadrupole Linac

Beam Storage Ring
l.SGeV

DTL : Alvalez type Drift Tube Unac
RFS : Radio Frequency Power Source

Fig. 1 A conceptual Layout of the Accelerator for the Neutron Science Research Program
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requirements for a variety of basic researches mentioned above
and an ultimate goal for waste transmutation. This SC linac
will be operated in pulse as a first stage for the spallation
neutron source and gradually upgraded toward CW by
increasing duty factor. The SC linacs have several favorable
characteristics as follows, the length of the linac can be
reduced, which can meet the rather stringent requirement
from the limited area of our laboratory site, and high duty
operation can be made for simultaneous experiments. The
possibility to inexpensive operation cost may be found in
comparison with normal conducting (NC) option.
A preliminary specification for the NSRP LINAC is given
in Table 1. The final value of the energy/current, accelerating
frequency and pulse time structure etc. will be determined

from further discussions based on the user requirement and
the cost estimate. In particular, because the relationship
between the energy and the current is complimentary, the
reduction of the energy value can be compensated by
increasing the beam current. Neutron scattering facility will
require more strict pulse time structure. The beam chopping
capability with about 400ns intermediate pulse length will be
needed to compress the beam width by the storage ring. Three
major R&D items are presently carried out. 1) the beam
dynamic calculation including the high p linac. 2) the
development of the negative ion source[3] and the fabrication
of high power test models for CW-RFQ and CW-DTL. 3) the
SC cavity development with the KEK electron SC group[4].

Table 1 A preliminary specification of the JAERI NSRP-LINAC
Energy
Accelerated particle
Average current:
Low energy part
High energy part
Pulse structure
Repetition rate
Macropulse width
Intermediate pulse width
Chopping factor: Peak current

Low Energy Accelerator Part

1.5GeV
Negative and positive hydrogen ion
First stage;
1mA
Second stage; Maximum 10mA
Normal-conducting linac: 200MHz
Super-conducting linac: 600MHz
First stage ; Pulse mode operation
Second stage, CW/pulse mode operation
maximum 50Hz
2ms (atlmA operation) -> maximum CW
400ns (interval 270ns)
60%: nominal 17mA

Table 2.1 Preliminary Specification of Negative Ion Source

maximum electric field will be reduced to be 1.43 Ek
(Kilpatric Limit) compared to the previous value of 1.63Ek.
The calculated transmission for the CW-RFQ is 97% for
20mA and more than 90% expected for the wider range of 0 60mA. Because the most important problem for the R&DRFQ was the RF contact between vane and tank, the CW-RFQ
will be made as integrated type by brazing without any RF
contact between vane and tank. In 1996. the high power test
model of the CW-RFQ of 50 cm in length is fabricated and
tested in order to establish the manufacturing and assembling
techniques. Table 2.2 gives the preliminary specification of
the CW-RFQ.

ff

Table 2.2 Preliminary Specification of CW-RFQ

In the case of a high intensity accelerator, it is particularly
important to maintain the good beam quality (low emittance:
small beam size and divergence) and minimize beam losses to
avoid damage and activation of the accelerator structures. The
R&D work for the low energy portions has been made as a
first step in the NSRP-LINAC development. Table2.I gives
the preliminary specification of negative ion source which will
be necessary for the injection into the storage ring.

Accelerated particle
Energy
Current
Emittance(rms)
Type

70keV
30mA
0.27tmm.rnrad
Single /multi-aperture
Volume type

Energy
Current
Frequency
Vane voltage
Length
Number of cells
Bore radius
Synchronize phase
Total power

Because the superconducting accelerator has been selected
for the high P linac. the low energy part should be capable for
the CW mode operation. The design study has been started to
develop the CW-RFQ (at 200MHz) cavity in the range of 2 0 ~
30mA. From the experience of the pulse RFQ operation, the
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70keV - 2MeV
nominal 17mA
200MHz
88kV
3228mm

183
5.93mm
-30°
280kW(60%Q)

The parameters for the CW-DTL are also re-evaluated to
match the CW operation for the new superconducting design
concept. The frequency of the CW-DTL is chosen to be
200MHz. Accelerator gradient may be lowered to be
1.5MeV/m in order to reduce the RF consumption and the RF
heating. The expected maximum magnetic field gradient for
the focusing magnet is about 60.1T/m using the hollow
conductor type Q-magnet. The end point energy for the DTL
is lOOMeV which will be determined from the beam dynamics
and mechanical consideration of the high p structure.
Table 2.3 Preliminary Specification of CW-DTL
Energy
Current
Frequency
Accelerating gradient
Synchronize phase
Number of cells
Length
Focus gradient
Total wall loss

2-100MeV
nominal 17mA
200MHz
1.5MV/m
-35° - -25°

239
90.17m
.60.1T/m-26.6T/m
3.16MW(100%Q)

High Energy Accelerator Part
Superconducting cavity is selected as main candidate for
high energy portion. In the CW electron accelerator,
technologies of SC accelerators are established. Long design
and operating experiences are accumulated and routinely used
for the operation such as KEK-TRISTAN and other many
accelerator laboratories. In the proton accelerators, however,
the proton velocities P gradually change from 0.43 to 0.92
corresponding to the energies for lOOMeV and 1.5GeV.
Accordingly, the length of the cavity also has change. Main
concern is the strength of the cavity under the vacuum load for
the low p region. The mechanical structure calculations with
the ABAQUS code have been made to determine the cavity
shape parameters as well as electromagnetic ones with the
SUPERFISH code[4].
In order to determine the layout of the SC accelerating
structure, two typical cases of the SC linacs. which are
composed of 4 different P sections and 8 different p sections,
respectively, have been studied. The cavities in each P section
will be made identical with 4 cells and designed at the specific
beam energy but also can be operated at slightly different
beam energy with lower efficiency. The structure of the
cryomodule. input/HOM couplers and tuning devices etc. are
being designed based on the KEK-TRISTAN experiences.
Using these parameters, preliminary calculation for the beam
dynamics has been made with the modified PARMILA code.
Preliminary data is given in Table. 3.
The test stand for a superconducting cavity development
with the cryostat 80 cm dia. x 350 cm long and a clean room is
under preparation and the first SC test cavity will be
fabricated and tested within 1996.

Table3. Preliminary Parameters for the SC Linac
Case
Cavity configuration
Average synchronize phase
Accelerating length (m)
Total length (m)
Number of cavities
Number of cells
Output emittance (50mA)
x:7tcm.mrad (rms)
y:7icm.mrad (rms)
z:7tdeg.MeV (rms)
Total wall loss (kW)
EpMaximum peak field

4 sections
EB=16MV/m
4 cells
-30.1°
769
408
1632

8 sections
E0=16MV/m
4 cells
-29.4°
276
719
378
1512

0.11
0.12
1.55
23.3

0.11
0.12
1.64
23.3

292

Summary
The R&D work for the prototype linac structures (ion
source. RFQ, DTL and RF source) has been performed. The
good performance of the components has been achieved.
Since 1995. the basic specification for the accelerator has
been changed such as negative ion acceleration. SC cavity
option and storage ring. The new design modification has
been started. The test stand for the SC cavities is under
preparation. For the injector of the SC cavities, continuousbeam or much longer duty operation will be required. The
design work on the RFQ and DTL as well as SC cavities for
the CW operation is being performed.
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Abstract
The R&D for the high intensity and high duty factor
proton linear accelerator has been carried out. A hydrogen ion
source, an RFQ and an RF power source have been developed
and 2 MeV proton beam tests have been conducted to study the
front end of the accelerator. In the beam tests, an accelerated
current of 70 mA with a duty factor of 7 -10 % was achieved.
To demonstrate the high duty factor operation of the DTL, a hot
test model was fabricated and high power tests with a duty
factor of 20 % have been carried out. In this report, present
status of the R&D activities is described.
Introduction
A high intensity proton linear accelerator with 1.5 GeV
and 10 mA has been proposed for basic research and to perform
the various engineering tests for a nuclear waste transmutation
system[l]. The low energy accelerator components have been
developed since 1991 for the R&D, because the beam current
and the quality are mainly determined by the low energy
portion. Heat removal from the accelerator structures is one of
the important issues for the high duty factor operation.
To study the front end of the accelerator, an ion source, an
RFQ, and an RF source for 10 % duty factor operation were
fabricated and 2 MeV beam tests have been performed. The
characteristics of the RFQ such as beam current, energy spectra
and emittance have been studied. To demonstrate the high duty
factor operation and to study the cooling capabilities of the
DTL, a hot model with 9 cells was fabricated and high power
tests have been carried out.

focused by the two solenoids (solenoid-1 and -2) to match to the
RFQ acceptance in the Low Energy Beam Transport (LEBT).
The output beam current of the RFQ is measured by a Faraday
cup. Figure 1 shows a contour plot of the RFQ output beam
current with two solenoids currents. There are mainly two
matching data sets; the lower set (IK,H=145 A, IK>|2=200A) and
the higher set (I«,n=275A, IIoI2=220A). The higher set has a
sharp peak as a function of solenoid-2 current and is sensitive to
the various conditions such as the ion source and the LEBT.
The maximum RFQ output current was 80 mA at the ion source
extraction current of 155 mA. The transmission rate through
the RFQ was estimated to be 70 - 80 %, given the ion source
proton fraction of 70 %. The precise proton fraction in the
input beam, however, was not clear due to the mass separation
effects of the solenoids. Moreover, we had meltdown troubles
with a Faraday cup just before the RFQ. To measure the input
current and to evaluate the transmission rate, a current
transformer system for 1 msec pulse width beam is now under
test off-line and will be installed in the LEBT in a few months.
The energy of the proton beam from the RFQ was
measured by a compact magnetic energy analyzer installed in
the Medium Energy Beam Transport (MEBT). The pole
radius, the gap length and the deflection angle are 40 mm, 6
mm and 25 deg, respectively. The energy resolution is assumed
to be 5 % for 2 MeV proton beam. Figure 2 shows beam energy

Beam Test of the 2 MeV RFQ
The RFQ is a four-vane type and the frequency is 201.25
MHz. It is designed to accelerate 100 mA (peak) of protons to
2 MeV with a duty factor of 10 %[2]. The low power tuning,
the high power conditioning and the first beam test were
carried out at the test shop of the factory and the basic
performance was obtained[3]. To study further properties, the
beam tests have been made at JAERI since November, 1994.
A multicusp type ion source has been developed to obtain
a high brightness proton beam. The ion source has been
operated successfully with more than the designed current of
140 mA at 100 keV[4]. The proton beam from the ion source is
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Contour plot of the RFQ output beam
current in mA as functions of the two
solenoids currents in the LEBT.
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spectra for five relative intervane voltages as well as the
PARMTEQ simulated results. As the vane voltage is reduced,
the energy spectrum shifts to the lower energy and many peaks
are observed, which are in good agreement with the simulated
results.
The RFQ emittance was measured by the conventional
double-slit type monitor. The width of the front and rear slits
and the distance between the slits were 0.4 mm, 0.1 mm and
380 mm, respectively. To prevent the meltdown of the front slit
collimator, the repetition rate was limited to less than 2.3 Hz at
1 msec pulse width. Typical emitttance diagram and the rms
emittance as a function of the normalized vane voltage are
shown in Fig. 3 and Fig. 4, respectively. The magnitude of the
emittance has a minimum point at around Vn=l, which
corresponds to the designed vane voltage.
At the beginning of the beam test in JAERI, the maximum
duty factor was limited less than 2 % due to the partial burn out
of the RF contact at the RFQ. A silver plated spiral type RF
contact, which is made of beryllium copper alloy, was used
between the tank and the vane. The diameter of the contact was
3.2 mm and the thickness of the base beryllium copper alloy
and the silver plate were 100 \im and 30 urn, respectively. To
improve the heat transfer properties, it was replaced by a 100
p.m thickness silver-plated type. In addition to the contact
replacement, copper blocks were installed to cover the open
space between the vane and the tank to reduce the heat
dissipation at the vane end region. As a result of these
modifications, steady operations with 7 % duty factor, and
short-duration operation at 10 % duty factor can be achieved at
the beam current of 70 mA.
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Normalized transverse nns emittance for
the two matching cases (higher and lower)
as a function of vane voltage.
Development of the 1MW RF System

A 201.25 MHz RF system was designed and manufactured
for the RFQ beam tests and the DTL high power tests. A
tetrode, 4CM2500KG (EIMAC), is used in a three-stage
amplifier configuration[5].
Dummy load tests have been completed. An RF power
output of 1 MW was achieved at a duty factor of 0.6 %. The
power efficiency was 60 %, which is in good agreement with
the designed value of 62 %. At high duty operation of 12 %, RF
power of 830 kW was generated, which satisfied the
requirement for the tests in the R&D.
The voltage and the phase stability during the beam
acceleration should be controlled within +/-0.5 % and +/-1
deg., respectively. To satisfy these specifications, the RF
control system has a feedforward-circuit combined with a
feedfback-circuit. The performance of the feedback-circuit was
examined in the RFQ beam tests. The amplitude and the phase
errors were on the order of 0.5 % and 5 deg., respectively,
during 100 |is period after the beam injection when the beam
loading was 110 kW. The feedforward-circuit will be
examined to compensate these errors.
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High Power Test of the DTL Model
A DTL hot test model with 9 cells, which is a mockup of
the low energy portion of the DTL, has been fabricated to study
the RF characteristics and the cooling requirements^]. An
electromagnetic quadrupole using a hollow conductor (S mm x
5 nun) was designed for the focusing magnet, of which field is
80 T/m with 5.5 turns at 780 amperes. Two quadrupole
magnets have been fabricated and installed in the model tank.
The high power tests have been carried out with the RF
power source. Figure 5 shows the schematic layout of the test.
Prior to the cooling requirement test, high power conditioning
was done while monitoring the vacuum pressure and the RF
signals from the pickup loop and the directional coupler. At
first, the duty factor was limited to less than several percent due
to the RF contact problem at the end plate. After covering the
viton O-ring thoroughly to improve the RF contact, RF power
with a duty factor of 20 % was fed to the model without troubles
TV Camera

Thermocouple
(DT Temparatur*)

#9

Cooling Waiter
RowRat*
Temperature
Risa

Pickup Loop

to 128 kW, which corresponds to the average axial field of 2
MV/m. Bremsstrahlung X-ray spectra from the gap were
measured to estimate the gap voltage. The measured gap
voltage was 195 kV at an RF power of 128 kW, which was in
good agreement with the calculated value of 197 k V by the
SUPERFISHcode.
The measured RF heat dissipation power in the each drift
tube and end plate was in good agreement with the
SUPERFISH results. The frequency shift as a function of the
#8 drift tube temperature also agrees well with the calculated
values as shown in Fig. 6. The calculations were performed
with the combination of the thermal deformation from the
ABAQUS FEM code and the frequency shift from the
SUPERFISH code. These high power test results have
confirmed the heat dissipation calculation and the cooling
design of the DTL.
Summary
R&D with the design and the fabrication of the prototype
accelerator structures (ion source, RFQ, RF source and DTL)
have been carried out. The good performance of the
components has been confirmed. In the RFQ beam tests,
acceleration current of 70 mA with a duty factor of 7 - 1 0 % has
been achieved. The DTL high power test results have
confirmed the heat dissipation calculations.
A superconducting (SC) cavity is one of the feasible
candidates for the high-ji structures and its R&D work has been
started[7]. For the injector of the SC cavities, much longer duty
factor or continuous-beam operation will be required. Design
work on the RFQ and DTL for the CW operation are being
performed.
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DEVELOPMENT OF A NEGATIVE ION SOURCE FOR A HIGH INTENSITY LBVAC
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Abstract

A negative hydrogen ion source has been developed for a
high intensity proton linear accelerator. The ion source is a
volume production type. Negative ion is generated in a
magnetically filtered multi-cusp plasma generator. The
negative ion production is enhanced by seeding a small amount
of cesium in the plasma generator. It is demonstrated that
negative ion beamlets extracted from multiple apertures can be
focused by aperture displacement technique, which is useful to
obtain higher ion beam current.
Introduction
At JAERI, construction of a 1.5 GeV/10 mA proton linear
accelerator has been proposed for engineering tests of
accelerator-based nuclear waste transmutation and for various
basic science researchesfl]. At the first stage of the ion source
development for the accelerator, a positive hydrogen ion source
was fabricated. The ion source has been successfully operated
at the full design value of 100 keV and 140 mA peak [2]. At the
second stage of the development, a negative hydrogen ion
source has been newly designed and fabricated. Negative ion
beam is required mainly for basic science researches to inject
the beam into the storage ring which produces certain specific
pulse duration and repetition rate at the high energy portion of
the accelerator.
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Fig. 1. Negative ion current (density) extracted from
the large semicylindrical volume type source

The basic performance of single aperture beam extraction
system was investigated with the volume production type
negative ion source which has been originally developed for a
neutral beam injector for fusion application [3]. The plasma
generator, whose dimensions are 340 mm in diameter and 340
nun in length, has a large semicylindrical volume. Figure 1
shows the negative ion current (density) as a function of the arc
discharge power. The extracted ion beam current (density) of
36 mA (23 mA/cm 2 ) was obtained at the arc discharge power
of 45 kW with a low beam emittance [4]. In order to obtain
higher beam current, the negative ion beam is extracted from
multiple apertures and the beamlets are focused by aperture
displacement technique. The positive ion source that was used
for previous beam performance experiments [2] is modified to
produce the negative ion beams in the present experiment.
Design of the Ion Source
Figure 2 shows a cross sectional view of the multi-aperture
volume production type ion source. Negative ions are generated
in a magnetically filtered multi-cusp plasma generator, whose
dimensions are 200 mm in inner diameter and 170 mm in
length. The dimension of the ion source is the same as the
positive hydrogen ion source [2] except for the existence of the
transverse magnetic field, which is created by changing the
polarity of the cusp magnets near the plasma grid. The source
plasma is produced by an arc discharge using four tungsten
filaments, and confined by strong multicusp magnetic field. A
magnetic filter, which is formed by Sm-Co permanent
magnets, divides the generator into two regions and modifies
electron energy distribution so as to produce negative ions.
Negative ion production rate is enhanced by seeding a small
amount of cesium [5] in the plasma generator.
The beam extractor consists of four grids such as a plasma
grid, an extraction grid, an electron-suppression grid and a
grounded grid. The plasma grid is made of molybdenum plate.
There is a strong dependence of the negative ion production
rate on the plasma grid temperature. This is because the cesium
coverage is optimized by the temperature rise to give a
minimum work function of the plasma grid surface. The
plasma grid is heated up by pulsed arc discharge power. The
extraction grid is made of a 10 mm thick copper plate with a
water cooling channel and magnet grooves. In the extraction
grid, Sm-Co permanent magnets are inserted so as to produce a
dipole magnetic field. This field deflects the extracted electron
and prevents the leakage of the electron to the acceleration gap.
The electron-suppression grid is installed for trapping the
leakage electron escaping from the extraction grid.
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100 mm

To measure the beam current and profile, a multichannel
calorimeter was installed at 1.4 m downstream from the ion
source in the beam diagnostics chamber, where we confirmed
no electrons reached to the calorimeter. The calorimeter is
made of copper buttons placed on a water cooled copper plate in
two perpendicular directions. Temperature distribution of the
buttons gives the beam profile and beam current.
Figure 4 shows the negative ion current as a function of the
arc discharge power for the operations with and without
cesium. The filling hydrogen gas pressure in the plasma
chamber (Ps) was 0.8 Pa. In the pure volume operation, the ion
current tended to saturate at high arc discharge power and was
limited to be 20 mA. In the cesium-seeded operation, on the
other hand, the beam current was enhanced by about three
times and increased lineally with the arc discharge power. The
negative ion current (density) of more than 70 mA (16
mA/cm2) was obtained at 25 kW. The current density is defined
by the beam current divided by the total beam extraction area of
4.45 cm2.

100

Cross sectional view of the multi-aperture volume
type negative ion source

Multi-Apertures
Ps=0.8Pa

5-

In the present experiment, produced negative ions are
extracted from seven apertures of 9mm in diameter. Figure 3
shows the cross sectional view of the extractor. The distance
between the position of the central aperture and that of the
peripheral ones are 13 mm on the PG and the EXG. The
peripheral six apertures in the ESG and GG are displaced by
lmm to the direction of center axis. A strong electrostatic lens
is formed by the electric field applied in the gap between the
ESG and GG. The beamlets extracted from the peripheral
apertures are steered by the electrostatic lens to merge into a
single beam.
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Cross sectional view of the beam extractor with the
aperture displacement technique

Negative ion current (density) as a function of the
arc discharge power for the operations with and
without cesium

The single beam extraction test was also performed using
the ion source by covering the peripheral apertures on the
plasma grid with a thin molybdenum plate. Figure 5 shows the
negative ion current and the beam divergence from a single
aperture as a function of the beam energy. To prevent the beam
from spreading by space charge expansion effect, the vacuum
pressure in the beam diagnostics chamber was kept at 3.7 x 10"2
Pa where the space charge of the negative ion beam was
neutralized by the positive ions in the beam plasma. The small
beam divergence a>i/e of less than 6 mrad was obtained at a
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beam energy of 40 keV. The beam current density was 12
mA/cm2 at the arc discharge power of 20 kW.
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In the multi-aperture extraction experiment, the emittance
in vertical plane was measured using a double slits with a
Faraday cup system at an acceleration voltage of 30 kV. The
distance between the slits is 390 mm. The size of the first and
second slits are 0.3 mm x SO mm and 0.1 mm x 50 mm,
respectively. Figure 6 shows the emittance diagrams at the ion
source position. These three diagrams corresponding to those
which were extracted from central aperture (closed triangles)
and lower aperture (closed circles), upper aperture (closed
squares), respectively. The normalized 90 % emittance of each
beam was calculated to be about 0.8 nmm.mrad. The beam
steering angle is determined by comparing the angle of the
peripheral beam axis with that of the central one. Because the
beam from the lower (upper) aperture has the steering angle of
+ (-) IS mrad, the beam trajectory was found to be deflected
towards the center of the ion source. The focal point of the
merged beamlets is estimated to be 800 mm downstream from
the ion source. The beam trajectory measurement by observing
the Balmer-alpha light emission from the negative hydrogen
ion with CCD camera supported the result of the emittance
measurement.
The R&D work is to be continued so as to investigate the
dependence of the steering angle on the various type of the
displacement. The steering angle is 1.5-2 times larger than the
value predicted by the linear theory using thin lens
approximation [6]. The experimental result is to be compared
with the value calculated by the 3-D beam trajectory code,
which is under preparation.

Emittance diagrams from the multi apertures at
the ion source position
Conclusion

The beam test of the negative hydrogen ion source has
been performed. The negative hydrogen ion current extracted
from seven apertures was about 70mA with a current density of
16 mA/cm 2 at an arc discharge power of 25kW. The
measurement of the beam emittance and the Balmer-alpha
light emission showed the beamlets from the multi aperture
were successfully merged. The result proved that the aperture
displacement technique has a possibility to produce the high
brightness beam.
We are now preparing to perform the negative ion beam
acceleration test by using the ion source and the 2 MeV RFQ
which has been developed for the proton acceleration [7].
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Abstract
The R&D work of a superconducting (SC) cavity for the
high intensity proton linac in JAERI has been started in
collaboration with KEK. The RF field calculation and the
structural analyses of the cavity have been made for the design
in the proton energy range between 100 and 1500 MeV. The
results indicate the feasibility of the SC proton linac, while
more optimization is required. A vertical test stand with a
cryostat, a clean room and a water rinsing system has been
constructed. We present the preliminary cavity design and the
overview of the test stand.
Introduction
The Neutron Science Research Program has been
proposed in JAERI for the basic research and the engineering
application^]. This program requires a high intensity proton
linac with an average current of several mA and an
accelerating energy of 1 GeV class. The high energy section is
the main part of the linac and has issues to be considered, i.e.,
beam loss, capital and/or operating cost, availability,
reliability and the total linac length. A superconducting (SC)
linac, which is considered to have capability to solve these
problems, is selected as the first option of the high energy
section. SC accelerators for electron and heavy ions have been
operated successfully[2],[3], but an SC proton linac has not
been realized yet. Therefore, the R&D work of the SC linac for
the proton energy range between 100 and 1500 MeV has been
started in collaboration with KEK.
SC cavity shape of the proton linac are flatter than those
of the electron accelerators due to smaller p value
(P=0.43~0.92 at the energy range mentioned above), that
results in some difficulties with the RF characteristics and the
structural strength. We have carried out these studies and
defined preliminary cavity design. Parallel to those work, a
test stand has been prepared for the vertical test of the cavity.
In this paper, we present the results of the design work and the
overview of the vertical test stand.

chosen to be 600 MHz which is triple frequency jump of the
low energy section frequency, 200 MHz.
The RF field calculations in the half cell geometry have
been made by the SUPERFISH code. The schematic view of
the cavity and the shape parameters are presented in Fig. 1.
The shunt impedance (ZT2), the ratios of the maximum
surface electric and magnetic field to accelerating field
(Ep/Eacc and Hp/Eacc) were obtained under the various shape
parameters. The dependence of these characteristics on the
shape parameters are summarized below.
Under the same p (=4LA) condition,
(1) smaller iris radius (a) makes larger ZT 2 and lower
Ep/Eacc,
(2) smaller wall slope angle (a) makes larger ZT2 but does
not vary Ep/Eacc so much, and
(3) shorter semiaxis length of ellipse at iris (Rl, R2) makes
larger ZT2 and higher Ep/Eacc.
In comparison with different P cavities,
(4) lower p makes much smaller ZT2,
(5) lower p makes higher Ep/Eacc, i.e., the Ep/Eacc values
are 4-6 at (3=0.43 and 1.5-3.5 at p=0.92, and
(6) lower p makes higher Hp/Eacc, however, the value
(35-130 Oe/(MV/m)) will not limit the field strength.
Reduction of a and a is effective to obtain good RF
characteristics but will make difficult to do surface treatments.
In any case, it is difficult to obtain better RF characteristics at
lower p cavities.
..L2
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RF Characteristics
The cavity has been decided to be elliptical shape as used
for the electron cavity. The resonant frequency has been
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Fig. 1 Schematic view of the cavity and shape parameters

Structural Analysis
SC cavities are made from niobium sheets. The structural
analyses have been made by the ABAQUS HEM code for the
cavities at p=0.5, 0.7 and 1.0 with the various shape
parameters. The max. von MISES stress has been obtained
under the vacuum load in the conditions of iris free or fixed.
The cavity thickness is assumed to be 3 mm. The dependence
of the max. von MISES on the shape parameters is listed
below.
(1) Dependence on wall slope angle (a);
In the case of iris free, the max. von MISES is
significantly decreased by increasing a and saturated at about
10-20 degree, where that values are -1/3 of those at 0 degree.
In the case of iris fixed, the max. von MISES does not
depend on a so much.
(2) Dependence on semiaxis length of ellipse (Rl, R2);
The max. von MISES varies by 20-30%.
(3) Dependence on iris radius (a);
The max. von MISES does not vary so much.
(4) Dependence on p;
Lower p makes much greater max. von MISES. In the
case of iris free, the values are 80-190 MPa at p=0.5 and
20-85 MPa at p=1.0. In the case of iris fixed, the values are
40-65 MPa at P=0.5 and 14-26 MPa at p=1.0.
From a viewpoint of structural analysis, a should be as
large as about 10 degree. This competes with the RF
characteristics. In any case, much greater strength is required
for lower p cavities against the vacuum load.
The yield stress of niobium at room temperature depends
on RRR, work hardening and heat treatment. Since the yield
stress after the heat treatment at about 700 °C is considered to
be 70-100 MPa, additional stiffening structure or more
thickness of about 5 mm is required for p<0.6-0.7 cavities. On
the other hand, the yield stress of niobium used for the cavity
fabrication should be confirmed experimentally.
Preliminary Design
The consideration about the RF and structural
characteristics indicates the feasibility of the SC proton linac,
while more estimation is required especially for lower p

cavities from standpoints of those considerations as well as the
fabrication and surface treatment. The surface treatment is
important to obtain designed performance of the cavity. We
are considering electropolishing combined with barrel
polishing[4] as the surface treatment.
For the preliminary design, we attach great importance
on the surface treatment. Therefore, the iris radius (a) has
been fixed to be 7.5 cm which is obtained by referring the
shape of TRISTAN cavity[5]. Table 1 presents the preliminary
design and calculated results for the RF and structural
analysis. The design will be optimized from the results of the
vertical tests.
Overview of Test Stand
To measure Q-value, surface resistance and maximum
Eacc of the cavity, a vertical test stand for 600 MHz cavities
has been prepared at JAERI Tokai site. The test stand consists
of a cryostat for the tests, a clean room for cavity assembly, a
high pressure water rinsing system and a data acquisition
system. Figure 2 illustrates the overview of the system.
An SC cavity with the number of cells up to 4 can be
installed in the cryostat with liquid helium (LHe) vessel of
0.8 m i.d. and 3.5 m long. The SC cavity can be cooled at
about 2 K by evacuating LHe vessel. Therefore, the vertical
tests will be performed at both 4.2 K and 2 K. The LHe vessel
is covered with permalloy sheet to shield magnetic field. The
field strength at room temperature has been measured to be
3-15 mG at the place where the cavity is located.
The clean room for cavity assembly is divided into class
10, 100 and 10000 areas. The cavity after rinsing is opened
only in the class 10 area. In the class 10000 area, a cavity is
evacuated by an oil-free vacuum pumping system. In the class
10 and 100 areas, any dusts above 0.5 ^m were not detected by
a particle counter under the condition without persons.
The high pressure water rinsing system consists of an
ultra-pure water production system, a high pressure water
pump of 8.5 MPa, a filter of 0.1 \un in mesh size and a cavity
mount system. The ultra-pure water production system has a
capability of 90 //h, that makes an hour rinsing for the single
cell cavity. The cavity mount system is placed in the class 100
area. Therefore, sequential works of rinsing, assembling and

Table 1 Preliminary design and their results of the RF and structural analysis
RlxR2
L
ZT2* ZTVQ Ep/Eacc Hp/Eacc
R
b
E
a
(Oe/(MV/m))
(MeV) (cm) (cm) (cm) (cm) (dee,) (cm) (Mfi/m) («/m)
117.2
5.37
1.42 75.5
5
5.92
100 7.5 22.98 2.57 1.5x3
0.43
86.5
5
6.25
2.96 127.7
4.80
145 7.5 22.58 3.56 1.5x3
0.50
64.9
3.87
7.49
5.98 208.7
5
235 7.5 22.28 4.96 1.5x3
0.60
57.8
10
8.74
8.46
274.6
2.95
5.08
2x4
22.63
376
7.5
0.70
50.8
2.40
10
9.99
11.91
345.5
0.80
626 7.5 22.44 6.18 2.5x5
46.0
2.24
10.93 14.93 394.7
0.875 1000
7.5 22.31 7.33 2.5x5 10
45.0
11.49 16.20 419.2
2.01
3x6 10
0.92
1500 7.5 22.31 7.58
* Calculated from the electric conductivity of Cu
LI = L2 = 0.2 cm

p
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Max. von MISES (MPa)
Iris Free
Iris Fixed
127.6
54.8
110.7
44.7
91.1
35.7
55.6
26.5
47.5
22.7
40.3
20.0
38.9
18.9

cavity evacuation are carried out in the clean room.

work. They also wish to thank Mr. H. Inoue for his
cooperation on the design and fabrication of the cavity.

Conclusion
References
The RF characteristics and the structural analysis have
been done for the SC proton linac with the energy range
between 100 and 1500 MeV. The results indicate the
feasibility of the SC proton linac, even more estimation is
required. The preliminary design has been made based on
these analyses and the considerations of the surface treatment.
The vertical test stand has been completed. The
performance of each component; the cryostat, the clean room,
the cavity evacuation pump and the high pressure water
rinsing system, will be tested in collaboration with KEK.
According to the preliminary design, a SC cavity of p=0.5
with single cell is on fabrication now. The first vertical test is
scheduled in this year. The vertical tests of the cavities with
various shape parameters will be performed. Optimization of
the cavity design will be made according to these test results.
RF field calculations with multi-cells are being made for
optimization of the end cell shape and considerations of the
higher order modes.
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Abstract
It is usually assumed that beams are partially space charge
compensated for the design of high intensity, low energy beam
transport. Such continuous beams are confined in space by
means of magnetostatic lenses, the transverse matching into
the RFQ accelerator being achieved with solenoids. Along this
low energy transport, beam neutralization is kept almost
constant, but severe problems can appear at the entrance of the
RFQ where longitudinal bunching takes place. The electric
field pulls out the neutralizing electrons, leading to a
redistribution of the charged particles. We analyze theoretical
solutions of this phenomenom in a self-consistent approach in
view of minimizing emittance growth and halo development
that could result.

1. Introduction
High perveance proton sources are needed to produce
intense beams for industrial projects like TRISPAL.
In the low energy part of the accelerator machine the
transport of such beams is critical up to kinetic energies of a
few MeV, because the beams are space charge dominated.
It was proposed for a long time to transport such proton beams
in a charge compensated regime, where the protons are
neutralized by trapped electrons.
This well known effect occurs naturally when the residual
gas pressure is relatively high as it is the case after the ion
source, even if the gas flowing from the source is pumped out
efficiently.
The protons ionize the molecules of the residual gas and
produce electrons which are trapped in the collective potential
well of the beam.
As this was observed in many experiments [1-3], the beam
tends to be partially neutralized, depending on characteristic
parameters and vacuum pressure.
This is often a favorable situation since the transported
beam current can be enhanced correlatively, and this saves
power for the external restoring forces which insure the
confinement of the beam; the companion electrons screen the
primary beam, diminishing the net defocusing force due to
coulombian repulsion and participate to the confinement of the
whole beam.
But these time dependent mechanisms of neutralization are
not necessarily homogeneous in space: they can produce axi or
non-axisymetric instabilities which contribute by non-linear
effects to energy redistribution into the beam. This drives the
density to a more or less steady profile [4].
Emittance degradation and particle losses in the low energy
part of the machine are a real concern for machine designers, it

is thus important to be able to predict the optical qualities of
the beam and emittance growth.
This is why transport must be simulated using a refined
and a self-consistent description.
In this paper, we first describe the system from relevant
parameters and time scales of the model that depend on
physics: we then derive a set of self-consistent equations for
a 1D1/2 model. After analyzing theoretical solutions, we draw
conclusions for future studies.

2. Model and hypotheses
We consider a cylindrical DC beam with parameters:
To =100 keV, Io = 100 mA, So = 1 cm2 (RB - 5 10"3 m).
The study is restricted to a region surrounding a waist where
external confinement can be absent. Magnetic focusing is
assumed ahead and behind this region; mechanical walls are
absorbent and grounded.
• The primary beam (p) is assumed cold, hence its phase
space distribution function has the following expression:
fp(r,v,t)= np 5(v- vp)
(l)
where v is reduced to the axial velocity vp; with our parameters
n p = 1.410" nV3.
• The residual gas (g) mainly consists of hydrogen
molecules (H2 at about 10~3 hPa) which are considered at rest
compared to the other moving species. With these parameters
n, = 3.51019m-3.
Physical processes. We assume that the only source of
secondary charges is the gas ionization:
p + H2 -»
p + H2++ 6
(2)
1 2
3
4
and the generated plasma is composed of four species where 1,
2 are the primary species and 3,4 are the secondary ones.
From the processus (2), we can estimate the electron
density variation versus time:

and deduce an approximate neutralization time scale.
tN =(at nsup)~' assuming that the density ns and np are near
constants [5]. With our parameters, tN >330 ns.
We consider that elastic scattering cross section at large
energy transfer is small compared to the the ionization one, it
is thus assumed that residual gas depletion is inexistent ahead
of the beam at any time scale of our study provided:
n, < np « ns
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The radial potential 0 of a primary beam with a parabolic
density profile p can be deduced from the Poisson equation:

p(r)
r or

dr

(4)

Supposing that this potential vanishes on the wall of the
vacuum chamber, we obtain the following expressions:

iot 0

for Ro

s

r

£

3/tf

(5)

0 and,
4e 0

(6)

It comes out that:
• the primary protons have negligeable deviation from
incident trajectory and their velocity is almost unaffected,
• the secondary ions have a recoil energy less than 10 eV,
• the electrons created by ionization have energies picked at
0 eV but 50% of them have energies higher than 18 eV.
Usually, it is admitted that both ions and electrons are
created at rest, this corresponds to the double differential cross
section:
(8)

for Ro < r < rc
This global potential is attractive for the electrons as long
as the total neutralization is not reached. In the same time the
secondary ions are continuously expelled transversally.
At equilibrium, the ion radial flux balances their creation
while electrons are confined in the potential well.
Since electrons are more mobile than ions, electron
dynamics will govern this potential: a test electron gaining
some energy will escape the well if the potential well is not
deep enough. It is exactly as if it evaporates.
When evaporation balances creation a dynamic equilibrium
seems to exist. To understand this balance, let us assume for
instance that potential depth decreases for some reason;
evaporation is then eased and the ions will be expelled slower
to the wall, then the ion flux will start to decrease. While
electron density decreases, ion density increases and the total
potential will return to its previous value.

Secondary particle dynamics. In a first stage, the
ionization of the residual gas by primary protons is only taken
into account as the main inelastic process. But charge
exchange, excitation and dissociation processes will be
included in a second stage to interpret more refined
experimental results.
Potential of the electrons: once equilibrium is reached, the
continuity equation applied to ions gives:

where pe represents the momentum of electrons created at
energy Ee and with no energy transfer taken into account.
In our model, we take some more realistic initial condition:
ions are still created at rest but electrons have a mean energy of
about 10 eV. As mentionned before, the differential cross
section is then:
</Ee

7"

7;

(9)

and their velocities are distributed as a maxwellian distribution
function with a temperature Te. This temperature will be an
adjustable physical parameter which can be checked by
experiment.
Relaxation time: the velocity distribution function of the
secondary particles is driven to thermodynamic equilibrium by
the binary collisions: e-e collisions drive the distribution to a
maxwellian, while e-i and e-g collisions participate essentially
to the isotropisation of the velocities. The relaxation time is
then expressed by
11
e/e

T

3/2

(10)

where A is the Coulomb logarithm.
With T ' " = 3 m s » T w one can conclude that neutralization
equilibrium is reached well before electrons are thermalized.

3. System of equations

(7)

The system of equations for the different species can be
where <p(R0) is the potential at the border of the beam, and is
also the minimum energy of the electrons which evaporate. resumed as follows:
The relation (7) shows that the knowledge of the energy
spectrum of the ions leads to the estimation of Rg and <p(Ro)• for the electrons
For a partially neutralized beam, the typical value is
<|>(Ro) s 20 V.
Screening effects: To estimate the screening effects we assume where C^ (J ) is the collision operator and can be calculated
t
that the beam is quasi-neutralized, ne#np so we can calculate from the continuity equation by:
the Debye length:
C'ez(fe(r, v r ,v 9 )) = ngnp(r)v
(11)
This estimation of the Debye length value shows that
screening effects will not prevent an external electrostatic field
from expelling rapidly the trapped electrons.
Velocity distribution functions of the secondaries:
Experimental data and theoretical calculations for the total and
differential cross sections can be found in Refs. [6-9].

This gives the number of electrons of velocity (vr,v9) created
per unit volume in the phase space and per second.
From the relation (11 ) it is easy to derive the final form:

do
dvrdve,.
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C;m

(12)
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for the ions

dt
where C* (/.) is the collision operator and can be calculated by
the same expression as (9) to give:

f?2i. = Ol-5(v,)

dr

me dr dvr
m e (v r 2 +v|)

dr

2mp dr dvr

*

y

References

(13)

We obtain finally at stationnarity [12]:
r
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y

(14)
(15)
(16)

e0
For the closure of the system, we suppose that/ andf, are not
correlated, but the two kinetic equations are coupled by the
Poisson equation. For the boundary conditions, we take
absorbent walls. This complete set of equations is to be solved
by numerical techniques.

Conclusion
A space charge neutralization may be needed to keep small
the emittance degradation in a transport system made of
magnetic lenses.
But this can be done only in a some dynamical equilibrium
between the present charge species, where the degree of
neutralization is kept near a constant value.
If this equilibrium cannot be maintained, a proton density
redistribution will happen when the beam enters into the RFQ;
the electrons participating to the self-confinement will be
rapidly released by the electrostatic field.
In this case, the adiabatic matching and bunching into the
RFQ might fail.
It is too early, at this stage of the study to draw definitive
conclusions related to our concern.
But we saw that the study of the dynamics of the
companion electrons is essential to understand the mechanisms
of the equilibrium during the transport, and the rapid
decompensation at the entrance of the RFQ.
We derived a 1D1/2 model close to reality since it
represents a cylindrical beam which is transported in an
axisymetric magnetic system.
The assumed parameters like Tt and $(R0) and the density
profile will be measured experimentally to refine the initial
conditions and hypothesis.
The numerical simulations that we are presently carrying
out, will provide the density profile of the protons and
electrons at equilibrium.
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Numerical simulation of ion production processes in EBIS
Kalagin I.V., Ovsyannikov V.P.
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Abstract

The numerical model of EBIS is presented.
The calculation of Kr ionization by cooling with Ne
ions was carried out taking into account charge
exchange, ion heating by electrons, ion-ion energy
V.)
exchange and ion escape processes. A good
~
agreement with experimental data was observed.
According to the model, the processes of Pb
ionization in EBIS at close to ultimate parameters where No .. N ^ are the ion and atom densities,
(the electron beam current is 10 A and the electron ^0,1» ^-1,2 > ^-i-u » ^U+i > ^Z-i,z a*6 the ionization
energy is 10 keV, the trap capacity is about 1012 e) by coefficients: \
j e is the electron current
><+1 = Gi Mje,
cooling with Ne ions were simulated.
Introduction

The electron-beam method of multicharge
ion production was suggested by E.D.Donets in 1967
[1]. The first attempt to create an Electron-Beam Ion
Source (EBIS) theory was undertaken by R.Becker
[2] and M.C.Vella in 1981 [3]. A more complete
theory of the electron-beam method of multicharge
ionization in an ion trap was created by the
Livermore EBIT group (M.Levine, M.Penetrante,
R.Marrs et al.) [4,5]. Based on these results, we
present a simpler numerical model of multicharge
ionization in EBIS. Simplifications follow from our
previous papers [6,7]. The computer codes describing
the Kryon-S experimental data can be used to predict
EBIS basic parameters: charge state spectrum, ionbeam current and even ion temperatures.
Physical processes in the trap

density, OJJ1+/ the ionteation cross-section,
^•1,0 > ^-2,1 > ^i+ij » ^-ij-i > ^-z.z-i a r e the recombination and
charge exchange coefficients:
X{j.i=Xt +X1, .where ^ = CTr • j e , o r is the recombination
cross-section, ^ = cr, • i^ 0 •(l^), ap is the charge
exchange cross-section, NQ is the density of neutral atoms,
<Vj> is the mean ion speed,
zzil. j
dt )

is the rate of ion diffusion escape from the trap.

The corresponding energy evolution is described by:

V.

where kT; is the ion temperature,

•dwmrdt J
beam,

the rate of ion

exclm e

electron

tT \l s
According to the Livermore papers, main V r'H(
u N
V\iKIi'
the rate of ion-ion energy exchange
processes in the EBIS trap are the following:
-electron-impact ionization of ions,
due to Coulomb collision,
-radiative recombination of ions,
djNjkTM
t jj e rate o | - t j j e e n e r gy i o s s due to escaping
-charge exchange between ions and
A J
neutral atoms,
ions.
-ion heating by an electron beam,
-ion-ion energy exchange,
Calculations and comparison with experimental
-ion confinement in the trap,
results
-ion escape from the trap.
The processes were considerated in detail in previous
The dependences of Kr ion densities, electron
parers [4,5,8,10].
beam compensation values, Kr ion temperatures on
time at taking into account ionization, charge
Numerical model
exchange, ion heating by the electron beam, ion
energy exchange and ion escape processes were
We suppose that the ionization proceed by
calculated in [10].
single steps:

/ L * J;
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1.5

T(s)
Fig. 1

Fig. 3

The experimental data of the Kr current at the EBIS
Krion-S exit measured over an ion extraction time of 100
us and the calculated results obtained at j e =1.7710 21
l/(cm2-s), U e =71O 3 eV, N Kl (0)=610 9 cm"3, rp=0.015 cm,
B=1.2 T, by cooling Kr ions with Ne ones.

Dependence of beam compensation values on confinement
time corresponding to Fig. 1.

The time evolution of Kr ion densities at
NNe=2.4106 cm' 3 corresponding to Fig. 1 is shown in
Fig. 5.

The next step was to consider ion cooling
processes. The method of ion cooling in EBIS was
suggested by E.D. Donets and G.D. Shirkov [8].
Equation systems for charge and energy evolution
created for Kr and Ne were solved simultaneously.
We supposed that the concentration of Ne atoms
(N°) in the electron beam is a constant [10].

kTi (eV)
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-y-f-;--;100
Zj/Zri-.-.? ~.~;~~.,Z
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—N(i e -10 8 cm 3
60
1-Kr
3
2-Ne • • + - i
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0
0.0
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0.5
1.5

f-

u

Ni (cm 1 )

s

T(s)

1.0E+10

Fig. 4
Dependence of the average Kr and Ne ion temperature on
confinement time corresponding to Fig. 1.
1.0E+6

The results were confirmed
by an
experimental observation of Kr higher charge state
evolution at the LU-20 output when the EBIS
Krion-S was installed on the linac pre-injector [9].

1.5

Fig. 2
Dependence of common Kr and Ne ion densities on
confinement time corresponding to Fig. 1.

Ni (cm3)

1.0E+10 i
The calculated results for Kr ionization by
cooling with Ne ions were compared with the
1.0E+9
,—i—r-3
experimental data of Kr current measurements at the
1.0E+8
EBIS Krion-S exit. The experimental current
dependence on time was measured over an ion
1.0E+7
extraction time of 100 us. The best numerical
1.0E+6
approximation was obtained at the current density
21
2
0.0
0.5
1.0
1.5
equals to je=1.77-10 l/(cm s), the electron energy
T(s)
Ue=7-103 eV, the start concentrations of Kr atoms
3
N K I ( 0 ) = 6 - 1 0 9 cm* , the electron beam raius rp=0.015
Fig. 5
cm and the magnetic field induction B=1.2 T. The
results for output current are shown in Fig. 1. The The time evolution of Kr ion densities corresponding to
total numbers of ions, the values of beam Fig. 1.
compensation and the average ion temperatures
According to the model, the processes of Pb
corresponding to Fig. 1 are shown in Fig. 2, Fig. 3,
ionization
in EBIS at close to ultimate parameters
Fig. 4.

m
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i

1

(the electron beam current is 10 A and the electron to ones without cooling at the same ionization
energy is 10 keV) were simulated. The electron gun period. Therefore we present the ion currents for
for the source with the perveance equals to 3 uA/W 2 calculations with cooling only. The electron beam
at the cathode diameter of 3.4 mm, the cathode compensation values f and the average ion
emission density of 111 A/cm 2 , the first anode temperatures presented for both calculation types
voltage of 22.3 kV and the second anode one of 10 (with cooling- kTil and without one- kTi2) are
kV can be produced in the firm "ISTOK" (Friasino, shown above the currents.
Moscow reg., Russia) [11]. After instalation of the egun in the EBIS, the value of DC current power at
ImA
the EBIS collector will be equal to 100 kW.
• Je-200A/c«i2
][kTil-74eV. 1-38.41
I kTi2-111 «V. I.37.7S

• Je-500Vcm2

3 •
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3

tioniz-10 ms

lkTil.435.sV. I-63XI
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Fig. 8

33

Conclusion
Fig. 6
Figs.6,7,8. The values of Pb ion currents at the EBIS
output after 10, 50 and 100 ms ionization at Ue=10 keV,
I e =10 A, B=1.2 T, je=200 A/cm2 and je=500 A/cm2.

To avoid problems due to collector heating a pulse
regime of ionization is suggested. At the pulse
duration is about t«0.1 s the collector system can be
cooled by water at the rate of flow is about G«3
1/min. We suppose that the process of electron beam
formation to reach the current density 200sje<500
A/cm 2 (as it takes place in Krion-S) won't be a very
difficult problem. The time of ion extraction from the
trap can be decreased from 100 us to 10 us.
Therefore we carried out calculations of Pb atom
ionization processes during 0.1 s at je=200 A/cm2 and
j e =500 A/cm 2 by cooling the Pb ions with Ne ones
and without one.

The workable numerical model of
EBIS has been created. The calculated results for
Krion_S are close to the experimental ones. The
model made more understandable the influence of
different processes in the trap on the EBIS output
parameters. It allows us to undertake some attempts
to predict future results.
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FRONT-END PHYSICS DESIGN OF APT LINAC*
S. Nath, J. H. Billen, J. E. Stovall, H. Takeda, and L. M. Young
Los Alamos National Laboratory, MS H817, Los Alamos, NM 87545, USA
Abstract
The accelerator for the Accelerator based Production of
Tritium (APT), uses a radio-frequency quadrupole (RFQ),
followed by the newly developed [1] coupled-cavity drift-tube
linac (CCDTL) and a coupled-cavity linac (CCL). The
production target requires the APT linac to deliver a 100-mA
proton beam with an energy of 1.3 GeV to 1.7 GeV. The main
challenge in the design comes from the requirement to
minimize beam loss. Hands-on maintenance of the entire linac
requires very little beam loss.

change from two to three accelerating gaps per cavity in the
CCDTL mainly increases the acceleration efficiency. From a
beam-dynamics point of view, these structures are
indistinguishable. The entire accelerator beyond the RFQ
consisting of CCDTL and CCL maintains the 8(JX FODO
transverse focusing lattice. Thus, the only transition the beam
encounters is the one shown in Fig. 3 between the RFQ and the
CCDTL at 6.7 MeV.

Introduction
Recent studies indicate that mismatch is the single most
important factor leading to beam-halo formation. Beam-halo
can lead to beam loss and activation of the linac. A mismatch
causes the beam size to oscillate about the equilibrium value.
In practice, a mismatch usually occurs at transitions in the
transport lattice such as the transition between an RFQ and a
CCDTL or drift-tube linac (DTL). Traditionally, "matching
sections" match the beam from one to the next structure.
However, since matching is never very adiabatic, it can
introduce emittance growth at abrupt lattice transition. Low
energies specially enhance these effects. Here, we describe the
front end of the linac and show the performance of this design.
Figure 1 shows virtually no emittance growth of the beam as it
moves through the current-independent transition between the
RFQ and the CCDTL.
Linac Front End
In this paper we define the 'front end' of the APT linac as
the RFQ and a portion of the CCDTL. This portion provides a
100-mA proton beam with an energy of 20 MeV. As noted
earlier, there is no matching section between the RFQ and the
CCDTL. The transverse focusing lattice beyond the RFQ is a
FODO with a constant focusing period of 8pX, where p* is the
proton velocity relative to the speed of light and X is the freespace wavelength at the CCDTL resonant frequency of 700
MHz.
The RFQ for APT, designed to accelerate a 100-mA
proton beam to 6.7 MeV, will be the highest energy RFQ ever
built. References [2,3] describe the detailed conceptual design.
The 350-MHz RFQ operates at a subharmonic of the 700-MHz
CCDTL. It is an 8-m-long if structure consisting of four
resonantly-coupled sections. In the high-energy part of the
RFQ, we specially tailor the vane-tip modulation to reduce the
phase width of the exit beam. The CCDTL can directly capture
this RFQ output beam and does not require a separate
matching section.
The CCDTL accelerator up to 20 MeV uses two types of
cavity configurations. The first part has 2 gaps per cavity with
one cavity between quadrupole focusing magnets. At about 8
MeV the configuration changes to three gaps per cavity.
Figure 2 shows the cavity configurations at this interface. The
•Work supported by the US Department of Energy.
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BEAM ENERGY (MeV)
Figure 1. Longitudinal and transverse emittance versus energy. The
transition from the RFQ to the CCDTL occurs at 6.7 MeV.
The first two gaps, which are in the first CCDTL cavity
following the RFQ, provide no acceleration. This first cavity
provides only longitudinal focusing and takes the place of a
buncher cavity. Unlike conventional buncher cavities, this
cavity is an integral part of the CCDTL structure. The
resonantly coupled structure locks the phase and amplitude of
each cavity to the phase and amplitude of its neighboring
cavities through side coupling cavities. The relative
longitudinal spacing between cavities sets the synchronous
phase. The third cavity starts a quasi-adiabatic ramp in both
the synchronous phase and the field amplitude. The
synchronous phase starts at -60° and provides the large
longitudinal acceptance needed in the early part of the
CCDTL. The doubling of the frequency at this transition
requires the large longitudinal acceptance. The chosen
amplitude gives the same zero-current phase advance per unit
length as at the end of the RFQ.

Figure 2. Interface between the single and the double-drift tube
CCDTL cavity configuration at 8 MeV.
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Figure 3. Following the RFQ, the accelerator consists of single-drifttube CCDTL cavities of length 3(SX/2 spaced (nominally)
5(JA72 apart. Quadrupole magnets are shown approximately
centered in the spaces. Sideways-mounted coupling cavities
maintain the proper phase between cavities.
RFQ-CCDTL Transition
An earlier design of the APT [2] accelerator used a 350MHz DTL with electromagnetic quadrupoles after the RFQ.
The DTL required a relatively high-energy beam (7 MeV)
from the RFQ to make room for the quadrupoles inside the
drift tubes. The CCDTL structure has replaced the DTL in the
present design of APT. The CCDTL structure does not
constrain the quadrupoles to fit inside drift tubes. Therefore, it
could accept beam from the RFQ at a comparatively lower
energy. However, a lower energy would mean the loss of a
major benefit, the current-independent transition from the RFQ
to the CCDTL.
In the design of the APT accelerator we have reduced the
transverse focusing strength in the high-energy end of the RFQ
and increased the longitudinal focusing strength. In typical
RFQs the accelerating gradient and the longitudinal focusing
strength fall off rapidly at higher energies. Increasing the vane
gap and the gap voltage in the high energy region of the RFQ
maintains both the accelerating gradient and the longitudinal
focusing strength. Smoothly varying the synchronous phase
from -33° at 3.0 MeV to -40° at 6.5 MeV also helps maintain
the longitudinal focusing strength. Varying the synchronous
phase quickly to -55° in the region from 6.5 MeV to 6.7 MeV
helps compensate for the loss of longitudinal focusing in the
drift between the RFQ and CCDTL.
Figure 4 shows the zero-current phase advance per unit
length, which is a measure of the focusing strength, in the RFQ
and the first section of the CCDTL up to 8 MeV. Note that the
transverse and longitudinal focusing strengths are nearly the
same before and after the transition between the RFQ and
CCDTL. This is the feature that makes the transition current
independent. The focusing period in the RFQ is 1.0 [JX at 350
MHz while in the CCDTL the focusing period is 8 (JX. at 700
MHz. Therefore, the focusing period in the CCDTL is 4 times
the length of the focusing period in the RFQ. The zero-current
transverse phase advance at the high energy end of the RFQ is
20° per period. Early designs of the RFQ had stronger
transverse focusing at the high energy end. Increasing the
aperture radius near the high energy end of the RFQ reduced
the transverse focusing. This change costs in terms of rf
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Figure 4. Zero-current phase advance per unit length in the RFQ and
the CCDTL through the transition region. The transition
from the RFQ to the CCDTL occurs at 800 cm.
dissipated power. The rf power dissipated on the cavity walls
increased from 12 to 13 watts/cm2. However, this change made
the transverse focusing strength per unit length nearly
continuous at the transition from the RFQ to the CCDTL. It
would be difficult, if not impossible, to reduce the transverse
focusing strength to this level at lower transition energies. An
alternating-gradient quadrupole channel (FODO) provides the
transverse focusing in the CCDTL. The transverse focusing
strength of this channel in the CCDTL is -80° per period
which is the same phase advance per unit length as in the RFQ.
The optimum focusing strength for the smallest beam size is
about 80° per period.
The last cell in the RFQ is a transition cell [4] that reduces
the vane modulation to zero from its value in the next to last
cell. The vane tips end with an exit-fringe-field region [5].
Adjusting the length of the fringe-field region provided Twiss,
or Courant-Snyder, beam parameters that matched the beam to
the quadrupole focusing channel of the CCDTL. This
eliminated the need for a transverse matching section between
the RFQ and the CCDTL. It will be possible to adjust the
match because the quadrupoles in the CCDTL are
electromagnets. The difficulty will be detecting a mismatch
with the beam diagnostics. PARMILA simulations show that a
small mismatch will be extremely hard to detect.
This design has no separate longitudinal matching section.
The longitudinal focusing strength in the RFQ is the same at
the end of the RFQ and beginning of the CCDTL. However,
between the end of the RFQ transition cell and the beginning
of the CCDTL, there is no longitudinal focusing.
Compensation for this loss in the longitudinal focusing is
necessary. A slight increase in the longitudinal focusing in the
last few cells of the RFQ provides part of the needed
compensation. However, the CCDTL provides most of the
compensation. Increasing the amplitude of the first CCDTL
cavity and operating it in the buncher mode (<ps = -90°)
provides most of the compensation. Reducing the longitudinal
focusing in the second cavity balances the increased
longitudinal focusing in the first cavity. This reduction comes
from changing the synchronous phase of the second cavity to 30° from the nominal -60°. The codes PARMILX [6] and
PARMTEQM [7] provided the information to make
adjustments of the field amplitude in first cavity and the
synchronous phase of the second cavity. Adjustment of the
cavity-to-cavity coupling in the CCDTL will provide the
correct relative field amplitudes. The longitudinal match relies

completely on these simulations because no beam diagnostics
exist that could provide the necessary information about the
actual beam to adjust the match.
Simulation Results
The computer code PARMILX designs the cavity lengths
and performs the particle-dynamics simulation for the entire
linac beyond the RFQ. Figure 5 (a-c) shows the x beam
profiles (top) and beam phase profiles (bottom) from
multiparticle simulations for full current (100 mA), ~ half
current (55 mA) and zero current. There were no adjustments
to the transition region for the different cases. No profile
oscillation's indicative of mismatch conditions attests to
current independence matching between the RFQ and the
CCDTL. Figure 5 (d) shows the profile and phase plot for the
case when the RFQ vane voltage is 5% above the nominal
design value. In this case, there is a slight mismatch in the
phase centroid. The higher voltage changes the phase of the
exit beam slightly. The oscillations of the phase centroid are
visible in the phase profile of Fig. 5 (d)
Figure 6 shows the equipartitioning ratio for the front end.

Beam Energy (MeV)
Figure 6. Shows the equipartitioning ratio (Ax and Ay) for the APT
front end.
of the RFQ because strong transverse focusing with respect to
the longitudinal focusing minimizes the beam loss but
increases the equipartitioning ratios. The smaller longitudinal
acceptance of the 700-MHz CCDTL compared to the 350MHz RFQ required relatively stronger longitudinal focusing.
This bias in designing the APT front end resulted in
equipartitioning ratios less then 1.0 near the end of the RFQ
and in this portion of the CCDTL. The longitudinal focusing
weakens as the beam energy increases. Thus the equipartitioning ratios tend to grow at high energy unless there is a
corresponding reduction in the transverse focusing.
Conclusion

Figure 5. Shows the profile plots for the 6.7- to 8-MeV CCDTL. The
x coordinate profiles are at the top and the phase coordinate
are below for: (a) full-beam current of 100 mA, (b) 55 mA
beam current, (c) zero-beam current, (d) the case with fullbeam current and the RFQ operating at 5% above nominal
designed vane voltage.
Equipartitioning

[8]

implies: E * / *^ ,

1zl^ . where E^ and £ are the normalized emittances for
the transverse coordinates and £, is the longitudinal
emittance. The respective rms beam sizes are JCrnu , yrms, and
z
ms • B o t n t n e R F Q a n d t h e CCDTL have alternating gradient
quadrupole focusing channels. This type of focusing causes
and yrms values to oscillate about the equilibrium

- -J

Therefore, averaging over these
• yr
value
oscillations the equi-partitioning ratios Ax and Ay plotted in
Fig. 6 are defined as:
Ax

=

,Ay = \

Although it is desirable to have these ratios near unity, they are
extremely sensitive to mismatch. A slight mismatch at the
entrance to the RFQ causes the oscillations of Ax and Ay in
Fig. 6. The equipartitioning ratios are greater than 1.0 in most
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We have outlined the approach for a current independent
design of the front end of a high current APT linac. The use of
the hybrid CCDTL structure in combination with a highenergy RFQ eliminates all but one transition in focusing period
throughout the accelerator. In addition, the RFQ and CCDTL
perform the matching at this transition without a separate
conventional matching section.
References
[1] J. H. Billen et al., "A New RF Structure for Intermediate-Velocity
Particles," Proceedings of the 1994 Linear Accelerator Conference,
Tsukuba, Japan, August 21-26, 1994.
[2] Los Alamos National Laboratory APT Topical Report, LA-UR95-1480, March, 1995.
[3] L. M. Young, "An 8-Meter long Coupled Cavity RFQ Linac,"
Proceedings of the 1994 Linear Accelerator Conference, Tsukuba,
Japan, August 21-26,1994.
[4] K. R. Crandall, "Ending RFQ Vanetips With Quadrupole
Symmetry," Proceedings of the 1994 International Linac Conference,
August 21-26, 1994 Tsukuba, Japan pp 227-229.
[5] K. R. Crandall, "RFQ Radial Matching Sections and Fringe
Fields," Proceedings of the 1984 Linac Conference, GSI-84-11.
[6] H. Takeda et al., "Modified PARMILA Code for New
Accelerating Structure," Proceedings of the 1995 Particle Accelerator
Conference and International Conference on High Energy
Accelerators, Dallas, Texas, May 1-5,1995.
[7] K. R. Crandall et al., "RFQ Design Codes," Los Alamos National
Laboratory Report LA-UR-96-1836 (May, 1996).
[8] M. Reiser "Theory and Design of Charged Particle Beams," John
Wiley & Sons, Inc. New York, NY 1994, p 573-580.
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Abstract
The cell lengths in linacs of conventional design are
typically graded as a function of particle velocity. Use of
symmetric cells in short segments of both the coupled-cavity
drift-tube linac (CCDTL) and coupled-cavity linac (CCL)
simplifies the cavity design. Mechanical design and
fabrication are also simpler without compromising the
performance. We have implemented a design algorithm in the
PARMLA code for symmetric cells and symmetric multiplecavity segments. This feature significantly reduces the
number of unique components. We have compared the
performance of a symmetric-segment linac with a more
conventional graded-cell-length linac.
Elements in a Symmetric Unit
Figure 1 defines a cell as an acceleration unit that
includes a single rf accelerating gap. A cavity contains one or
more accelerating cells and may be resonantly coupled to
other cavities.
Symm. Unit,
also a Cavity

the other cells within the cavity. In a symmetric unit,
symmetrically placed cells have equal fields.
Symmetric units may include space between cavities for
focusing elements. Symmetry does not constrain the
placement of the focusing elements. Ignoring the quadrupole
lenses, a symmetric unit is non-directional. It will perform
correctly with either end located up-stream. The quadrupoles
position is independent of the cavity position so long as it fits
within the space between the cavities.
Algorithm of Linac Design
In a graded-P linac design ((3 = relativistic particle
velocity) a synchronous particle determines the cell length by
requiring it to arrive at the center of the accelerating gap
when the rf fields are at the "synchronous" phase. Any phase
programming along the linac is folded into the increasing cell
lengths which are otherwise proportional to pX. (k = the rf
wavelength.) In PARMILA [2] the thin-lens approximation
determines the acceleration across a gap [3]. Longitudinally,
the Prome term [4] corrects the phase advance across the gap
ensuring that thin-lens approximation conserves emittance.
PARMILA divides the gap at its electrical center Zc- In a
multiple-drift-tube CCDTL cavity, the fields in the end cells
are asymmetric and the geometrical and electrical centers do
not coincide. Therefore, we use the code CDTFISH [5] to
design the CCDTL cavities so that the electrical center of the
gap coincides with the center of the gap as defined by
PARMILA. The value of Zc, can be found by satisfying the
equation:

J Ez (z) • sin(kz)dz = - J Ez (z) • sin(fe)dz. (1)
Cell
3pX/4
Symm Unit
CDTFISH adjusts the length of the cavity noses until the
Figure 1. Cell, cavity, and symmetric unit in a 1- and 2-drift-tube
CCDTL.
electric field integrals in equation (1) are equal for a given
value of Zc- It does this while maintaining its resonant
CCDTL [1] cavities may contain two types of cells. One
frequency. For each geometrical velocity p g SUPERFISH [6]
type extends from the center of one drift tube to the center of
the next. The other type starts from the up-stream face of a then calculates the transit time factors and other relevant
cavity and extends to the center of the first drift tube. The cavity parameters. This procedure is now used by PARMILA
reverse of this later type occurs in the last cell of a CCDTL to determine the cell lengths of a graded-p linac. In principle,
cavity. In a graded-P design, each cell in a CCDTL would a linac designed by a graded-P method accelerates slightly
have a unique length and the resulting cavities would be more efficiently than one designed by the symmetric method.
To maintain an average phase synchronism over a
asymmetric. In a CCL, cells and cavities are synonymous and
symmetric..-unit, PARMILA sets the entry phase to the
are typically symmetric.
We define a symmetric unit or segment as a series of symmetric-unit so that average phase equals the design phase.
coupled cavities all of which by themselves are symmetric The average phase is the phase, averaged over all gaps in the
and all of which have identical geometry. In symmetric units symmetric unit, of the reference particle when it arrives at the
the rf fields in each cavity are equal. In the CCDTL, the field gap centers. In conventional graded-P designs, the reference
amplitude in each cell may be different but is fixed relative to particle sees cells of increasing length. However, imposing
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equal cell lengths, optimized near the mid section of the
symmetric unit, inevitably results in cells that are the
incorrect length at both ends of the symmetric unit. A
reference particle sees a longer cell length than preferred in
the earlier cells, and a shorter cell length in the later cells.
This results in a phase slip, shown in Fig. 2 through the
symmetric unit. We determine Pg so that the reference
particle phase increases at successive gaps until the mid
section, then, decreases from above the design phase until the
end of a symmetric unit.
Gap 4

\
\
Energy

Gap 3

f. Gap 2
Gapl
-4 Design Phase

Phase 9

Figure 2. PARMILA adjusts the symmetric unit length and the entry
phase until the design phase equals the average reference
particle phase.

Determining the Geometrical p g
In designing a symmetric linac, we define a "design
particle" and a "reference particle." We no longer use a
"synchronous particle" that arrives at the center of cells at the
synchronous phase. The purpose of the loosely-defined design
particle is to keep track of the phase programming. The
design phase may not correspond to phase at any particular
gap for multiple-gap symmetric unit.
The reference particle is a sample particle that obeys the
particle dynamics. PARMILA chooses the length of the
symmetric unit such that all the phases seen by the reference
particle at the gap centers are close to the design phase. We
determine the geometrical velocity Pg from the requirement
that the time required for the reference particle to traverse a
symmetric unit is equal to a time that should lapse to
maintain synchronism at both ends of the unit. We impose no
restrictions on the phase or energy of the particle at the gaps
within the unit. The total length of a symmetric unit must be
ns|JgX/2 (ns is an integer). The geometrically determined
velocity Pg is constant over the symmetric unit. We have
investigated alternate approaches for determining p g such as
choosing its value corresponding to half the energy gain in
the segment, or to half the velocity gain in the segment.
These schemes were unsatisfactory, particularly when the
number of cells in a symmetric unit was small.
In our calculation of pg we include the Prome-phase
correction [4] as an extra time contribution in a gap
transformation. Previously PARMILA used this only in the
particle-dynamics portion of the calculation. The effect of a
positive Prome value is a reduction in the cell lengths. For
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example, for the 2-drift-tube CCDTL in Fig. 1, The following
expression determines Pg.
I

77
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(2)

, 1 1 1 1 1 1 , .
2 2 2 2 4

where T is the rf period QJc). Pjs and Pj, are the relativistic
velocities of entry to and exit from the gap j . Terms Pj
(j=l,2,3) are the time delays derived from the Prome phase
corrections for each gap (Pj = A/(2rcc) * (phase correction^ .)
With this correction, the cell lengths and the particle
dynamics through the symmetric unit become consistent. An
error the order of 0.1 degrees per cell accumulates during the
cell generation process when the Prome correction is
neglected.
After determining the symmetric-unit length, PARMILA
adjusts its longitudinal position so that the reference particle
arrives at the entrance to the symmetric unit at the correct
phase. The exit phase of the reference particle traversing a
symmetric unit differs from its entrance phase to the next
symmetric unit. Also the exit phase of a reference particle
through a symmetric unit does not necessarily equal its
entrance phase. PARMILA adjusts the entry phase to
minimize this phase difference using single particle dynamics
through each symmetric unit. After determining the entry
phase, the code calculates the length of the drift space
between the units to provide the exit to entry phase
difference. If the design requires a ramp in the phase,
adjusting the drift-space length provides the ramp. If
external-quadrupole magnets require additional space, it is
added in units of pX/2 to maintain the correct reference
particle phasing.
If the linac design requires a ramp in the accelerating
field gradient, we step Eo, the average axial electric field,
from unit to unit while maintaining Eo.constant within the
unit. For a given ramp in Eo, the value of Ps is required to
calculate the needed value of Eo. Therefore, we iterate about 5
cycles through each symmetric unit until the correct Pg is
found for the Eo calculation.
The Entry Phase into a Symmetric Unit
The average phase of reference particle must bear some
relation with the design particle phase. Because the design
particle is simply a programmed phase angle, there are a
number of ways to approach this problem. Using a reference
particle that follows the correct beam dynamics, one can
constrain the entry and exit phases of the reference particle
through the symmetric unit to be equal. However, if the
number of cells in a symmetric unit is small (2 or 3), we often
encounter a difficulty. The extreme phases (phase at gap 1
through 4 in Fig. 2) do not bracket the design phase. Another
approach requires the equal phase angles at the center of first
and the last gap in the unit as seen by the reference particle.
This approach also suffers from the same problem.

We therefore require that the average of reference
particle phases at gap centers in a symmetric unit equal the
design phase. This approach ensures the extreme phases in
the symmetric unit bracket the design phase. The entry and
exit phases are not necessarily equal. In the PARMILA code,
we employ Brent's zero-crossing technique [7] in
determining the entry phase angle. For each iteration, a
single particle is propagated through the symmetric unit. This
method converges quickly and accurately.
When the number of gaps becomes large in a symmetric
unit, Pg is appreciably different from the actual particle P near
both ends of the segment. This situation requires a correction
in the transit time factors for the reference particle. We use
CDTFISH to design the cavity for specified Pg. Then
SUPERFISH calculates the transit time factors (T, T , S, S',
etc.) assuming that the reference particle velocity P=Pg. When
the reference particle P is not equal to pg, we expand the
transit time factors around Pg with respect to the wave
number k (k is 2n/pX). PARMILA uses this expansion in for
both the single-particle-dynamics calculations in the linac
design and in the multiple-particle simulation sections of the
code.
After determining the entry phase, PARMILA stores the
phases at the entrance, center and exit of each cell as well as
the energy at the exit of the unit. Normally, the exit phase of
one unit is not equal to the entry phase of next one. The
source of this can be partly a ramp in the phase, and partly
the phase slip through the multiple cells in the unit. Adding
extra space between units corrects this small phase
discontinuity. The PARMILA code generates one additional
symmetric unit beyond the end of linac. It uses this additional
unit to calculate the correct spacing between the end of this
section of linac and the next section if more follows. The
design of the next unit uses the exit energy of this unit as its
starting energy. The linac is designed by repeating this
process until the required energy is achieved. All of the
pertinent design information is stored in memory for the
multiple-particle beam-dynamics simulation.
In a more general CCDTL structure (see Fig. 1, CCDTL
with 2 drift tubes), the cell lengths within a cavity may differ
according to their position in the cavity. Multiple cavities that
are completely interchangeable may comprise symmetric
units. In a symmetric unit, if there are no external
quadrupoles between cavities, either end can be placed to the
beam up-stream. If there are multiple drifts within a
symmetric unit for quadrupoles, the unit may not be
reversible because the drift lengths may be different. Each
symmetrically designed unit has a unique p g and all of the
cell lengths within the segment are proportional to P£X..
Example: Design of 2-Drift-Tube CCDTL
We designed a 2-drift-tube CCDTL that accelerates a
100-mA proton beam from 8 to 20 MeV in two ways; The
conventional graded-P approach and the symmetric unit
approach. Table 1 compares the two of designs at the end of
59 cavities.
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Table 1.
CCDTL with 2 drift tubes: graded P and symmetric designs.

Graded-P
Symmetric

Length
(cm)
1639.9
1637.9

Energy
(MeV)
20.274
20.215

#of
cavities

#of
cells

59
59

177
177

These designs use a ramp in both the cavity field
amplitude and the synchronous phase: The cavity phase
varies from -54° to -40° and the field E0 varies from 1.56
MV/m to 2.26 MV/m. The two designs differ by 0.06 MeV
and about 2 cm in length.
Summary
The new version of PARMILA can design symmetric
cavities and symmetric linac sections. It does this for both
CCDTLs and CCLs. Then it calculates the beam dynamics
through the linac. The symmetric design process simplifies
the engineering and eases the fabrication. The difference in
performance of the graded p design and the symmetric design
of a CCDTL is small.
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Abstract
The Accelerator for the Production of Tritium (APT)
requires a very high proton beam current (100 mA cw). The
requirement for hands-on maintenance limits the beam spill to
less than 0.2 nA/m along most of the linac. To achieve this
goal, it is important to understand the effects of fabrication,
installation and operational errors, establish realistic
tolerances, and develop techniques for mitigating their
consequences.
A new code, PARTREX, statistically evaluates the effects
of alignment, quadrupole field, and rf phase and amplitude
errors in the linac. In this paper we review the effects of
quadrupole misalignments and present two steering algorithms
that minimize the potential for particle loss from the beam
halo. We tested these algorithms on the 8-to-20-MeV portion
of the APT linac.
Introduction
To meet the beam loss criteria, the APT design [1]
incorporates a very strong magnetic focusing lattice that
maintains a small well defined beam in transverse space. The
apertures of the accelerating structures are sized, with
consideration to power, to give maximum clearance to the
beam. We expect beam halo to be the main source of particle
loss. The linac design avoids known causes of halo growth,
such as lattice discontinuities, beam mismatch and large
beams. Opportunities for beam excursions both longitudinally
and transversely have been minimized.
Following the RFQ a coupled-cavity drift-tube linac
(CCDTL) accelerates the beam from 6.7 to 100 MeV and a
coupled-cavity linac (CCL) accelerates it to a final energy of
1.3 GeV. The resonant rf structure is integrated with a FODO
electromagnetic-quadrupole (EMQ) focusing lattice having a
constant period of 8(JX. (P=relativistic particle velocity, X=freespace rf wavelength at 700 MHz). The EMQs are
approximately centered in the spaces between cavities as
shown in Fig. 1.
Alignment
Beam spill can result from beam halo and transverse beam
excursions. Mismatches between the beam and the focusing
lattice cause the beam halo to grow. Misalignments of the
EMQs cause beam excursions. Besides the EMQs, the beamposition monitors (BPMs) that detect the trajectories of errant
beams have tight tolerances. The lenses are very strong to
maintain a small beam size and as a consequence of their
strength, the beam trajectory is very sensitive to their
alignment. It is even more important to accurately align the
BPMs to avoid unknowingly missteering the beam, which
would compound the effect of the EMQ misalignments.
Two effects relax the alignment tolerance on the
accelerating structure itself. The rf fields have a very small
influence on the beam's transverse motion so cavity
misalignments primarily reduce the clear aperture. Because the
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beam is largest in the EMQs, spill is more likely there than in
the rf structure even with a reduced aperture.
Quadrupole

3-gap
cavity

Beam

Figure 1. CCDTL at 8 MeV.
We have evaluated three effects that influence the
alignment. Beam steering and repositioning of EMQs correct
for static misalignments. We do not actively correct for
dynamic misalignments. We will minimize vibrational errors
through careful design of the support stand and by decoupling
all driving forces such as coolant manifolds. We will correct
long term misalignments, arising from settling and ground
movement, manually by using a laser based reference line and
alignment scheme.
Quadrupole doublets in the LAMPF CCL vibrate with a
measured amplitude of ±0.0003 in. at harmonics of 30 Hz. [2]
The driving force comes from a shaft imbalance in the pumps
and motors. The accelerator support stand holding both the
accelerator and manifolds has a natural mechanical frequency
that is a subharmonic of the pump frequency. Based on this
study, we have set the dynamic alignment tolerance at ±0.0001
for the APT linac EMQs.
The EMQs are of conventional design and are mounted
independently of the accelerating structure in the inter-cavity
spaces as shown in Fig. 1. Their integrated field of 2.625 T for
the 8|$A. lattice period produces a zero-current transverse phase
advance of about 80°/period. The steering coils, shown in Fig.
2, on the magnet yolk produce a dipole field superimposed on
the quadrupole field. Saturation in the pole tips and
undesirable sextapole field components limit the useful
steering. All EMQs will include steering windings for both
axis. We will connect power supplies to these windings as
required.
The beam centroid will be located in the linac using 4lobe microstrip transmission-line detectors (BPMs) that
measure the image currents of the beam traveling along the
wall of the beam tube. Figure 3 shows a BPM that will be
located inside a quadrupole between two cavity segments.
We will put the magnetic center of each EMQ and the
electrical center of each BPM on a common line within a given
tolerance. The bore of the EMQs will be inaccessible after
installation. Therefor before installation we will align the
*Work supported by the US Department of Energy.
**AMPARO Corporation, Santa Fe, NM 87504

magnetic center of each EMQ to its mounting fixture. Each
lens will then be mounted kinematically, independent of the
linac, on rails attached to the support stand which have been
aligned to a smooth and continuous reference line extending
the length of the accelerator. Table 1 lists four operations
whose tolerances contribute to the final accuracy in locating
the lenses.

space charge routine. The total beam size in both planes
remains within 3a through 20 MeV.
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Figure 4. 100 mA beam profile at 8 and 20 MeV.

PARTREX

Figure 2. APT EMQ.

Figure 3. APT BPM.

Table 1. Local EMQ Alignment Budget
Alignment Operation
Magnetic center to mounting fixture
Magnet mount to support rail
Support rails to reference line
Reproducibility of the reference line
Cumulative tolerance (quadrature sum)

Tolerance (in.)
0.002
0.002
0.002
0.002
0.004

Reliably reestablishing a reference line running the length
of the accelerator may be the most challenging of these to
achieve. Techniques to achieve this alignment are under
investigation. The expected long term motion of the tunnel,
renders fiducials useless so we plan to use a laser beam to
establish the reference line.
Like the lenses, the electrical axis of each BPM must be
referenced to its mounting flange before installation.
Conventional techniques determine its installed position,
relative to the reference line. The measured offsets are entered
in the control system data base. Table 2 lists four operations
whose tolerances contribute to the final accuracy in locating
the BPMs.
Table 2. Local BPM Alignment Budget
Alignment Operation
Electric center to mounting flange
Location of flange relative to support rails
Support rails to reference line
Reproducibility of the reference line
Cumulative tolerance (quadrature sum)

Tolerance (in.)
0.001
0.004
0.002
0.002
0.005

We have written a new version of PARMILA (PARMILX
[3]) that generates three types of linac structures: DTLs,
CCDTLs and CCLs and simulates their performance. For error
studies, beam steering and matching algorithms, and linac
commissioning methods, we have developed a companion
code PARTREX (similar to PARTRACE [4]). PARTREX
generates the same linac and follows the beam center in
exactly the same way that PARMILX does but represents the
beam by an ellipsoid. PARTREX can carry out multiple
simulations rapidly, and the effects of various errors such as
quadrupole misalignments are quantized by probability
distributions.
To study the effect of quadrupole displacements,
PARTREX applies random displacements, within a specified
tolerance, to the position of each EMQ. It then records the
maximum displacement of the beam center and the maximum
beam radius. With multiple runs (=100), each using a different
set of random errors, we analyze the probability that the
maximum beam displacement or beam radius might exceed
acceptable limits. Studies with different tolerances can reveal
the probability that a specified tolerance will result in beam
spill, or alternatively, can indicate how often corrective action
(i.e., steering) must be taken.
PARTREX represents the beam in transverse space by an
ellipse. The semi-axis are a function of the beam emittance and
the total beam size which is specified by the user in units of
rms (a) beam size. A value of 3 (typical) means that the edge
of the beam (for purposes of this study) is assumed to be at 3a.
As the beam traverses a sequence of misaligned lenses, its
centroid is displaced from and oscillates about the linac axis.
The beam radius Rb, is defined to be the maximum distance
from the linac axis to the outer edge of the beam ellipse. The
aperture radius is Ra and we define a filling factor F= Rb/Ra- At
some point F will reach a maximum value, Fmax, which is
recorded for each run. Fmax=l means that the edge of the
beam is just scraping the aperture.
Steering with Dipole Pairs

Particle Distributions
The beam emerging from the RFQ is small and very well
defined. Careful matching and strong focusing preserve its
quality for a very long distance in the APT linac. Figure 4
shows the transverse profile of a 100 mA beam from a
PARMILA simulation using 100k particles and a 2-D (r-z)
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Using PARTREX we investigated several steering
schemes for the APT linac. We tested these algorithms in the
8-to-20-MeV section that includes 177 cells and 60 EMQs.
The simplest scheme is to steer at one focusing EMQ to put the
beam on-axis at the BPM located in the next focusing EMQ.
We then steer in this second EMQ to put the beam on axis
again at the BPM in third focusing EMQ. Because the phase
advance between the steering magnets and BPMs is 80° nom.,
this procedure does a good job of restoring errant beams.

However, BPMs can be costly, and we would like to minimize
their number and still assure minimum beam spill.
We have investigated a number of variants on this scheme.
We present a representative scenario in which this steering set,
comprised of two dipoles and two BPMs in 5 EMQs, is
repeated every 4.5-lattice periods. The diagram below shows
this schematically. We steer in both planes of each steering
EMQ.
EMQ

+ - + - + - + - - I — + - + -H— + —H- + - + - + —h

Steering x&y s.s
BPM
. .b.b

s.s
b.b

s.s
b.b

s

Figure 5 shows the result of 100 PARTREX runs in which
we have assumed a 3a beam and an alignment tolerance of
0.005 in. for both EMQs and BPMs. The left-hand plot shows
the probability distribution for the maximum horizontal
excursion of the beam centroid (Xbar max) from the linac axis.
The dashed curve represents a misaligned linac with no
steering while the solid curve corresponds to the application of
the steering algorithm described above. Without steering we
expect a maximum excursion of 2 mm on the average (0.5 on
the ordinate). In the worst case it would reach 4.5 mm.
Steering reduces these values to 1 and 2 mm respectively.

We have investigated a number of variants on this scheme.
We present a representative scenario, shown schematically
below, in which BPM pairs are located in quads of the same
sign every 7.5-lattice periods. We steer in the focusing plane
only of each EMQ.
EMQ

+-+-+-+-+-+- + - + -+- + —i— + -+—i-—1--+-

X steer s.s.s.s.s.s.s.s.s.s.s.s.s.s.s.s.
BPM
b.b
b.b..
Y steer .s.s.s.s.s.s.s.s.s.s.s.s.s.s.s.s
Figure 6 shows the results of 100 PARTREX runs
assuming the same conditions and conventions described in the
previous section. In this case the steered beam (solid curves)
experience slightly smaller excursions than in the previous
example. Figure 7 shows that the expected dipole strengths,
using the least-squares steering method, are all within 300 Gcm.
w
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Figure 6. Probability distributions for maximum beam centroid
excursions and maximum filling factor with and without
least-squares steering.
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Figure 5. Probability distributions for maximum beam centroid
excursions and maximum filling factor with and without
steering with dipole pairs.
The right-hand plot shows the corresponding probability
distributions of Fmax. Without steering, the beam will fill 70%
of the bore on the average and just scrape in the worst case. A
steered beam will fill 57% of the bore on the average or 65%
in the worst case.
This steering scheme does a good job using few BPMs but
at the cost of unacceptably large dipole fields. The left-hand
plot in Fig. 7 shows the frequency distribution of the expected
dipole strengths. Integrated steering fields as high as 1000 Gcm, which are required in some cases, exceed the practical
limit of our EMQ design.

Least-Squares Steering
A second steering scheme uses multiple steering magnets
(10-20 nom.) followed by a pair of BPMs. Since there are
many more variables (steering magnets) than constraints (2),
there is an infinite number of solutions. However, there is a
unique solution that also minimizes the steering required in
each magnet, which is the one we want. We find a leastsquares solution with constraints by minimizing the sum of the
squares of the steering fields while constraining the beam
center to the axis at the two BPMs. This scheme works
extremely well, in that few position monitors are required and
the magnitude of the steering fields are well within practical
limits.
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Figure 7. Frequency distribution for expected dipole strengths
steering with dipole pairs and least-squares steering.

Conclusion
We have discussed two alignment algorithms for the APT
linac. Simulations show that for the expected alignment
tolerances both do a good job of preventing excursions leading
to beam spill. Least-squares steering, although requiring more
dipoles, keeps the fields in all magnets within an acceptable
range because the task is shared by many magnets.
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Abstract

RFQ Accelerator

The accelerator based production of tritium calls for a
high-power, cw proton linac. Previous designs for such a linac
use a radio-frequency quadrupole (RFQ), followed by a drifttube linac (DTL) to an intermediate energy and a coupledcavity linac (CCL) to the final energy. The Los Alamos design
uses a high-energy (6.7-MeV) RFQ followed by the newly
developed [1] coupled-cavity drift-tube linac (CCDTL) and a
CCL. This design accommodates external electromagnetic
quadrupole lenses which provide a strong uniform focusing
lattice from the end of the RFQ to the end of the CCL.
The cell lengths in linacs of traditional design are
typically graded as a function of the particle velocity. By
making groups of cells symmetric in both the CCDTL and
CCL, the cavity design as well as the mechanical design and
fabrication is simplified without compromising the
performance. At higher energies, there are some advantages of
using superconducting rf cavities. Currently, such schemes are
under vigorous study [2]. Here, we describe the linac design
based on normal conducting cavities and present the
simulation results.

The cw RFQ for the APT linac produces a 100-mA beam
of protons with an output energy of 6.7 MeV. An engineering
drawing of the RFQ is contained in Ref. 3. The conceptual
design is described in complete detail elsewhere [3-4]. This is
an 8-m long rf structure consisting of four 2-m-long segments
that are resonantly coupled together. Each segment is a
resonant structure assembled from two 1-m-long brazed
sections.
The RFQ design uses an improved beam-dynamics code
[5] that includes multipole field effects. It has been
benchmarked successfully against other codes [6]. The
transverse current limit is greater than 240 mA throughout the
length of the structure. The longitudinal current limit exceeds
150 mA beyond the 1-MeV point. The peak surface field along
the length of the vane-tips does not exceed 1.8 times the
Kilpatrick limit.
In the high-energy part of the RFQ, we specially tailor the
vane-tip modulation to increase the longitudinal focusing
strength thereby reducing the phase width of the exit beam.
Injector

Introduction
The linac for the production of tritium calls for 100 mA of
cw proton beam to be delivered onto a production target. The
main challenge in the design comes from the hands-on
maintenance requirement of the entire linac by way of
permissible beam loss along its length. Thus, elimination of
known causes of beam-loss and control of transverse emittance
growth (implying larger transverse spread of beam particles)
are of utmost concern in the design of such a linac. In the room
temperature design, we minimized the number of transitions
between accelerating structures. In contrast to earlier designs
[3], the only transition we have is between the RFQ and the
CCDTL. In addition to eliminating all but one transition, we
do not have a separate matching-section between the RFQ and
the CCDTL. Instead, the transport properties in both the
transverse and longitudinal motion are tailored to be
continuous at the end of the RFQ and the beginning of the
CCDTL, thus avoiding a discontinuity in the restoring forces
experienced by the beam.
A schematic of the linac is shown in Fig. 1. It consists of
an RFQ followed by a CCDTL and a CCL. The RFQ
accelerates the beam from 75 keV to 6.7 MeV and the CCDTL
takes the beam to 100 MeV. A CCL accelerates the beam to a
final energy of 1.3 GeV.
' Work supported by the US Department of Energy.
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Fig. 1. Schematic layout of the APT normal conducting linac.

Post-RFQ Acceleration
Figure 2 summarizes the configuration of the accelerating
scheme beyond the RFQ. The transverse focusing lattice is
FODO with a constant focusing period of 8PX. We define the
length of 4PX between two consecutive electromagnetic
quadrupoles (EMQ) of opposite polarity as a "segment."
Between 6.7 and 8 MeV, there are only two accelerating gaps
per segment. At low energy, a minimum length of 2.5|3X is
needed for the EMQs. In the remaining length of 1.5PA. only
one cavity containing two gaps can be placed. As P increases,
we can use more gaps per cavity. Between 8 and 20 MeV, we
have 3 gaps per segment provided by two drift tubes in one
cavity. The structure has 4 accelerating gaps per segment
between 20 to 100 MeV, which increases the packing fraction
(ratio of the active accelerating length to the total length of a
segment) to 0.75. The conventional CCL starts at 100 MeV.
Both CCDTL and the CCL are coupled cavity structures.
Hence, from beam-dynamics point of view, it is not a
transition in structure. At this energy, P is large enough for six
0.5 PX coupled-cavity cells (accelerating gaps) with IPX, space
available for EMQs. The packing fraction remains 0.75. At
155 MeV, where we add a seventh cell to each segment, the

packing fraction increases to 0.875. The pattern continues to
the final energy of 1300 MeV.
Structure
Type

Accel.
Gaps per
Segment

Energy
Range

Cavity
Length

(MeV)

pi,

Quad
Space

Cavity
Packing
Fraction

continuous variation as seen in Fig. 4. At 155 MeV, we
achieve a real-estate EoT of 1.3 MV/m which is held constant
thereafter to conserve power. The design parameters of the
entire linac are given in Table 1.

3/8

Energy (MeV)

Fig. 3. Average real estate shunt impedance ZT2 vs. energy.

5/8

20-100

|AT—,

2 -

155-1.300

7/2

Fig. 2. Schematic for five different types of cavity configurations in
the linac beyond the RFQ.

Effective shunt impedance for cavities as a function of f$
are calculated by the 2-D code SUPERFISH. Except for the
very beginning of the coupled cavity structure (<10 MeV), we
keep the real-estate shunt impedance ZT2 above 35 Mfl/m.
Consistent with this choice, we open up the bore radius as
quickly as practicable. Figure 3 shows the average real estate
shunt impedance as a function of energy while the variation of
the bore radius along the length of the linac is shown in Fig. 8.
For power partitioning, each supermodule (chains of up
to 160 coupled-accelerating cells driven in common by
multiple klystrons) is fed by 4 to 6 klystrons. This concept
permits the addition of an extra klystron to each supermodule
i.e., operate each supermodule with 5 to 7 klystrons, thus
providing redundancy in the system.
The design of the transition region involved tailoring the
end of the RFQ as well as first few periods of the CCDTL.
General design philosophy of this region is described in Ref. 8
while the detail is contained in Ref. 7. Following this capture
section, there is a quasi-adiabatic ramp in both the
synchronous phase <ps and the field accelerating gradient EoT.
Both are initially ramped adiabatically up to 11.4 MeV. We
start at (ps= -60° to assure capture of the beam in the "bucket".
We then ramp down |tps I and ramp up EoT adiabatically while
maintaining a large ratio between the bucket and the beamsize. The structure Eo, real estate EQ, real-estate EoT, and
acceleration-rate variation as a function of energy are shown in
Fig. 4. The design goal was to obtain a smooth variation in the
real-estate EoT until a predetermined value of real-estate EoT
is reached. ZT2 values dictate the bore radius which does not
vary smoothly with energy. Since transit time factor is also
dependent on the radius, the structure EQ does not show a
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Table 1. Design Parameters of the Linac.
RFQ
Parameter
CCDTL
CCL
0.075-6.7
Energy (MeV)
6.7-99.6
99.6-1300
350
700
Frequency (MHz)
700
100
100
Beam Current (mA)
100
Aperture Radius (mm)
2.3-3.4
10.0-17.5
17.5-25.0
1.38
Cavity EoT (MV/m)
1.095-1.574 1.574-1.485
1.38
Real Estate EoT (MV/m)
0.410-1.180 1.180-1.300
-90 to -60 -60 to -30
Synchronous Phase (deg)
-30
18-33
33-47
Real Estate ZT2 (MO/m)
FODO
Quad Lattice
FODO
Quad Length (mm)
30.0
30.0
Quad Gradient (T/m)
87.5
87.5
0.022
0.023
0.023
Trans. Emit. (Jt cm. mrad)+
0.214*
0.450**
0.482**
Long. Emit, (it deg. MeV)+
Aper. rad. / rms beam-size
5-13
13-26
+ emittances are rms, normalized; * @ 350 MHz; ** @700 MHz
Simulation

The computer code PARMILX [9], a modified version of
PARMILA, was used to both generate and simulate the
performance of the linac beyond the RFQ. An end-to-end
simulation was performed with 100,000 macro-particles at the
entrance to the RFQ. A 4-D waterbag distribution was
assumed at the input.
Transverse phase space distributions at 1.3 GeV for full
current of 105 mA are shown in Fig. 5. Beam profile plots for
full current from 155 MeV to 1.3 GeV are shown in Fig. 6. No

profile oscillations indicate a good match in the transition
region. Longitudinal and transverse emittances vs. energy are
•
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luminosity requirements are not important for this application.
Figure 8 shows the relationship between beam-size (rms),
aperture-size, and maximum radius of a particle as a function
of energy. This particle is the outermost one in the distribution,
outside the core distribution and constitutes a particle in the
halo. Even at higher energies, this particle does not occupy
more than - 25% of the bore.
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Fig. 5. Phase space distribution at 1.3 GeV for 105 mA.
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Fig. 8. Beam-size (rms), aperture-size, and maximum radius of the
outermost particle vs. energy.
Conclusion
We have described the conceptual design for a highcurrent normal-conducting linac specifically designed to
deliver a high-power proton beam on an extended target. A
very high bore- to beam-size ratio was achieved at higher
energies where beam-loss is of concern. Simulations show zero
transverse emittance growth for the entire linac.
References
Fig. 6. Beam profile plots from 155 MeV to 1.3 GeV for 105 mA.

Energy (MeV)

Fig. 7. Longitudinal and transverse emittance vs. energy for 105 mA.
plotted in fig. 7. There is essentially zero transverse emittance
growth from 6.7 MeV to 1.3 GeV. Since the real-estate
accelerating gradient EoT is constrained to 1.3 MV/m above
155 MeV, the longitudinal focusing grows weaker. As a
consequence, a longitudinal emittance growth of - 15 % is
observed. However, this is of little concern since longitudinal
beam-size is very small compared to the bucket-size and
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Low Energy Demonstration Accelerator (LEDA) at Los Alamos*
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Los Alamos National Laboratory
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Abstract

LEDA Overview

To develop and demonstrate the crucial front end of the
APT accelerator and some of the critical components for
APT, Los Alamos is building a CW proton accelerator
(LEDA) to provide 100-mA at up to 40-MeV. LEDA will be
installed where the SDI-sponsored Ground Test Accelerator
(GTA) was located. The first accelerating structure for LEDA
is a 7-MeV RFQ operating at 350-MHz. This is then
followed by several stages of a coupled-cavity Drift Tube
Linac (CCDTL) operating at 700-MHz. The first stage of
LEDA will go to 12-MeV. Higher energies, up to 40-MeV,
come later in the program. Three 1.2-MW CW RF systems
will be used to provide power to the RFQ. This paper
describes the RF systems being assembled for LEDA,
including the 350 and 700-MHz klystrons, the High Voltage
Power Supplies, the transmitters, the RF transport, die
window/coupler assemblies, and the controls. Some of the
limitations imposed by the schedule and the building itself
will be addressed.

LEDA is being accomplished in several stages. Stage 1
includes the H- injector only and is in operation now. Stages
2 through 4 all have 100 mA of accelerated beam. Stage 2
adds the RFQ. Two klystrons are required for the RFQ, but it
will be configured with 3 as a first test of the supermodule
concept. Stage 3A adds the first section of CCDTL and
requires 1 klystron. Stage 3B goes to 20 MeV and requires 2
klystrons. Stage 3A has an output energy of 10.7 MeV, and
stage 3B has an output energy of 16.7 MeV. The building
configuration as it now stands cannot power more than 5
klystrons total, so phase 3B does not allow testing of the
supermodule (with the 'on-line' spare) on the CCDTL. Phase
4 adds significant modifications to the building and enough
CCDTL to go to 40 MeV. In addition, a complete
supermodule will be tested. The complete CCDTL from the
output of the RFQ to 40 MeV will be resonantly coupled.
Six klystrons will be needed to power it, and 7 will be
installed. In the final phase of LEDA (phase 5) tunneling
will be tested, with a total 'funneled' current of 134 mA. A
second leg will be added to 16.7 MeV, a funnel will be
installed to combine the two beams at that point, and
additional acceleration will take the complete beam to
approximately 28 MeV. In phase 5, no additional klystrons
will be used compared to that used for phase 4. In order to
maximize the final energy, there will be no 'on-line' spares.

APT System Overview
The accelerator for APT is nominally configured at 1300
MeV, 100 mA, CW [1]. The accelerator layout uses an RFQ
to accelerate to 7 MeV and a coupled-cavity, drift-tube linac
(CCDTL) [2) to accelerate from 7 to 100 MeV. Above 100
MeV, a Coupled Cavity Linac (CCL) is the baseline
structure, but consideration is also being given to a
superconducting structure. In the room temperature
configuration now planned, over 225 1-MW klystrons ate
required for the entire accelerator.
75keV

Injector
100 mA

Fig. 1.
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APT accelerator schematic.

The front end portion of the accelerator is considered the
key to success of the system, and therefore a demonstration
accelerator (LEDA) is being developed at LANL.
One concept which is being investigated for use on APT
is the supermodule. This is an assembly of accelerator
modules which are resonantly coupled together. In theory,
these supermodules could be extremely long, but we have
chosen units which use 7 RF generators or less. In all
supermodules, the design uses 1 more RF generator than
necessary. This provides a type of on-line spare. Its operation
allows any RF generator to fail, and the remaining generators
can take over and provide the necessary power. This concept
is one that we plan to test on LEDA.

RF System Architecture
A uniform RF system architecture is adopted for all APT
RF systems. The RF system is made up of the klystron
subsystem, the transmitter subsystem, the high voltage
power supply subsystem, the transmission subsystem, and
the cavity field control subsystem. A block diagram of the
RF system is shown below in Fig. 2.
The klystron subsystem includes the klystron
amplifier, its cooling, and the lead garage required for x-ray
shielding.
The transmitter subsystem contains all support
electronics for the RF system with the exception of the high
voltage DC power supply subsystem. Included in the
transmitter subsystem are the klystron focus coil supplies,
the modulating anode voltage divider and pulser, the solid
state preamplifier for the klystron, cooling interlocks, vacion pump power supplies, computer interface electronics,
crowbar trigger electronics, etc.

The high voltage DC power supply subsystem
includes an SCR controller, a transformer rectifier, a crowbar
and filter unit, and associated support electronics and
computer interface. The high voltage power supply has a
maximum output voltage of 95 kV and a maximum output
current of 21 A for the 350 Mhz klystron generators and 17
A for the 700 MHz klystron generators.

The

transmission

subsystem

contains

all

transmission line components required to provide the RF
power generated by the klystron to the accelerating structure.

*Work supported by the US Deparment of Energy.
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the accelerating cavities. 2) The resonance condition of each
functions: 1) Feedback and possibly feedforward techniques
will be utilized to control the RF fields inside cavity will be
detected and control signals provided to the cooling water
system used to maintain the cavities on resonance during
normal operation. 3) A frequency agile drive signal will be
provided to the klystron when the RF to the cavity has been
off, as in the case of startup or failure recovery. In these
situations the cavity resonance will be far from the
fundamental operating frequency, so the freqnecy agile drive
signal will allow faster recovery to the correct operating
frequency. 4) The LLRF control system will develop the
reference system for the entire accelerator. This work entails
providing phase stable, coherent signals not only to every
LLRF control system but also to other subsystems such as
the Beam Diagnostics. The reference signal is both a time
reference signal as well as the RF reference signal. 5) The
LLRF control system will provide logic circuitry that can
shut down the drive to high power amplifiers should a
number of fault conditions exist, e.g., arcs, high reflected
power.
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Fig. 2. RF system block diagram.
This includes the waveguide from the klystron to the RF
vacuum windows on the accelerating structures, including
circulators, power splitters, waveguide switch, and RF loads.
WR 2300 waveguide will be used for the 350 MHz RF
system and WR 1500 waveguide for the 700 MHz RF
systems. The klystron generators will be protected by a yjunction circulator from reflected power. After the
circulatorthe power from a single klystron is divided into four
equal parts using magic tees or hybrid waveguide power
splitters. It is necessary to divide the power from the
klystron to minimize the stress on the RF vacuum windows
on the accelerating structures.
Each of the power splitters, the waveguide switch, and the
circulator require an RF load. With the exception of the
waveguide switch these loads only absorb significant power
in fault conditions. Therefore, in order to minimize load
cost we will use 200 kW CW loads protected by
instrumented directional couplers. The philosophy is that
unless the system is in a fault condition the load power will
not exceed the 200 kW, and if the system is in a fault
condition we would not want to operate and would bring the
system off line for repair. The directional couplers will be
used to verify the quality of the load match and the absolute
power being absorbed by the load. This information will be
used to rapidly disable the drive for the RF system if the
power exceeds the loads capabilities or the load match
degrades.

The cavity field control subsystem is described in
detail in another paper at this conference (refer to "APT
LLRF Control System Functionality and Architecture", by
Regan and Rohlev). The control system contains the circuitry
to ensure stable RF fields in the accelerating cavities, as well
as some system interlock and interface circuitry. The lowlevel RF control system will perform a number of different

Key Issues
RF Vacuum windows
RF vacuum windows for CW accelerators are in service in
the 200 - 300 kW range in the frequency spectrum of interest.
The window requirements for the RFQ are listed below in
table 1. Four cases need to be evaluated to determine the
most stressing case for the RF vacuum windows for the
RFQ. The conditions include: whether or not beam is
present and whether or not all klystrons are available or 1
klystron is off-line. The number of windows is based on
using four windows per klystron (power divided four ways).
The effective forward power per window (last column) is the
forward power which would generate the same voltage as that
of the combined forward and reflected powers.
A similar analysis has been performed on the CCL and
CCDTL windows and their required power capacity is
illustrated in table 2 for four windows per klystron. The
worst case in both situations is beam on with 1 klystron offline. However the effective forward power level is consistent
with the demonstrated technology at accelerator facilities.

Super Module
The top level RF system design of a super module is
illustrated below in Figure 3. The super module provides for
on-line redundancy in the RF system. In the figure, only six
of the seven klystrons illustrated are required to meet the RF
power requirements of the accelerating structure.With an
individual power supply and transmitter per klystron, the
super module redundancy is also applicable to the high
voltage system and klystron support electronics. Not shown
is the complete splitting of the RF power. Only the first
level of splitting is shown.

Table 1
RFQ RF Window Requirement.
Condition

#
Klystrons

VSWR:1 #
Windows

Pfwd
kW

Pref
kW

No Beam
No Beam
Full Beam
Full Beam

3
2
3
2

2
1.33
1.2
1.25

1485
1347
2107
2116

165
27
17
26

12
8
12
8
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Pwr Cavity
P incident
kW
1320
1320
2090
2090

Pfwd
per window
kW
124
168
176
265

Effct
Fwd
Pwr IkW)
220
219
209
327

Table 2
CCL/CCDTL RF Window Requirement.
Condition

#
Klystrons

No Beam
No Beam
Full Beam
Full Beam

7
6

VSWR:1 #
Windows

Pfwd

Pref

kW

kW

4

2125
1715
5253
5253

765
355
65

2.67
1.25

7
6

1.2

28
24
28
24

During operation, and with no faults in any of the RF
systems, all klystrons are operated at 6/7 of their maximum
output power. When a fault is detected the RF systems for
the super module are disabled and the waveguide switch is
activated on the faulted unit. The waveguide switch serves
two purposes. It connects the faulted unit to an RF load for
evaluation, repair, and test. It also reflects a short circuit at
the appropriate phase back to the accelerating structure so as
not to perturb the accelerating fields. Once the failed system
has been taken off-line the remaining systems are returned to
service.
Htftvolaga
DC P e w

OCPowot

T£Sr

OCPoww

Sow*

DCPoww
SUPPV

OC Power

43

Pwr Cavity
P incident
kW
1360
1360
5188
5188

Pfwd
per window

Effct
Fwd
Pwr(kW)
194
151
232
259

kW
76
71
188
218

their typical service environment they are utilized below their
maximum capacity. Also, experience on LAMPF indicates
that if the klystrons are typically operated under ratings the
operating life of the klystron can be dramatically increased.
Several klystrons at LAMPF have over 100,000 hours of
operating life. The super module architecture also allows for
the repair and test of klystrons and their associated electronics
in situ and validation of performance before the RF system is
returned to service. This greatly simplifies maintenance
activities and minimizes mean time to repair.

Capital and Operating Cost
In such a large system (>200 MW of CW RF power),
cost is an important issue. While klystrons are the baseline
choice for the RF generator, we are considering other types of
sources. These include advanced klystrons of several varieties
(depressed collector, high efficiency designs using multiple
second harmonic cavities, multi- beam klystrons), and
inductive output tube types which operate class B and
consequently have very high 'operating' efficiency. The high
operating efficiency is due to the slow rolloff in efficiency
over the upper 25% of output power range (Figue 4).
Another area of investigation is the HVPS. We are
investigating the use of both 6-pulse and 12-pulse SCR-type
supplies, and we are looking into solid state switching power
supply technology, based on IGBT's, to achieve enhanced
power factor and efficiency.

H»Votege
DCPomr
Supply

Fig. 3. Typical RF Super Module
The super module concept allows for rapid service
restoration (5 minutes) in the event of an RF system fault.
The failed component is then repaired off line and restored to
service when convenient. It allows the RF system to meet
its availability allocation of 95%. The additional cost for
this configuration is seen in two ways. The number of
installed klystrons is increased 17% (7 divided 6), and the
klystrons are not operating as efficiently as possible.
Klystrons are designed to provide their maximum efficiency
when operating saturated at a specific power level. We must
operate below saturation to allow the accelerator field control
circuits to operate properly. This reduces the operating
efficiency from the maximum capable by the klystron. In
addition, when 7 klystrons are operated to satisfy the needs of
6 they are operated below their nominal maximum output
power. An additional efficiency penalty results. By variation
of the klystron beam voltage and current the efficiency
penalty can be minimized to a 1 - 2 % absolute reduction in
efficiency. The adjustment of the klystrons cathode voltage
has additional impacts to the high voltage power supply in
terms of increased ripple, line harmonics, and reduced power
factor as it is operated below its nominal design point.
While there is an operational efficiency penalty that
results from operating a klystron below its maximum power
there is also a corresponding increase in klystron operating
life. Experience at accelerator facilities world wide indicate
that high average power klystrons operate more reliably if in
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Table 1

Abstract
The proposed Los Alamos National Laboratory Long Pulse
Spallation Source (LPSS) design consists of a 1 MW neutron
spallation target fed by a pulsed proton beam from the Los
Alamos Neutron Science Center (LANSCE, formerly
LAMPF) accelerator. This proton beam would have a
repetition rate of 60 Hz and a pulse length of 1 ms for a duty
factor (DF) of 6%. An average/peak current of 1.25 mA/21
mA would be required for an 800 MeV beam to provide this
power at this duty factor. The spallation target would reside in
what is now called Area A and would use the H+ beam. The
LANSCE accelerator would also be required to simultaneously
deliver H- beams to the Manuel Lujan Jr. Neutron Scattering
Center (MLNSC) and the Weapons Neutron Research (WNR)
facility at the requisite duty factors and currents. LANSCE
currently delivers 16.5 mA peak of H+ beam at 120 Hertz,
with a 625 fxS beam pulse length. H- beams are accelerated for
use in MLNSC and WNR.
In November of 1995, operation of the linac shifted to the
LPSS pulse parameters, except for the peak current which
remained at the 16.5 mA production level. In addition to
delivering 800 kW of H+ proton beam to physics production
targets, H- beams were simultaneously delivered to customers
for the proton storage ring feeding MLNSC, and to researchers
using the WNR facility. Performance of the RF powerplants
for the 201.25 MHz drift tube linac (DTL), the 805 MHz sidecoupled linac (SCL), and the associated electronics is described
[1]The conclusion of the experiment is that the LANSCE
linac can be upgraded through modest improvements to drive a
1 MW LPSS.
LPSS Demonstration

Conditions

The objective of this experiment was to simultaneously
deliver an evenly spaced 60 Hz x 1 ms, 1 mA average , 800
MeV beam to Area A (800 kW beam, 80% of LPSS design),
an evenly spaced 20 Hz x 600 ms, 70 mA H- beam to the
PSR/MLNSC, and 60 Hz x 625 ms, 1 ^A H- beam to WNR.
These criteria were chosen because they represent the present
beam parameters. Also, it represents an H+ peak current which
is a large fraction of the LPSS design. The WNR and Area A
beams (both at 60 Hz) were accelerated in the same RF pulses.
The 20 Hz PSR beam was interleaved with those 60 Hz
pulses. The parameters used during the test are shown in
Table 1.
To achieve the above beam parameters, we operated the RF
at 80 Hz, spaced irregularly in a three on, space, one on, space
pulse sequence. Refer to Figure 1. Peak power was maintained
*Work supported by the US Deparment of Energy.
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Nominal Beam Parameters Used During LPSS
Demonstration Test

Pulse
width,
us
1015

Rep
rate,
Hz

Duty
Factor,
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600
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6.1
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Pulse Structure

One Repetition Pertod-

Fig. 1. 80 Hz Pulse Structure for LPSS Test.
near the normal operation values, as peak beam current did not
increase.
The 805 MHz RF systems required a pulse length of 1185
jis, and therefore operated at a duty factor of 9.5%. The 201.25
MHz RF systems required more time at the start of each pulse
to fill the cavities and stabilize the fields (1235 jis pulse
length). The 201.25 MHz duty factor was 9.9%

201.25 MHz DTL RF Systems
A description of the 201.25 MHz RF systems is given in a
companion paper [2]. The RF power amplifiers (PA) driving
DTL tanks 2 through 4 are operating close to their maximum
average power ratings. DTL tank 1 uses the same PA tube for
compatibility, operating at one-sixth of the power.
We measured the waveform of the voltage on the HVDC
capacitor bank for Modules 2 - 4 , the highest power systems.
Module 2 was the only system requiring increased HV for
adequate headroom. This module was operating at the highest
peak power, so it also had the highest plate current. With H+
beam on, the peak power for modules 2, 3 and 4 was 3.05,
2.54, and 2.71 MW, respectively. Because of the higher plate
current, the plate modulator of module 2 had a large voltage
drop across the pass tube components. This is seen in the
comparative modulator voltage drops in the oscilloscope traces
in Figure 2.
The ripple on the capacitor banks was observed (Module 2
shown in figure 3). Note that the stairstep for each pulse
starts at a different voltage, repeating after 50 milliseconds.

Module 2

Module 3

Module <1
jki.'iV,

• ! • • • •
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• ! •
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Fig. 2. Capacitor Bank Voltage (fop trace) and Plate Voltage (bottom trace) on each Power Amplifier. Vert. Scale = 5 kV/Div,
Horiz. = 200 jis/Div
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Fig. 3. Capacitor Bank Voltage for Module 2.
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During the normal production of 1995, the capacitor bank was
operated at 31.5 kVDC, but had to be increased to 33 kV
during this test.
During the beam production period in 1995, the Burle 7835
triode PA for Modules 2 - 4 operated at about 90% of their
administrative limit of 250 kW average plate power
dissipation [2]. It had been hypothesized that for a constant
duty factor, operating with lower repetition rates and longer
pulses would result in lower dissipation. As the repetition rate
was reduced on Nov. 28 from the original 120 Hz to the new
80 Hz condition, plate power dissipation was found to drop as
shown in Table 2. This 8 to 10 kW reduction was more than
could be accounted for by the slight adjustment in DF alone.
With only 2/3 of the number of pulses per unit time, the
number of turnon transients is reduced, the time where the PA
operates with high VSWR during the DTL fill time. This
accounts for the reduced plate power dissipation.

Each klystron is capable of supplying 1.25 MW of RF power.
RF drive is modulated for field amplitude control. They are
spaced over 731 meters of linac and increase the proton beam
energy from 100 to 800 MeV. Six to seven klystrons are
clustered with a HVDC capacitor bank.
In a series of tests in 1993, the cluster of klystron
amplifiers at modules 18 through 24 was operated at 12% DF
and 60 Hz repetition rate. These tests were performed without
beam, with extreme (2 ms) pulse length. It was determined
that the practical DF limit comes from the maximum current
from the high voltage power supplies. Browman [3] reported
that the maximum peak beam current of 25 to 30 mA was
limited by the available peak power from the klystrons.
During the 1995 LPSS experiment, we measured the peak
power of module 48, with calibrated couplers and
instrumentation, for the 16.5 mA H+ beam of the LPSS test.
Close attention was given to the low level RF controls and the
amount of work to adjust them for this test.
Due to the increased demands on the RF powerplant by the
high current, long pulse H+ beam, in addition to the 20 Hz Hbeam, the 805 MHz RF capacitor banks experienced
significant voltage droop. This droop problem was exacerbated
by the irregular pattern of pulses. Figure 4 depicts the droop
and pattern of klystron cathode current for Module 48. The
relationship of cathode current, I* , to capacitor bank voltage,
V c , is I k =kV c w . A reduction in capacitor bank voltage results
in reduced klystron cathode current and overall gain. Reduced
gain in the klystron results in reduced loop gain and causes the
control system to increase its drive power. This requires the
control system to operate over a larger dynamic range than in
past operational modes.
15
M-

Table 2
7835 Plate Dissipation versus RF Timing, Beam Off
Module 2 Module 3 Module 4
835 ms, 120 Hz
204 kW
206 kW
201 kW
10.02% D.F.
1000 ms, 100 Hz
204 kW
200 kW
196 kW
10% D.F.
1235 ms, 80 Hz
198 kW
191 kW
195 kW
9.88% D.F.
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80S MHz SCL RF Systems
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The 805 MHz RF systems for the SCL (also called coupled
cavity linac or CCL) are comprised of forty-four Varian and
Litton klystron amplifiers operating with a pulsed mod anode.
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Fig. 4. Module 48 Klystron Relative Cathode Current.
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The controls for the SCL RF powerplant required
considerable hands-on tuning, which was made more difficult
by the length of the accelerator. The asymmetric pulse train of
the RF made the capacitor bank voltages vary from pulse to
pulse. To compensate, the capacitor banks were operated at
higher levels. For certain modules, it took adjustment of the
klystron focus magnet currents to move tube gain irregularities
out of the nominal control range of the system. Otherwise
these anomalies would perturb the control loops, causing
instability.
In order to project the requirements for 21 mA beam
operation, the power signals were carefully measured at
16.5 mA of peak beam current. The output power for the
Module 48 klystron is representative of Sector H, which
traditionally has a high power load as a result of the beam
loading. The directional coupler and the diode detectors were
calibrated to back out the actual power consumptions during
the beam operation:
Predicted beam loading at 16.5 mA peak current
(16.5 mA X 16.81 MV) [tank 48]

277 kW

Measured incident power without beam
(Resistive Losses only)

607 kW

Measured incident power with 16.5 mA peak current
(Resistive losses plus beam loading)
872 kW
Measured beam loading with 16.5 mA peak current
(872 kW - 607 kW)
265 kW
Predicted beam loading at 21 mA peak current
(21 mAX 16.81 MV)

353 kW

Predicted power required for 21 mA LPSS beam

~ 1000 kW

The measured power is within a 4% agreement with the
design code estimated resistive copper losses including
corrections for bridge coupler losses and the SCL measured Q
14].
Corrected design code estimate
Measurement

Future Direction for RF Systems at LANSCE
Additional tests in coming months will examine operation
at 21 mA peak H+ beam current while delivering beams to the
other users. This will, of course, require a reduction of the DF
for the present 201.25 MHz system. A project to eliminate
the DPA plate modulators, and operate the tubes from standalone DC power supplies has been funded to improve
reliability, simplify the RF power system, and reduce the
amount of droop in the IPA RF output power. An adaptive
feedforward controller is proposed to be added to the low level
amplitude/phase controllers to improve response to repetitive
beam transients, temporal and cyclic drifts in tune, and
component changes or gain drifts inside the controlled loop.
These improvements are offered to improve the LANSCE DTL
RF system for the present beams and for the proposed LPSS
beam.
For 21 mA LPSS operation, we have proposed a new RF
amplifier chain. The new PA systems would not require highlevel plate modulation for amplitude control but would operate
with DC from the capacitor bank. Without the modulators, the
plate voltage drop would disappear, raising the peak power
capacity of modules 2 through 4 while maintaining low
capacitor bank voltages. Duty factor would not be a limitation.
The tank window will be examined with improvements to
handle the higher peak voltages and currents. RF circulators are
proposed to eliminate troublesome reflected power [2].
Due to the large number of systems in the SCL RF
powerplant, any proposed modification must be analyzed for
benefit versus the individual unit cost. This has limited the
overall upgradability of the SCL RF systems in the past to
minor improvements. Upgrades must be reviewed in light of
this philosophy. Work is underway to improve the
controllability, the power monitoring instrumentation, the
uniformity of klystron parameters, and the inventory of spare
klystrons. There is much more room for significant
modification in the 201 MHz DTL powerplant, with only four
modules.

Acknowledgments

631 kW
607 kW

In comparing with the measured values, we must allow for
some small difference introduced in fine tuning the beamline
optics by adjusting the beam output energy with Module 48
power.
The 805 MHz klystrons are rated at 1.25 MW peak power
and are consistently tuned to that power level into a matched
load. Driving into the mismatched load of the accelerating
cavity does effect the klystron output, depending on the phase
and magnitude of the reflection. The expected 1 MW peak
power requirement for 21 mA of beam leaves 250 KW for
control margin for closed-loop control and for the mismatch. It
is felt that the 805 Mhz RF powerplant will be able to supply
the needed power without needing significant upgrading.
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The LPSS experiment was carried out through the
combined efforts of the AOT-6 Beam Delivery and Physics
Teams and the AOT-5 RF Team. They were instrumental in
making the adjustments and changes in a timely and
coordinated manner, over a continuous period encompassing 48
hours.
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LANSCE 201.25 MHz DRIFT TUBE LINAC RF POWER STATUS'
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Abstract
JL
The Los Alamos Neutron Science Center (LANSCE) linac
provides high power proton beams for neutron science,
Tritium target development, nuclear physics, material science,
isotope production, and weapons research. The number of
simultaneous beam users places heavy demands on the RF
powerplant, especially the 201.25 MHz power amplifiers
(PA) driving four drift tube linac (DTL) tanks. Designed nearly
30 years ago, these amplifiers have operated at up to 3
Megawatts with duty factors of 12%. The large number of
power tubes in the PA and Intermediate Power Amplifier (IPA)
plate modulators, the age of the cooling and control
subsystems, tube manufacturing problems, and operation near
maximum PA tube ratings have all affected the system
reliability.
By monitoring final power amplifier plate dissipation and
tube vacuum, improved operating procedures have raised RF
system reliability above 95% for operation periods in 1993-95.
Other recent modifications and upgrades to the 201.25 MHz
RF powerplant have significantly improved the operation.
Higher beam current for a proposed Long Pulse Spallation
Source (LPSS) cannot be delivered simultaneously with other
beams at high duty factor, however. Plans are underway to
develop a new final power amplifier which can use low-level
RF modulation for amplitude control. With only a few power
tubes, the system will deliver high peak power and duty factor,
with improved DC to RF efficiency, and a simplified cooling
system.

Overview of Original

201.25 MHz RF Systems

A block diagram of the original 201.25 MHz RF system
is shown in Figure 1. The maximum duty factor is 12% where
the plate dissipation of the final amplifier tube (Burle
Industries 7835 triode) is approximately 250 kW. A selection
of the 7835 parameters is given in table 1. The peak power out
of the final cavity amplifier is over 3.0 MW in some cases.
The amplifier chain used a solid state preamplifier and a dual
tube driver to provide 4 kW output. This output drives the
IPA, a Burle 4616 tetrode, to achieve 130 kW. Finally the
7835 PA can deliver over 3 MW.
The 7835 cavity amplifier is unstable if operated with B+
but no RF drive, so the input high voltage is modulated by the
Work supported by the US Deparment of Energy.
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Fig. 1. Original 201 MHz Amplifier System.
Table 1
Burle 7835 Electron Tube Parameters
Type
Gain
Designed
Filament
Filament V
Filament I
Plate Dissipation
Plate Voltage Max
Water Flow

Cathode-Driven Triode
13.6 dB
1960
Thoriated Tungsten
4V
6800 A
300 kW
40 kV
200 GPM

amplitude control electronics in order to adjust the saturated
output and thereby provide the amplitude control. This high
voltage modulation technique requires four power tubes. The
modulator has an internal voltage drop of 8 to 12 kV, so the
high voltage capacitor bank must be maintained with that head
room above the level needed by the 7835.
At the present
peak powers, the 7835's require 19 to 21 kV, and the capacitor
bank operates at approximately 30 kV. Operation above this
level not only stresses the capacitor bank and power supply,
but stresses the modulator tubes.
The IPA high voltage is derived from the same high
voltage as the PA. The IPA operates as a linear amplifier, so
the high voltage is only switched on and off. Its level is not
modulated as in the case of the final amplifier. A tube-based
modulator is used to switch the high voltage on the 4616,
requiring 3 power tubes (fig. 1).

Modifications and Upgrades to 201.25 MHz
RF Systems
In the original configuration, the entire 201.25 MHz
amplifier system required thirteen power tubes per module
times four modules, or fifty-two power tubes. Recent
modifications have reduced that number to nine per module
[1,2]. These included the 1994 installation of a solid-state
driver and a solid-state screen grid (G2) pulser for the IPA
stage. These are included in fig. 2. An upgrade is planned for
the near future in which the EPA will have its own high
voltage power supply (HVPS). This will eliminate the threetube HV modulator and bring the total tube count per module
to six. When the IPA HVPS is installed the 201.25 MHz
system will be arranged as in Figure 2. This upgrade is just
beginning with the purchase of a prototype HVPS, due for
arrival in late 1996.

Upgradad Vfctoo Onm

Filament Current Regulation

Fig. 2. 'Upgraded' 201 MHz Amplifier System.

Plate Power Dissipation Monitors
The original specification for the 7835 super power triode
lists the average plate dissipation limit of 300 kW (Table 1).
LANSCE has operating experience which suggests that for
safe operation, dissipation should be below 250 kW. Real time
monitoring of the average plate power dissipation of the FPA
was installed in 1993 [3]. Using the temperature difference in
the plate coolant manifold and the flow from a sensor, the
power wasted in the plate coolant (plus a factor for filament
and drive power) is computed with an embedded controller and
used for readout and interlock of the HV. We implemented
administrative controls to limit the operation to plate
dissipations of less than 250 kW. Catastrophic failures have
been significantly reduced. This is especially effective during
beam tuning and transient start-up conditions when the RF
power level is fluctuating and the resonance controller is
moving the DTL tuning slugs.

Peak Power Monitors
Another significant improvement was the addition of peak
power monitors (PPM) to indicate RF power levels in Watts
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for the entire amplifier chain. The PPM replaced original
uncalibrated detector diodes and directional couplers which were
only useful for indicating that a signal was present. We
purchased commercial directional couplers in 5 kW, 150 kW,
and 3 MW "sizes", for the driver, IPA, and PA outputs,
respectively. Lowpass filters eliminate harmonics from the
power signals. A PPM timing gate allows sample/hold of the
peak anywhere in the RF waveforms. These signals are fed to
large LED dispiays, and to the central control room for
logging. Both forward and reflected power are monitored, using
custom versions of the Narda 481 diode power monitors.
Linearity is ±0.25dB over a lOdB dynamic range.

Filament Power Regulator
The original 7835 PA filament supply was an unregulated,
variac-controlled supply. As noted in table 1 above, this
supply delivers over 30 kW of DC power. A modern SCR
supply was purchased for our test stand to see the benefits of
filament current regulation. The regulation has been shown to
be effective in stabilizing the 7835 operation, since the cathode
current in the grounded-grid triode is proportional to emission
from the filament. However, because of the cost of the
filament supply and the desire to replace the 7835 amplifier
stages in the near future (see below), we have chosen to
modify our existing supplies rather than make new purchases.
The modification consist of adding a control circuit to the
power supply which adjusts the variacs as the supply output
current varies. In order to avoid excessive brush wear in the
variacs, the control circuit is designed with an adjustable dead
band. We have found that 50A is a suitable band. The
regulation is sufficient, and the brush movement is not
excessive. The regulator is isolated and filtered to ignore the
pulsed cathode bias voltage which is common to both filament
connections.

Modifications to the PA Plate Modulators
In 1992, analysis of the PA plate modulator output
waveforms showed an undershoot of about 5 kV after pulse
shutoff. The cutoff 7835 triode was acting as a rectifier for the
returning RF power spike from the DTL tanks during decay. A
high power clamp diode was connected from the floating deck
to ground, eliminating the negative transient which was
charging the deck. This modification dramatically reduced
nuisance crowbars due to modulator tube faults. Current
transformers were also added to monitor screen current and the
plate current in each 4CW250.000B tetrode. These diagnostics
have allowed us to predict when a driver or modulator tube is
weakening and plan a changeout in advance [1, 2].
The modulator driver tetrode (4CX3000A) filament and
screen power supplies were modified with the addition of
ferroresonant (constant voltage) transformers. This stabilized
the overall modulator loop gain for line voltage fluctuations,
and has doubled driver tube lifetime by allowing us to hold
closer tolerance to optimal filament temperature. Because of

the screen voltage regulation, linac fill time is improved when
the driver tetrode operates saturated.
We have installed new bias power supplies for the
4CW250.000B tetrode modulator tubes which allow a higher
control grid bias: 500 versus 350 volts negative. This cuts off
the tubes more completely during the beam-off time, to
minimize cutting of the anode of the tube from the electron
beam, which is focused in this condition. The new bias
supplies are modular units which are very easy to replace
compared to the original hard-wired supplies. Safety is
enhanced with the new bias power supplies, and modulator
tube life is extended.

Solid State Amplifier
The second stage of solid state amplification in Figure 2
was a recent upgrade which replaced a dual-tube amplifier [1].
The original Burle 7651 tetrode driver tubes had a short
lifetime due to a cooling design limitation. They were adequate
at low duty factor, but the present duty-factor raised the
ceramic seals in some units to near 250°C. New water-cooled
solid state amplifiers, using thirty-two Motorola MRF141G
MOSFETs combined to deliver up to 5500 W, were installed
in 1993 and 1994. Reliability is now excellent with these
units. In addition, an entire rack of power supplies, blowers,
and amplifier cavities has been eliminated for each 201.25
MHz amplifier system.

Capacitor Room and Crowbar Upgrade
The first level of arc protection for the FPA and IPA RF tubes
is provided by a modulator blocking circuit. That is, in the
event of an RF tube arc, the modulator switch tubes are shut
off as rapidly as possible. In addition, the crowbar trigger
circuit waits on the order of 10 \xs for the modulator to
extinguish the fault current before commanding the crowbar to
fire. This long delay time forces a requirement for a 10Q fault
limiting resistor which must dissipate about 70 kW in normal
operation. The resistor is immersed in an oil tank, and the oil
is cooled by a heat exchanger external to the capacitor room.
Maintenance costs plus environment and safety concerns have
pushed us to consider an air-cooled resistor. Toward that end,
we developed a 3\is crowbar, with an amplitude threshold of
about 3 kA to work in conjunction with the existing crowbar
in module two. The fault limiting resistor is reduced to 3Q ,
dissipates 21 kW, and is air cooled. In addition to the crowbar
and limiting resistor improvements, we fitted each capacitor
with a spring loaded fuse to isolate the capacitor in the event
of an internal short. The new crowbar circuit will protect a 30
gauge wire; after 3 months of full operation, there has been no
increase in the number of crowbar faults in Module-two. The
remaining three modules are scheduled for similar upgrades in
late 1997.
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Proposed

201.25 MHz Amplifier Replacement

LANSCE is beginning to look into options for
replacement of the 7835 PA stage. The primary goal would be
to install a new cavity amplifier which will operate as a linear
amplifier and eliminate the need for modulation of the high
voltage. Modulation of the output power will be done with the
RF drive to the preamplifier stage. This will eliminate four
more tubes in the system, leaving only two RF amplifier
tubes per module. In addition, the voltage overhead of the high
voltage modulator will disappear (about 10 kV), so the
capacitor bank and HVPS can operate at reduced voltage levels.
We hope to be able to replace the 7835 with a single tube
amplifier, but we are also considering the use of two tubes
which are summed together in a hybrid combiner.
Cathode-driven tetrodes initially designed for fusion heating
are the likely choice. There are very few other super-power
VHF tubes capable of high duty factor like the 7835. With
this power source, we expect to be able to deliver up to 3.8
MW of peak RF power at a duty factor of 15%. This would
provide enough RF for long pulse operation of the H+ beam at
21 mA, interleaved with the H- beam for our proton storage
ring. This work is in the early stages of design.

Conclusions
Through continuous improvements, the LANSCE 201.25
MHz RF powerplant has reduced from using fifty-two power
tubes in 1992 to thirty-six in 1996. Planned upgrades to the
IPA and PA stages to remove both plate modulators will
reduce this number to only the RF amplifiers themselves, with
a total of eight tubes being the optimal design for the high
duty-factor requirements of neutron science. Along with the
reduction in power tubes, improvements in operational
procedures with new diagnostics, stabilization, and protection
circuitry have enabled the RF systems to function with
exceptional reliability in the past three years.
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Abstract

Table 1.
Summary of the LEDA injector requirements and present
A dc proton injector is being developed for a 6.7-MeV CW status.
RFQ at Los Alamos. The RFQ input beam requirements are
75-keV energy, 110-mA dc proton current, and 0.20 jcmmReq.
Parameter
Status
mrad rms normalized emittance. The injector has now
produced a 75-keV, 117-mA dc proton beam (130-mA total
Energy (keV)
75
75
current) with the required emittance. The emittance has been
measured after a 2.1-m-long two-solenoid beam transport
Proton current (mA)
117
110
system. The measured emittance can be explained in terms of
Dutyjactor (%)
100
100
the ion source emittance and beam transport through the
focusing elements. Measured proton fractions are 90 - 92% of
H2 Gas flow (T-l/s)
0.04 - 0.1
0.04 - 0.09
the beam current. The engineering of the accelerating column
Proton fraction (%)
>70
91
high-voltage design is being improved to inaease the injector
reliability. Injector design details and status will be presented.
To do
Reliability (%)
98
Introduction
High-current (100 mA), high-energy (1 GeV) linacs are
being designed for accelerator-driven
transmutation
technology (ADTT) applications [1]. A CW radio frequency
quadrupole (RFQ) has been designed to accept a 75-keV, 110mA proton beam from a dc injector to produce a CW 100mA, 6.7-MeV final beam [2]. The dc proton injector and the
CW RFQ are being developed for the low-energy
demonstration accelerator (LEDA) project at Los Alamos [3].
This dc proton injector development began at Los Alamos
with a collaborative program with Chalk River Laboratories
(CRL) [4].
The microwave-driven proton source [5]
developed at CRL has now been extended to meet most of the
LEDA beam requirements as shown in Table 1. Beam
diagnostic measurements and interpretation are described in
the following sections. Other injector details may be found
in a recent review [6].

Lifetime (hr)

>168

To do

Beam noise (%)
LEBT exit emit,
(jt-mm-mrad)

±1

±1

0.20

0.20

LEDA low-energy beam transport (LEBT). The total LEBT
length is 2.1 m from the ion source to the emittance
Vtettum PtAnp
75keVHIghVMtageC

Beam Diagnostics Box

Microwave ton

Injector and Beam Diagnostics
Figure 1 shows the injector configuration which has been
used in these initial 75-keV beam tests. It is a prototype to
check the conceptual design before building the final
*Work supported by the U. S. Department of Energy.

Fig. 1. Seventy-five keV proton injector showing the ion
source, diagnostics/pump box, prototype LEBT, and the
emittance measuring unit.
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measuring unit (EMU) entrance slit. The magnetic focusing
system consists of two joined solenoids. The injector is
designed to operate in the dc mode at 10-kW beam power, and
all of the diagnostics (excepting the EMU) are of the noninterceptive type. The diagnostics with their distance (z)
from the ion source extractor are: (1) Bergoz dc beam current
monitor (0.30 m), (2) four-grid energy analyzer (FGA) beam
space-charge neutralization monitor (0.41 m), (3) x,y video
profile CCD imaging (0.42 m), (4) ac current toioid for
measuring beam current fluctuations (0.53 m), and (5) the
EMU (2.1 m).
Figure 2 shows a set of measurements for the total beam
current (Bergoz dc monitor) and beam fluctuations plotted
versus the ion source axial magnetic field. Accuracy of the
measured axial magnetic field is estimated to be 3 - 5%. Two
140
-.120"
100-

t dc Toroid- Total Current
•

1 MHz Frequency Span

The FGA [7] has been used to measure the degree of beam
space-charge neutralization fK within the LEBT. An energy
distribution of the radially-flowing beam-plasma ions
measured with this diagnostic is shown in Fig. 3 for a ib =
100-mA, 75-keV hydrogen ion beam [8]. The derivative of
the FGA Faraday cup current vs. the discriminating grid
voltage (grid 3) is shown. The base width of this distribution
1
0.8 "

75keV, 100 mA
2X10-5"Torr

0.6

6a = 4.2 V

0.4 i
0.2
0
-20

10

-10

0
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20

Grid 3 Voltage (V)

AC Toroid-Beam Noise

Fig. 3. Measurement of the energy distribution of positively
charged particles expelled from the beam plasma.

is A0 = 4V, and this leads to fK(%) = (1 - A0/A0,,)*1OO = 98%
where A0» = 240 V, the radial potential drop across an
unneutralized uniform beam. The H2 LEBT gas density = no
= 1.5xlO 12 (cm)" 3 .
20The measured phase-space distribution of a 130-mA, 75keV
hydrogen-ion beam is shown in Fig. 4. The proton
800
84 0
880
920
960
1000
fraction is 90%, thus the proton current is 117 mA. The
Ion Source Axial Magnetic Field (G)
focusing solenoids were both excited to 0.17 T, which gives
a 7-cm diam. beam (10% contour) at the EMU. This
Fig. 2. 75-keV beam measurements made with the dc Bergoz focusing strength gives an average power loading of 0.25
and ac toroid beam monitors. Lines are drawn through the kW/cm2 at the EMU slits. The measurement is made by a
two data sets as a guide for the eye. The total beam current is two-slit technique using a dc emittance-measuring device [9].
read on ihc left vertical scale, and the rms beam noise is read The contaminant H2+ beam is focused less and is visible in
on the right vertical scale.
Fig. 4. A Gaussian extrapolation procedure [6] is used to
extract the proton rms normalized beam emittance of 0.20
maxima in the total current data (left scale) are seen: the first (Ttmm-mrad) which is the design RFQ input emittance.
at 0.0875 T which satisfies the electron-cyclotron resonance
(ECR) condition at 2.45 GHz, and the second sharper beam
current resonance at 0.0935 T. This type of resonant
behavior is typical [5].
The ac toroid is a Supermalloy transformer with a T , =
1(A/V) transfer ratio with a flat bandwidth response from 1
kHz to 10 MHz. The rms beam noise (i^J data reported in
Fig. 2 (right scale) is obtained from the integrated power P,
and the relation ^ ( A ) = (P,*R)1/2 T, where R = spectrum
; Contour thresholds at
analyzer input impedance = 50Q. The power sum is done
; 1,10,50, and 90% of
over the beam noise frequency, f, from 12.5 kHz to 1 MHz.
\ maximum amplitude *
Measured beam noise is maximum at low frequencies, and
•20
decreases to background for f > 1 MHz. The beam is
-30
generally tuned to minimum noise at each magnetic field
•jg^-^-Q-*-*- 2Q
40
setting by minimizing the reflected power from the ion
Position (mm)
source by adjustment of the three-stub tuner in the 2.45 GHz
waveguide. Quiescent beams are obtained over the lower field
broad resonance, whereas it is somewhat more difficult to Fig. 4. Measured phase-space distribution for a 130-mA, 75keV hydrogen-ion beam.
maintain a quiet beam at the higher magnetic field.
i
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Discussion
The measured emittance may be partially understood by
examining possible emittance growth mechanisms in the
LEBT. Estimates can be made for (1) solenoid aberrations, (2)
nonlinear space charge, (3) beam fluctuations, and (4) power
supply regulation. The effects of (1) and (2) are estimated
with the code SCHAR [10], which calculates beam
trajectories through the measured solenoidal magnetic fields
and takes into account the residual beam space charge. The
influence of effects (3) and (4) on the measured beam
emittance may be estimated by applying the mismatch factor
concept to beam emittance growth in LEBTs [11].
Figure 5 shows the higher-order SCHAR code prediction
for 999 macroparticles traced from the ion source extractor to
the EMU superimposed on the measured 10% contour from
Fig. 4. The SCHAR starting beam distribution (phase-space
orientation, emittance) is deduced from drifting the measured

Position (mm)
Fig. 5. Comparison of the SCHAR code prediction and the
10% measured emittance contour from Fig. 4.
beam parameters at the 10% threshold backwards through the
LEBT with the first-order transport code TRACE [12]. The
measured magnetic fields and a residual beam space charge
corresponding to a current of 3.5 mA are included in the
simulation. Onset of a third-order aberration is observed in
Fig. 5 in both the measurement and prediction. The SCHAR
code predicts an 18% emittance growth for the beam transport
through this 2.1 m long LEBT.
Soloshenko [13] has shown that dynamic
decompensation of space-charge neutralized beams will occur
when n^w^n^JK « omt0 where n+o is the beam density, vb
is the beam velocity, cr,. = 2 x 1 0 " cm2 is the electron
production cross section, and a is the beam noise amplitude.
The inequality is satisfied when the electron density produced
in the beam by ionization is much less than the beam current
density fluctuations. This effect would be important for this
injector operating at a = 1% when f > 1 MHz, but beam
noise from the microwave source has typically reached
background at f = 1 MHz. An effective emittance growth of
<10% from beam current and voltage fluctuations is
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estimated using the TRACE code and the beam ellipse
mismatch concept [11].
A maximum 30% emittance growth estimate from known
beam-transport effects has been made. The optimum ion
source only emittance is estimated to be 0.13 (ranm-mrad) by
extrapolation of the published emittance vs. emission
aperture radius to the 4.2 mm value used in these
measurements [5]. It may thus be possible to reduce the
injector emittance performance below the measured 0.20
(ranm-mrad) by optimizing the ion extraction system.
Injector work has shifted to increasing extraction voltage
stability in order to meet the 98% reliability requirement
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Abstract
A cusp-field, cesium conversion ion source has provided
H" beams at LAMPF/LANSCE since 1984.
Three
interchangeable sources are now used during beam production
cycles to minimize down-time during scheduled source
change-outs. Ion source change-outs are scheduled to prevent
unscheduled loss of beam time due to finite filament lifetime.
Ion source operating parameters and filament lifetime data ate
presented.

Introduction
A surface conversion H~ ion source has been in use at
LAMPF (now the Los Alamos Neutron Science Center,
LANSCE) since 1984. References [1] and [2] describe the
development of this ion source; the recent operation of the ion
source is described below. From 1984 to 1993 two sources
were used during production cycles. One source was used for
beam production while the other source was made ready for
operation. In 1991 an off-line processing stand came into use
to shorten time required to bring a fresh source into
production capable condition. In 1993, a third ion source was
assembled and added to the rotating inventory of sources used
during LANSCE production cycles in 1994. We have found
that having three ion sources available during production
cycles allows not only for a smooth transition during a
scheduled source maintenance period but also offers the
additional advantage of having a back-up source available
should something unforeseen occur, either during the recycle
or at some time during production.

Ion Source Operation
During normal operation for production the H" Ion Injector
is expected to continuously deliver approximately 16 mA of
quiescent (< 1% noise) 750 kV beam with an emittance
(phase space area) of 4 7tcm-mrad (for 98% beam fraction) to
ground level where it is then transported to the linac for final
acceleration to 800 MeV. The 750 kV beam is produced by
operating the ion source on an 80 keV transport system
located inside the equipment dome of a 670 kV CockcroftWalton. The transport system inside the dome consists of an
80 keV accelerating column mounted on a two-solenoid
transport. The transport also has provision for beam
steering[l]. A beam deflector between the two solenoids
permits changing the length and repetition rate of the beam
pulse delivered to ground while the ion source operates at a
continuous duty factor of almost 10%
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The ion source duty factor is determined by the rate and
length of time at which the hydrogen discharge is pulsed by
modulating the arc voltage with a solid-state switch. During
recent years the discharge has operated at a length of 815 usec
at a repetition rate of 120 Hz. All other power supplies for
source operation run continuously d.c. Recent ion source
operating parameters are given in Table 1.
Table 1
Ion Source Operating Parameters
Parameter
Units
Normal Range
V
190 to 200
Arc Voltagea
Arc Current
A
35 to 45
Pulse Repetition Rate
Hz
120
Pulse Length
Usec
815
Filament Voltage
V
11 to 13
Filament Current
A
86 to 96
Converter Voltage
V
250
Converter Current
A
0.4 to 0.8
Hydrogen Flow
seem
2 to 3
Cesium Temperature
165 to 185
^C
Repeller Voltage
V
0
Accelerating Voltage
kV
80
mA
5 to 7
Drain Current @ 80 kV b
mA
18 to 20
Beam Current0
mA
2 to 3
Electron Component0
a. Power Supply
b. Average
c. Measured at approximate mid-point of two-solenoid
transport.
Refurbished ion sources are pre-conditioned and stored
under vacuum on a processing stand dedicated to this purpose.
The ion source processing (see below) requires running a pure
hydrogen discharge, with no cesium added to the discharge.
An ion source thus prepared is installed in the injector high
voltage dome at scheduled intervals of four weeks. The time
scheduled for removing the used source and return to
production quality beam with the new one is two days. Linac
development experiments are often performed at the end of the
scheduled source change-out, however, so it is desirable to
return to production quality beam as quickly as possible.
The determining factor for the length of time required for
the change-out is most often the relative ease of what is called
the cesium transfer. The transfer of cesium from the external
reservoir (by ohmic heating) is started only after the discharge
reaches a minimum pulsed current of 25 to 30 amps. In the
first several hours of operation it is often necessary to raise
the filament currents above their eventual operating points to
attain this initial discharge current. In this ion source cesium

is continuously deposited on the converter to enhance the H"
ion production from plasma-generated H + ions striking the
converter surface. The attainment of the proper rate of cesium
evolution to both coat the converter for production of the H"
ions and maintain the coating as the source conditions is a
somewhat unpredictable process. It is an equilibrium process
that depends not only on the temperature of the cesium
reservoir, but also on other parameters such as discharge and
filament power, hydrogen flow rate, and converter voltage. It
is possible to over-cesiate the source and thus have problems
with sparking or to under-cesiate and not produce sufficient H*
beam current. When the cesium transfer has gone very
smoothly, it has been possible for the linac to be delivering
beam to target in as little as nine to twelve hours from the
start of the change-out. A more realistic expectation for the
length of time required to return to production-quality beam is
twenty-four hours.
Other than unexpected difficulties, the arc down rate of the
80 kV accelerating column is usually the only factor that can
cause delays in the return to quality beam production. Prior
to the advent of the processing stand mentioned below, the 80
kV column arc-down rate was a problem that often took many
hours to overcome by conditioning of the three column gaps.
The column conditioning procedure, when necessary, now
takes approximately three hours to complete. During the
most recent LANSCE extended maintenance period we
disassembled and cleaned all elements of the column. We have
not had to condition it since it was re-installed on the dome
transport and have thus saved three hours of time during the
change-over.

approximately 16 hours of filament usage during processing
is not included in the lifetime prediction calculations
mentioned below.

Filament Lifetime
The ion source is scheduled to continuously deliver beam
for four weeks between scheduled change-outs.
The
determining factor for the interval between change-outs is the
finite lifetime of the 0.15 cm diameter tungsten wire
filaments. Daily filament current measurements at a specified
voltage provide a resistance measurement of each filament that
is compared to its resistance at the beginning of the changeout. This yields an evaporation rate for each filament. The
remaining filament lifetime is then estimated by comparing
the least-squares fit of the last five days of data with the
assumption that the filament will break open once it attains
12% evaporation. The graphical presentation of such data for
a well-behaved filament pair is shown below in Figure 1.
Filaments do not always behave as well as those shown in
the figure. If a hot spot develops because of a weak point
somewhere along the filament length then the evaporation
curve will often begin to take on a strongly quadratic, if not
exponential character. Such behavior generally means that
the filament will fail in only a day or two. The daily
acquisition of filament evaporation data thus serves to provide
an indication of impending premature failure and we can be
prepared to perform an unscheduled change-out.

Processing Stand
An off-line, cryopumped processing stand is used to precondition and store under vacuum the two ion sources that are
not in use for production. The processing stand has all the
power supplies and equipment necessary to run a discharge in
an ion source.
When a source is removed from production service it is
refurbished before being placed on the processing stand. The
cesium accumulated during the four weeks of continuous
operation is removed from all surfaces, new filaments are
installed, and the cesium reservoir is cleaned and refilled with
fresh cesium.
The source is then mounted on the stand and tested for
both vacuum leaks and water leaks. It is then operated to
produce an un-cesiated discharge of 25 to 30 amps. This
process removes undesirable residues that may remain from
the cleaning and re-assembly procedures. It is this initial
source operation that caused voltage-holding problems with
the 80 kV column in the H" injector dome prior to the use of
the processing stand.
The filament side-plates are then carefully removed and
cleaned of tungsten deposited during the first operation and the
source body is wiped out. The ion source is then operated
again. The last step of this processing procedure is to briefly
open the valve on the cesium reservoir to pump out any
residual argon from the filling procedure. The ion source is
then left under vacuum on the processing stand until it is
needed for production service in the injector dome. The
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Fig. 1. Filament lifetime data. The number of days of
remaining lifetime is based on the assumption of
filament failure at 12% evaporation.
Filaments are formed on a mandrel designed to produce
filaments of the desired shape. The mandrel consists of
circular brass pegs of different diameters arrayed in an arc on
an aluminum plate. The 0.15 cm diameter, 29 cm long
tungsten filament wire is bent around the pegs to produce a
filament. Figure 2 depicts the way in which the brass pegs
are arrayed and also shows the shape of the filament that is
produced. Not shown are the tag ends of the filament which
are bent at 30° to attach the filament to the filament posts.
The bending of the stiff tungsten welding rod used for the
filaments is made somewhat easier by using a 2000 watt heat-

gun to locally heat the tungten rod as it is passed around the
forming pegs.

are inserted into the mandrel sequentially as the filament wire
is bent around them. This removes the stress induced by
lifting the straight wire out of the plane of the mandrel base
to pass over pegs not yet used in the bending process.
Filaments formed in this manner have not failed because of
hot spot formation.

Summary
Three ion sources used in rotation allow us to smoothly
change out a source with limited remaining lifetime and
replace it with a fresh one.
An off-line processing stand is maintained for the preconditioning of ion sources after they have been cleaned and
supplied with new filaments. Its use diminishes voltageholding difficulties that used to occur when ion sources were
changed.
At least one potential cause of premature filament failure
due to hot spot formation has been mitigated by using the
filament forming mandrel in a different way.
Fig. 2. Filament mandrel and filament. The figure shows
how the tungsten wire is bent around the mandrel
pegs to form the filament, as described in the text..
Bending of the straight tungsten wire welding rod used to
form the desired filament shape can introduce stress points
that are prone to forming hot spots, the suspected cause of
premature filament failure. We have recently been using the
forming mandrel in a different way to reduce the amount of
induced stress when filaments are formed. The forming pegs

706

References
[1] R. 1. York, R. R. Stevens, Jr., R. A. DeHaven, J. R.
McConnell, E. P. Chamberlin and R. Kandarian, Nucl. Instr.
and Meth. B 10/11, 891-895 (1985).
[2] K. W. Ehlers and K. N. Leung, Rev. Sci. Instrum.
51(6), 721-727 (1980).
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Abstract
An approach for designing superconducting high-current
ion linacs is described. This approach takes advantage of the
large velocity acceptance of high-gradient cavities with a small
number of cells. It is well known that this feature leads to a linac
design with great operational flexibility. Algorithms which have
been incorporated into a design code and a beam dynamics code
are discussed. Simulation results using these algorithms are also
presented.

cells per cavity, a compromise must be made between many
competing effects. As can be seen in the figure, a small number
of cells/cavity provides a large velocity acceptance.
Additionally, the power-coupler levels, for a given beam current
and field, are lower and the cavity field uniformity is easier to
maintain. Using a larger number of cells has the advantage of
reducing the overall number of system components, system size,
and system complexity. In our design example, we have chosen
4 cells/cavity.

Introduction
The work presented here is part of an ongoing effort [1] to
design reliable, low-loss, high-current, cw superconducting ion
linacs for applications such as accelerator transmutation of
waste, the next generation spallation neutron sources, and
accelerator production of tritium. We have limited our effort to
the design and simulation of a 100-1000 MeV, 100mA, cw linac
which
uses
independently-phased
elliptical
multicell
superconducting rf cavities to accelerate a proton beam.
However, our approach should be more generally applicable.
The expressions presented below can be used to determine the
linac cavity parameters such as the number of cells/cavity, the
velocity range over which a cavity can efficiently accelerate
beam, and the required cavity gradient.
Our approach takes advantage of the large velocity
acceptance of high-gradient superconducting cavities. An
analytic model of multi-cell elliptical cavities excited in a n mode was used to determine the initial cavity parameters. A
simple cavity field distribution was assumed where the fields are
uniform in the gaps and fall to zero immediately outside the
gaps. With this assumption, an approximate expression for the
transit-time factor T can be given as a product of two separate
factors T=TGTS. The gap factor TG is the transit time for a
gap of length g and is given by the expression
TG =sin(ng/pX.)/(jtg/pA.). The synchronism factor Ts, is a
function of the number of cells per cavity N and of the ratio of
the reference-particle velocity, p , to the cavity geometric
velocity, p G . The synchronism factor is given by:

where g = p G A. / 2 . Figure 1 shows the model predictions for
the transit-time factor T for various numbers of cells/cavity as a
function of the ratio P / p G . In order to choose the number of
•Work supported by the U. S. Department of Energy
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Fig. 1.

Transit-time factor from the model versus

The rf power required to accelerate the beam can be
expressed as the product of the beam current times the energy
gain per cavity:
PC = IAW = IEa

(2)

Here, / is the average beam current and Ea is defined in terms
of the spatial average of the axial accelerating field Eo and the
transit-time factor for the design velocity 2"(P/)) as
Ea = EoT{$D);
7/(p) is the transit-time factor at the
reference-particle velocity p ; $ is the phase of the field when
the design particle is at the center of a cavity; and N is the
number of cells/cavity. The cell length equals PGX. II, where
X is the free-space wavelength. The design velocity P p is
defined as the velocity that gives the maximum transit-time
factor. The velocities, P o a n d p G , are nearly, but not exactly,
the same due to the gap factor, which increases with increasing
particle velocity. This can be seen in Fig. 1. A higher velocity
particle spends less time in the gap, experiencing a smaller
transit-time reduction. The relation between p^and P G

depends on the number of cells/cavity. For a 4-cell cavity,
The transit-time factor decreases as the reference-particle
velocity p varies from P p . In order to efficiently accelerate
the beam, we have arbitrarily allowed the transit-time factor to
decrease no more than 20% of the maximum value for a given
cavity of N cells. Equation 1 can be used to determine the
velocity limits for a given constant- P section (all identical
cavities) if the number of cells/cavity has been chosen. For a 4cellcavity.it is found that r(P)/7Xp£>) = 0.8 at p / p G =0.879
and 1.283. If the beam velocity is specified at either end of the
section, P Q , P p , and the p at the other end of the section can
be calculated from these ratios. For our design example with a
starting $Min =0.425(98.3 MeV) and using the P / p G rat'os
above, p G =0.484, p ^ =0.506, and $ Max =0.620(261
MeV). Iteration for the next section gave a p G = 0.706 and
P Max = 0.906 (1276 MeV). Therefore, for our example only
two cavity types are required (2 sections). We will call the 100261 MeV section the medium- p section and the 261-1000 MeV
section the high- p section.
The amount of power per cavity available to accelerate the
beam is limited by rf power coupler capacity. We have assumed
a conservative maximum capacity of 105 kW per coupler and
two couplers per cavity (210 kW maximum per cavity). To
obtain good power efficiency, it is desirable to have all rf power
couplers deliver power at their maximum capacity. Therefore,
all cavities in a section will have an identical energy-gain per
cavity if Ea is allowed to vary over the section. A 20%
variation in Ea over the section will be required to maintain a
constant value of E0T(fi) over the entire velocity range due to
the constraint T($)IT(#D) > 0.8.
We have used the energy gain per cavity of the high- p
section, since it contains the largest number of cavities, to
constrain the accelerating gradient throughout the linac. The
energy gain per cavity can be calculated using Eqn. 2. For
/ = 100 mA and PQ =210 kW, the energy gain per cavity is
2.10 MeV. For our design example, we have chosen (j> = -35°,
N = 4 , and k = 0.428 (700 MHz) which results in a value of
£ f l r ( p ) / r ( p D ) = £ o r ( P ) = 4.24 MV/m. This is a relatively
conservative accelerating gradient for superconducting cavities
and will be used for both sections of the linac in our example.
The energy gain/cavity for the medium- P section is reduced by
the ratio of the medium- p to high- P cell lengths and is 1.44
MeV.

and average synchronous phase is achieved. In order to achieve
this, the cavity rf amplitudes must vary as a function of beam
energy to compensate for the variation in the transit-time factor.
The algorithm we have used is an iteration procedure which
can be used to generate a linac cavity-by-cavity. It assumes that
AW, P G , and <j> are specified, and that 7"(P) can be
calculated. A polynomial fit obtained from actual elliptical
cavity shapes, developed using the MAFIA codes, was used to
specify 7*(P). Initial guesses for the injection phase(<t>;>)), at the
center of the first gap, and cavity field ( Eo ) are calculated using
the expressions:
AJV
E

(3)

where <>
j is the phase of the field when the design particle is at
the center of a cavity (average phase) and p^g is the average
velocity calculated using the average beam energy in the cavity,
w
ave = win +1/2 AW. The average of the transit-time factors for
the inner and end cells of a cavity, T^e. seen in Eqn. 3, is given
by Tave(^) = l/N(2Tend+(N-2)Tinner).
These transit-time
factors differ because of the field leakage at the end cells into
the beam pipe due to the large cavity bore. Equation 4 is merely
a phase shift from the physical center of the multi-cell cavity
back to the center of the first gap seen by the beam.
Next, an integration over all N-cells in the cavity is
performed to determine the beam output energy (W^) and
phase (<t>o«/) using:
N

Ek=\

n /^ A,
2

and

$out= $m-T!71 h—IT 8 - •

(6)

The average cavity phase is then calculated from <(iM and $,„,,,
and is compared to the desired average phase. We have required
that these two average phases agree to within 0.05°. If not, a
new guess for the injection phase is made using
md
a new
$m,nev/ = b-m($out-$in)>
iteration is begun.
Once an injection phase for the cavity has been determined, a
comparison is also made between the calculated energy gain and
the desired energy gain. If the difference in energy gain is
greater than 1 keV, a new guess for the cavity field is
determined using Eonew = E0AWdesired/AW,
and a new
iteration is begun. We have found this algorithm to converge
rapidly.

Design Algorithm
In order to generate a linac design, a computer design
program was written which uses an iterative procedure to
determine the required rf field amplitude and injection phase for
each cavity such that the desired energy gain per cavity, AW,
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Simulation Results
In order to perform simulations using the results of the
design code, a beam dynamics simulation code to model

elliptical superconducting cavities was written. This code is not
discussed here, only the simulation results. It should be noted
that, the linac example presented here is unoptimized. We have
chosen conservative requirements for the various system
components, most of which have already been demonstrated in
existing accelerators or laboratory tests.
Table 1 gives some of the accelerator parameters. The linac
consists of two sections (medium- P and high- P). Each section
is composed of identical 4-cell elliptical cavities, with cell
lengths equal to p G \ / 2 . The P Q- values for the two sections
are P Q = 0 . 4 8 and P 0=0.71, as discussed earlier. A cryostat
containing two cavities forms a cryomodule. In this example,
transverse focusing is provided by quadrupole doublets between
each cryomodule. The power from each klystron would be split
among four cavities and fed to each cavity using two antennatype power couplers, each capable of handling 105 kW.
Table 1 - High-Energy Superconducting Accelerator Parameters
Parameter
Energy Range (MeV)
Frequency (MHz)
Beam Current (mA)
No. of 3 Sections
No. of Cavities
No. of Cryostats
No. of Klystrons
Cavities/Cryostat
Cavities/Klystron
Cells/Cavity
RF Couplers/Cavity
RF Power/Klystron (MW)
RF Power/Coupler (kW)
Accelerating Field, Ea (MV/m)
Average Phase (deg)
Aperture Radius (cm)

100-1000
700
100
2
488
244
122
2
4
4
2
0.67 (med.-P), 1.0 (high-P)
72 (med.-p), 105 (high-3)
4.2-5.3
-35

assumed a cavity average synchronous phase of -35°. As can be
seen, the beam output energy is raised by 99 MeV. The changes
in output beam emittances and ratio of transverse aperture to
mis beam size are small. Also shown in Table 2 is the minimum
required beam current to produce 100-MW output beam power
at 1099 MeV. This example demonstrates an alternative
operating scheme which could be used in the event of source
output current degradation. In Case 2, the average synchronous
phase has been reduced to -25°. As is expected, the output
energy is further increased to 1179 MeV. In Case 3, the cavity
fields have been increased by 33%. This scheme demonstrates a
possible upgrade path, which would require significantly
increased power-coupler capabilities and klystron output to
produce 130 MW of beam power, without requiring additional
accelerating cavities. In the last two schemes, there is a slight
degradation in the ratio of transverse aperture to rms beam size.
Transverse emittance growth is observed in all cases, which is
comparable to the 25% observed for the nominal operating
mode. The effects of emittance growth on beam uniformity at a
neutron production target have not been studied.
Table 2 - Alternative operating schemes for the high-energy
superconducting option. Required beam current is the beam current
required to produce a 100-MW beam power.
Case

Output
Energy
(MeV)

Trans.
Emittance
Growth

Long.
Emittance
Growth

Required
Beam
Current

1
2
3

1099
1179
1297

17%
32%
19%

-5%
98%
-4%

91mA
85 mA
77 mA

Aperture
Ratio,
Med.-p,
High-p
18,21
18,20
17,20

Experience at operating superconducting accelerator
facilities has shown that often mere is a large variation in the
maximum accelerating gradients achieved in identical multi-cell
5.0 (med.-P),
accelerating cavities. Typically these are p G = 1 cavities used to
7.2 (high-p)
accelerate electron beams. If cavities fail or perform at lower
than expected accelerating gradients, the gradients and rf phases
Simulation results for the ideal linac show emittance in the other cavities are adjusted to compensate and provide the
growths from 100-1000 MeV of 25% and 8%, respectively, for required additional energy gain. A possible solution to increase
the transverse and longitudinal degrees of freedom. We have machine availability is to provide additional accelerating
used the ratio of transverse aperture radius to rms beam size as a cavities, thus anticipating some fraction of cavity failures. We
figure of merit in our designs. For this example, our simulation simulated a case where 5% of the total cavities were failed
results show this ratio ranges from 19 to 26, which is (every 20th cavity off) with 5% additional cavities added to the
comparable to past results for room-temperature designs.
high- P section. Simulation results, using a simple algorithm for
The large velocity acceptance of these cavities allows setting the cavity phases, showed a transmission of 100% with a
operational flexibility. In normal operation, the multi-cell reduced output beam energy of 993.4 MeV for this case. Small
cavities will be operated for a specific energy gain per cavity adjustments of the phases should restore the correct final beam
(medium- P A W = 1.44 MeV, high- P A W = 2.1 MeV) with an energy. The transverse and longitudinal emittances were
average synchronous phase of -35°. To investigate alternative observed to grow by factors of 2.9 and 6.8, respectively;
operating schemes that use the inherent flexibility of a linac however, only small reductions in the aperture to rms values
built from independently-phased resonators, three examples were observed.
were simulated. The simulation results are given in Table 2,
below. Case 1 assumes that all cavities will be operated at a
References
constant accelerating field of Ea =5.3 MV/m. This is the
maximum field under normal operating conditions. In this
[1] D. K. C. Chan, "Conceptual Design of a Superconducting High
scheme, the energy gain per cavity is no longer fixed. We have Intensity Proton Linac," this conference.
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the linac accelerating and focusing parameters change very
smoothly as beta increases [7].

Abstract
The proton linac for the APT (Accelerator Production of
Tritium) project will produce a nominal CW beam power of
130 MW at 1300 MeV. Two designs are currently under
consideration. The reference design is composed entirely of
normal-conducting (NC) copper accelerating structures, while
an advanced-technology design employs superconducting
(SC) niobium cavities above 217 MeV. The front-end
accelerator for both concepts is a 100-mA NC linac. In this
paper, the two APT linac designs are described and compared
in terms of key factors, including power efficiency, beam loss
control, machine availability and flexibility, and construction
and operating costs.

350 MHz

105 mA I 1.1 MV/m I
(10
75ksV

Fig. 1.

Normal-Conducting Linac Design
The reference APT linac design is based on copper watercooled accelerating cavities, and has evolved significantly
since it was first presented [2-4]. The NC linac architecture is
illustrated in Fig. 1, with additional parameters listed in Table
1. A 75-keV injector housing a microwave-driven ion source
[5] generates a continuous 110-mA proton beam. From this
input, a 350-MHz, 8-m-long RFQ produces a CW 100-mA
beam at 6.7 MeV. The RFQ is built in four segments that are
resonantly coupled. RF drive is provided by three 1.2-MW
CW klystrons through 250-kW windows.
The RFQ output beam is matched into a 700-MHz CCDTL
that accelerates it to 100 MeV. The CCDTL [6] is made up of
short sequences of 2-gap and 3-gap accelerating structures
embedded within a FODO focusing lattice; quadrupoles are
external. Acceleration to the final energy of 1300 MeV is in a
700-MHz side-coupled n/2-mode linac that continues the same
(8-PX.) focusing period. Fig.2. shows the transition between
CCDTL and CCL. The average accelerating gradient (EQT) is
ramped up in the CCDTL and in the first 55 MeV of the CCL
to reach 1.3 MV/m, and is held constant thereafter. In general,
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100 mA

CCL

1.6 MV/m

1.6 -1.5 MV/m

7 MeV 20 MeV

XTMeV

Architecture of normal-conducting linac design.

Table 1. NC Linac Parameters
Parameter

Structure gradient (MV/m)
Avg. gradient (MV/m)
Length (m)
Introduction
Synchronous phase (deg)
Avg. shunt, impedance (MO/m)
The overall design of the APT linac, which has a very high Phase adv./period (deg)
beam power, is driven strongly by the large amount of rf Quadrupole lattice period
power required. Efficient conversion is needed at each stage No. of quadrupoles
in the power train to minimize system capital and operating Quadrupole gradient (T/m)
costs. The selection range for basic accelerator parameters [ 1 ] Trans, emittance (ir mm-mrad)*
(current, energy, accelerating gradient) is determined by the Lon^. emittance (it deg-MeV)*
plant production capacity, using a cost-performance model Aperture radius (cm)
that is based on the energy-dependence of spallation neutron Aperture-radius/rms-beam-size
production in high-Z targets, and which includes unit cost Copper power losses (MW)
estimates for major components and consumables (electricity). Number of klystrons

Superimposed on this model are technical constraints, including injector current limits and the relationships between peak
current, frequency, and beam emittance in low-beta structures.

r

700 MHz

.—_,,
QfjFQ^cCDTL | c a m .

RFQ

CCDTL

CCL

1.38
1.38
8.0
-90 to -60
-

1.10-1.57
0.41-1.18
113.0
-60 to -30
18-33

1.57-1.49
1.18-1.30
1166.3

0.22
0.214
0.23-0.34
1.26
3

80
8PX
234
87.5
0.23
0.450
1.0-1.75
5-13

5.0
21

-30
33-47
80-35
80A.

826
87.5
0.23
0.482
1.75-2.50
13-26
54.9

249

* Normalized rms values.
T h e result is an accelerator design that has strong focusing
at low b e a m e n e r g y and is free from p h a s e - s p a c e transitions
after the R F Q . B e a m d y n a m i c s analyses and s i m u l a t i o n s [8,9]

have shown these factors to be important in terms of
minimizing core emittance growth and the growth of beam
halo. As shown in Table 1, the transverse emittance growth is
negligible after 20 MeV and longitudinal emittance grows
only slightly.

Fig. 2. Transition from CCDTL structure to CCL at 100 MeV
Another design feature is that the cavity and quadrupole
aperture dimension increases in steps to 5 cm in the highenergy part of the linac, while the rms beam size shrinks gradually. Fig. 3 shows the dependence of these parameters on
beam energy. Also plotted is the transverse position of the
proton furthest from the beam core in a typical 100,000
particle simulation. At full energy, the aperture ratio (aper-

ture-to-rms-beam-size) is 25, and at 100 MeV it is 13. The
average gradient of 1.3 MV/m in the CCL is high enough to
allow a relatively short linac, without producing excessive rf
power losses in the copper cavities. Total cavity wall losses in
the CCDTL and CCL are 5.0 MW and 54.9 MW respectively.
Power deposition per unit length in the CCL is 50-60 kW/m.
Both the CCDTL and CCL are driven by 1-MW 700-MHz
klystrons through 250-kW windows (tested to > 500 kW).
30

_

_

_ _ ,

earlier. The SC linac is composed of cryomodules that contain
three or four 5-cell 700-MHz accelerating cavi-ties, alternating
with SC quadrupoles in a FODO focusing lattice. There are
two kinds of cryomodules; each designed for efficient
acceleration in a different energy/velocity range. Cavities in
the medium-energy section (from 217 MeV to 469 MeV) are
optimized at (J = 0.64, and in the high-energy sec-tion at 3 =
0.82. Cavity shapes are modeled on the well-established
elliptical designs for electron machines, but are compressed
along the longitudinal axis in proportion to beta.
.Superconducting
360 MHz

700 MHz

hOOmAI

1.1-1.6 MV/m

700 MHz

(3 « 0.62

° -64
7SkaV

Fig. 4.
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Fig. 3. Aperture radius, rms beam size, radius of outermost particle.

7 MeV

100 MeV

I

5.4 MV/m

217 MeV

I

4.3 MV/m

469 MeV

MeV

Architecture of SC/NC hybrid linac design.

Fig. 5 shows a P=0.82 cryomodule, which holds four 5-cell
cavities, and five quads. Each cavity is fed by two coaxial rf
power couplers, and each cavity pair is supplied by a single 1 MW klystron. The magnets have SC coils and iron poles, and
are similar in design to the RHIC trim quads. The mediumbeta (f3=0.64) cryomodules contain three 5-cell cavities, which
are powered by one 1-MW klystron, and four quads. Because
of the short independently-driven cavities, each section of the
SC linac has a very broad velocity bandwidth, which allows
the gradient profile of the linac and its output energy to be
adjusted over a wide range. About 5% of the accelerating
cavities and rf stations are in an operational reserve distributed
along the linac to compensate for failed units.

In order to meet the high availability goal for the APT linac
(> 85%), a redundancy scheme is employed for the rf stations,
using the accelerating structure itself as a power combiner.
The linac is sectioned into "supermodules", each consisting of
100-150 side-coupled accelerating cells, and each provided
with n+1 klystrons (typically 5 to 7), where only n units are
needed for operation. When an rf station fails, it is isolated by
a waveguide switch, and the supermodule continues to provide
the full energy gain needed in that section.
Assuming an average plant availability of 75%, the reference APT linac is capable of producing tritium at the rate of 2
kg/yr, with a target design that includes a 10% performance
margin. Therefore, the beam power needed to increase plant
production capacity to 3 kg/yr (with zero margin) is 174 MW
- S UEltHS
at 1300 MeV. The upgrade path would be to increase the
High-beta cryomodule (|J = 0.82) for SC linac.
proton current to 134 mA, which would be accomplished by Fig. 5.
adding a second low energy linac and funneling the two 350MHz beams at 20 MeV [10]. About 1/3 more rf stations
The production upgrade to 3 kg/yr for the SC linac is to
would be added in the high-energy part of the linac to provide raise the gradient in the high-beta section, increasing the beam
the increased beam power.
energy to 1700 MeV and increasing the beam power to 170
MW. Initial structure gradients for this section have been set
at a rather low value (4.1 MV/m), so that a 50% increase can
Superconducting RF Linac Design
be accommodated at the higher production level.
A superconducting rf (SC) linac made up of niobium
Because of the high beam current in the APT linac, a major
cavities is currently being evaluated as a replacement for the design issue is the power coupler capability. Adjustable
high-energy portion of the APT linac. A feasibility study [11] antenna-type coaxial couplers are envisioned, with rf windows
showed that a SC high-energy linac would reduce the plant in the warm region. Since coupler performance with beam has
electric power demand by 20-25%, and could also offer been demonstrated at about 150 kW, and the technology is
important technical and operational advantages, including advancing rapidly, an initial rating of 140 kW per coupler has
lower beam loss, current/energy flexibility, and improved been specified, with an upgrade to 210 kW in the high-beta
availability. Fig.4 shows the architecture for a hybrid SC/NC section for operation at 3 kg/yr. Table 2. lists key parameters
accelerator design now being developed for the APT project. of the two sections of the SC linac (p=0.64, P=0.82), as well
It consists of a 100-mA NC linac injecting into a SC linac at as the last section of the NC linac (100-217 MeV CCL).
an energy of 217 MeV. Output energy of the SC linac is 1300
The SC-cavity linac can have much larger apertures than
MeV for 2-kg/yr production. The low-energy linac is nearly the NC linac without incurring significant power penalties.
identical to the front end of the reference NC linac described Initial beam simulations show that emittance values are

I—
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somewhat larger than in the NC linac, but the resulting
aperture ratios are nevertheless much greater, ranging from 35
(at 217 MeV) to 45 (at 1300 MeV).
Table 2. SC Linac Parameters
Parameter

CCL*

0=0.64

Structure gradient (MV/m)
1.57-1.49 5.5
Avg. gradient (MV/m)
1.18-1.30 1.54
Peak surface field (MV/m)
19.1
Section length (m)
100.7
204
No. of (5-cell) SC cavities
90
No. of klystrons (1-MW)
34
30
Synchronous phase (deg)
-38 to -35
-30
Couplerpower (kW)
140
Power per klystron (kW)
850
840
Trans, phase adv./period (deg) 80-35
81.5-66.7
Quadrupole length (cm)
5.4
30.5
No. of quadrupoles
125
120
87.5
Quadrupole gradient (T/m)
6.4-8.1
Trans, emittance (n mm-mrad) 0.23-0.29 0.29
Long, emittance (n dep-MeV)
0.5
0.5
Aperture radius (cm)
1.75-2.5
6.5
Aperture-radius/rms-beam-size 13-17
35
Thermal load® 1.9K(kW)
2.0
* 100-217 MeV section. Numbers in parentheses are for

3=0.82
4.1(6.4)
1.26(1.89)
12.7(19.1)

792
312
156
-29
140(210)
560 (840)
81.2-79.0
45.9

390
5.4-12.6
0.33

0.8
8.0
45
6.1 (9.2)
3-kg/yr,

Design Issues and Comparisons
The NC and SC linac point designs developed for APT
have matured to the point that comparisons can be made with
respect to major criteria, including 1) construction and operating cost, 2) power efficiency, 3) beam loss, 4) availability, and
5) operational flexibility.
Preliminary estimates show that construction costs would
be similar, with a modest (5-10%) advantage to the SC linac.
Greater unit costs for the accelerating structures are offset by
the smaller rf power installation. Refrigeration system costs
are nearly balanced by reduced water cooling system costs.
Annual operating costs for a SC-based APT plant will be
significantly lower (15%) than for a NC-based plant due to
reduced electric power requirements.
Electrical efficiency of the SC linac design is clearly
greater than the NC design, (0.40 vs 0.33) because 48 MW of
cavity rf losses are eliminated. The 8 MW needed to run the
cryoplant is offset by reduced water-cooling pumping power
and elimination of quadrupole magnet power in the SC linac.
The aperture ratio is much greater in the SC linac than in
the NC linac, greatly reducing halo interception, and dramatically relaxing alignment and steering requirements. In terms of
activation threat to the accelerator, the transition to a large
aperture at about 200 MeV is advantageous, since neutron
production rises rapidly in this energy region.
The major source of unavailability for either of the linac
designs lies in the large number of rf power stations and their
critical components (klystrons, power supplies, etc). In the
NC linac, the supermodule architecture provides rf station
redundancy for each 25-MeV segment of the linac, allowing
failures to occur without interrupting operation for more than a
few minutes. In the SC linac, high availability is provided by
the 5% reserve cavities and klystrons. After a failure, one of
the reserve units is energized, and phases and amplitudes of
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the downstream linac are reset to maintain an optimum
acceleration profile. Small changes in output energy that may
result after retuning are tolerable because of the wide
momentum acceptance of the HEBT and target system.
In the NC linac, the accelerating gradient and maximum
beam energy are fixed by the beta profile of the long coupled
chains of cavities, although operation at reduced energies is
possible by turning off the highest-energy rf stations. In the
SC linac, operational flexibility is enhanced by the retunability
of the accelerator and the adjustability of the cavity gradients.
It is practical to increase proton energy to compensate for
reduced current to provide a given beam power. In both
designs, electrical efficiency is highest when using the full
output capacity of the klystrons, so schemes for power-grid
load leveling would be best implemented by turning off the
final section of the linac.
We believe that either linac design is a practical approach
to APT, but the SC linac would be superior in terms of operating cost, beam loss, availability risk, and operational flexibility. With respect to ED&D (engineering development and
demonstration), the LEDA program [12] is prototyping the
low-energy linac at full CW power. The high-energy NC linac
needs little further ED&D. For the SC linac, cavity prototyping is needed, since the medium-beta cavity shapes differ from
the (B=l) shapes used for electron accelerators. Confirmation
of insensitivity to proton irradiation is another task. Finally,
complete pre-production prototypes of the SC cryomodules
must to be built and tested; these are structurally different than
existing units at CEBAF, CERN, DESY and KEK, because of
the high density of quadrupole magnets. Programs to provide
the needed tests and demonstrations are underway.
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MEASUREMENTS AND NUMERICAL CALCULATIONS ON
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Abstract
The wake field effects in accelerator sections for future linear
colliders will be reduced either by damping, by detuning or a
combination of both. In the case of the DESY S-band test linac
it is foreseen to employ two HOM damped cells within a detuned stack of undamped ones. In order to obtain optimal performance by use of single cell dampers a design was derived by
applying numerical tools. To understand the behaviour of such
a damper cell in a detuned structure, a damper cell was build
and inserted in a strongly detuned 36-cell S-band structure. This
structure was investigated experimentally by perturbation
measurements.
Introduction
The S-Band 500GeV Linear Collider Study SBLC foresees
about 5000 constant-gradient (eg) acceleration structures of 180
cells with a loaded gradient of 17 MV/m. It considers a bunch
train of 333 bunches with a spacing of 6ns from bunch to bunch.
To achieve a high luminosity any cumulative beam break-up
along the bunch train has to be avoided. Wakefield effects
driven by HOMs are one of the primary sources of emittance
growth. Consequently, the suppression of these HOMs is a very
crucial point in all actual linear collider designs. The major interest of calculations was focussed on the modes of the first dipole band since they cause the severest deflecting effects, but
also the 3 r d and 6 th dipole passband need to be studied.
Calculations for the SBLC structure were carried out with
ORTHO [1] for a somewhat simplified 180-cell structure with
30 landings. One of the main results was that not only the first
Ji-like dipole modes influence the beam dynamics but about 140
modes! A major part of these deflecting modes is trapped inside
the eg structure, that is without contact to the end cells.
Since the phenomenon of trapped HOMs in tapered
waveguides was neither theoretically nor experimentally well
known and has a strong influence on the design of damping
schemes further HOM investigations have been started: A test
structure was designed with the goal to have a structure which
is easy to measure, easy to manufacture, which is computable
with different numerical methods (MAFIA, URMEL-T, ORTHO, COM) without geometric approximations, and which
shows the clear appearance of trapped modes.
Performing RF-measurements on long structures is severely limited by the appearance of mode overlap. Therefore a
relatively short structure had to be chosen. In order to get a both
mechanically and thermally stable structure a massive design
was chosen. For low mechanical tolerances a simple geometry
was designed. The structure has a very strong linear tapering of

the iris, constant outer radius and twice as thick irisses as the
original SBLC structure. Comparisons of numerical calculations and measurements [2] gave a good agreement in resonance frequencies and the field distribution. Further the clear
appearance of trapped modes was found for several modes.
The Test Setup
The structure, made of standard OFHC copper, consists of 36
cells clamped together by truss rods. Overall length is 1450mm,
cut-off pipes of 100mm length are attached to each end of the
structure. The cell geometry is similar to the one chosen for the
SBLC, except for the iris thickness which is 10mm instead of
5mm. The iris openings were evenly tapered from 40mm diameter at the beginning to 20mm at the end.

Fig. 1: 36-celi-structure with damping-ring in cell #18

Fig. 2: Measurement setup with 36-cell structure
For the measurements of the damped structure we have inserted
a sheet of paper covered with graphite in cell #18 (see Fig. 1).
This damping material could be inserted without demounting of
the structure. It is only a model for test purpose that represents
a damping unit like a wall slotted cell with four rectangular
waveguides attached. This method avoids the influence of
changed electrical contacts due to the reassembling on the
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measured Q-values. Proper alignment is ensured by laying the
structure on top of an optical bench. The field measurements
were performed using a modified nonresonant bead pull technique [3], [4], [5]. Data is taken by a HP8719c network analyser
for 801 discrete positions along several paths parallel to the cavity axis. In Fig. 2 a picture of the test setup is shown.
The Measurement Method

In a tapered structure trapped modes always change their phase
shift from cell to cell from 0 to n. To investigate the influence of
the damper position, we have chosen mode A with the n-end,
mode B with the rc/2-part and mode C with the 0-end at the
damper position.
As mentioned above, the damper was realized by a sheet of
paper covered with graphite (thickness 1.5|xm, conductance of
graphite = 1.25E5 1/Qm). First the sheet was pressed to the inner wall of cell #18 in order to have a symmetric damper and
relatively weak damping effect (damper on surface). Additionally the damping effect was increased by moving the sheet some
mm towards the iris, since the electrical field increases in this
direction (damper in cell).

The method applied is a variant of the nonresonant beadpull
technique as described elsewhere [6]. In the measurements we
are only interested in the longitudinal component of the electric
field, because it is sufficient to indicate the effect of the damper
The following pictures (see Fig. 3, Fig. 4 and Fig. 5) show
cell. Thus we used a dielectric needle (AI2O3, £,=9.2) as bead. the measured mode geometry without damping, weak damping
This ceramic bead was 6mm long and lmm in diameter. A and strong damping.
lumped circuit representation of the resonator combined with
Slater's formula [7] leads to the electric field:

lAs•21

- without Damper
Damper on Surf.

(1)

- Damper in Cell

Results
For the measurements the bead was calibrated in a TM010-pillbox for the longitudinal perturbation constant (a=9.34E-20
Asm2/V). Since the measured modes were of dipole type the
bead pull measurements were performed off-axis with a distance of 7mm to the structure axis. For the measurements we
have chosen several modes of the first dipole passband which
have significant field strength at the damper position (cell #18)
since a considerable damping effect could only be expected in
this case.

Position /[m];
0
Fig. 4:
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The following table contains the results of the measurements in
detail:

4.143,83

4.143,83

4.142,33

10,400

8,900

1,500

1.000

0.778

0.045

6.43

5.00

0.92

4.173,97

4.174,01

4.172,94

10,500

9,000

3,200

damping effect

1.000

0.815

0.172

From former measurements a strong influence on mode geometry was expected [8]. But as can bee seen in Fig. 6 weak damping as well as strong damping has not changed the mode geometry signiificantly. The damping effect is even distributed over
all phase shifts.
Here we have to mention, that no damping effect could be
expected, if the mode has no energy at the location of the
damper. Further investigations concerning the interaction between mode energy in the damped cell and damping effect are
planned. Additionally we intend to investigate the effect of several damper cells grouped together or distributed over the structure.
Numerical calculations with the program MAFIA concerning the damped 36-cell structure are in preparation.
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The next Picture (see Fig. 6) shows that the damping effect is
evenly distributed over all phases of the modes.
Md

A, B arid C (Damper on Surfac

Mode A
Mode A
ModeB
ModeB
ModeC
ModeC

[1] U. van Rienen: "Higher Order Mode Analysis of Tapered DiscLoaded Waveguides using the Mode Matching Technique", Particle Accelerators, Vol. 41, pp. 173 - 201,1993
[2] M. Kurz et al.: "Higher-Order Modes in a 36-Cell Test Structure",
5th EPAC, Barcelona, 1996
[3] C.W. Steele: "A Nonresonant Perturbation Theory", IEEE Trans.
MTT-14 (2), pp. 70-74,1966
[4] P. Hulsmann, M. Kurz, H. Klein: "Experimental Determination of
Field Strength and Quality Factor of heavily damped Accelerator
Cavities", Electronics Letters, Vol. 27 No. 19, pp. 1727-1729,
12.09.1991
[5] M. Kurz: "Untersuchungen zu mikrowellenfokussierenden Beschleunigerstrukturen fur zukiinftige lineare Collider", thesis,
Frankfurt, 1993
[6] B. Krietenstein et al.: "The S-Band 36-Cell Experiment", Particle
Accelerator Conference and International Conference on HighEnergy Accelerators, Dallas (Texas), 1995
[7] L.C. Maier, J.C. Slater: "Field Strength Measurements in Resonant Cavities", Journal of Applied Physics, 23 (1), 1952
[8] M. Dohlus et al.: "S-Band HOM-Damper Calculations and Experiments", Particle Accelerator Conference and International Conference on High-Energy Accelerators, Dallas (Texas), 1995

Mode Ai B and G (Damper in Cell)* A
(work supported by DESY/Hamburg
and BMBF under contract 06of359)
• o

0
Fig. 6:

0,2

0,4

i

fositkm / [ml
..

i . . .

0,6i Dj p,8

i . . .

1

i

1,2

. . .

1,4

Damping effect with weak and strong damping

715
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Abstract
The propagation of HOM-energy along an accelerator
channel can be described in terms of frequency dependent
scattering (S-) parameters of the individual elements of the
channel. These S-parameters can be measured for each element
(cavities, couplers, etc.) separately. Once they are known, it is
possible to predict the behaviour of any arbitrary combination
of elements. As long as only one waveguide mode propagates
in the connecting pipes, standard RF calibration schemes are
applicable methods to measure the three S-parameters of the
representing two-port. In the presence of additional modes corresponding to higher frequencies - S-matrices of higher
dimensions have to be determined. Therefore we have been
developing an experimental method which allows for
determination of S-parameters in the regime of waveguide
ports with several propagating modes. The principles of the
method as well as results from measurements of normal
conducting TESLA cavity models are presented.

knowledge of the individual S-matrices one can calculate the
result expected for two cavities chained together. This
calculation is plotted in Fig. 1 together with the measured
transmission of the chain.
In Fig. 2 the calculated transmission through four
identical cavities is plotted. One observes a behaviour well
known from filter cascades: The slopes increase with the
length of the chain.

Fig. 1

Transmission through a chain of two TESLA 9-cell
copper cavities: Calculated from single cavity
measurements and measured directly (two curves)

Introduction
The TESLA HOM-damping scheme consists of two
couplers attached to either side of each cavity and a single
absorbing element in a 8-cavity module [1]. The latter is
intended to dissipate HOM-power propagating through the
accelerator. This leads to the question of how to measure RF
1., 1 0 '
2..S 10*
, . » 10*
J..5
1.'
, . . ,„'
(/HI
power transmission in a complicated structure at frequencies
Fig. 2 Transmission through a chain of four TESLA 9-cell
that may allow for the appearance of more than only the fundacopper cavities, calculated from single cavity
mental waveguide mode. Therefore the problem exceeds the
measurement
capabilities of the usual two-port S-parameter measurement,
which is only appropriate for a single propagating mode. Even
Measurements with more than one mode
then the question of de-embedding the test devices properties
from the measurement results, being modified by the necessary
In the case of more than one propagating mode the Scoaxial line-waveguide-adaptors, remains, but it is similar to
calibration problems in pure coaxial setups. If more modes are matrix of an adaptor with one coaxial line (index 0) and n
present in the waveguides there was to our knowledge no waveguide ports may be written as:
practicable method available to measure a multidimensional SAoo
!x_T
(l)
matrix at an arbitrary (for a given number of modes) fixed
A,, A,
4
frequency (or a spectrum of them).
l
We performed measurements in the frequency range with
0n
only the fundamental mode propagating (2.25 GHz to 2.95
Herein the scalar A^, describes the reflection at the coaxial
GHz for 78 mm diameter TESLA beam pipe) using a standard port, the vector the coupling from the coaxial line to each
Through-SJiort-rJelay-calibration method (eg. [3]). For higher waveguide mode and the submatrix the reflection at the wavefrequencies we have been developing an alternate method that guide flange, that may couple every mode to each other. The
has been tested now with two waveguide modes for a device matrix is symmetric due to the reciprocity of the device. Like
measurement and with three modes for a calibration of an in the single mode case, the problem of determining the
adaptor at single frequency points (see [4] for details).
properties of a device splits into the calibration step - i.e.
determination of the adaptors - and the measurement once the
Measurements with one mode
adaptors are known. Considering the number of unknowns (10
in the case of two modes at two waveguide ports) it becomes
Fig. 1 shows results from single mode S-parameter clear, that a single measurement with two completely known
measurements of two 9-cell cavities (compare [2] for details) adaptors, which gives three numbers (two reflection, one
using a TSD-method for the adaptor calibration. With the transmission quantity), is not able to provide a sufficient
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amount of information. Thus one has to use different pairs of
known adaptors for a number of subsequent device
measurements. To keep the calibration effort as small as
possible we take only two fixed adaptors and combine them
with various delay line lengths (see Fig. 3). In the same
manner we use a short (which is one of the very few reliable
broadband standards in waveguide technique) and different delay
line lengths to calibrate the two adaptors.

"'

Fig. 3

< -

Geometric Series Expansion
Equation (6) can be rewritten using
(7)
(we skip the discussion of the mathematical conditions)
(r,T

W A O O O WA T

(8)

'-

as a geometric matrix series. This expansion is useful as well
as an approach for the numerical solution of (6) with a set of
measurement data as for its physical interpretation. We denote
(8) as the "reduced model". To simplify discussion, we restrict
ourselves to the calibration problem, which is a special case of
(6) (set all elements of C to 0 except the upper left block
which is the negative identity). Then the complete model is
r,(L 1 ) = A 0 0 -X T E 2 (L I )[l+4E J (L 1 )] ( - 1 ) X
(9)
and its reduced version reads like:
T
T
(10)
Evaluating this in the case of two modes

Schematic drawing of setups used for adaptor
calibration with delayed shorts and for measurement.
Small letters denote the signals at all connection
planes, index 0 corresponds to the coaxial line.

r,(L,)= A flo -(A 2 1 e- Ji *i
(11)

Basic Equations
If we consider a setup with two adaptors A and B, a test
device C and two connecting waveguides with lengths L, and
L2 (see Fig. 3), we are able to write down all signals, related
by S-matrices:

* * >
(2e)
All the submatrices are (n x n)-dimensional, especially holds
for the waveguide of length L and the phase constants yt:

fe-^L

E(L)=

0 0 \
0

•-. 0

\ 0

Measurement setup

(3)
L

0e-^ )

Using an additional abbreviation

and with respect to the fact, that the complete setup is just a
coaxial line two port with a (2 x 2)-S-matrix
one finds after some calculations in order to eliminate all
signal quantities (see [4]):
/r,T WA, 0
(T T2)~[ o

+

T

2

l oB JIH"H )!

1

shows that each term describes a possible signal path from initial incidence to final detection. The same holds for (8) but the
expressions are much more complicated. With the arithmetic
derivation of (6) we just did a summation over all signal parts,
written in a very compact way. To solve a set of equations (6)
with measurement data, we fit the data depending on L,, L2 in
the reduced model using the set of oscillations with wave
numbers, given by the combinations of the known phase
advances. The amplitudes of the lowest and therefore dominant
frequencies are functions easy to be solved for the S-parameters
(compare (11)) (due to some quadratic expressions some of the
signs remain ambiguous). This procedure works as well for an
adaptor calibration as for a complete measurement; in the latter
case we have to fit with respect to two parameters.

The main effort in the setup had to be spent in the
realization of the various delay line lengths. This has been
done by building two adaptor systems sliding in two fixed
waveguides. They are driven by stepping motors with spindles
that allow for a nominal position resolution of 6.25 \ua. The
RF equipment consists of a HP8753C-6 GHz-network
analyzer. The components are computer controlled using
LabVIEW™, the data evaluation is done with Mathematical

Calibration results with three modes
One of the adaptors has been measured at 4.5 GHz with
three propagating modes (TE n , TM,,,, TE21). The results are:
jZ6.-0.012n
!13J
1611
B
0.459 -0.5171 -0.306 -0.2021 -0.071 +0.0611
0.022 -0.1101 -0.306 -0.2021 0.199-0.4381-0.161 +0.1471
-0.026 -0.012i]-0.071 +0.0611 -0.161 +0.1471-0.562 -0.773W

2

1°BJIH"H 1 loB

We shall refer to (6) as the "complete model".

We insert these parameters into the reduced and the complete
model (Fig. 4) plotted against L, and add the measurement
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points. We observe a sufficient agreement of the reduced model
and a very good one of the complete model. This may be
explained by the limited amount of wave numbers contributing
in the reduced model, whereas the complete model covers all of
them up to an infinite degree of multiple reflection.
Introducing a normalized error function
(12)

E=

we studied the error-sensitivity of the result by adding some
random offset within a certain part of each parameter value.
Fig. 5 shows the result of 100 attempts together with the error
function of the unperturbed S-parameters. We found the
majority of attempts revealing an increased error, confirming
that the unperturbed S-parameters are a very good (but not
optimal) approximation to the real values.

c-

0.309 + 0.287 I - 0.050 - 0.049 II 0.310 - 0.735 I - 0.034 - 0.016 I
-0.050-0.0491 -0.264-0.898
0.264-0.89 [1-0.019 + 0.0391 0004-0.0041
0.03
0.310 - 0.735 I - 0.019 + 0.0391
0\469 + 0.3561 - 0.076 - 0.0471
-0.034-0.0161 0.004-0.00411-0.076-0.047 I -0.395-1.0301

The reason of the value of Cu being about 20% greater 1
is not yet clear. Probable causes might be the small number of
measurement points (13 for L, and L2 leading to an 13x13array) or a temperature drift, that has been observed during the
measurement time of about 1 hour. Again, we tested the
complete model and found a sufficient though not extremely
good agreement (Fig. 6, 7).
12 - >

0

0 . OS
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Typical plot of the input reflection at port B of the
complete setup for fixed L, against L, (comp. Fig. 6)

Conclusion and Outlook

0 .34

The TSD-calibration technique is a useful tool to calibrate
coax-waveguide-transitions if only one mode is propagating.
To expand measurements in the frequency range of several
waveguide modes we have been developing a new method for
multimode S-parameter measurements showing encouraging
results in first tests. These evaluations will continue to specify
the capabilities of the method. In further investigations we
shall try to resolve additionally degenerated modes, especially
different polarisations.
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Measurement results with two modes
The S-matrix of the TESLA 9-cell copper cavity has been
measured at 3.0968 GHz. At this frequency the TEM and the
TM ol -mode propagate. After the calibration runs of the
adaptors (we skip these results) we find from (8):
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THE ACCELERATION OF DIFFERENT SPECIFIC CHARGE IONS
IN THE HEAVY IONS RFQ LINAC.
V.A.Batalin, Y.N.Volkov, T.V.Kulevoy, S.V.Petrenko
ITEP, Moscow, Russia
Abstract

measurements results, we consider the passage of
non-resonance ions through the channel with RFQ.
For non-resonance ions the RFQ structure represents
the channel with an
RFQ focusing without
acceleration. (Their average longitudinal speed does
not vary, <Pc> = const). It is possible to assert that
longitudinal component of the RF field keeping the
average longitudinal speed of non-resonance ions can
increase the spread of their longitudinal speeds in the
beam. For short (about 2 us) pulses of a beam current
which are used for the time-of-flight technique, the
expansion of longitudinal ions speed spread leads to
the increase of the beam current pulse duration.
K

The acceleration of ions with different specific
charge in the heavy ions RFQ linac has enabled to
determine
both
several
linacs
experimental
characteristics and the ion beam parameters at the
injector output which is undetermined by the another
technique. They are: the dependence of the capture
efficiency on specific charge of ion; the magnitude of
the limit current for the linac and its dependence on the
ion specific charge. In particular there is the possibility
to find non-linear disturbance in RF field distribution.
The technique is acceptable to test any RFQ
accelerator in action.
Introduction.
The first section of the accelerator TIPr-1,
working on frequency 6,19 MHz, has been intended for
acceleration of twice charged bismuth ions under the
inertial thermonuclear fusion program [1]. It has been
designed for energy 36 keV/u. Its start and the first
researches of a regime of ion acceleration were made
with twice charged xenon ions produced by a
duoplasmatron ion source. Now a vacuum arc source
of metal ions (MEVVA) is used for the accelerator
TIPr-1. It has enabled to produce and accelerate in
TIPr-1 a set of ions of different metals, in particular,
ions of copper (Cu+,Cu2+, Cu34), tantalum (Xe2", Xe3*,
Xe4*, Xe*), tungsten (W3*, W*\ W5*), lead (Pb3*) and
uranium (U3*, U4*) [2] . The measurements of ion
charge state distribution (CSD) and the research of
acceleration regimes in TIPr-1 were made by time-offlight
method. The whole length of the RFQ
structure(13 m) was used as drift channel for CSD
measurements. In addition to further study of the
already mastered (on ions Xe2*) acceleration mode of
ions with specific charge about 1/60, the possibility of
acceleration of ions with other specific charges was
investigated. Below we
consider features of
acceleration of ions with various specific charges in
RFQ structure and experimental results obtained on
TIPr-1.

Fig. 1. The diagram Smith-Gluckstern.
A - a working point for TIPr-1
On Fig. 1. the Smith-Gluckstem diagram of a
transversal movement stability, is shown. Where u
is a phase
advance per focusing period for
transversal oscillations, K - rigidity of the channel, y factor ofdefocusing.

where cosu^
characterises the focusing
channel without acceleration, i.e. at y = 0. If in the
accelerator with RFQ the average value of the
defocusing factor for non-resonance
particles is
equal to zero the non-resonance particles are kept in
the channel while an amplitude
of the RF field
increases (i.e. the increase of the value of K on the
diagram S-G , Fig.l) up to the value corresponding
to (Km)o (while fcos n | < I). At larger K the
transversal
movement becomes unstable,
the
focusing hi the channel stops and the beam current at
the output of the channel disappears.
The phenomena described above has been
observed on the experiment at the accelerator TIPr-1.
Experimental dependence of a beam current of nonresonance ions (single charged xenon (Xe*) and ions
W24", U2*) from amplitude of the RF field is shown
on Fig.2.

Results and Discussion.
The basic purpose of work is to obtain data
about dependence of capture efficiency
for
transversal movement and maximum current at the
output of the accelerator from magnitude of ions
specific charge. At first, in order to exclude the
influence of a non-resonance (non-accelerated) ions
flow at the output of the accelerator to the basic
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Fig.2. Dependence of a nonaccelerated ions current from
amplitude of RF field
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Fig.3. Acceleration of a copper ions
Data from Fig. 3. and data for ions of
tantalum, tungsten and uranium were used. The
question of optimum tuning of the accelerator is
essential to reach the greatest possible current of the
accelerated beam at the output of the accelerator, and
hence for measurement of transversal capture factor.
Therefore for measurement of each points for
dependence Fig. 4. the special work to optimize the
operation regime of the accelerator was required.

We have to note that the critical value of RF
amplitude for Xe+ ions has not achieved (beam
current has not fallen down to zero), because during
measurements the electrical strength of RF system
has been insufficiently high. For ions W2+, U2+ the
data Fig.2 enable to determine value (Km) for ions
with reverse specific charge 90 and 119.
Measurements have shown that the beam
current pulse length of the non-accelerated ions is
increased from 2 (is at Urf=0 up to 6 us at the
maximum amplitude of a RF field. It means that the
spread of longitudinal speeds accordingly grows. Thus
in contrary to the influence of a RF field accelerating
component on the resonant particle (for which the
point A representing a synchronous particle on the
diagram on Fig.l moves to the right while an RF
field amplitude grows), from experimental data it
follows that for non-resonance particles of beam the
average value of the defocusing factor remains
practically constant, <y> = 0. It means that the
location of peak corresponding to the current of nonresonance ions in time-of-flight spectrum at the
output of the accelerator remains constant in time for
all levels of RF field changing its duration only. That
allows easily to distinguish it from peaks
corresponding to resonant, accelerated ions.
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Fig.4. Dependence of capture efficiency from spacific
mass.
From the diagram Fig. 4. one can see, that for
the greatest achieved beam current, the capture
efficiency on a transversal
movement in RFQ
structure of the accelerator TIPr-1 decreases with the
specific charge growth.

It is necessary to consider a behavior of
resonant ions beam current while the amplitude of a
RF field in RFQ structure increases. For resonant
particles the increase of a RF field on the one hand
leads to the increase of an equilibrium phase, i.e. to
the increase of separatrix scope both on a phase and
on a momentum, and on the other hand increases the
rigidity of the focusing channel. The stability in a
transversal movement and, hence, a focusing of the
ion beam disappears when the RF amplitude reaches
Um (K = Km, Fig.l.). On the diagram of the
dependence of the ion beam current with the given
relation Zm/A on amplitude of the RF field in the
accelerator the beam current should at first grows
(from the threshold level
of a RF field) up to a
maximum, and then falls practically to zero when the
amplitude of a field equals to critical value Um. Such
experimental dependencies were obtained for copper
(Fig. 3.).and for the ions Ta3*' 4+ ,W3+> 4+, U~ 4+ . On
Fig. 4 the dependence of relative capture efficiency
for a transversal movement (divided to capture
efficiency for Ze/M = 1/60) on specific charge of ions
is shown.

KmA)

2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0

MJZ

Fig.5. Dependence of a Ta and Cu ion beam current greatest
achieved on experience from M/Ze
The result for a beam current, which is lower
than calculated value of the limiting current, is
unexpected and requires an explanation, because the
K and y depend on parameter UZe/M, which for each
points on the diagram
Fig.4. remains constant.
Therefore, the working point on the diagram S-G
does not leave the place while Ze/M changes. A
number of processes can cause these results.
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1) The influence of a beam space charge can
cause an reduction of the capture efficiency with the
specific charge growth.
A limiting current Ij - Io where

reason of difference between the maximal achieved
current in our measurements and the calculated one.
To overcome this limiting, it is useful to
accelerate simultaneously beams of particles with
different polarity. It eliminates
space charge
restriction of a beam current at the beginning of RFQ
structure (where beam is bunched) and allows to
obtain
at the accelerator output the extreme
permissible beam current.
As mentioned above the presence of ion beam
components with lower specific charge than
accelerated ion beam components leads to the increase
of beam space charge and limits accelerated beam
current. The RFQ structure focuses only this
component but not accelerates it. On other hand if
this nonaccelerated component would have an
opposite sign (for example W3+ is accelerated ions and
Bf is nonaccelerated ions), the limit current should
increase. In this case the space charge compensation
should take place in any point and at every moment of
ion beam acceleration. Probably it is useful to inject
into structure such nonaccelerated ions with opposite
sign simultaneously with accelerated ions. It should
result to the increase of the accelerated beam intensity.

and Mo is a rest mass, so I| linearly depends from
M/Ze. It means the higher Ze/M, the less
limit
current. The experimental dependence, which is
shown on Fig.5. gives linear dependence of the
greatest achieved current on size M/Ze, as well as the
dependence Ip/(M/Ze). It probably means that for
data Fig.5. the greatest achieved beam current is close
to its limit value.
2) The emittance of a beam with the given
Ze/M at the output of the injector is not exactly equal
to the emittance of beam with other Ze/M values.
Therefore the losses of particles are probably resulted
by the worse matching of the ion beam with a specific
charge larger, than 1/60. The direct measurements of
the matching quality for each beam components
can give the answer to this question.
3) The decrease of capture efficiency can be
caused by a dependence from a RF field quality. Nonlinear distortions in the focusing RF field or in the its
distribution along the axis of structure (and also other
differences from the calculated distribution) can result
the loss of particles by an excitation of a coherent
oscillation of particles. If other factors of decrease of
capture are excluded, the nonlinear distortions in the
distribution of the RF field along the structure axis
can be detected by the reduction of transversal
capture factor. Distortions in the distribution of the RF
field take place in TIPr-1 at a joint point of two parts
of structure and have caused decrease of capture
efficiency when a small beam current is accelerated, at
that moment the space charge restriction of a current
could not influence on a capture efficiency.
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Conclusion.
The study of acceleration of ions with various
specific charge in the linear accelerator with RFQ
enables to determine a number of the characteristics
both of the accelerator and beam of ions at the
injector output, which can not be determined by other
methods. Such as: dependence of capture efficiency
from specific charge of ions; experimental value of
limiting (maximum) current in
TIPr-1 and
dependence it from specific charge of ions. Also this
study enables to detect presence of essential nonlinear distortions in the distribution of the RF field
along the axis of structure and their influence on an
ion beam passage.
The results of this work allow to state the
following assumptions:
The space charge limit for the accelerated
beam current is defined by space charge of a total
unseparated beam instead of space charge for only the
resonant component of a beam as it is assumed for
calculated limit current. Apparently it is the main
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MULTIPLE-BEAM RFQ STRUCTURE WITH A MATRIX-ARRAY OF BEAMLETS
Valeri Kapin, Akira Noda, Yoshihisa Iwashita and Makoto Inoue
Accelerator Laboratory, Nuclear Science Research Facility,
Institute for Chemical Research, Kyoto University,
Gokanosho, Uji, Kyoto 611 Japan

Abstract

There are applications, which require MeV-range broadbeams, e.g. heating of plasmas in magnetic confinement
devices [3]. Existing broad-beam accelerators use the
electrostatic method of acceleration. Because of technical
problems due to the voltage breakdown, an attainable level of
beam energy is restricted. Perhaps, some RF-acceleration
method adapted to a multiple-beam acceleration may be
applied for MeV-range broad-beam accelerators. Many RF
multiple-beam accelerating structures had been already
presented in the past years [4-13].
MB-RFQ arranged as an array of longitudinal rodelectrodes (see Fig. 1) is known for a long time [4,7,9]. It is
required to realize a high packing factor without disturbing
RFQ fields and excite correctly electrodes surrounding every
channel. In this paper, we try to find out possible
configurations of the MB-RFQ structures satisfying the above
requirements.

There is an interest in using multiple-beam RFQ (MBRFQ) with a high packing of beamlets for a variety of
purposes. The principle of the MB-RFQ arranged as a matrix
array of longitudinal rod-electrodes is known for a long time.
It allows to reach a packing factor up to 40%. The unsolved
problem is to define such configuration of resonator, which
preserves a high packing without disturbing RFQ fields and
correctly excites electrodes surrounding every channel.
According to the usual design principle, which is
extended from a single-channel 4-rod RFQ to MB-RFQ
resonators, every electrode of MB-RFQ must be discretely
connected with tank by coupling elements, while adjacent
RFQ electrodes having different potentials cannot be
interconnected by short-circuited couplers and the couplers
may interconnect only next adjacent electrodes "in a chess
order", avoiding adjacent electrodes. The principle reduces a
packing factor considerably from the above value.
MB-RFQ based on a usual 4-rod RFQ
A new principle for MB-RFQ is suggested. A high
packing factor is preserved, because of discrete connections of Resonators with coupling stems
adjacent electrodes are allowed. The beam dynamics in RFQchannels is modified. Beams perform "slalom" motions,
Known MB-RFQ structures [4,7,8-12] are designed using
utilizing intrinsic transverse oscillations. Essential design a periodical multiplication of an single-channel 4-rod RFQ in
issues are discussed.
the transverse direction. RFQ-electrodes in a matrix array
should be discretely supported by some transverse stems or
coupling elements. Adjacent electrodes have different
Introduction
potentials along the whole structure. They can not be
In recent years, many ion sources with a broad-beams interconnected by short-circuited couplers. Only next adjacent
have been developed [1-3]. The broad-beams are formed as electrodes may be interconnected "in a chess order".
Two possible configurations of couplers consisting of
multiple-beams consisting of an array of identical singlebeams (or beamlets). The beamlets are packed very closely. ideal thin conductors are shown in Fig. 2. In the first (left)
The packing factor defined as a ratio between the sum of areas configuration, coupling conductors bypass the RFQ-channels.
occupied by beamlets and a total area of broad-beam can reach Only a quarter of RFQ-channels is used. The second (right)
40-50 %. The number of beamlets may achieve several configuration allows the penetration of the coupling elements
hundreds (or even thousands). Transverse size of broad-beam inside RFQ-channels. The couplers have aperture-holes. The
original RFQ-fields are distorted in this configuration.
can be up to one meter or more.

Fig. 2. Two possible configurations of coupling elements.
In order to prevent voltage breakdown, the realistic
configurations should be composed of thick conductors. The
curvature radii of all conductors could not be less than the
curvature of RFQ-electrodes. We tried to design such couplers.
However, the packing factor is reduced to 5% and 10% for the
left and right configurations, respectively.
Fig. 1. The matrix-array of RFQ electrodes.
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A quarter-wave short resonators
To preserve the packing factor, MB-RFQ resonators can
be designed without coupling elements. The RFQ-electrodes
are only connected to the tank bottoms, and the length of MBRFQ resonator, / is about a quarter of the wavelength X. The
MB-RFQ accelerator is composed of several short resonators.
Two types of such resonators are known [7,8,10]. In the
first type, all RFQ-electrodes are connected to the one bottom
of the tank and have open ends at the another bottom. In the
second type, all electrodes are divided into two groups in a
chess order. The electrodes of two groups are connected to the
tank in opposed manner. Figure 3 shows the example of the
second type of the resonator.

Figure 4 shows pole tips at the ends and the middle of the
resonator. The RFQ-channel has a zero optical transparency,
and could not provide a conventional RFQ acceleration. The
beam dynamics must be modified in this case.
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Fig. 4. Unit module of new 4-rod RFQ resonator, voltage
distributions on its conductors, and pole tips
at different cross-sections of the resonator.

Fig. 3. The second type of MB-RFQ resonator.
The resonators with 4x4 matrix arrays of RFQ-electrodes
have been studied with MAFIA code [14]. The first type
provides correct quadrupole excitation of electrodes when the
tank cross-section is a square with the side 4d, where d is the
distance between axes of adjacent electrodes. This resonator
can be used as an RFQ matching section, because RFQ
voltage increases along the resonator as a sine function.
The second type of the resonator does not provide correct
quadrupole excitation of the electrodes. The voltage
amplitudes at the middle of the resonator are shown in the
Fig. 3. The voltages on the electrodes surrounding RFQchannels deviate from quadrupole symmetry. It is difficult to
adapt this type of resonator to MB-RFQ-acceleration.
MB-RFQ based on a new 4-rod RFQ
Let us find out a type of a resonator, which allows a
short-circuited connections between adjacent electrodes. Figure
4 shows a unit module of such resonator.
To provide RFQ-acceleration, the field at the resonator
axis should be the same as in a conventional RFQ-channel. It
is described by the following lowest-order electric-field
potential function [15,16]:
2

We have revealed a possible way to provide RFQ
acceleration in this accelerating channel. It is based on the fact
that parts of beam coherently oscillate around the axis during
transverse oscillations in a strong-focusing quadrupole
channel. Figure 5 shows particle motion calculated by
PARMTEQ code [16] in transverse plane, X0Y. Part of beam
injected in the first quadrant of the XOY-plane performs
periodical excursions between the first and the third quadrants
of XOY-plane. This part of the beam can be transported in the
accelerating channel of the new resonator, if space period of
transverse beam oscillations 1^. is equal to 1^=211 (2n +1),

-5 0 5 -5 0 5 -5 0 5
-5 0 5
-5 0 x, mm
Fig. 5. Beam structure in the transverse plane X0Y at
different cells of a conventional RFQ-channel.
To test this principle, numerical simulations have been
done. Figure 6 shows the resonator of the simulated
accelerating structure. It consists of a quarter-wave matching
resonator and two sections of the new resonator.

0)

2

where A = -

(m -!)

, K=l-Alo(ka),

*= •

At every cross-section of the resonator, its conductors
have some definite voltages Uly U2, U$, and U4. To
provide the RFQ fields described by Eqs. (1), surfaces of the
RFQ pole tips for every conductor is defined by equation:

0
0.4
0.8
1.2 Z, m
Fig. 6. The cross-sections of the resonator and the voltage
distributions on the electrodes.
The design parameters of RFQ-channel calculated by
PARMTEQ code are presented in Fig. 7. The pole tips of
RFQ-electrodes have been obtained by a numerical solution of
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Eqs. (2). The beam dynamics had been calculated using beam
dynamics code DYN1 written by V.Kapin. Figure 8 shows
the example of the beam-structure and the electrode profiles in
the XOZ-plane. Similar picture exists for XOY-plane. Beam
performs "slalom" motions, avoiding pole tips. Acceptances
of the RFQ-channel are presented in Fig. 9. The results of the
test calculations show principal possibility of beam
acceleration in the new RFQ-channel.
The MB-RFQ resonator designed by a multiplication of
the new 4-rod RFQ in the transverse direction is shown in the
Fig. 10. The MAFIA calculations have shown the existence
of the necessary mode of field oscillations in this structure.

a (mm)
1

0
0.4
0.8
1.2
Z,m
Fig. 7. Parameters for the 150-MHz RFQ-channel.

X.m

-0.01
0.2
0.4
0.6
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1
1.2
Fig. 8. The XOZ cross-section of the RFQ-channel showing the beam structure and the electrode profiles.

Z, m

t"J-f\Y = 5mm, Y' = 0v
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Fig. 9. Acceptances of the RFQ-channel.
Fig. 10.
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2 MV, 0.8A, K+ INJECTOR FOR HEAVY ION FUSION
S. Eylon, E. Henestroza, S. Yu, and D. Grotef
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Abstract
A driver-scale injector for the Heavy Ion Fusion
Accelerator program has been built at LBNL. The injector has
exceeded the design goals of high voltage ( > 2 MV), high
current ( > 0.8 A of potassium ions) and low normalized edge
emittance ( < 1 Ji mm-mr). The injector consists of a 750 keV
pre-injector diode followed by an electrostatic quadrupole
accelerator (ESQ) which provides strong (alternating gradient)
focusing for the space-charge dominated beam and
simultaneously accelerates the ions to 2 MeV. The ESQ is
followed by a six-quadrupoie section to match the beam into
the main accelerator. 3-D PIC simulations, confirmed by
comparing with scaled experiments, were used to generate a
physics design with minimal emittance growth. Detailed
measurements of ion current, emittance, and beam energy, and
comparison with code predictions are reported.

Introduction
The driver accelerator required in a Heavy Ion Fusion
power plant scenario [1] must deliver several megajoules of
heavy ions with particle energy of a few Ge V, onto a target of
2 to 3 mm radius in 10-15 nanoseconds. The linear induction
accelerator approach to the fusion driver consists of multiple
beams, each confined to a quadrupole focusing channel, which
is electrostatic at the low energies, and magnetic at high
energies, and sharing a common induction acceleration core. A
driver-scale one-beam heavy ion injector was constructed and
operates at Lawrence Berkeley National Laboratory. The
injector has as design goals a particle energy of 2 MeV, line
charge density of 0.25 jiC/m (800 mA of singly charged
potassium) and a normalized edge emittance of less than 1 n
mm-mr. These design parameters are the same as in the front
end of a full-scale driver. The low emittance is essential for
final focusing onto a small target. The line charge density
corresponds to the optimal transportable charge in a full-scale

electrostatic quadrupole channel, and the high injector energy
has a significant cost advantage in a fusion-driver.
The design of the injector was based on calculations using
the three-dimensional PIC (Particle-in-cell) codes WARP3d [2]
and ARGUS [3] running in steady state mode. A full 3D PIC
simulation code was required to incorporate the beam spacecharge-field as well as the self consistent fields from the
accelerating quadrupoles. The parameters of the design
represent optimal choices to have a proper balance between
breakdown risks and emittance growth.

The Injector System
The injector is based on an electrostatic quadrupole (ESQ)
configuration [4]. Fig. 1 shows the layout of the injector
system. The ion beam, after extraction from an axisymmetric
diode, is injected into a set of electrostatic quadrupoles arranged
to provide simultaneous acceleration and strong focusing. The
ESQ configuration was chosen over the more conventional
electrostatic aperture column primarily because of high voltage
breakdown considerations. The accelerating gradient of an ESQ
can be made quite low, and the strong transverse fields sweep
out secondary electrons, features which may avoid the
initiation of breakdown processes. However, the ESQ
configuration must be carefully controlled to minimize
emittance degradation. The injector is composed of 5 ceramic
columns. The first column consists of a brazed structure with
16 alumina rings, each 1.5" in width, and separated by thin
niobium rings enclosing the alumino silicate source and the
750 kV diode front end. The subsequent 4 columns consist of
similarly brazed structures with 3" alumina rings, each
containing a set of 4 electrodes arranged in a quadrupolar
configuration designed to provide strong beam focusing and
acceleration from 750 keV to 2 MeV. The quadrupole
electrodes are shaped to minimize surface fields without
introducing unwanted higher order multipoles. The ceramic
column is contained in a pressure vessel under 80 psig of SFg
gas. Water resistors around the column provide graded voltages
to the diode and each of the 4 quadrupoles.

ggwfffffwfTffpTffff

Fig. 1. The Injector System layout showing from left to right the source, the four-quadrupole ESQ accelerator, and the six-quadrupoie
matching section assemblies.
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The source is a 6.7" diameter curved hot alumino-silicate
source emitting potassium ions. These sources have been
shown to produce beams with temperature-limited emittances,
and have long life-time and high reliability [5]. The source
assembly is coupled to an extraction pulser which is at -80 kV
relative to the high voltage dome at all times except during
beam extraction when the pulser is switched to +80 kV in
about 500 nanoseconds. This extraction pulser configuration
allows ion extraction without the need for grids which lend to
be unreliable and beam-quality degrading.
The injector is powered by a 2 MV Marx [6] which
consists of 38 trays with parallel LC and RC networks to
produce a 4 (is flat-top pulse to accommodate the entire ion
beam plus the transit time across the injector.
A 3 meter long, six-quadrupole matching section is being
constructed and tested in stages at the end of the injector ESQ
section. The matching section performs a dual function of
focusing and steering of the ion beam. In a multiple beam
accelerator design, the matching section is needed to focus
beams which are 4 cm in radius at injector exit to 1 cm in
radius into the electrostatic channels in close proximity.

The measurement of the current was made with a Faraday
cup and a Rogowski loop at the exit of the injector. The
current was measured for a range of Marx and source gate
pulser voltages, and the agreement with code predictions was
excellent (Fig. 3). The highest energy and current achieved
thus far is 2.3 MeV and 950 mA of potassium, 15% above the
design goals.
The emittance was measured with a double slit scanner in
both the horizontal and vertical directions. Over a broad range
of parameters the measured normalized edge emittance was less
than the required 1 JC mm-mr. The measured emittance, beam
radius, divergence, and beam centroid displacement were found
to be reasonably constant over the entire pulse.
Precision measurement of the beam energy from head-totail, were performed using a modified 1 MeV electrostatic
spectrometer. The spectrometer energy range was extended to
above 5 MeV by placing a gas stripper in front of the 1 MeV
spectrometer thus changing the singly ionized potassium ions
to multiply charged ions up to the charge state 5. With this
sensitive energy measuring device we were able to fine tune
the extraction pulser to the point were the beam is flat to less
then 0.2% over a 1 us pulse length.

Injector performance
On the first day of operation (November 92) a K beam in
excess of the design parameters of 2 MeV and 800 mA was
produced (Fig. 2).
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Fig. 2. Measured Marx voltage waveform (2 MV at flat top) and
beam current waveform (800 mA at flat top).
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Fig. 4. Time profile of measured head-to-tail beam energy.
The transport of the injector ion beam through the
matching section is being studied in stages. Displacements of
a single quad by 1.5 cm in a 3-quadrupole experiment led to
the bending of the beam by nearly 2 cm, in very good
agreement with simulation predictions. Preliminary beam
profile measurements resulted in profile variations along the
matching section that can be connected to the beam profile
measured at the injector exit. Further investigations,
experimental as well as theoretical, will continue.

Numerical simulations

Fig. 3. Current measurements on the ESQ-Injector in excellent
agreement with computer simulations.

Measurements of the transverse phase space distribution
has shown excellent agreement with WARP3d calculations[7].
Fig. 5 shows a comparison of measured and calculated phase
space distribution in the horizontal plane.
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Fig. 5. Horizontal phase space at the end of the injector as calculated and as measured.
time showed that the minimal spike height was obtained with
a 500 ns rise time. In an ideal, one-dimensional injector, with
a rise time equal to the transit time, the Lampel-Tiefenback
relation would result in no spike being formed [8]. Another
feature seen in the simulations is the shortening of the current
rise time with respect to the pulser rise time. With the pulser
rise time of 500 ns, the current rise time produced is 200 ns,
which agrees with the experiment. After the initial rise and
spike, a stable flat top was maintained for a time comparable
to the flat top of the pulser voltage. The tail of the current
waveform showed a long fall-off as expected.

The transient longitudinal dynamics of the beam in the
ESQ was simulated by running WARP3d in a time dependent
mode. During beam tum-on the voltage at the source is biased
from a negative potential, enough to reverse the electric field
on the emitting surface and avoid emission, to a positive
potential to start extracting the beam; it stays constant for
about 1 (is, and is reversed to turn-off the emission. Since the
Marx voltage applied on the accelerating quadrupoles and the
main pre-injector gap is a long, constant pulse (several (is),
the transient behavior is dominated by the extraction pulser
voltage time profile. The extraction pulser voltage profile has,
in general, a O.S p.s rise time, a 1 jis flat top and a 0.5 us
fall-off.
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Figure 6: Current waveform at the end of the ESQ as calculated by
WARP3d. Compare with Fig. 2. Horizontal scale at Ins
per division.
The results of the simulations showed a significant spike
in current and energy at the head of the beam. A similar spike
appeared in the experimental results. Fig. 6 shows the current
profile at the end of the ESQ as calculated by WARP3d. The
current waveform from the experiment shows a similar profile.
The height of the initial spike is dependent on the rise time of
the pulser. Simulations of the pre-injector with varying rise
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SIMULATIONS AND COLD TEST OF AN INDUCTIVELY DETUNED RF CAVITY FOR
THE RELATIVISTIC KLYSTRON TWO BEAM ACCELERATOR*
E. Henestroza, S. Eylon, J.S. Kim, T. Houck+, G. Westenskowt, and S.
Fusion and Accelerator Research, 3146 Bunche Avenue, San Diego, CA 92122, USA
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Abstract
Electromagnetic and particle-in-cell codes in two and three
dimensions were used to design inductively detuned traveling
wave cavities for the Relativistic Klystron Two Beam
Accelerator (RKTBA) expected to extract high RF power at
11.424 GHz for an energy upgrade (TBNLC) to the Next
Linear Collider, as well as for the prototype (RTA) being built
at LBNL. Previous design was based mainly on 2D
calculations. We will present full 3D simulations of a threecell traveling wave structure in two configurations (with and
without a choke structure), as well as preliminary cold-test
results of a model cavity assembly.
Introduction
A preliminary point design study for an rf power source
based on the Relativistic Klystron Two Beam Accelerator
(RKTBA) concept to extract high power at 11.424 GHz for the
1 TeV center of mass Next Linear Collider design has been
presented recently by a LBNL-LLNL team [1]. The point
design requires that the bunched drive beam delivers 360 MW
of rf power with an rf current of 1.15 kA (600 A DC) in each
of the 150 rf extraction cavities in a 300 m long RK-TBA. To
achieve this goal, and to maintain longitudinal beam stability
over long distances, the extraction cavity must be inductively
detuned. To maintain low surface fields to avoid breakdowns,
we consider traveling-wave output structures. The frequencydomain and time-domain computations were performed using
the three-dimensional electromagnetic code MAFIA [2]. Based
on the simulation results an experimental, cold test, extraction
cavity was fabricated and tested. Initial S-parameter
measurements show good agreement with numerical
calculations.
Numerical

The mesh size used is under one millimeter to accurately
represent the cavity geometry. This type of mesh translates
into a calculation involving about one million nodes.
Furthermore, time steps of under 1 picosecond (dictated by the
Courant condition for stable simulation) require running the
calculation for several tens of thousands of time steps to
simulate several tens of nanoseconds in order to have a smooth
filling of the cavity and reach steady-state condition.
The beam is represented as a train of micro-pulses at the
driving frequency. Each micro-pulse line-charge density shape
is represented as the superposition of a constant term and three
harmonics of the train frequency; this improves the numerical
stabilty of the simulation.
The fully electromagnetic, three-dimensional code MAFIA
has been the code of choice to perform all calculations. We
have been using the frequency-domain as well as the timedomain modules. The alternate fully electromagnetic, threedimensional Particle-In-Cell code ARGUS [6] has been used to
cross-check the MAFIA calculations.
Traveling Wave Extraction Cavities
To avoid electrical breakdown, traveling-wave cavities are
preferred over standing wave cavities since they generate lower
surface electric fields for a given output power.
Present designs for the TBNLC extraction cavities evolve
around traveling wave structures (TWS) with 3 cells of 8 mm
inner radius; 180 MW of rf power is extracted through each of
2 separate ports in the third cell and transported via
waveguides.
Fig. 1 shows a schematic of the 3-cell traveling wave
output structure. A beam pipe length of 3.0 cm on each side is
required to confine the electromagnetic field inside the cavity.
The rf power is extracted through two WR90 waveguides
attached to the last cell of the cavity.

Simulations
WR90

The numerical effort for the physics design of the rf
extraction cavity is based on calculations that are fully threedimensional electromagnetic simulations of the complete
cavity geometry including the output structures and the driving
beam.
The favored type of simulations that we have been
performing are the so-called "stiff-beam" calculations, where
the beam excites the cavity to generate electromagnetic fields,
but the fields do not act upon the beam. From this type of
simulation we can calculate the electromagnetic fields and the
wake potentials. The output power can be calculated as a
function of time. The beam dynamics can be analyzed from the
wakes potentials by beam dynamics code simulations [3,4,5].
• Supported by DOE SBIR grants DE-FG03-95ER81974 and DE-FG0396ER82179, by DOE contract W-7405-ENG-48 (t), and by DOE contract
AC03-76SF00098 (tt).
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Fig. 1. Schematic of the 3-Cell TWS. The structure is cylindrically
symmetric with the exception of the two WR90
waveguides.
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For this type of structure we have found a cavity design
that delivers the right amount of power for the design
parameters of the beam. Fig. 2 shows the calculated power as a
function of time out of each WR90.
3-CELL-TWS
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Transverse beam dynamics require low shunt impedances
to avoid the beam break-up instability (BBU). Even when die
3-Cell TWS has low enough transverse impedance to avoid
BBU [7], further damping of the high order modes is desirable
to increase the confidence for the success of the accelerator as
well as to relax tolerances on other parameters.
The addition of a cylindrically symmetric choke structure
[8] to the 3-cell TWS, that confines the fundamental mode of
the cavity while allowing high order modes to propagate out of
the structure has been evaluated numerically.
Figure 4. shows a schematic of the 3-Cell TWS with
choke used in the simulation. The dimesions of the 3 cells are
changed slightly to compensate for the effect of the choke
structures in the resonant frequency; the output waveguides are
the same as in the previous case.

10.25

WR90
i,

10.35

TIME (n»)

Fig. 2. Output power signal with a time-average of 180 MW per
waveguide.

RF

From the longitudinal wake potential we have found that
the beam is detuned by 60° (lagging in phase). Calculations
using the RKS code [3] have shown that this amount of
detuning is required to obtain longitudinal beam stability for a
long machine, as well as to sustain the level of output power
for up to 150 structures. Fig. 3 shows the longitudinal wake
and the beam profile for a detuned structure as a function of the
distance from the beam-train head; in the micro-bunch frame,
particles at the front lose energy and slow down, while
particles at the tail gain energy, producing a bunching effect
that counteracts the space charge debunching.

HOMHOM

RF

WR90
Fig. 4. Schematic of the 3-Cell TWS with choke. The structure is
cylindrically symmetric with the exception of the two
WR90 waveguides.

It was found numerically that by a small change in the
cavity dimensions, to keep the resonant frequency constant, the
cavity could extract the same amount of power from the beam
while maintaining the inductive detuning. Even when this
design was not optimized the transverse impedance calculated
decreased appreciable by the introduction of the choke.

3-CELL-TWS
LONGITUDINAL WAKE POTENTIAL AND CHARGE DENSITY
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Fig. 3. Longitudinal wake variation over two micro-pulses
showing the inductive detuning.

The peak surface electric field calculated is *75 MV/m, a
field that is within the upper limit in the peak electric field
that has been imposed as a constraint in the design.

An experimental 3-cell traveling wave extraction cavity
was designed and fabricated. The design is based on the results
of the 3D computer simulations. Since cold tests do not
present any break down or vacuum requirements the cavity
mechanical design is rather simple, allowing a quick and
flexible assembly of the cavity. The cavity assembly shown in
Fig. S consists of from 1 to 5 cells and two 30 mm long end
beam pipes. One of the cells contains the two extraction
apertures connecting to the WR90 waveguides. The test cavity
is made from brass to reduce manufacturing costs.
Cold test measurements can be used to validate the results
of the electromagnetic computer calculations by measuring the
frequency-dependent S-parameters of the extraction cavity.
Furthermore the measurements may allow the optimization of
the extraction cavity geometry by evaluating the loaded Q of
the cavity.
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Fig. 7. Comparison between measured and calculated frequency
dependent S l l for the 3 cell cavity with two 15x4mm exit
apertures. The second extraction aperture is terminated
with a matched load.
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The test is performed in the LBNL Lambertson Beam
Electrodynamics Laboratory using the H P 5810 RF vector
network analyzer. Fig. 6 shows the test system layout. The
network analyzer oscillator signal is introduced through a
WR90 waveguide in one extraction aperture while the second
aperture, through a WR90 waveguide, can be connected to a
matched load, short, open or to the network analyzer's second
channel.
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Fig. 6. The cold test setup layout
The cavity S-parameters are measured for cases when the
second extraction aperture is terminated with a short, open, and
a matched load. Fig. 7 shows an example of a frequency
dependent S l l measurement in agreement with MAFIA
calculations. The frequency shift, and the difference in the
loaded Q, between the calculated and measured S l l behavior is
probably due to the resolution of the calculation. The final
tuning of the system can be done by readjusting the
dimensions of the cavity using the above measuring procedure.
Future plans include the extension of the measurement
system to frequency perturbation techniques using moveable
dielectric rods or beads inside the cavity structure to evaluate
the R/Q and the electric field variation along the cavity.
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PUSH-PULL LINAC PAIRS TO GENERATE TWO DRIVE BEAMS FOR CLIC
MULTIBUNCH OPERATION
L. Thomdahl
CERN, 1211 Geneva 23, Switzerland
Abstract

CBMGBimika

This note describes an RF power generation scheme for
multibunch operation at 1 TeV CM and luminosity of
10* cm' 2 s'1. The scheme is upgraded to use acceleration
with 2S0 MHz SC cavities (instead of 352 MHz ones) in
order to have available the increased stored RF energy
necessary to accelerate to 3 GeV the newly required charge
of 30 nC/drive beam.
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Introduction

Fig. 2. Computer optimized bunchlet numbers, relative
intensities, normalized 30 GHz CTS wake amplitudes
(dashed, linear variations of ±23%) and the normalized
CTS output amplitude.

The drive beam energy increase (to 90 KJ/drive beam) is
a consequence of the recently respecified CLIC main linac
acceleration field of 100 MV/m (instead of 80 MV/m, to
reduce transverse beam blow-ups) and the introduction of
damped acceleration structures [1] for multibunch operation
(having degraded R/Q and Q values, see next column).

Sum of Amdaaatal sod
H - l

3.4CV
3.67 GV max.
3 GVaverage

Independent push-pull linac pairs

2?34GValii.

These are foreseen, see Fig. 1, mainly for the following
2 reasons:
a) Twice as many drive bunchlets (60 instead of 30) per
250 MHz period halves the required charge per bunchlet
(from 100 to 50 nC in our case).
b) Good drive beam to RF efficiencies are obtained through
matching of the train energy profile to the decelerating wake
pattern in the drive linac. With two trains of 30 bunchlets
per period (instead of one) the bunchlet deceleration
variation inside one train is reduced (from ±76% to ±23%,
see Fig. 2).
As shown by Fig. 3, the reduced wake variation makes
it feasible to preshape the train energy profile to the
deceleration ramp by simple phase shifting of the 250 MHz
voltages in the SC cavities in conjunction with a small
H = 4 correction.
One drive beam consists of 11 bunchlet train pairs,
obtained with two switch-yards (each combining bunchlets
from 10 short parallel S-band linacs [2]) followed by the
push-pull (antiphase) accelerations shown in Fig. 1.
PUSH-FULL LINAC
PAIR

H-4
\
BUNCHIET NUMBER
10

The purpose of each drive beam is to produce, via 7813
Ok Transfer Structures (CTSs), 30 GHz output pulses to
power 15626 CLIC Accelerating Sections (CAS) [1] of the
main linac with the provisional parameters:
R/Q = 3920 Q/structure,
(circuit convention)
length £ = 0.32 m
Q = 2800
vgr = 0.066 c
Eacc = 100 MVAn Goaded)
Spacing of multibunches = 1 ns
Multibunch charge = 1.28 nC

deflectors
H=4

30 GHz drive linac with CTSs
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250 MHz, H=l, SC, cavities
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10 linacs each
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Fig. 1.
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Fig. 3. Acceleration ramp synthesis.
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Generation of one drive beam upstream of one drive linac.
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To deliver two flat-top 102 MW CAS input power pulses
(2 CASs are fed by one CTS) the main CTS parameters can
be chosen as follows:
R/Q =1.4 Q/structure,
(circuit convention)
length € = 0.71 cm
drain time d = 4 ns = 1/250 MHz
• = 0.37c
CTS
rS internal power losses = 5%
with CTS to CAS transmission losses of 10% and for a
bunchlet length of 0.6 mm rms. The flat-top bunchlet
intensity is 50 nC.

compensation optimization a beneficial (for drive beam to
RF efficiency) voltage increase pattern for the prefilling
trains resulted (see Fig. 4, curve D).

r-J
Bunchlet trains
Following a suggestion by K.A. Thompson and
R.D. Ruth [3], almost constant multibunch energies
(±0.2%, necessary to pass the CLIC final focus sections)
are obtained by a specially shaped CTS output power pulse:
the time shape is such that, prior to the passage of the
multibunches, first the steady state of the CAS (with beamloading) is established (with the first S drive train pairs) and
then, during the passage of the multibunches, this state is
maintained with a constant input power level (102
MW/CAS).
To obtain both the necessary multibunch acceleration
precision and drive beam excitation of the fourth harmonic
correction structures (explained later), the 5 prefill train
pairs have increasing numbers of bunchlets (18, 22, 26, 28
and 30 bunchlets/train) [4], combined with small variations
of bunchlet intensities [5].
The energy spread of the accelerated 26 multibunches of
the main beam is 0.1% rms.
To guarantee good mains to RF efficiency it is necessary to
accelerate the drive beam bunchlets inside each train
according to the above decelerating wake curve, such that at
the end of the CLIC drive linac, the bunchlets are dumped at
an almost equal and low average energy, e.g. 0.3 GeV, but
above 0.2 GeV to avoid electron losses.
We focus the acceleration optimization on the flat-top trains
(which have the most severe deceleration), in particular on
the compensation optimization of the beam-loading they
cause in the 250 MHz SC structures.
Figure 3 indicates the specified acceleration ramp
(matching the flat-top wake of one train) for any train of the
flat-top and the synthesized one obtained with the
fundamental and the fourth harmonic.
Beam-load ing compensation
The voltage decrease of the fundamental frequency
cavities (R/Q = 96.6 Q/m, circuit convention) has been
compensated by two groups of cavities with slightly
different frequencies (243 and 257 MHz); they produce a
fractional beat during the passage of the drive beam,
yielding low deceleration for the first prefill trains and high
acceleration for the flat-top ones [5]. During the

T

Fig. 4. Decrease of normalized(with respect to the sum of all
installed cavity peak voltages) accelerating H = 1
voltage due to beam-loading over 11 trains of
bunchlets (upper full trace A). Curve B shows the
compensating voltage obtained as a fast beat between
the 2 groups of compensating cavities with 29% of the
total installed voltage and frequencies of 243 and
257 MHz. Curve D is the sum of A and B. Curve E
is the error with respect to constant amplitude during
the flat top. Only the successive short phase intervals
(of 90°) populated by the bunchlets of each train are
shown, whereas the remaining unpopulated 270° in
each of the 11 periods have been cut out. The error
with respect to the ideal H = 1 oscillation is 0.01
rms.

Fourth harmonic cavities
Figure 5 shows their energizing by the first 4 prefilling
train pairs (excitation occurs when the trains last less than
one oscillation period), as calculated using R/Q of
386 Cl/m at 1 GHz. The flat-top trains lasting exactly one
period cause no net excitation. The resulting field amplitude
is 6.1 MV/m and the total active length 67 m. The
geometry is scaled from the H = 1 structures.
Cryogenics
The harmonic synthesis of Fig. 4 shows that 3.S GV
are needed per linac. Beam-loading compensation, as can be
seen from Fig. 4, requires an additional installed voltage
in the fundamental frequency range of 33%. Thus, a total
fundamental installed SC voltage of 18.5 GV is needed. We
follow investigations by K. Huebner [6] and I. Wilson [7]
forLEP2 structures at 6 MV/m, 352 MHz and Q = 4 10'
with static losses of 29.5 W/m and dynamic losses of
32.3 W/m. For the 250 MHz structures static losses are
estimated to be 15% [8] and the Q-value to be 75% [9]
higher than for die 352 MHz ones. Taking into account by
a factor of 3/4 the yo-yoing stored RF energy level between
pulses (the cavities yielding half their energy to the passing
drive beam), the dynamic losses are 19.7 W/m. Applying a
cryo-factor of 250 the total cryogenics mains power
becomes 41.4 MW for the 2 push-pull linac pairs.
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c) an overall efficiency of only 10.5%, essentially because
of the limited stored RF energy in the 250 MHz structures,
which limits the number of drive bunchlet trains per pulse.
tWlD IF tenancy
BoatplBg at a OV. tea hear a » , S «Internal CIS

tow

Fig. 5. H = 4 excitation by the prefill train pairs(upper trace).
The drive train pairs (bottom trace) are also shown.
Only a small fraction (600J, 0.7%) of one drive beam
energy (90 kJ) is used for energizing. Furthermore it is
taken from the first trains which are underdecelerated in
the drive linac. Hie voltage obtained is 6.1 MV/m.
The most important assumptions, leading to an overall

(wall plug to main beam) efficiency of 10.5%, ate
illustrated in Fig. 6. RF and mains power level indications
are for both main beams.
703 Hz putaag rate, luminosity 103* ear* *"1 at 1 TcV CM

12S.J MW

Fig. 7.

Efficiencies

The main advantages appear to be:
a) simplicity: no long drive-beam transport lines, no 180°
and 90° arcs and no fast kickers as in previous concepts.
The drive-beam generation process thus occurs over a
limited and almost straight length of about 1.4 km
(including SC cavities, magnets and straight sections).
b) acceleration in mainly large-aperture (33 cm) 250 MHz
SC structures causing low wakes.
c) only 41 kW/m input power for the SC cavities.
The forty 3-GHz linacs, upstream of the switchyards
delivering up to 33 bunchlets of 50 nC per pulse, seem a
difficult challenge; the development work can however be
attempted within the modest framework of the CTF. Dark
currents in the 250 MHz SC cavities should be
investigated. Cavity tune changes due to ponderomotive
forces, periodic with die 703 Hz pulsing, may be acceptable
thanks to the shortness (< 50 ns) of the drive pulse [11].

222.6 MW (wan plug)

Power supplies
and CW Uyxtron(depressed
anode) efficiency - 69 W

M
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4.2 deg. K

Drive beam acceL efficiency - 99,8 tt
12SMW
Drive beam to 30 GHz
efildenerflnd. 5 W Int. loss
and form fact. 0.93, dumping drive
beam at 3 GV) - 73 *
91.2 MW
10 ttCTS to CAS transfer k m - 9 0 * j
82.1 MW (30 GBz from drive Hnac)
*
_ CAS to main beam efHdenry- 28S % |

References
23.4 MW (kinetic mala beam power)
Overall efficiency - 10.S tt

Fig. 6.

Wall plug to main beam efficiency.

Figure 7 indicates for a variable number of drive beam
train pairs the drive beam to RF and the RF to main beam
efficiencies. Unfortunately, because of beam-loading in the
250 MHz SC cavities, it is difficult to accelerate more than
11 drive train pairs corresponding to 26 multibunches.
Conclusions
In this compact double push-pull linac proposal most
of the capital investment would be for 250 MHz cavities
(with their klystrons and cryostats at 4.2°K) providing
usable stored energy for acceleration.
The main disadvantages of the scheme seem to be:
a) a significant amount of RF and cryogenics hardware for
the complete drive-beam generation complex, corresponding
to about 8 times the LEP2 upgrade [10].
b) a high bunchlet charge of 50 nC.
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CLIC WAVEGUIDE DAMPED ACCELERATING STRUCTURE STUDIES
M. Dehler, I. Wilson, W. Wuensch
CERN, 1211 Geneva 23, Switzerland

Abstract

Computation method

Studies of waveguide damped 30 GHz accelerating
structures for multibunching in CLIC are described.
Frequency discriminated damping using waveguides with a
lowest cutoff frequency above the fundamental but below
the higher order modes was considered. The wakefield
behavior was investigated using time domain MAFIA
computations over up to 20 cells and for frequencies up to
150 GHz. A configuration consisting of four T-crosssectioned waveguides per cell reduces the transverse wake
below 1% at typical CLIC bunch spacings.

The first step in the study of a candidate geometry was to
determine the dimensions needed for a correct fundamental
mode frequency by making frequency domain computations.
This also gave the fundamental mode Q and R/Q.
Initial time domain calculations over one or two cells
followed. If the results looked promising, more accurate
calculations of up to 20 cells followed, the number being
limited by computer size and speed. The larger number cells
gives a more accurate wakefield because it more accurately
captures the correct R/Q and phase advance - the discrete set
of modes given by a finite cell model does not in general
include the synchronous mode of the passband.
The four lowest modes of the damping waveguides were
ideally terminated. Thus the assumption that the damping
waveguides are nearly perfectly terminated underlies all of
the results presented here. The beam pipes were terminated
with electrical boundary conditions in order not to overestimate the damping of the structures.

Introduction
Extension of the CLIC scheme to allow operation with
trains of 10-30 bunches (30 cm spacing and 8x10' particle
population) is being studied in an attempt to increase overall
efficiency. Such an extension requires a new accelerating
structure design that produces suppressed long range
wakefields. Preliminary tracking results indicate that the
accelerating structure must have a reduction of the
transverse wake by a factor of approximately 100 by the
time of arrival of a following bunch [1] - including the
cumulative effects of all higher order modes. After the time
of the following bunch the wake should continue to decrease
such that the wake from many bunches does not accumulate.
Wakefield reduction based on detuning has been studied
[2], however it does not appear that this scheme provides a
sufficient level of performance. The conclusion has persisted
even though proposed multibunching parameters have
changed significantly since the study was made.
The scheme of wakefield reduction considered here is
based on frequency discriminated waveguide damping.
Damping waveguides, connected to the outer cavity wall, are
chosen to have a cut-off frequency above the fundamental
but below all higher order modes - higher order mode energy
can propagate out of the accelerating section but the
fundamental mode energy cannot.
A number of damping waveguide configurations have
been studied using MAFIA. Time domain MAFIA
computations were used to determine the transverse and
longitudinal wakefields because this direct calculation
involves a minimum of assumptions and gives a more or less
complete wakefield in a single calculation. In all cases the
simplifying assumption of a constant impedance structure
has been made. The suitability of a structure design is to be
confirmed by beam dynamics simulations that use a
computed wakefield.

Design considerations
The transverse wakefield of the CLIC constant
impedance geometry is dominated by the lowest, TMll0,
transverse passband with a number of higher bands
contributing at the 5-10% level. The criterion for an
acceptable design has been that modes in a wide frequency
band, up to about 150 GHz, must be damped.
The basic design features that were used to produce
adequate transverse wake damping include: the placement of
the waveguides in the cells, the number of waveguides per
cell, the waveguide cutoff frequency, waveguide coupling
strength and the waveguide cross section.
CLIC disk loaded waveguide is assembled from elements
each containing a full iris and a full cell. The waveguides
studied here have been restricted to those which could in
principle be milled into the top of the element on the cell
side. This limitation was imposed to limit the mechanical
complexity of the design but it does restrict damping
waveguides to being longitudinally off-center in the cells
and adjacent to the iris.
A configuration with four waveguides per cell has the
advantage of coupling to both polarizations of transverse
modes in each cell, and of maintaining a high order of
symmetry in the fundamental mode. However the cells
become mechanically simpler if the number of waveguides
per cell can be reduced. Three waveguides spaced by 120°
per cell [3] were considered. This solution damps both
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polarizations of the dipole mode and maintains an
acceptable symmetry of the fundamental mode. However the
symmetry of the structure does not match that of the
quadrupole modes and results in a shift of the center of the
field pattern (Fig. 1). Near the origin this gives the
quadrupole modes a dipole mode characteristic thus
increasing the number of dipole modes contributing to the
transverse wake. Subsequently only two and four
waveguides were considered - the choice being largely
determined by the strength of coupling needed.

primary difficulty is that the TE01 cutoff frequency in
rectangular waveguide is too high to couple to the TE n
mode of the cavity. This has been resolved by using a 'T'
cross-sectioned waveguide (Fig. 2). This results in two
waveguide modes of relatively low cutoff frequency, one of
which couples to the TE n cavity mode.

0. J
Figure 1: Quadrupole mode in 3-fold symmetric cavity.
The cutoff frequency of the damping waveguide is
bounded by an excessive fundamental mode field
penetration into the waveguide and consequent loss of R/Q
and Q the low side and by the persistent wake [4] on the
high side. The persistent wake is a result of the resonance
associated with the cutoff frequency of the waveguide - at
the cutoff frequency the group velocity goes to zero and the
waveguide acts like a resonator. The transverse wakefield
has an initial exponential drop-off followed by a wake
decreasing with t " as the persistent wake becomes
dominant. Lowering the cutoff frequency contributes to
suppressing the persistent wake.
The coupling strength of the waveguide to the lowest
transverse mode of the accelerating structure also plays a
role in the level of the persistent wake. An increased
coupling can quicken the initial exponential drop-off but at
the expense of increased coupling to the persistent wake and
consequently a higher value of the wake for longer times.
The coupling can be adjusted by changes in the damping
waveguide height (the cutoff frequency remains unchanged)
or by adding an iris at the cell-waveguide connection.
The waveguide resonance makes incorporating detuning
into the design more difficult as the waveguide cutoff
frequency partially determines the frequency of the
transverse wake. In addition the varying frequency split
between the dipole mode and the fundamental mode along
the length of a constant gradient or detuned structure implies
varying damping characteristics.
The waveguide (and iris) cross section at the connection
point to the cavity wall is the primary means to ensure
adequate coupling to the forest of higher order transverse
modes including the lowest hybrid TE mode (which itself
contributes roughly 0.5 % to the amplitude of the undamped
wake). For the class of waveguides considered here the

Figure 2: Magnetic field patterns in a T cross-sectioned
waveguide.
Design results
The application of the design considerations has lead to
two waveguide damped disk loaded waveguide designs. One
cell and iris of the disk loaded waveguide of each of the
designs are shown in Figs. 3 and 4. Successive cells of the
two waveguide geometry are rotated by 90° in order to
couple to both polarizations of the transverse modes. The
wakefield from the structure is shown in Fig. 5.

Figure 3: Two waveguide damping.
The primary defect of the design is a substantially
reduced Q, 2800 rather than 4400 for the undamped
geometry. The Q is lost by the current density concentration
around the edges of the top part of the T ' . Closing of this
part of the 'T' off with an iris, as in the geometry shown in
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figure 4, reestablishes the Q. However four waveguides must
be used in each cell in order to maintain an adequate
coupling. The wake from this geometry is shown in Fig. 6.

Another perspective on the damping can be seen by
comparing the Fourier transforms of the wake from a
damped and an undamped (CLIC constant impedance)
structure geometry, Fig. 7.
le+18
Damped
Undamped
le+17

le+16

le+15

le+14

Figure 4: Four waveguide damping with iris.
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Figure 5: Transverse wakefield
geometry computed over 20 cells.
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Figure 6: Transverse wakefield
geometry computed over 13 cells.
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MAFIA computations have been used to design an
accelerating structure geometry with four damping
waveguides per cell and to demonstrate that the geometry
can produce a reduction of the transverse wake by a factor
100. Beam tracking simulations using the computed wake
are now being made to demonstrate that this damping is
adequate.
A number of further issues must now be addressed. The
effects of imperfect waveguide terminations, the design of a
highly compact load effective near the waveguide cutoff
frequency, the beneficial effects of adding detuning to the
damping and the complications of producing a constant
gradient structure must all be considered.
Finally, however, a number of mechanical and
fabrication issues have lead to the conclusion that the
designs presented here are probably not buildable. An
assessment, that includes consideration of mechanical
feasibility, of the direction that the study will now take is
being made.
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Figure 7: Fourier transform of the transverse wake of the 2
waveguide damped (Fig. 5) geometry and corresponding
wake of the undamped geometry.
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A CODE FOR MULTIBUNCHED BEAMS WITH WAKEFIELDS, GROUP VELOCITIES
AND SPACE CHARGE
J.A. Riche
Division PS, CERN
1211 Geneva 23, Switzerland

Abstract
Tracking multiparticle bunches with PIC codes is possible,
but limited to very short distances. Using the modal
description these codes provide, PARMTRACK can calculate
detailed intra bunch dynamics, and bunch to bunch dynamics
for travelling in relatively long beam lines. Macro-particle
simulation allows for permanent redistribution in longitudinal
as well as in transverse space, without any limiting
approximations. Care is taken of group velocities associated
with each frequency of the wakefield description. Applications
are shown for the part of the CLIC two-beam test facility
producing the 30 GHz power.

If the group velocity ve for mode n is zero, all particles in
front of the test particle contribute to the wake seen by it for
this mode. If vs is not zero, it is represented by an angle in the
longitudinal position versus time graph (Figs. 1 and 2). Test
particle M : is influenced by particles in front, such as M,, but
the energy flowed from position M', of M,. All particles
influencing M, at its position were on segment M, M',. The
limit is given by the intersection of M, M', with the structure
entry face (vt > 0) or with the structure exit face (vg < 0).
Designating the structure length by 1,
> 0:

0 < z, < vs (z,-z,)/(c-vp)

Introduction
A Two Beam Linear Collider (CLIC) is studied at CERN
for a main linac powered at 30 GHz by a drive linac. To
support the study, a CLIC Test Facility has been developed
over the last few years. At the entry of the energy transfer line
of the CTF drive linac, the nominal parameters are now
13.4nC per bunch of 0.6 mm rms length, for 48 bunches
separated by 10 cm. Total energy dispersion per bunch is 7%.
Bunch energy is distributed on a parabola with dispersion also
equal to 7%, and an average at 62 MeV [1]. A new code was
developed for calculating the effects of the wakes in the
30-GHz power production part, built on the PARMELA code
scheme [2], keeping the space charge calculations alive. First
results obtained with PARMTRACK [3] for preliminary
parameters of transfer structures and of the beam, led to a new
design of the structures [4], with high damping of the
transverse wake, and new plans for CTF2 such that the beam
can be constrained in the apertures in the part which is studied,
as demonstrated by PARMTRACK and now other codes [5, 6].
A version of the code has been worked out for parallel
computing in the space charge and wakefields routines [7].

Limits Due to Group Velocities
Group velocities are very important parameters for
calculating wakefields and their effects [8, 9]. In the modal
description of the delta wake potentials,
w sl (t) = - 2 I k u cos((0Ln t)
w8T(t) = 2 (c/a:) 2 kTn sin(Q)Tn t)/coTn ,

where t is the time between the passage of the leading and the
test particle, coLn is the angular frequency for the longitudinal
mode, k,n the corresponding loss factor, and a the iris radius.
The wake on the test particle is obtained by summing over all
particles having an effect on this particle. Attenuation is
accounted for by multiplying by an exponential term.

Fig. 1.

Forward wake

Fig. 2.

Backward wake

Frequencies and the Loss Factors
Code MAFIA has been used to calculate the wake
potentials resulting from crossing through a small number of
cells of the structures by a truncated Gaussian distribution of
charge travelling along the structure axis or at 1 mm distance
from it [10], in parallel with measurements [4]. These
potentials are given as functions of distance S to bunch head.
One can try to get mode frequencies and loss factors by
minimizing the differences between these results and those of
the convolution of the delta wake potentials w(s) with the
distribution. For longitudinal wake,
W(S) = /*" dz I si " w(s) exp(-((s-S+n o)/(V2 a)f) ds ,
where n c is the bunch half width, z is the distance of the test
particle from the structure entry, s is the distance to the
particle in the bunch. Limits are functions of S and v f . The
loss factor obtained for mode n = 2 is at least a factor of 100
smaller than for n = 1. A comparison of the input resulting
from MAFIA with the wake reconstructed by the convolution
is shown for 12 cells of a structure similar to the CTF ones.
Transverse potential decreases because of vf (Fig. 3).
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Application to CTF2 Drive Beam
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Distance to particle (M)
Fig. 3. Wake from MAFIA (dashed) and convolu tion (com.).

Main Features of the Calculating Procedures
Code PARMTRACK follows each of the particles of a
beam through a given series of elements such as drifts,
focusing devices, dipoles, accelerating cavities. For calculating
wakefields, as for calculating space charge, it is necessary to
know the particle distribution at as many time steps as required
by the precision. After each step, the resulting changes in the
momenta are superimposed on the momenta due to the other
fields. For the space charge, the coordinates of all the particles
at a given time are used. For the wakefields, the coordinates of
the particles at the time they were sources of the energy flow
are also important, as shown above. Coordinates are
reconstructed from a series of tables corresponding to selected
transverse planes, such as structure entry faces.

A series of a maximum of 6 transfer structures, each of
0.6 m, is installed in the drive beam line after acceleration and
compression devices. In longitudinal and in dipole modes, the
loss factors are negligible for frequencies higher than the first
one. Damping of the transverse mode is vital to restrain the
beam in the apertures (r = 7.5 mm for structures, 12 mm for
quadrupoles). The difference between the fundamental frequency
and the dipole one is also important.
longitudinal
transverse
29.9855
29.9625
55.2
1.63 104
c/2
c/2
damping factor (0.1 m)
no
0.5
By the effects of group velocity, structure length and bunch
separation, steady state is reached after 12 bunches. The energy
variation with z is shown (Fig. 4), with the position of the
structures.

frequency (GHz)
V/pC/m (/m2)

Main Features of Beam Input Data
V. (cm)

Accounting for multibunches and wakefields effects makes
the calculations complex and limitation of the total number of
particles, and therefore also of the number of particles per
bunch, is necessary. The distribution is a truncated Gaussian
one. A random choice in a Gaussian distribution would require
too many samples. So, instead, positions of the particles are
taken at centres of equally populated intervals of this Gaussian,
giving as many particles as intervals. The series of positions
(or phases) in a bunch is the series of increasing values thus
obtained and normalized with the rms bunch length. Random
permutations in the same series give, after having normalized
with corresponding rms values, the initial coordinates x, dx/ds,
y, dy/ds, dE/E for each particle. Coupling between initial x,
dx/ds or initial y, dy/ds is possible.
For each of these particles, three other particles are derived
with same longitudinal position but inverse signs on pairs (x,
dx/ds) or (y, dy/ds), or both. The beam transverse symmetry
imposed by the procedure suppresses a source of artificial
wakefields.
By default, the distribution in successive bunches is the same
as the one in the first bunch. A variation of the energy from
bunch to bunch and a variation of the bunch centre transverse
position can be specified.

Fig. 4. Minimum, average, maximum energies in bunch 12.
Focusing is provided by triplets in intervals between
structures, with identical forces (0.904 T, 0.494 T). The input
emittance is 1000 n mm mrad in each plane. Transverse effects
are caused by the following displacements:
systematic
random
bunch to bunch shift (n) 100
50
structures
0
100
quadrupoles
0
20
The envelope is shown for a calculation made with 17 bunches
and 84 particles per bunch (Fig. 5). Alphanumeric digits
indicate to which bunch the particle at the limit is related.
Positions of the centres of each bunch cross over but with a
similar variation with z (Fig. 6).
The correlation between the variation of the maxima of the
envelopes and the variation of the central positions of the
bunches may be used for displacing the triplets in a one to one
correction scheme. The chosen BPMs allow averaging on the
transverse position of the 5 successive bunches whose energies
are close to the overall average. Results (Fig. 7) show the
good transmission of the beam.
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Fig. 5. Envelope in the Y plane (mm).

Fig. 8

Envelopes in the Y plane after corrections, for 43 MeV.
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Fig. 6. Quasi-similar variation of bunch-centre trajectories.

Fig. 7. Envelopes in the Y plane after corrections.
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TRAJECTORY CORRECTION ALGORITHMS ON THE LATEST MODEL
OF THE CLIC MAIN LINAC
C. Fischer and G. Parisi'
Division SL, CERN
1211 Geneva 23, Switzerland

Abstract
Control of beam emittance is a key issue in the design of
future linear colliders. Results depend closely on the assumptions made for the alignment tolerances of the various linac
components. Processes involving several correctors and beam
position monitors help either to reduce the emittance blow-up
or to increase the tolerances beyond the values provided by
simpler 'one-to-one' schemes. 'Dispersion-Free' or 'WakeFree' algorithms require a simulation of the effects to be corrected, by lattice quadrupole detuning. Wakefield effects can
also be measured, for example by current modulation as in the
'Measured-Wakefield' and 'Dispersive-Wakefield' processes.
For the Compact Linear Collider (CLIC) these algorithms,
so far tested in the thin-lens approximation and assuming continuous scaling with energy of quadrupole strength and RF
section length, are now applied on a more realistic structure of
the main linac. Their implementation is described and the performances achieved in terms of the alignment tolerances are
presented. Special emphasis is placed on the merits of the
most powerful 'Dispersive Wakefield' process.

Introduction
The virtues of trajectory correction processes involving
several correctors and beam position monitors to control the
transverse beam emittance in future linear colliders or to increase the alignment tolerances of the accelerator components
have already been demonstrated. These processes are based on
the minimization of an algorithm. This algorithm contains a
term related to the nominal trajectory — measured with nominal beam and lattice parameters, in particular at the nominal
momentum p0 and bunch population N — and other terms
dealing with trajectories taken under perturbed conditions, in
order to evaluate the undesirable effects which need to be corrected. When only the term related to the basic trajectory is
considered, the correction is named 'few-to-few'. Methods involving other terms have been presented several times; therefore, only their fundamental principles are recalled.
The undesirable effects can be simulated as in a
'Dispersion-Free' (DF)or 'Wake-Free' (WF) algorithm [1]. In
a DF correction, the beam trajectory is measured for given
beam-energy excursions Sp (typically 5p = ±0.035 p0 is
adopted when applying the method on the CLIC linac model)
and the differences between these and the nominal trajectory are
corrected. A WF algorithm tries to evaluate the effects of the
self-transverse wakefields within a bunch by the application of
antisymmetrical perturbations on the lattice quadrupoles: when

QFs are detuned by +8, - 5 is applied on QDs and vice versa.
Again the differences with respect to the beam trajectory measured under normal conditions are minimized.
Instead of simulating these effects by quadrupole detuning,
another possibility is to measure them. One needs to reproduce
conditions which are free of the effects to be corrected and
compare them to the nominal situation. There are various
ways to evaluate the effects of transverse wakefields. In CLIC
it has been shown [2] that on a beam trajectory measured with
a bunch charge at least ten times smaller than the nominal
one, transverse wakefield effects can be neglected. One can
evaluate and correct the trajectory differences measured at these
various currents. The method is called 'Measured Wakefields'
(MW) correction [2]. In CLIC the method efficiency is improved by also incorporating a dispersive term in the algorithm
(differences at low current between a bunch trajectory at nominal momentum and trajectories taken with energy excursions
±8p). The measured wakefield effects and the dispersion effects
can be further combined in a single term in the algorithm.
This correction is named 'Dispersive Wakefields' (DW) [2].
These methods were applied on a model of the main linac
based on the following assumptions: the thin-lens model for
quadrupoles and continuous scaling with energy of quadrupole
strength and of RF section length to ensure stability. With
alignment tolerances increased to 10 \im rms on pickups and
cavities, DF and WF algorithms allow the normalized vertical
emittance yt to reach values around 25 x 10"8 rad.m at
250 GeV for an initial emittance of 5 x 10"8 rad.m [3], MW
and DW corrections reduce this figure to y£ y = 10 x
10" rad.m. A more realistic model of the main linac was developed [4] with finite cavity and quadrupole lengths, and divided into 6 sectors (for the 0.5 TeV CM energy option) with
constant quadrupole length and strength within each. The various corrections have been adapted to this model; implementation and results are reported.

Code Description and Characteristics
Initially, the implementation of the different corrections required three different programs.
• Program 1 processes the transfer coefficients needed in the
algorithm [2, 3], applying a kick unity and looking at the response on the subsequent pickups. Kicks are located at quadrupoles and the number of position monitors is a parameter;
usually one monitor is placed on every other RF girder
(2.8 metres). The whole linac model comprises 530 quadrupoles (kicks) and 1700 position monitors. For each kick, the

" Present address: IAP, Frankfurt University, Germany.
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response at 50 subsequent pickups is computed. This is per- of the emittance values obtained after prealignment. This was
formed for nominal conditions and for each perturbed situation already stated in Ref. [7].
required by the method; a minimum of three different machines
Figure 1 shows a typical result after a DF correction, reis required for either correction.
quiring a total number of 90 iterations on linac sections of
• Program 2 tracks the bunch, measures its trajectory under 12 quadrupoles; the trajectory term carries 10 times more
each appropriate condition (quadrupole strength, bunch charge) weight than the dispersion. The final normalized vertical emitand can apply the kicks calculated by program 3. It generates tance is reduced from 6.0 x 10~7 rad.m (after prealignment) to
alignment errors, applies corrections and stores trajectories. 4.3 x 10"7 rad.m. The benefit of the DF correction is dependent
Both programs 1 and 2 derive from MTRACK [5,6].
on the position considered along the linac.
• Program 3 actually applies the desired correction algorithm using the transfer coefficients from program 1 and the
trajectories from program 2; different weights can also be ap£
plied to the various terms. Program 3 generates kicks which
are then read by program 2 to measure the corrected trajectories. Programs 2 and 3 iterate along the whole linac.
The same architecture was kept for the new model with a
few modifications because of the new linac structure. Some
improvements were also implemented. Owing to the thick-lens
treatment, it was necessary to consider quadrupole strength and
4000
c6ll length rather than phase advance and betatron wavelength.
Matching between two consecutive sectors is required [4]; each
Fig. 1. Evolution of the vertical emittance along the linac with
matching section is precalculated (with MAD) for a given
alignment errors of 10 um rms after: 'one-to few' correcquadrupole gradient configuration. The three programs had to
tion (dotted line) and DF correction (continuous line).
be adapted to the physical sectorization of the linac and overlapping between sectors was made possible. In program 1 the
MW and DW corrections
size of coefficient tables is reduced. For corrections, program 2
deals with quadrupole displacement during prealignment phases
As in the case of the thin-lens model, it was verified that a
and with kicks, applied at quadrupole entrances during the ap- trajectory taken when the bunch charge is 12 times smaller
plication of more sophisticated processes. Program 3 was than the nominal value is not affected by wakefields in the
modified to deal with the new coefficient-table structure. Dur- thick-lens model.
ing phases 1 and 2 only the relevant piece of linac is considWith rms alignment errors of 10 \im on pickups and caviered for a given kick or iteration. The procedure now works ties, on a machine which is prealigned by the application of a
simultaneously in both the x and y planes; transverse coupling 'one-to-few' correction, one pass (50 iterations) of the DW
and quadrupole tilt are possible with a 4 x 4 matrix formalism. process leads to a reduction in the normalized emittance at the
7
7
in the horiOnce tested, the three programs were merged as subroutines linac exit from 50 x 10" rad.m to 15 x 10" rad.m
plane (see Fig. 2) and from 6 x 10"7 rad.m to 0.7 x
of a single manager called CALICO (Correction Algorithms zontal
7
(Fig. 3), starting from 14.5 x
for Linear COlliders). The overall process efficiency is greatly 10~7 rad.m in the vertical plane
7
improved in terms of simplicity and speed. The transmission 10~ rad.m and 0.5 x 10" rad.m at injection. The dispersive
of parameters between routines is easier, hence the procedure is term carries 100 times more weight than the trajectory.
simpler. A huge time saving has been achieved for transfer
coefficient processing and correction application. CALICO is
currently installed on the SP platform. The processing of the
transfer coefficients for three different machine conditions requires 5 min and the application of an algorithm along the
whole linac takes 10 to 15 min. Several corrections can now
be tested in a short time.
Results
4000

D F and WF corrections

The application of DW or WF corrections requires, as ob- Fig. 2. Evolution of the horizontal emittance along the linac with
served for the thin-lens model, several passes, varying the linac
alignment errors of 10 um rms: (a) after *one-to-few' corsection length considered during an iteration and the relative
rection; (b) after DW correction.
weight of each term in the algorithm until an acceptable soluWhen alignment errors are reduced from 10 fim to 5 u,m
tion is reached. With the new linac model, the application of
7
DF or WF algorithms hardly results in a significant reduction rms a final vertical emittance of 0.56 x 10~ rad.m is obtained
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(less than 12% of blow-up) (see Fig. 3c). The better efficiency
of a DW algorithm compared to a MW correction (which considers only the contribution of measured wakes without the
dispersive term) is shown in Fig. 4. The efficiency of the DW
method has been verified on five different machines (all having
alignment errors of 10 Jim rms but different seeds). The average final vertical emittance value is 0.8 x 10~7 rad.m starting
from 0.5 x 10"7 rad.m; the blow-up rate is 60%.

secutive passes. It therefore relies strongly on the presence of
diagnostics facilities. On the contrary, a single pass with the
DW method allows direct convergence to final verticalemittance values lower by a factor of 2-3 without requiring
special optimization of these various parameters. Hence the
power of the method can probably still be improved if one
considers the various possible sophistications. The singlebunch vertical emittance blow-up rate in CLIC has now been
pushed down to 50% for alignment tolerance values of 10 \im
rms which is a big achievement and could perhaps allow tolerances to be further increased.

4000

o

Fig. 3. Evolution of the vertical emittance along the linac: (a)
after 'one-to-few' correction and alignment errors of 10
u.m rms; (b) after DW correction and alignment errors of
10 um rms; (c) after DW correction and alignment errors of
5 um rms.
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1000

The DW method efficiency is also illustrated in Fig. 5, where
the term describing wakefield effects (trajectory difference between a bunch with nominal charge and a bunch twelve times
less populated) and the dispersive terms (trajectory difference
between a bunch with nominal energy and a bunch with energy
excursion) are represented. The correction is only applied on
the first 800 pickups (2 km).

Conclusion
The same conclusions apply as in the case of the thin-lens
model. The application of DF or WF algorithms requires difficult and time-consuming optimization of the various parameters (relative weights between terms, linac section length considered, microwave quadrupole setting) through several con-

1000
PICK-UP INDEX

Fig. 5. Effect of a DW correction on: (a) the term describing wakefield effects (b) the terms describing the effects of energy
dispersion. Correction is applied over 800 pickups.
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1

Many experiments at the Test Storage Ring TSR are limited by weak ion beam intensities [1], delivered from a
tandem-postaccelerator combination. A new high current
injector, consisting of a CHORDIS ion source, 2 RFQ and
8 seven-gap resonators, will deliver 1-3 orders of magnitude higher intensities of singly charged ions. The final
energy of 1.8 MeV/u is well adapted to the acceptance of
the postaccelerator. By adding an ECR-source in a second
phase the system will be able to deliver heavy ion beams
up to uranium with energies above the coulomb barrier of
the heaviest elements. The CHORDIS is already operating
in cw-mode, in sputter mode the pulsed intensity has still
to be optimized. By means of an optimizing algorithm it
was possible to lower the electrode voltage of the RFQaccelerator from 71 kV to 60 kV maintaining a particle
transmission of about 80% with ion currents of 10 mA. All
of the 8 seven-gap resonators have been power tested successfully and performed as expected. This paper describes
the status of the project.
2

7 - Gap Resonator
Accelerator

Abstract

Introduction

Charge State
Selector

5.7*

KIT
^ _ , -i ECRorEBIS
• J i — ! Ion Source

Figure 1: Schematic layout of the new high current injector. A, M, Don, Tri: magn. dtpoles and lenses, Re:
rtbuncher, D: beam diagnosis.
3

The ion source

For the production of high currents of Li + and Be+ with
low duty factor (5 Hz, 500/is) the commercial ion source
CHORDIS [4] is used. The construction of the ion source
section consisting of the source on a platform, a 60°magnet for isotope selection and a quadrupole triplet to
match the beam to the RFQ section has been finished. The
CHORDIS ion source has been in operation on its testbench for several hundred hours [see Table 1]. The design
value of 2 mA was achieved with Li+ in stable operating
conditions. Higher currents were reached and could be stably produced by using an additional cooling equipment of
the sputter cathodes. For the Be+-source an alloy with

In its first phase the high current injector consists of a commercial CHORDIS ion source [4], 2 RFQ-accelerators [3]
and eight 7—gap resonators [2] delivering 7 Li + or 9 Be + ion
beams with 1-3 order of magnitude higher intensities. In
a second phase an ECR- or EBIS-source will be added to
ion type regime U«[kVj I[mAj
4
increase the currents for highly charged heavy ions because
gas
2.5
He+
17.5
7
some experiments are frequently limited by low beam curLi+
sputter
17.5
2.0
rents due to stripping losses. In fig. 1 the schematic layout
28.0
2.3
9
of the new injector is shown. The accelerator will be placed
sputter
30.0
0.21
Be +
parallel to the Tandem. The 7 Li + - or a 9 Be + -beam will be
24Mg+
sputter
20.0
1.1
40
injected directly into the postaccelerator acting as a transgas
Ar+
17.5
2.5
fer line. For a second phase stripping will be used behind
9.0
30.0
the last seven gap resonator and the proper charge state
pulsed
36.0
7.0
will be selected by an achromatic separator consisting of
48Ti+
0.7
sputter
30.0
four 60°-magnets. Like the existing post accelerator the
53 C r +
sputter
30.0
0.17
new injector operates at 108.48 MHz. The ion velocity of
56 F e +
sputter
30.0
0.46
/3=v/c=6% after the high current injector is well adapted
to the post accelerator and final energies higher than 5
MeV/u can be reached for all ion species in a pulsed mode Table 1: List of ion species and current intensities already
produced with the CHORDIS source.
operation with up to 25% duty cycle.
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a Beryllium contents of only 2% was used with which an
intensity of 0.2 mA was satisfactory for all tests. Higher
currents can then be achieved with cathodes made from
pure Beryllium. Improvements were made with respect to
diagnostic methods for source operation and particle beam
optimization. The pulsed mode operation has been established for the gas version, however, some improvements
are still necessary in the sputter mode. The emittance of
the CHORDIS of 35 xmrn mrad has been measured to be
within specifications.
4

Figure 3: Comparison between the calculated (solid line)
and measured (dots) energy spread AE/E to determine
the shunt impedance. Uo=15.8 kV is the design voltage for
an H^-beam.

The RFQ-Resonators

The second section of the high current injector consists
of two 4-rod-RFQ resonators [3] operating at an eigenfrequency of 108.48 MHz. With a rf-power of 80 kW
(25% duty cycle) an electrode voltage of 71 kV should
be reached in order to accelerate ions with a charge to
mass ratio q/a > 1/9 as required for 9 Be + . The electrodes
with 3 m length are milled out of a hollow profile from a
copper-tin alloy to provide sufficient cooling (35% of the
rf power is dissipated at the electrodes) as well as mechanical stability. However, the maximum diameter of the
rods is limited by the capacity between the electrodes to
preserve a high shunt impedance [3]. To provide optimal
electrical conductivity the electrodes were copper plated
at the GSI. The first RFQ-resonator was constructed and
tested in full length this year. The mechanical alignment of
the electrodes was performed successfully and the achieved
tolerance (±0.02 mm) measured after installation is satisfying. Massive copper plates were installed between the
stems to adjust the eigenfrequency to 108.48 MHz. The
Eesonator has a Q-factor of 3800. Power tests up to 20 kW
in cw-mode were carried out without any problems. Weak
ponderomotoric oscillations - which could be observed in
pulsed high power operation - could easily be eliminated by

means of mechanical decoupling between the cryo-pumps
and the resonator-tank. Moreover, a mechanical stabilization was used at the long ends of the electrodes to suppress
mechanical oszillations.
In order to determine the shunt impedance Rs of the structure the energy gain of an accelerated Hj-beam behind the
first RFQ-resonator was measured. The set up consists of
a penning ion source with electrostatic lenses and an analyzing 90°-double focusing bending magnet with two diagnostic boxes. First acceleration tests have been carried
out and compared with PARMTEQ-calculations [6] at different rf-power levels. The measured and simulated energy
spread of the beam at 7.4 kW is shown infig.2. The comparison between calculated and measured energy spread,
fig. 3, leads to a shunt impedance Rs = 101 kfim. With
starting-dAta
<pf'(zi),mM(zi),BM(zi)

PARMTEQ

2

-3

-

2

-

1

0

1
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B""-( t i ) = B""(zv) ± AB(zi)

m-«(*) =
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\
PARMTEQ

1
yes
"-3

- 2 - 1 . 0

1
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Figure 2: Calculated (line) and measured (dots) energy distribution at an electrode voltage of 15.8 kV
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Figure 4: Diagram of the optimizing algorithm.

this shunt impedance it is not possible to reach an electrode
voltage of 71 kV (design value) with a rf power of 80 kW.
Therefore the electrodes are redesigned with a lower voltage of 60 kV by means of an optimizing algorithm. This
new method is based on random variations of the design
parameters synchronous phase tp,, modulation m and focusing parameter B and governed by the value of a scalar
function b(T, L) which takes only two criteria into account:
the length L of the resonator for a fixed final energy and the
calculated particle transmission T [see Fig. 4]. Fig. 5 shows
the parameter behavior of the old 71 kV-design and the
re-designed 60 kV electrodes. By reducing the electrode

effect caused by ±0.2mm misalignment of the rods and is
therefore tolerable.

5

The 7-gap resonators

With increasing ion velocity, RFQ acceleration becomes
less efficient and other accelerating structures such as
seven-gap resonators are more economical. Therefore the
third part of the high current injector consists of 8 sevengap resonators with an eigenfrequency of 108.48 MHz operating at 80 kW rf power with 25% duty cycle. To simplify
the construction, the resonators are designed as four pairs
of identical resonators for synchronous velocities of/S, =3.7,
4.5, 5.1 and 5.7% [5]. All 7-gap resonators have been calibrated with a particle beam with synchronous velocity.
From the energy distribution of the beam behind the res-

[%]
3.7 I
3.7 n
4.5 I
4.5 n

Uo [MV]
(AT=80kW)
1.73
1.67
1.79
1.73

(%]
5.1 I
5i n
5.7 I
5.7 H

Uo [MV]
(JV=80kW)
1.69
1.74
1.70
1.71

Table 2: Measured resonator voltages with beam tests.
onator, the accelerating voltages could be derived [table
2], and were found in good agreement with the bead perturbation measurements. The resonators are finished and
have successfully undergone high power-rf tests up to 100
kW at a duty cycle of 25%. Neither mechanical vibrations
due to ponderomotive forces nor multipactoring problems
have been observed.

6
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Figure 5: Comparison between old (dashed tine) and redesigned (solid line) electrodes: m = modulation, <p, =
synchronous phase, B = focusing parameter, k = bunch
length, at = long, and o~t = trans, phase advance.
voltage the aperture is also reduced while the focusing parameter B along the acceleration structure is maintained.
This leads to higher capacities between the rods which in
turn results in a lower shunt impedance. Therefore it was
tried to find an electrode design with a reduced focusing
parameter along the new electrodes maintaining at least
the old particle transmission. Moreover the rod tip of the
new electrodes is going to be milled with a 20-25% smaller
radius reducing the electrode capacity by 10% as calculated with MAFIA-simulations. However the smaller radius increases multipole components but the effect on the
quadrupole field has the same order of magnitude as the
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Abstract
The ALS injector linac is used for the Beam Test Facility
(BTF) and the Damping Experiments when it is available in
between the ALS fillings. These experiments usually require
higher quality beams and a better characterization than is
normally required for ALS operations. This paper focuses on
the beam emittance, energy tilt, and especially the longitudinal
variation of title beam parameters. For instance, we want to
avoid longitudinal variations at the low beta section of the
BTF. On the other hand, a large energy tilt is required for
post-acceleration compression of the bunch using an alpha
magnet. The PARMELA code was modified to calculate and
display longitudinal variations of the emittance ellipse. Using
the Microsoft Development Studio under Windows NT
environment the code can handle a much larger number of
particles than was previously possible.
Introduction
The ALS linac was designed in 1986 to serve as a
preinjector for the ALS. High charge per bunch was required
for fast filling of the storage ring in the few bunch mode.
Subharmonic bunchers and an S-band buncher were deployed
to achieve this goal. [1] Recently many interesting
experiments were proposed in the Beam Test Facility [2]
which uses the ALS Linac when it is not used for ALS
injection. These experiments may have special requirements
for beam parameters and/or require a better characterization of
the beam. Good simulation and modeling will help meet these
requirements.
A version of the well-known linac code PARMELA
adopted for the Windows NT environment was used to model
the linac. With the recent hardware and software advances,
personal computers now have the attractive speed and memory
capacity for doing interesting particle simulations.
The code calculates the motions of macro particles (test
particles which are also used for estimating the space charge
forces) in 3D under the influence of rf fields and space charge
forces. The space charge forces are assumed to be axially
symmetric. An older PC version was used by R. Miller, C.
Kim, and F. Selph[l] for designing the bunching system for
the ALS linac.
The present version is written in FORTRAN 90 and
compiled with a 32 bit compiler, Microsoft • FORTRAN
Power Station. The compiler comes with an excellent
debugger. It takes a PC, with a Pentium 133 MHz processor
running in double precision, about 1 hour to finish a complete
run for modeling the ALS linac with 1,000 test particles, and
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10 hours with 10,000 test particles. Test runs with less then
100 particles are useful for adjusting the phases and
amplitudes of the various rf systems. These runs take less than
ten minutes.
The code runs with a double precision and has the provision
of restarting from the particle locations saved from a previous
run.
The code saves particle coordinates as they pass through
element boundaries and writes to a binary file which can be
analyzed with a post-processor PARGRAPH. PARGRAPH
calculates emittances and other ellipse parameters and plots
some selected two dimensional projections of the electron
distribution at a given location.
Run-time graphics similar to the post-processor have been
implemented in PARMELA to plot some selected two
dimensional projections of the electron distribution at every
time step or at a user specified time interval.
Run time graphics are like windows to the code through
which one might peek and see what is going on. It is useful for
debugging the code, and for optimization of designs and
operations.

b e t garn: ave = 11.383, cms =

.755

3 3 5 . 5 , rnis =
.266 cm
Z:
ave
Figure 1. An example of the Py-z phase space distribution
plotted by the run-time graphics. This particular distribution
was captured at a time when a low current bunch had traveled
through the first third of linac section 1. Typically, six such
projections out of 15 possible projections can be displayed in a
video screen with a resolution of 1024x780.
The Linac
Two subharmonic bunchers, operating at frequencies of 125
MHz and 500 MHz, are used to compress the electron bunch
from the gun to the entrance of the S-band buncher. Both the
125 MHz buncher and the 500 MHz buncher consist of reentrant cavities, and can generate maximum of 45 kV peak
including the transit time factor. The S-band buncher is a 10cm-long 4-cavity traveling-wave waveguide with (3=0.75 in

2TI/3 mode. The S-band buncher can produce up to 3.5 MV/m
accelerating fields.
The Linac has two sections of 2-m traveling-wave
structures with (3=1 in 2n/3 mode and can produce a maximum
accelerating gradient of about 13 MV/m. Frequency of the
linac is 2.997924 GHz.
For the nominal operation the 120 keV electron gun
produces about 1 Ampere with a duration of about 2 nsec, and
1 to 4 bunches with a bunch to bunch separation of 8 nsec.
The Simulations
During the initial stages of simulation, optimum parameters
for focusing, and rf parameters are searched for which give the
maximum beam transfer and the minimum emittance growth.
This process is the most time-consuming and labor-intensive
part of the simulation and requires insights and persistence.
Codes are frequently modified and debugged during this
period. Modularizing the code was beneficial during this
process.
Low energy electrons (<25 MeV) are focused by solenoids
to the end of the Linac Section I. The solenoidal fields are
calculated individually for each coil using the POISSON code
and linearly superimposed for the 8 solenoids as shown in
figure 2. Focusing field is increased when the bunch length
becomes short and decreased when the beam energy increases.
1200
1000

the drift distance from the 500 MHz buncher to the beginning
of the S-band buncher A simulation with one half the drift
distance showed an excellent result.
Results for the 1 Ampere simulation are consistent with our
nominal operation in which we start with 2 nC and accelerate 1
nCofthemtoSOMeV.
Table 1. Summary of three simulations. Electron bunch length
(pico seconds rms) and the fraction of the remaining electrons
at the beginning of each element.
lElement
ilocat-KBunch length (psec) /
|
jfraction of remaining electrons
0.0 Amp 0.5 Amp 11.0 Amp
jElectron Gun
4987F.0 498/1.01498/1.0
10

499/1.0 5O5?T.O'"i5iT/To"
827T.0 124/1.01157/1.0
1500 MHz Buncher 1246
i
'
:
'2W 50 /1.0 •"5l7'llOi"58'/'LO'
iLinac Section 1 ;290
[End of Section 1 |490'
iQuad'tripiets'
[533ji&id of Section 2 [805

WnF
8/1.0

T/To"
8715"

25/.84J 30/.57
9/"84T""ll"A57"
10/.84! 12/.57
•"l67.83T'T2A56"

Emittance Growth
Most of the emittance growth occurred in the bunching
region (z = 100 - 288 cm) as shown in figure 3. Large
chromatic effects caused longitudinal variation of emittances
and eventual emittance growth in this region.
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Figure 2. Solenoidal focusing fields are constructed by linear
superposition of individual solenoid fields.
Three simulation results are summarized in table 1 and in
Figure 3. The gun current is varied for the configurations
which is otherwise the same except the linac phase was
slightly changed to compensate for the different time-of-flight.
Thus, the magnitude of the space charge effects can be
estimated by comparing these runs. The most significant
difference between the three runs one can see from table 1 is
the beam loss that is occurring in the S-band buncher. One can
clearly see the beam blowup by the space charge forces in the
run-time- and in the post-processor- graphics. The easiest
remedy to improve beam transfer in this region is to shorten
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Figure 3. Growth of normalized emittance in the ALS Linac
for three currents.
Space charge effects caused a rapid emittance growth near
the S-band buncher (z = 278 -288 cm), but the resulting beam
loss caused the emittances to decrease because outlying
electrons are preferentially lost. A simulation showed that this
type of emittance growth and particle loss can be reduced

significantly by decreasing the drift distance from the 500
MHz to the beginning of the S-band buncher by a factor of 2.
Figure 4 shows the phase space distribution of electrons at
the final energy of 50 MeV. Out of the initial 2.0 nC, 1.1 nC
are accelerated to this energy. The electron distributions in the
X - X' and E - <>
f phase space are shown in figure 4. The sinewave foot-print in the longitudinal distribution is obviously
made by the accelerating if field. The linac parameters
corresponding to this run have not been optimized but just
represent a set of self consistent beam parameters which we are
going to use for further analysis. For instance the rf phase of
the linac section 2 was lagging by about 10 degrees behind
which produced an energy tilt as shown in figure 4.
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Average beam parameters at the final energy are
summarized in table 2. These parameters were calculated by
the post processor.
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Table 2. Beam parameters at the final energy
Charge per Bunch
nC
1.1
Beam Energy
51
MeV
0.95
emitt x rms unnorm
mmmrad
emitt y rms unnorm
1.0
mmmrad
emitt z rms unnorm
24
MeVdeg
3.99
Xrms
mm
Yrms
3.90
mm
X'rms, Y'rms
0.45
mRad
pulse length
11.5
deg
alpha x
-1.6
alpha y
-1.4
betax
16.8
m
betay
15.2
m

7
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10

distance along the bunch (in units of sigma)

Figure 5. Variation of longitudinal beam parameters as
functions of the distance along the bunch
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Longitudinal Variations
The post processor was modified to calculate the
longitudinal variation of the beam parameters. The beam is cut
into 10 longitudinal sections where 1 section is 1 sigma long.
Number of electrons in each section is counted and the same
set of beam parameters as shown in table 2 are calculated for
each section. Some of these parameters are plotted in figure 5.
The longitudinal variation of the ellipse parameters are
quite flat over the central 4 sigma region and generally weaker
then that of the bunching region (not shown in this paper).
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Abstract
Linac Reference Design
We present the status of the high-power linac-design studies for
a proposed National Spallation Neutron Source (NSNS), based
on a linac/accumulator-ring accelerator system. The overall
project is a collaboration involving five national laboratories.
The Oak Ridge National Laboratory will be responsible for the
target, facilities, and the conceptual design; Brookhaven
National Laboratory will be responsible for the ring; Lawrence
Berkeley National Laboratory will be responsible for the
injector, including the RFQ and a low-energy chopper located
in front of the RFQ; Los Alamos National Laboratory will be
responsible for the main linac, and the Argonne National
Laboratory will be responsible for the instrumentation. The
facility will be built at Oak Ridge. In the first phase, the dualfrequency linac with frequencies 402.5 and 805 MHz must
deliver to the accumulator ring an H' beam with nominal
energy near 1 GeV, with a pulse length of about 1 ms at a
repetition rate of 60 Hz, and with a nominal average beam
power of at least 1 MW. The linac can be upgraded by a factor
of four in beam power by increasing the dc-injector current, and
by funneling the beams from two 402.5-MHz low-energy
linacs into the 805-MHz high-energy linac. Requirements for
low beam loss in both the linac and the ring have important
implications for the linac design, including the requirement to
provide efficient beam chopping, which is necessary to provide
low-loss extraction for the ring. The linac-design options and
initial parameters will be presented, together with initial beamdynamics simulation results.

The main design requirements for the NSNS linac for the first
phase of a 1-MW facility are 1) l.l-MW average beam power
at 1 GeV for the linac output beam (the extra 0.1 MW
accounts for the minimum 90% injection efficiency into the
ring), 2) 60-Hz pulse repetition rate, 3) linac beam losses
below about 10"'/m to avoid high accelerator radioactivation,
so that remote maintenance is not necessary, and 4) chopped
beam to allow low-loss extraction from the ring. Table 1
shows the main reference-design parameters, and Fig. 1 shows
a block diagram of the NSNS-linac reference design.
Table 1: Linac Reference Design Parameters
Ion
RF frequency
Final energy
Average beam power
Average beam current
Pulse repetition rate
Pulse period
Beam duty factor
Chopper transmission
Average pulse current
Peak pulse current
DC injector output current
DC injector rms normalized emittance
Peak beam power
Peak structure-power losses
Peak rf power
Average rf power
No. 1.2-MW, 402.5-MHz klystrons
No. 5.0-MW, 805-MHz klystrons
Total length

Introduction
In 1995 the US Congress commissioned Oak Ridge
National Laboratory to conduct a two-year conceptual design
study for a new pulsed spallation neutron source. Oak Ridge
has formed a collaborative partnership with four other US
national laboratories, LBNL, BNL, LANL, and ANL for the
design and construction of the new facility. The design work
builds on a strong base of recent studies for high-power
spallation sources performed at ANL1, LANL2, BNL3, and the
European Spallation Source (ESS) 4 study. The conceptual
design effort has been underway for about 8 months, and
significant progress has been made in defining the reference
design parameters.5 The facility must initially deliver a beam
in the 1-MW power range with high confidence, and must be
upgradable to the 5-MW power range.
Two architectures for the accelerator were considered for the
Reference Design, a full-energy linac plus an accumulator ring,
and a lower-energy linac and a synchrotron ring. Based on
consideration of the technical risks and the upgrade paths, the
accumulator ring approach was chosen for the reference design.
For the initial stage of the reference design the nominal
parameters include a beam to target power of 1-MW, a beam
energy of 1 GeV, and a repetition rate of 60 Hz.

H"
402.5/805 MHz
1000 MeV
1.1 MW
1.1 mA
60 Hz
1.03 ms
6.ll%
0.65
18.0 mA
27.7 mA
34.6 mA
0.14 mm-mrad
18 MW
96 MW
114MW
8.0 MW
3
30
566 m

ion
Source
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n

DTL

ii ii ii
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n
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1
1000
MeV

Fig. 1 Block diagram of the NSNS 1.1 -MW linac
As the proton energy increases, different accelerating structures
provide maximum power efficiency, while satisfying the beam
focusing requirements. The H- multi-cusp volume source
delivers a nominal 65-keV 35-mA beam into a compact
electrostatic Einzel-lens low-energy beam transport (LEBT),
which transports the beam and matches it into the first linac
structure, the radiofrequency quadrupole (RFQ). The RFQ is a
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4-vane structure operating at 402.5 MHz with a vane length of
3.7 m, which bunches the dc beam with high transmission and
accelerates it to 2.5 MeV, while focusing the beam using if
electric quadrupole fields. After the RFQ, the medium-energy
beam transport (MEBT) matches the beam into the next
structure, a drift-tube linac (DTL), and provides beam
chopping, which will be described later. The ion source,
LEBT, RFQ, and MEBT will be designed and manufactured by
LBNL. The rest of the linac, as well as the 2.5-nsec chopper
system in the MEBT will be designed and manufactured by
LANL. The RFQ is designed to accommodate the full 55 mA
required for the future upgrade, but will operate at 27.7 mA for
the initial 1-MW operation. The all-electrostatic LEBT with
chopping will be similar to one reported on at this
conference7. The RFQ beam dynamics are conservative, and
like the rest of the linac, an important engineering issue will
be the thermal management at the high 6% duty factor
operation. This requirement, and that of stabilizing an RFQ
structure that is five wavelengths long, are the main design
issues, which are currently being studied using extensive 3-D
simulations.
A two-tank 402.5-MHz DTL, with SmCo permanentmagnet quadrupole lenses in the drift tubes, accelerates the
beam to 20 MeV. This is followed by an 805-MHz linac,
which is comprised of two sections. First is the coupled-cavity
drift-tube linac (CCDTL)6, which accelerates the beam to 100
MeV. The CCDTL consists of a chain of coupled accelerating
cavities, each accelerating cavity containing a single drift tube.
The accelerating cavities, which are 3|3X/2 in length, are
electromagnetically coupled through side cavities in the same
manner as the familiar side-coupled linac (SCL), and therefore
is really a side-coupled drift-tube linac. The CCDTL structure
operates in a mode that is completely equivalent to the stable
7t/2 operating mode of the SCL. Transverse focusing is
provided by electromagnetic quadrupoles that are periodically
installed in spaces that would have been occupied by an
accelerating cavity and that are easily accessible for alignment.
The next and final accelerating structure is the SCL, which
accelerates the beam to 1 GeV with focusing provided by
electromagnetic quadrupoles installed between the tanks. The
parameters of the initial SCL design are given in Table 2.
Table 2:

Side Coupled Linac Param<

Frequency
Cells per tank
Bore radius
Axial accelerating field EoT
Effective synchronous phase
Peak cavity-power loss
Peak beam power
Peak rf power
Number of 5 MW klystrons
Total length

805 MHz
14 to 11
2.2 cm
2.8 MV/m

-30°
84 MW
16 MW
100 MW
27
496 m

The linac must contain two frequencies which differ by a
factor of two to allow an upgrade with beam funneling.
Optimum choices range between about f/f() = 200/400 MHz to
500/1000 MHz. We have chosen f/fo = 402.5/805 MHz

because of 1) compatibility with the 805-MHz system of rf and
beam diagnostic hardware of the LANSCE linac, 2) immediate
availability of existing 402.5-MHz klystrons and rf equipment
from a previous project, and 3) immediate applicability of the
results from the previous LANSCE upgrade study, which used
exactly these frequencies.
The beam-chopping requirement is such that the linac must
inject a beam with 278-ns current-free (to better than 10-4)
gaps every 795 ns to limit the beam spill in the ring, when the
kicker magnets are energized for beam extraction. The
chopping is most easily implemented at the low-energy end of
the linac to facilitate the thermal management of the chopped
beam. The reference design calls for three stages of chopping,
so that most of the beam to be chopped is removed at the
lowest energy, and the most effective chopping structure can be
used at a high enough energy that space-charge effects do not
degrade the beam quality. The three stages are 1) chopping in
the ion source, 2) chopping in the 65-keV electrostatic LEBT,
where each Einzel lens is split into four quadrants to add a
pulsed transverse deflecting field to the constant focusing field,
and 3) a chopping system based on a traveling-wave deflecting
structure in the MEBT. The chopping in the ion source and the
LEBT chopping will remove most of the beam to be chopped.
In the 2.5-MeV MEBT the beam is focused in all three planes
so that the beam is not allowed to debunch, and the chopping
system in the MEBT provides the final clean chopping. The
present MEBT design uses triplet quadrupole lenses to create
three long drift spaces for the basic elements of the chopping
system, 1) a traveling-wave deflecting structure for the
chopping, 2) a collimator to remove the deflected beam, and 3)
a traveling-wave deflecting structure to restore to the beam axis
the beam that is not removed by the collimator, because it
enters the chopping structure when the field is rising or falling.
The 805-MHz rf-system design is based on nominal 5-MW
klystrons. For high reliability only 4-MW is supplied from
each klystron to the accelerator. Because of power limitations
of the rf windows, the total rf power per klystron is split into
two parts of 2-MW each, which are then delivered through an
iris coupler into the accelerating structures. The field
distribution of the accelerating cavities is not sensitive to the
exact placement of the drive points, because of the strong
coupling (neW 5%) of the cells and the stability of the 7i/2
operating mode.
The DTL focusing is provided by a FFDD lattice. For the
CCDTL and the CCL, both singlet and doublet focusing
lattices are being studied. Beam dynamics simulation studies
including the effects of the space-charge forces will be an
important tool for predicting the output beam emittances and
the beam losses. Initial simulation studies have been carried
out for the SCL structure assuming a doublet focusing lattice
and using constant-length and constant-strength focusing
quadrupoles. We have injected an input beam with uniformly
charged ellipsoidal bunches and with an initial mismatch such
that the initial beam projections are smaller than the matched
values by 20% for the two transverse axes and by 50% for the
longitudinal axis. For initial rms normalized emittances of
0.025 cm-mrad for x and y and twice as large for z, we find an
emittance growth of less than 10% in x and y, and less than
5% in z. After the initial transient caused by the mismatch, the
ratio of aperture radius to transverse rms beam size ranges from
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about 8 near 100 MeV to about 13 at 1000 MeV, values which
should produce acceptably small beam losses, provided that
errors such as misalignment of the quadrupoles are sufficiently
small. Eventually, an end-to-end beam simulation from the ion
source to the end of the linac will be needed to provide the
expected values of the important emittances and aperture to rms
beam size parameters that characterize the beam dynamics.
An upgrade for the linac to 4.4 MW can be achieved
through the following steps: 1) doubling the ion-source output
current to 70 mA, 2) installing a second 20-MeV linac, and a
beam funnel at 20 MeV, which will fill all buckets of the 805MHz linac, and 3) installing the additional rf power needed for
the increased beam current
Two important technical questions for the NSNS linac are:
1) how clean and effective the beam chopping can be made
without degrading the linac-output-beam quality, and 2) how
well the beam losses can be controlled for the H' beam. The
losses are expected to be lower than for the LANSCE linac for
three reasons: 1) for LANSCE the beam tune is optimized
primarily for the higher intensity H + beam, which results in
missteering for the H" beam, 2) the H" emittance from the ion
source is 50% larger than that expected for the NSNS source,
and 3) the use of an RFQ promotes good low-energy bunching,
which eliminates unwanted tails in longitudinal phase space.
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Summary
We have presented a linac reference design for the NSNS
linac. The initial beam dynamics simulations suggest that
excellent beam-dynamics performance should be achievable.
The next steps will be to study the chopping systems, and to
produce end-to-end beam simulations from the ion source to
the accumulator ring to study both chopping and beam loss.
* This work is supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences of the US
Department of Energy under Contract No. DE-AC0596OR22464.
+ Lawrence Berkeley Laboratory, Berkeley, CA 94720
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THERMAL/STRUCTURAL DESIGN AND FABRICATION DEVELOPMENT OF HIGH POWER
CCDTL AND CCL STRUCTURES*
Richard L. Wood, William L. Clark, Felix Martinez, and Floyd E. Sigler
Los Alamos National Laboratory, Los Alamos, NM 87545 USA
Abstract
Thermal management, resonance control, and reliability
requirements
become predominant
when
designing
"conventional" copper coupled-cavity linac (CCL) structures
for very high duty factors and accelerating fields. Whereas the
outer body of the coupled-cavity drift-tube linac (CCDTL) is
in most ways comparable to the CCL, the cooling and support
of the added drift tubes present totally new and interesting
challenges. Making provisions to limit thermal distortion calls
for many cooling passages, high quality materials, and new
fabrication schemes and techniques.
Thermal designs for a 700MHz linac are presented, along
with results of prototype tests and fabrication developments
which offer solutions to all of these problems.
Introduction
Active mechanical elements, such as movable slug tuners,
are used to regulate the resonant frequencies of many existing
room-temperature copper accelerating structures. Many others
are regulated by modulating the structure temperature.
(Increasing the average temperature of a room-temperature
copper structure by 1°C causes it to expand approximately
1.8e-5:l in all directions unless it is constrained somehow.
Uniform thermal expansion lowers the resonant frequency of
the if structure proportionately.) Resonant frequency control
via temperature modulation is the better choice for high-power
rf structures since they require active, closed-loop temperature
control anyway, and since mechanical tuning elements add
significant cooling problems of their own.
However, because cooling cannot be perfectly distributed,
temperatures are, in general, not perfectly uniform, giving rise
to local thermal distortions. These distortions can greatly
effect the resonant frequency and field distribution in the
accelerating structure, even when the "average" structure
temperature is "right". This paper explores the sensitivity of
various types of rf cavities to distortions, and discusses means
for controlling these distortions appropriately.
Room Temperature Linac Cooling Design
A common "room-temperature" accelerating structure is
the coupled-cavity linac (CCL, also sometimes called a sidecoupled linac, or SCL). Typically, the CCL structure consists
of several of these cavities in series, as shown in Figure 1. For
low-power applications (low accelerating fields, or low duty
factor), coolant passages incorporated into the outer
cylindrical walls are often sufficient. For high-power
application, the end and internal walls and drift tube noses
must be actively cooled to prevent marked steady-state
frequency errors, and, in some cases, permanent plastic
deformation during rf transients.
*Work supported by the US Department of Energy.
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Figure 1. Typical CCL segment construction, showing integral
cooling passages inside braze joints.
The fabrication scheme shown in Figure 1 provides an
easy means for incorporating many integral coolant passages.
Interconnected rectangular grooves are cut into the flat
interfacing surfaces of the various pieces that make up the
stacked assembly. Typically, these interfaces are hydrogenfurnace brazed using copper/gold or copper/silver alloys to
form a quasi-monolithic structure. In a high-power application,
it is virtually impossible to avoid having some water-tovacuum braze joints. Although several laboratories remain
adamantly opposed to such joints, at LANL, we have had no
significant problem with water-to-vacuum leaks in copper-tocopper braze joints.
Current LANL linac design standards limit the coolant
water velocity inside these enclosed passages to about five
meters per second. This is much higher than recommended in
commercial copper piping. Nonetheless, many OFE copper
linacs have been built and operated for many years with
velocities in this range. (Two recent failures have occurred in
the Alvarez Drift Tube Linac portion of the 25+ year-old
LANSCE accelerator, where local water velocities over 6.5m/s
caused erosion through thin-walled copper parts, but near-by
braze joints were not effected [1].) Avoiding sharp bends and
sudden cross-section changes in the vicinity of thin walls is
recommended.
CCL cooling design
The 700MHz CCL segment shown in Figure 2 is for
particle (S = 0.86, where (S is the ratio of particle velocity to the
speed of light. Its thermal distortion is shown, exaggerated by
2000X, corresponding to the cooling design planned for the
APT room temperature linac. For the following discussion,
consider the structure broken into three zones, the outer
cylindrical body, the end walls and noses, and the internal
walls and noses.

themselves are shorter, and less of a factor in the structural
interplay. Nevertheless, because there are so many internal
walls and only two end walls in a typical CCL accelerating
segment, the "average" resonant frequency of the segment is
not strongly effected by the end wall and nose temperatures.
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CCDTL Geometry
The CCDTL accelerating structure has been proposed for
use on high-current, intermediate velocity beams [2]. In the
700MHz APT linac, it appears in three forms [3,4]. For P=.12.13, two-gap cavities, one cavity per segment are used. (ref.
[2].) For P=.13-.2O, individual three-gap cavities are used (left
side of Fig. 3). For P=.20-.43, two-gap cavities, two cavities
per segment are used (right side of Fig. 3).
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Figure 2. Imperfect cooling produces thermal distortions in highpower 700MHz CCL cavity at p=0.86.
Obviously, when the outer cylindrical body gets hot, it
expands outward, increasing the electrical inductance of the
cavities, and thereby lowering the resonant frequency. Less
obvious is its structural interaction with the end walls,
described later.
Typically, there are several cavities in series, so most of
the walls are internal, with equal rf heating on both sides. As
the noses get hot, they grow too long, closing the accelerating
gaps somewhat, and they expand radially. Both of these
components act to increase the electrical capacitance of the
cavities, lowering the resonant frequency. The wall itself is
loaded symmetrically, so its principal movement is radially
outward, pushing part of the cylindrical outer body ahead of it.
This increases the electrical inductance somewhat, which also
lowers the cavity frequency.
The end walls are generally thicker than the internal walls
because they must react vacuum loads. Their thermal
distortion is less well behaved because the thermal loading is
one-sided. A simple disk, heated on one side and cooled on the
other would deform into a dish shape, convex on the heated
side. However, the end wall is rigidly attached at its perimeter
to the outer cylindrical body. If the end wall is hotter than the
outer cylindrical body, the mismatch causes the end wall to
bow outward rather than inward. This greatly increases the
cavity's electrical inductance. It also increases the length of
the accelerating gap of this end cavity. This latter effect is
offset somewhat by the lengthening of the nose and its radial
expansion. The net effect is still to lower the frequency of the
end cavity. If the end wall is cooler than the body, it is bowed
inward, with equally mixed effects. Thicker end walls bow
less, and behave more like internal walls.
In this high-beta example, the end wall and internal wall
temperatures have about equal influence on the resonant
frequency of individual cavities. At lower P, the end wall can
have a much greater effect than an internal wall. This is mostly
because the nose-to-nose gaps are shorter, so small end wall
displacements are large in proportion. Also the noses
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Figure 3. Transition from 3-gap cavities to 2X2-gap cavities at
-20MeV in 700MHz APT linac design.

CCDTL Body and Wall Cooling
The outer bodies, end walls and internal walls of CCDTL
structures are made and behave exactly like those of the CCL
structure described earlier. However, because there are only
one or two cavities per accelerating segment, the end wall
behavior can have a surprising and significant frequency
effect.
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Figure 4. p=0.2 CCDTL segment with overheated end wall.
Figure 4 shows an exaggerated shape for a P=0.2 segment
whose end walls have been artificially heated 2.8°C (5°F)
above their normal operating conditions. As expected, it has
bowed outward. However, because the initial gaps are small,
the gap increase is relatively quite large. Although the
inductance increase is significant, it is not enough to
compensate for this big capacitance drop. The net effect is a
substantial increase in the cavity frequency.

The P=0.43 segment, shown in Figure 5, has larger initial
gaps. The capacitance and inductance factors almost exactly
cancel, making resonant frequency independent of end wall
temperature!

Conclusion
The thermal/structural behavior of high-power rf
structures requires great care to avoid undesirable rf effects.
In particular, in short segments, the end wall behavior can be
very significant, and flow imbalances between the ends and the
outer body can have unexpected effects.
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Figure 5. p=0.43 CCDTL segment with overheated end wall.

Drift tube cooling
In CCDTL cavities, a large fraction of the rf loss occurs
on the drift tubes, and their thermal distortion has a very
marked effect on the resonant frequency of all of these
cavities. In the 700MHz p*=.43 cavity, heating the drift tube
5°C causes the resonant frequency to decrease 29kHz, while
uniform heating of the outer body and wall causes a 34kHz
decrease. Most of the drift tube's frequency/temperature
dependence resides at its noses, nearest the accelerating gaps.
Analysis shows that artificially heating only the drift tube
noses by 5°C lowers the cavity frequency 25.7kHz. As the
noses get longer and larger in diameter, the gaps get shorter
and the surface area increases, increasing electrical
capacitance, and thereby lowering the cavity frequency. In
contrast, heating the middle portion of the drift tube has very
little effect on the cavity resonant frequency. Although the
middle portion growth
shortens the accelerating gaps,
increasing electrical capacitance, it also moves outward into
the high magnetic field region, decreasing electrical
inductance. In the P=0.43 case, the frequency effects almost
exactly cancel.
Thus, cooling the drift tube noses becomes very critical.
Getting coolant to the noses is not easy. Several schemes were
analyzed and rejected before the construction shown in Figure
6 was developed. Three copper cylinders are made with
approximately 75microns radial clearance when assembled.
Coolant passage grooves were lathe-cut into the outer surface
of the two inner copper cylinders, and then interconnected
with milled slots on alternating sides. 50micron Cu/Au alloy
foil is inserted between the cylinders, and the entire assembly
is surrounded with a molybdenum TZM ring and an
appropriate amount of 304 stainless steel shim. When the
assembly reaches braze temperature, the copper has expanded
much more than the molybdenum sleeve which forces the soft
copper to compress onto the inner cylinder. Two stems are
added, through which the coolant enters and exhausts. The
cool inlet water is routed to the nose passages first.
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Figure 6. Concentric copper cylinders with coolant passages, brazed
using low-thermal-expansion sleeve, forms slug from
which drift tube is made. 3-gap CCDTL drift tube shown.

Figure 7.
Cut-away of a 2-gap CCDTL drift tube shows
series/parallel coolant passage interconnections. Coldest
water is directed to the tips first, then work back toward the
center before leaving through second stem at bottom.

ION LINACS DESIGN WITH SUPERCONDUCTIVITY USE
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Abstract
Two principal schemes of CW high current linac design
based on superconductivity use are proposed. Superconducting
accelerating structures are suggested to use along the whole
linac for acceleration of beams with the currents up to 30 mA.
Focusing by longitudinal magnetic field generated by
superconducting solenoids are suggested to use for the beams
with the currents up to 500 mA. It is shown that in both cases
accelerator efficiency is higher than 50% and beam losses is
lower than 10'5. Problems of accelerator main system design
and its resolution are discussed.

Introduction
Research works on the concepts in designing of high
current proton (ion) linear accelerators with the output energy
of about 1 GeV for electronuclear purposes are carried out in
MRTI for years [1-8]. The works are curried in two aspects:
development of CW linac with current of 10-30 mA (first
type) for solution of the problems of conversion of weapongrade plutonium and nuclear-power problems ("power
amplifiers") [9]; development of CW linac with current of
100-300 mA for accelerator transmutation (second type).
These concepts and technological systems are developed
according to the following demands: provision of efficiency
more than 50% and high reliability, as well as radiation purity
(beam losses- 10"3).
In the first case the problem of high efficiency is brought
to the fore. Estimations carried out in MRTI bring out that
CW linac version with superconducting accelerating cavities is
preferable.
In the second case problems of reliability and efficiency are
dictated by solving the problems of superpower HF supply
system design and essentially by lossless beam transport along
linac. The solving of these problems provide radiation purity
as well. As discussed in MRTI papers [1, 6, 8] the problems
can be solved by use superpower Regotron-type amplifiers in
HF supply system [4] and application the focusing system
based on superconducting solenoids.

CW Superconducting Proton Linear Accelerator
with the Energy of 1 GeV and current of
10-30 mA
Solution of the problems of conversion of weapon-grade
plutonium and of nuclear-power tasks ("power amplifiers" [9])
requires proton beams with the energy of 1 GeV and average
current of 10-30 mA. The most expeditious way to obtain
such proton beams is CW linear accelerators with
superconducting accelerating structures.

CW superconducting linear accelerator of protons [8]
possesses a number of decisive advantages in comparison with
"room" temperature accelerators in the region of average of
beam currents of tens mA: consumed HF power is
significantly decreasing and as a consequence the cost of
construction and of routine operation are going down,
reliability rises and not less than twice the length of the
accelerator decreases. Total efficiency of such accelerator under
acceleration of beam 10 mA and more will be not lower than
60%. High margin of acceptance in the considered version of
linear accelerator allows to expect that losses of the beam in
the process of acceleration will not exceed 10"5. Modern level
of tectonics and of technology allows to realize the proposed
project of linear accelerator.
Proposed scheme of the CW proton linear accelerator is as
follows.
The injector produces a beam of protons with energy of
60 keV. Further the protons are accelerated in the initial part
of the linear accelerator (EPA) - RFQ-type accelerator. A fourchamber H-resonator excited by the TEj,, wave of 425 MHz
accelerates protons to energy of 3 MeV.
The first part of the linear accelerator consists of short fourgap cavities with drift tubes excited at the frequency of
425 MHz. Energy of protons in this part of the accelerator
rises up to 50 MeV. Separation of the accelerating structure to
short resonators is dictated by necessity to place between them
quadrupole permanent magnets focusing lenses. The structure
of the focusing period is FODO.
The second (main) part of the linear accelerator provides
acceleration of protons up to the energy of 1 GeV.
Accelerating structure consists of 304 nine-cell axially
symmetric cavities with elliptical shaped cells excited at the
frequency of 1275 MHz. Odd frequencies ratio of the first and
the second parts of the linear accelerator is equal 3 and this
allows, if necessary, simultaneous acceleration of protons and
negative ions of hydrogen. Acceleration rate at the length of
the cavities is 5 MeV/m. Averaged acceleration rate along the
whole length of the acceleration is 2.5 MeV/m.
The main parameters of the linear accelerator are presented
in the Table 1. The parameters of the acceleration will not
change for the case of acceleration of hydrogen negative ions
beam.
In order to rise reliability and to decrease the costs it is
desirable to decrease number of HF channels due to excitation
of a group of cavities by one HF generator. In these proposal
groups of four cavities are excited by one of generators.
Klystrons with output power 500 kW for acceleration of
30 mA beam and about 150 kW for beam current of 10 mA
will be needed for excitation of a group of four cavities. In
main part of the system of HF power distribution to the
cavities of group is constructed with the aid of bridge-type
devices proposed for decoupling of two loads and division of
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Table 1
Parameter
Type of accelerator, resonator
Injection energy, MeV
Output energy, MeV
Frequency of accelerating field, MHz
Number of resonators
Period of focusing, m
Acceptance, specified, n cm-mrad
Effective emittance, specified, n cm-mrad
Equilibrium phase, degree
Phase width, degree
Pulse spread at output, %
Resonator length, m
Diameter of resonator, cm
Aperture diameter, mm
Accelerator length, m
Power for beam, kW Ib = 10 mA
Ih = 30 mA
Losses removed by helium, W

Initial Part
RFO
0.06

First Part
4-gaps drift tubes
3
50
425
28

3
425
1

0.007-0.056
0.07-0.25
0.04-0.08
-(90*45)
360+40

0.6-2.0
0.2-0.35
0.08-0.12
-(45+30)
40+15
0.08
0.25-0.85
49-45
15-20

0.4
3.2

15.6
3-6
3.5

HF power to equal parts. Split-type of double T-shape bridges
may be used as prototypes of such devices. In part 1 four
cavities of each group are coupled with the aid of three
resonant bridges. Such group is excited by klystron through
mean bridge.
In order to provide superconductivity the resonators, its
operating surfaces are covered by niobium layer and cooled by
liquid helium. Adopted temperature of 2K corresponds to
minimum of capital investments and the cost of routine
operation. The version of the cryogenic system consisting of
typical cryo-modules is chosen in these technical proposals. A
cryo-modules consists of a cryostat with several resonators
together with adjacent devices inside it..
The following ideology linked with quantitative
characteristics of heat removal by helium is adopted. Total
power of losses for helium in the cavities of the linear
accelerator is approximately 4000 W (see Table 1).
Acceptable losses by helium due to losses of the beam in the
linear accelerator with hand controlling are 380 W or
approximately 10% of the losses in the cavities. The same
value is taken for acceptable heat flux from the external space
through the cryostat. It defines the requirements to thermal
insulation of the cryostat. So the total thermal power (PHr)
removed by helium is 4700-5000 W.
This approach demand to place in cryo-modules cavities as
many as possible. Different versions of cryo-modules are
considered. Fragment of cryo-module is shown in Fig. 1.
Cryo-system design of accelerator under consideration is the
development of RHIC and CEBAF base ideas. One of the main
characteristics of particle accelerators for considered nuclearpower utilization is the value of total efficiency of the
conversion of electric power into beam power [10].
Full efficiency of a superconducting linear accelerator may
be presented by the expression
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1410
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Second Part
9-cell resonators
50
1000
1275
304
2.0-4.0
0.5-0.7
0.12-0.2
-30
45+40
0.025
0.35-0.93
24-21,6
30-40
380
9500
28500
3400

77 = PrfP, + PJ.
where Pb is HF power for acceleration of the proton beam, Pr
and Pn - powers of electric feeding of the HF system and of
cryogenic system of the accelerator. Let us introduce notations
for efficiency of HF and cryogenic system T]HF = PH/Pr and
m = PH/PK- Then
TJ = P/[(Pb + PHF). T]HF-'+ PHt.x\c-'l
Where PHF is power of HF losses in the walls of the
cavities. As Pb » PHF then IJ = P/(Pb-riHF-' + PHt.n;' ) .
Accepting

for

estimation

T]HF = 0J,

T]C=2\0~*

and

PHe = 5 kW we shall obtain expression for calculation of
efficiency of superconducting accelerator as a function of Pb:

= Pb/(1.41Pb+2.51(?)

(I)

7

With beam current 10 mA P 6 = 10 efficiency of the
accelerator is equal 60%. For beam current 30 mA we have
T) = 65%. Tectonics of fabrication of the main devices of the
accelerator is well experienced in the world though quite
similar accelerators were not yet constructed. The accelerator of
INR of RAS (protons energy is 600 MeV, average current 1 mA) developed by MRTI of RAS jointly with invited
institutions and superconducting electron accelerator CEBAF
may be looked as prototypes. Time necessary for realization of
the project is estimated as 7-10 years.

Linear Accelerator With Superconducting
Solenoids. With the Energy of 1 Gev and Current
of 100-300 mA
The considered concept of the linac with 100-300 mA
current is the further outgrowth of the MRTI quests [1-8] for
linac for transmutation of long-living radioactive wastes of
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Fig.

1.

1 -quadrupole lens, 2 - accelerating cavity, 3 - helium vessel, 4 - cryo-module enclosure, 5 - heat (Y,) and radiation (Y,)
screens enclosure, 6 - superisolation, 7 - supports, 8 - HF window, 9 - HF inputs system, 10 - load for high modes
suppression, 11 - cavity adjusting mechanism. A, B, C, D, E, F - system of helium flow.

nuclear reactors. Novelty of this concept is associated with the
use of superconducting solenoid focusing (SSF) in all
accelerating parts [8].
Beam transport along the length of accelerator with
minimal losses should be closely studied. The most limiting
regions are: initial part of acceleration - IPA (up to 3 MeV);
matching between focusing channels with different types and
structures; high energy part of accelerator (HBL) with high
number of focusing elements and accelerating structure.
Single-channel scheme (HILBILAC-DTL-HBL) is used in
the linac as before. High acceptance of fflLBILAC (IAP) and
high current limit (700 mA at a frequency of 350 MHz) make
possible to form beam at the IPA output with good transverse
characteristics.
Use of focusing by superconducting solenoids at DTL and
HBL alleviates the other problems: a) single-type focusing
makes possible good matching between different linac part:
(HILBILAC-DTL section and DTL-HBL section); b) changing
quadruple lenses to solenoids decreases channel sensitivity to
random perturbations approximately by a factor of 10; c) use
SSF at HBL section makes possible use of "long" cavities
(10-13 m in length) based on D&W structure without
subdivision on sections. Abandonment of sectionalized HBL
cavities structure and coupling bridges between sections make
possible essential decrease accelerating field sensitivity to
geometrical errors of cavity. Requirements for evenness of
"long" cavity excitation thought 7 power input from regotron
are reduced as well [4,6].
Development of such type linac indicates that DTL section
realization is not improbable but there are a diversity of
difficulties. The main problems are associated with high
inductive coupling between solenoids, with strong
ponderomotive forces and with scattering fields.
With the beam current higher than 100 mA total efficiency
of accelerator will exceed 50%
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Regotron

Abstract
The problems and requirements to the RF power supply
system are considered. Characteristic features of regotron-type
generator are described. Physical processes that determine
advantages of regotron in comparison with other RF generator
with analogous beam parameters are considered. The problems
of regotron operation into the accelerating structure are
discussed.

The Problems And Requirements
To The RF Power Supply Systems
The system of RF power supply of a high current linac is
its most complex and expensive system which determines to a
considerable degree the construction cost of the whole
accelerating complex and its reliability. The required
parameters of this system may be formulated only after
studying of the linac design as a whole since some of them
determine the linac structure. These are the output power of a
generator, its efficiency, the term of faultless operation, the
range of automatically controlled RF field amplitude and phase
variation in accelerating cavities and so on. For the time being
a multichannel RF power supply system with a power
ramification at a low level is widespread. It is used, for
example, in 1-2 (ITEP) [1], MMF [2, 3] and LAMPF [4]. The
two contradictory requirements gave rise to such a system: on
the one hand, maintenance of accelerating fields in cavities
requires a high level of RF power a certain portion of which is
transferred to the beam, on the other hand, it is necessary to
regulate RF voltage phase at the low power level
(approximately 1 W). The last requirement is connected with
the absence of powerful fast phase-shifter. Such a scheme
allows to fulfill the longitudinal particles dynamics
requirements: to provide amplitude stabilization accuracy to
± 0 . 1 % and phase stabilization accurate to ± 0.5°.
The traditional scheme has RF supply channels quantity
usually equal to the number of the accelerating cavities.
Together with this the value of RF power, consumed by the
accelerating cavity and the beam, is determined by the
generator output power.
It is easy to notice that with the essential increase of the
consumed by the accelerator RF power, the requirements must
grow also, firstly, to the powerful output tubes of the
generator. Naturally, the construction and reliability of the
high-current linac will be possible when solving the problem
of provision it with extra-reliable RF amplifiers of the
increased power. Linac reliability increases with the increase of
output power of RF channels (because of channels number
decrease). So it is appropriate to use generator with output
power of about 5 MW and efficiency up to 70%.

As it was mentioned, it is necessary to have channel RF
power amplifiers of P ~ 5 MW and efficiency of > 70% to
provide RF supply system of continuous mode linac reliable
operation with a total power of 500 MW. Nowadays this
device is under development in MRTI by the name "regotron".
Firstly, the idea of such amplifier was suggested in the
paper [5]. In the papers [6, 7] one can find the development of
the idea before its realization by the scheme "regotron" [8]. By
now regotron theory is worked out, mathematical simulation
of the main processes programs are created and the first nature
experiments are began.
The principle regotron scheme is shown in Fig. 1. Low
perveance electron gun (1), klystron type buncher (2) and
distributed RF power takeoff system (4) were used in it. The
distributed power takeoff system consists of a number of
(N + M) disconnected active (N) (see n.5) and passive (M)
cavities (see n.6).

rr:
Fig. 1. Regotron scheme. 1 - high voltage electron gun; 2 buncher; 3 - buncher passive cavities; 4 - distributed RF
power takeoff system; 5 - active cavity; 6 - passive
cavity; 7 - RF feeder; 8 - collector; 9 - focusing solenoid
When specifying maximum (limited) klystron power as P,
maximum regotron power may be determined as following:
PK = NPU = Por]

Where Po= UI - electron beam power at the output of the
electron gun, r/ - regotron efficiency. (Power limited value,
usually determined by the electric rigidness of the dielectric
window).
If beam losses are neglected in the device tract the
efficiency may be determined by the equation
;? = J - Pco/P0

where Pcol - beam power in the collector. In order to decrease
Pcol in the distributed takeoff system it is necessary to
implement a well-known in the field of proton (ion) linac
technology autophasing method, which allows to bring
clustered electron bunches in the process of takeoff RF power
by active cavities up to small energy values.
The autophasing effect is produced by couples of cavities
[6] of which the active one with the resonant frequency equal
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to the signal frequency takes off RF power from the beam and one. Because of very high coupling factor between cells (from
the passive one detuned to an angle nearing nil bunches the 20% to 50%) D&W structure has a number of advantages in
beam without change of its average energy. The proper choice comparison with other biperiodic ones:
of parameters of both cavities determines the synchronous
- vacuum conductivity is tens times larger;
phase.
- rather simple construction and manufacture technology;
Theoretical calculations show that efficiency of 0.9 is
- thither stability of accelerating field relative to
achievable with voltage about 1 MV. But magnetic bunching manufacture errors, tuning errors and beam loading
must be applied to the beam of such a high energy, the (accelerating field sensitivity to disturbances is inversely
realization of which gives rise to certain problems. The proportional to coupling factor squared).
additional investigation shows that regotron is highly efficient
The last advantage allows to simplify structure tuning and,
with lower beam energy about 500 keV. In this case routine consequently, to decrease cost of accelerating structure.
klystron bunching serves well and therefore the generator RF Structure has high shunt impedance.
system consists of single toroidal cavities with drift tubes
The number of cavity entry equals to the number of
between them [15]. For focusing solenoid lenses on permanent regotron outputs. It is appropriate to vary total regotron power
magnets are preferable.
during the tests and operation by regulating the current of
The beam dynamics investigation showed that phase electron gun. (In this case distribution of power along regotron
oscillations amplitude is determined by the combination of outputs is more uniform). For fine-tuning of operating mode
parameters l/p3Rn, where / is the distance between neighboring frequency and coupling oscillation it is necessary to vary
active cavities; p - the mean value of the beam reduced geometry of module for power entry. Characteristics of the
momentum in the n-th cavity, Rn - the n-th couple passive D&W structure (high coupling factor) allows to achieve
cavity shunt impedance. The proper choice of /, /?„ depending demanded distribution of accelerating field.
on the deceleration rate, compensates considerably the
parametric growth of phase oscillations amplitude. The 5 MW
Conclusion
regotron efficiency is more than 70% at the frequency of
991 MHz.
The previous analysis has shown that regotron is the only
The regotron main parameters are shown in Table 1.
RF amplifier which can meet the requirements for the main
It is necessary to mention that in spite of very high total (high energy) linac part. In this case RF power supply system
power all the regotron elements may be made with necessary will consist of 50-70 channels of amplification and coefficient
supply in the electric ruggedness and heating. This allows to of linac downtime because of supply system failure will
maintain high reliability of regotron.
approximately the same value as for LAMPF. In the case of
1 MW klystron use, RF channel number have to be increase
in 5-7 times. Downtime coefficient increase respectively and it
Table 1
may amount to 15-30%. At the first linac part RF system has
The 991 MHz Regotron Parameters
to provide power of the order of 20-30 MW. Taking into
account
moderate power in this accelerator part, both klystrons
500 kV
Voltage
and regotrons can be use. However in this case regotron use is
Current
15 A
preferable, because of the high reliability of the system
Excitation power
0.2...0.5 kW
operation. Regotron help to solve problems of design of CW
linacs with current of 100-300 mA for accelerator
5MW
Overall output power
transmutation [9-11].
Power per an output
0.75 MW
Efficiency
>70%
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Abstract
CANDELA photo-injector is made of a 2-cell S-band RF
gun, using a dispenser cathode illuminated by a Ti: sapphire
laser. This electron source provides a single bunch (at 12.5
Hz), with a charge of 1 nC and an energy of 2 MeV. This
paper presents the measurement of the bunch length which
is done 1.8 m downstream of the gun exit. The measurement
system includes a 0.3 mm thick sapphire plate used to
produce Cerenkov radiation, a 27 m long optical beamline
and a streak camera. Bunch lengths of less than 10 ps were
measured. These measurements are the first experimental
proof of the fast response of dispenser photocathodes.

current). Two ceramic fluorescent screens and CCD cameras
allow to visualize the beam. A commercial software
designed for laser profile analysis [10] provides the
information on beam profile.

Introduction
Many applications (including high energy linear
colliders, free electron lasers, and X-ray radiation sources)
need electron sources that can produce intense, bright and
short electron pulses. The photo-injector being very
attractive with these respects, it is studied in many
laboratories around the world [1]. The CANDELA photoinjector is part of this worldwide effort, and has its own
specific features. It is made of two decoupled 3 GHz cells
[2, 3, 4] and uses a dispenser photocathode [5]. The
Ti.sapphire laser system [6] used to illuminate this
photocathode is able to produce subpicosecond pulses. To
date, CANDELA that was first operated at the end of 1993
[7], is the only S-band photo-injector to use such a short
laser. Basic experimental results, such as quantum
efficiency were already reported in [8]. This paper is
therefore concentrating on new experimental results
concerning bunch length measurement. After presenting the
experimental set-up, results are given for several conditions
(laser spot size and charge).

Pepper-pot Quittance
Measurement System
WCM2

Quadripoles

Laser

Valw

0<

|

Solenoid

|

- WCM1
Gun

Cathode

Experimental setup

Figure 1: CANDELA beamline showing diagnostics devices

The gun RF cavity characteristics are given in reference
[9], the cathode performance in reference [8] and the laser
system in reference [6]. In order to analyze the beam
properties, several diagnostics systems are located along the
beamline as shown in figure 1.
Bunch charge is measured with Faraday cups and wall
current monitors. The latter have the advantages to be nondestructive and to respond only to the photo-emitted current.
The Faraday cup followed by an integrator gives an
indication of the total current (photo-current plus dark

The bunch length measurement system includes a 300
urn thick sapphire plate, an optical beam transport system
and a streak camera. The sapphire plate is mounted on an
actuator that allows both to withdraw it from the beam path
and to rotate it to match the Cerenkov angle. Due to
experimental room constraints, the Cerenkov light has then
to be transported back the laser room, through a chicane.
The optical tranport system, very similar to the one
described in reference [11] includes 5 lenses, and several
mirrors with a diameter of 70 mm or less. The total length of
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the transport system is about 27 m. Due to the size of the
different elements, including the vacumm chamber window,
this transport system has a very small acceptance. It doesn't
allow to "see" images larger then 1 mm in diameter. This
situation is very constraining, since in order to maximize the
photon flux, one should keep the electron bunch spot size on
Cerenkov plate of the order of 1 mm square. The tuning of
the quadrupole triplet to achieve this condition is done while
observing the beam spot size on the screen located at the
same position as the Cerenkov plate.
The alignement procedure is done in the following way.
The optical transport system is first aligned with the help of
a He-Ne alignement laser. The impact of this laser on the
ceramic screen is then recorded. The electron beam is then
steered to impinge the screen at this recorded location. Once
this is done, the Cerenkov plate is introduced into the beam,
the final alignement tuning being done while observing the
Cerenkov light spot on the streak camera.
The streak camera used is from ARP [12] and has a
temporal resolution of 1.5 ps (at 800 nm), 2.5 ps (at 400 nm)
and 3.5 ps (at 266 nm). For this measurement, the mirrors
used in the transport line are designed for visible light.
The triggering of the streak camera is made via a
photodiode illuminated by a properly delayed unused laser
pulse.

10 ps

Transverse dimension

Bunch length measurements
Since the laser impinges the cathode at an angle of 54.5
degrees with respect to the normal axis (see fig. 1), the laser
spot size on the cathode can induce some bunch Ienghtening
due to path length difference for the photons illuminating
the two sides of the cathode. This effect introduces a
correlation between the transverse and longitudinal planes.
Bunch length measurement were done in the case of a small
spot size were this effect is very small, and in the case of a
larger spot size for which the correlation effect was clearly
observed.

Figure 2: Small laser spot size: streak camera image

5000

Small laser spot size
Figure 2 shows a streak image corresponding to an
electron beam of 0.85 nC, and a rms laser spot size of 0.7
mm (horizontal) and 0.45 mm (vertical). Figure 3 shows the
corresponding temporal profile, from which we can estimate
an rms bunch length of 4 ps. For 0.22 nC and 0.4 nC pulses,
we obtained 3.1 ps and 3.7 ps respectively. For these
measurement the camera resolution was 2.3 ps.

0

Large laser spot size
Figure 4 shows a streak image corresponding to an
electron beam of 0.22 nC, and an rms laser spot size of 1.1
mm (horizontal) and 0.7 mm (vertical). From this figure, it
is clear that there exists a correlation between one of the
transverse direction and the longitudinal one.

5
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Figure 3: Small laser spot size: temporal profile
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By slicing this image in the transverse direction, it is
possible to obtain the bunch length corresponding to the
beam dynamics effects.

Transverse dimension
Figure 5 : Streak camera image of the laser after reflection
on a staircase mirror
References

Transverse dimension

Figure 4: Large laser spot size: streak camera image
In order to compensate for this effect, is necessary to
rotate the laser wavefront. This can be done with a staircase
mirror. Figure 5 shows the streak image of the laser after
reflection on a staircase mirror made of a commercial
grating with 30 um steps. Unfortunately, this grating was not
made for UV light and therefore its reflection coefficient
was poor (12 %), so that it was not possible to use it on
CANDELA.
Conclusion
This paper described the first bunch length
measurements done on CANDELA rf gun, used with a
dispenser cathode. Since bunch lengths as short as 4 ps were
measured, this is the first clear indication that dispenser
cathodes are
fast
response photocathodes. The
measurements done for different laser spot sizes, have also
shown that if the spot is small enough, a large incident angle
is not too troublesome.
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Abstract
The TESLA Test Facility linac injector is currently under
installation at DESY. The front end of the injector, consisting
of an RF modulated thermionic electron gun, an electrostatic
accelerating column, and solenoidal focusing transport line
(along with its associated diagnostics) has already been tested
in France. Other key components of the injector such as the
pre-bunching cavity, superconducting "capture" cavity and
cryostat have been tested individually. The results of these
tests will be presented and the status of the installation at
DESY will be described.

Introduction
The TESLA Test Facility injector essentially consists of: (i) a
250 keV electron source, (ii) a beamline containing a 216.7
MHz sub-harmonic bunching (SHB) cavity, solenoidal focusing elements, and beam diagnostics, (iii) a cryostat housing a
9 cell, 1.3 GHz superconducting cavity, (iv) a triplet magnet
associated with an OTR diagnostic which will allow the accelerated beam emittance and bunch length to be determined, (v) a
1 T dipole magnet which can be used to bring the beam onto
an analysis line for measurement of the beam energy spread
(so verifying the correct adjustment of the RF cavity phases).
When the beam is not deviated it passes through a second
triplet which, along with the one mentioned above, can be
used to match the injector beam to the linac, (vi) a 3 m transport line containing various diagnostics, in particular three
different beam position monitor (BPM) designs (two of which

will be provided by DESY-Zeuthen). For convenience we refer
to parts (i) through (vi) as sectors 100 through sector 600.
The Electron Source and 250 keV Beamline
Figure 1 shows a schematic of sectors 100 and 200 (the preinjector). The source consists of a 30 kV thermionic gun
followed by an electrostatic column to increase the beam
energy to 250 keV. Tests of the electron source and the beamline have been performed in France before shipping the preinjector to DESY. These measurements concerned essentially
the transverse beam dynamics and so the SHB cavity was not
mounted during these tests. A report on this work can be
found in [1]. Briefly, the gun was operated at its nominal
settings as given in Table 1.
Table 1
Pre-Injector Characteristics
Beam voltage
Average current
micropulse repetition rate
macropulse repetition rate
micropulse width (at base)
macropulse width
normalised RMS emittance

250 kV
8 mA
216.7 MHz
10 Hz
640 ps
800 |i.s
3 mm-mrad

The various diagnostics on sector 200 were successfully tested
along with the regulation of the beam optics. Having measured the beam emittance it was possible, by using various

Fig. 1 Schematic of electron gun and 250 keV beam line.
Visitor from BINP Protvino, Russia.
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measured beam profiles, to calculate the envelope of the beam
along the beam line. Such calculations indicated that the beam
leaves the electrostatic column with a radius (2 rms) of 12
mm and divergence of 7 mrad. Recent calculations of the
transport inside the electrostatic column are in excellent
agreement with these values (Figure 2).
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Fig. 2 Beam envelope calculated through electrostatic column and past the first lens.
In December of last year (1995) the pre-injector was dismantled to be shipped off for installation in DESY the following
January. By the end of February the pre-injector had been
completely re-mounted along with the SHB cavity and was
ready for tests with beam.
The SHB is a single re-entrant cell with a transit-time corrected R/Q =130 €1. The unloaded Q of the cavity with all its
coupling loops and tuning plungers in place is measured to be
20,600. A nominal 50 kV is required across the buncher gap
to provide the desired pre-bunching before the beam enters the
superconducting "capture" cavity. For this we require 400 W
in the cavity which is supplied from an amplifier capable of
furnishing 2 kW. The cavity had already been conditioned to
full power but it has been tested with beam for the first time
at DESY.
Beam loading signals in the cavity (with no external RF
power), measured via a small coupling loop (-40 dB), correspond well to the low power measurements of shunt impedance. A view screen mounted on sector 200 shows that the
transverse beam size changes as a function of the phase of the
cavity, indicating that the SHB has a net focus effect on the
non-relativistic beam (v/c = 0.74). Tests of the cavity feedback
systems and tuner plungers show that they work as foreseen.
The Control System. The injector control system is built
from EPICS (Experimental Physics and Industrial Control
System) software tools. EPICS was developed at the Los
Alamos and Argonne National laboratories and is well suited
for accelerator applications. The principal components of
EPICS are: A Unix based station or Operator Interface; VME
crates or Input-Output Controller; Local Area Network
(Ethernet using the TCP/IP communication protocol). The
application software for the gun, sub-harmonic buncher,

beamline magnets, diagnostics, timing system as well as
special tools (e.g. for saving/restoring machine settings) etc.
are all running satisfactorily.

The capture cavity
Sector 300 contains the capture cavity which is the first cryogenic device on the TTF linac. Following the pre-bunching on
the 250 keV beam line, it accelerates and further bunches the
beam before it enters the first cryomodule. The cavity is a
standard TTF niobium cavity, fabricated by CERCA S.A.
(France), which has undergone the normal treatment and preliminary tests at DESY before being mounted in the cryostat.
During the first series of tests in a vertical cryostat, using
High Peak Power (HPP) processing, high field values
(Eace = 21 MV/m) and good quality factors (Q o = 2 x 10'°)
were obtained. Following these tests the cavity was completely equipped with its helium tank, cold tuner and couplers.
This assembly phase takes place in the clean room with intermediate chemical polishing and high purity pressurised
water rinsing. A test with the helium tank and HOM couplers
was performed in a horizontal test cryostat (CHECHIA) at
DESY giving Eacc = 18 MV/m and Q o = 2 x 1010 at maximum field, without electron emission. The nominal beam
energy required from the capture cavity is 10 MeV.
The final tests with the main coupler (which was built by
FNAL) have shown that the assembly phase was completed
with good clean conditions maintaining the performance of the
cavity at its high level [2]. After some conditioning period of
the main coupler a maximum power of 400 kW, during
pulses of 1.3 ms, was applied to the coupler with the cavity
detuned. With an external Q of 3 x 106 and a tuned cavity an
incident power of 200 kW was reached. The onset of electron
emission in the cavity was measured at Eacc = 22 MV/m. A
precise RF measurement was performed for EK<; =
16.9 MV/m, showing an amplitude stability of < 0.3% during the pulse and a phase stability < 0.5°. In parallel the capture cavity cryostat (CRYOCAP) was tested using a "dummy"
cavity with a special cryogenic interface box [3]. Commissioning of the cryostat at 1.8 K and first measurements of the
static losses were obtained during a series of tests performed at
the IPN, Orsay. After some improvements of the thermal
contacts which allow a faster cool down procedure, the nominal temperature was reached and the level in the helium vessel
was precisely regulated. The total static losses (helium vessel,
cryogenic interface box and transfer line) were 2.9 W. The
helium vessel contributes 1.6 W but this does not include the
losses of the RF cables, the main coupler and the beam tubes
which are mechanically connected to the 300 K vacuum vessel
(through the 70 K shield). These elements must add some
additional loss.
At the beginning of July 1996, the cavity was mounted
into the cryostat. All the equipment is now assembled including a special beam position monitor located at the cavity
output which must operate at low temperature. After the final
cryogenic test of the completely equipped cavity an RF test
with the dedicated klystron, driven by the amplitude and phase
control systems will be performed at the CEA laboratory in
Saclay.
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The provisional beamline. In order to benefit from a
delay in the installation of the capture cavity cryostat we have
mounted a provisional beam tube in the space separating
sectors 200 and 400. The beam tube has two small lenses
mounted on it which allows the beam to be transported to a
viewscreen on sector 400. The interest in this provisional line
is two fold;
(i) the beam passes through two toroidal current monitors, one
on each sector. As differential current measurements between
such monitors will be used to detect beam losses in the injector and linac [4], the provisional beamline allows us to test
the electronics of this differential protection (DP) system prior
to the installation of the superconducting cavity. Beam losses
between the two toroids are provoked by scraping the beam on
a collimator (<|> = 15 mm) mounted downstream of the
beamtube;
(ii) by placing a button electrode BPM on the beam tube it is
possible to monitor the micropulse width of the bunch as it
passes the BPM by observing the signal induced on one of the
electrodes using a fast oscilloscope. Thus we can roughly
adjust the phase of the SHB by looking for a reduction in the
bunch length as a function of the cavity phase.
The DP system exists in both fast (FDP) and slow (SDP)
versions. In the fast version the toroid signals are sampled at a
rate of 100 kHz and if a difference exceeding 500 |JA on three
successive samples is detected then the gun is tripped off. To
prevent a continuous undetected loss of 0.5 mA, the SDP
compares the integrated signals during the beam pulse. If a net
charge loss corresponding to 100 |JA x 800 \is is exceeded
then, again, the gun is tripped off. To adjust the optic of the
machine for the tests of the DP it was necessary to de-tune the
SHB so that beam loading effects, coupled with an off-centred
beam, would not diminish the signal seen on the second toroid
(once the optic is correctly regulated it is possible to tune the
cavity and then "fine-tune" the magnetic lenses to achieve
100% transmission between the two sectors. Subsequent tests
of the SDP and FDP showed that it functions correctly.
The tests of the pre-bunching were made using a BPM
mounted at the location which would normally correspond to
the first iris of the capture cavity. PARMELA simulations
indicate that, for the nominal buncher voltage and optimum
phase, it is possible to produce a bunch of width 53 ps (25° at
1.3 GHz) at this point. This calculation assumes that one
produces a bunch of 640 ps from the gun. In practice we
measured a beam of 700 ps at the output of the column. The
smallest pulse width measured at the bpm is 220 ps after
correction for the response of the monitor (the smallest pulse
we can resolve is approximately 130 ps). Although a careful
variation of cavity phase was made it is not sure that the RF
amplitude setting corresponded exactly to the one used in the
PARMELA calculation. Further measurements of this type
will performed later this year.

Sector 400
Sector 400 was installed in the DESY tunnel last February
and all the components for this sector have been delivered.
These include, (a) average current and BPM monitors, to check
that the beam is transported cleanly through the capture cavity, (b) the first triplet for matching the beam to the main

linac, as well as providing a variable focusing element for
measurements of the transverse profile at 10 MeV. An alignment mirror is mounted on this section to be used in conjunction with a small He-Ne laser. An optical transition radiator
will be used to make emittance measurements. As the total
width of the 10 MeV micropulse is calculated to be of the
order of 7 ps it is foreseen to perform bunch length measurements using a streak camera. An optical bench will be placed
adjacent to this sector for these measurements.
The Beam Analysis Line
A 60° bend angle dipole will be used to bring the beam onto
this analysis line to regulate the RF phase by minimising the
beam energy spread. The horizontally dispersed beam will be
measured using an SEM-grid mounted in the horizontal focal
plane of the dipole. A large retractable OTR radiator in the
vertical plane will allow one to verify that the beam is well
centred in the beam tube. DP monitoring will also be performed on this line although the larger beam size necessitates
the use of a larger toroid (CF100 rather than CF35). The undeviated part of this sector contains the second triplet for
matching. All the components for this sector are at DESY
although the OTR, SEM-grid and a beam dump remain to be
mounted.

Sector 600
Sector 600 is the last beam transport section before the first
cryomodule. Consequently it contains a number of beam
diagnostics and steering devices to verify that the beam is well
centred before injection into the linac. The sector contains a
retractable Faraday cup which can be inserted while the injector optics are regulated. This sector will be used to test the
performance of a various BPM's with a view to their application in future linacs. The components for this sector are currently being mounted on their support girder in a clean room
at LAL. The sector will be ready for delivery to DESY at the
beginning of September.
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PRECISE FABRICATION OF 1.3M-L0NG X-BAND
ACCELERATING STRUCTURE
T. Higo, H. Sakai, Y. Higashi, S. Koike, T. Takatomi, T. Suzuki and K. Takata
KEK, National Laboratory for High Energy Physics
1-1 Oho, Tsukuba, Ibaraki, 305 Japan
Abstract
Precisely controlled frequency distributions of the higher
modes in each cell and the good straightness of the cells
along the structure are the key issues on the detuned structure
for the main linac of the Japan Linear Collider. The
fabrication studies of a few full-size accelerating structures
have been performed based on the technique of the ultraprecise machining of the cells and the diffusion bonding to
join them. As of today, the frequency controllability of each
cell was found to be better than lMhz in the standard
deviation of the accelerating mode and the alignment of the
cells along the structure was found to be better than 10 urn.

In order to make the detuning of the dipole modes, the
beam hole radius and the disk thickness are varied so that the
unperturved dipole modes are distributed in a truncated
Gaussian. The actual parameters are shown in Fig. 1. The cell
inner radius "b" was determined to make the 2n/3 mode to be
the operating frequency. Practically, the frequencies at three
points along the structure were studied experimentally by
measuring the frequencies of the resonant 2JC/3 modes in
varied number of regular cells with half end cells at both ends
to estimate the frequencies in the periodic structure. Using
these three points as a correction to the precise numerical
estimation of the frequencies at the other points in the
structure, all the dimensions "b" were determined[4].

Introduction
The preservation of the multi-bunch emittance is one of
the key issues to reach a required high luminosity for the
most of the present-day linear collidersfl]. One of the source
of the emittance growth is the dipole wake field due to the
accelerating structure. Three methods have been proposed so
far, heavily damping, detuning with a medium damping and
purely detuning. In the present paper was studied the last
approach, "purely detuned structure".
In order to realize this approach, the control of the
frequency distribution of the dipole modes and the transverse
positions of those modes with respect to the beam is essential
to realize the designed cancellation of the wake field. In the
Japan Linear Collider, JLC[1], each structure consists of 150
cells and four structues are interleaved in dipole mode
frequency. In this case, the frequency spacing between
nearest neighbor is about lMhz. Because the stored energy
of most of the modes are spreading in more than 20 cells, it is
enough to control the random error in each cell frequency
better than lMhz. The tolerance of the alignment of those
modes along the structure is assumed as 5 urn from the
simulation results for NLC[2], where most of the parameters
are similar to those of the JLC.
To meet the tight tolerance of the frequency control, the
cells which consist of the structure are firstly machined with
an ultra-presise lathe and a milling machine. Secondly they
are bonded through a diffusion process between the flat
surfaces of the cells. No tuning is performed after bonding.
From the previous fabrication studies of 30cm-long
constant-impedance structures, the bonding at a temperature
above 800*C was found reliable to obtain the vacuum tight
junction for the present quality of the machined cells[3]. The
change of the accelerating mode frequency is less than
1MHz out of 11.4GHz. It is necessary to study the
applicability of the present fabrication technique to the 1.3m
detuned structure.
Electrical design parameters
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Fig. 1 Cell parameters (a,t) along the detuned structure.
Structure description
Three 1.3m structures were fabricated. The first one,
called "Ml", came out with severe vacuum leakage after the
first diffusion bonding at 800'C. We speculate that this
failure is largely due to the complex shape of the cells where
four slots are sitting on the bonding surface so that there
might be many burrs which make the reliable bonding
difficult. In the foliolwing two structures, "M2" and "IH1",
the slots on the bonding surface were removed. The rather
large diameter of 80mm is for stabilizing the stacking and
bonding processes in addition to integrate the water cooling
channels to make the fabrication as simple as possible for
mass production purpose. The coupler cells are firstly milled
to make the two symmetrical wave guide ports with a
precision of 1 urn and then the cell inner surface and bonding
surface are cut by the ultra-precise lathe. In Table 1 are listed
various fabrication informations of the two structures.
All the cells are machined using a ulrtra-precise lathe to
make the bonding surface to be as flat as possible, typically
0.3 jj.m or better, wiih a surface roughness of 50nm. These
cells were chemically rinsed in a series of weak acid, pure
water and acetone bath. The cells are stacked along a Vee
block and compressed in the axial direction. Keeping the
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compression force and hanging vertically in a vacuum
furnace, the stack is diffusion bonded to join all the important
part of the structure. The symmetrical wave guide ports,
which are coated with 10 Jim thickness of silver were brazed
in the next furnace operation with a wire brazing alloy as a
backup.
Table 1
Fabrication process informations.
Structure
temperature
period
pressure at top
stacking
furnace

M2
•c

850

hours

4
16

kg

IH1
890
02
40

hor.V
vacuum

standard deviation a of the frequency change was found
0.66Mhz while almost all the cells are within +-1.5o\ It is to
be noted that the standard deviation of the frequency change
in the first diffusion bonding of IH1 case was as large as
1.1 Mhz while that through the additional diffusion bonding
and the final brazing only 0.4Mhz. The larger value in the
first bonding than that of M2 case might be due to the poor
surface flatness or a higher temperature of bonding
comparing to the M2 case. The frequency shift in M2 is
tolerable but the characteristics of the frequency change on
the bonding parameters should be studied further.

ver.V

M2 frequency change
due to diffusion bonding and brazing

vacuum

Frequency control

N

I
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The first step to realize the good frequency control is of
course to cut the cells in a good precision. In the case of M2,
the standard deviation a of 2b is 0.41jj.m while maximum
deviation is +-2a, which is precise enough to satisfy the
tolerance of lMhz.
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Fig. 3. Frequench shift due to bonding of M2.
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Fig. 2. Dwelling points in nodal shift measurment of M2.
To check the frequency change due to the bonding
process, the reflection phase seeing from the input wave
guide were measured by shifting the plunger of 5mm in
diameter inserting from the output coupler side. This nodal
shift measurement were performed just after stacking and just
after bonding. An example is shown in Fig. 2. The plunger
was moved in 0.2mm step and the dwelling points were
deduced by finding the point of a minimum movement in the
reflection phase. Due to the large difference of diameter
between the plunger and the beam hole, especially near the
input side, the dwelling points were shifted by more than
O.Smm from a nominal position along the structure. This
behavior appeared in the reflection phase shifting from a
simple line of 2407cell near the input coupler.
From the nodal shift measurement, the phase difference
due to the movement of the plunger through three cells were
used to estimate the frequency shift of the cells. This analysis
removes such effects as the mismatch at the input and
becomes more precise than the direct comparison of those
between the adjacent cells. In Fig. 3 are plotted the frequency
changes due to the whole bonding processes of M2. The

The cell alignment was measured just after stacking the
cells but before removing from the vee block. The
measurement was performed by capacitive sensor,
microsense. In Fig. 4 are shown the case of IH1. The cells
were found to follow the vee block within 8|im by a simple
stacking in a horizontal vee. Because of the miscut of some
of the cells in their outer diameter, OD, the alignment data
were corrected by using measured OD's. Some data points
which deviate much from the smooth line are speculated to
be due to the mismeasure of the OD of the particular cell. The
alignment change due to the bonding was found less than
10p.m. A similar characteristics but a little worse alignment
of the order of 20 nm was found in the case of M2 than that
of IH1. It should be noted that the cell to cell movement was
very small in M2 case, where almost 1 |Lim. There are a few
different points between the fabrication process of IH1 and
M2, such as vertical stacking or horizontal, and there is a
room to further study and refine the alignment of the cells to
meet the required tolerance of several \im reliably.
Shrinkage
In order to proceed the plastic deformation to fill the gap
between the cells during the diffusion bonding process, the
pressure was applied ranging from 3 to 20g/mm2. Rather long
period of diffusion bonding process under this pressure at
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high temperature makes the cells shrink. In Fig. 5 is shown
the case of IH1. The measurement was performed by
measuring the distanse from the end of the structure to the
cell position. The shrinkages of both first and second
diffusion bonding at 890'C were about 1 \im per cell. That of
the final brazing at 800'C was found only 0.3 |im. The
shrinkage was found 0.87 |im in the M2 through a diffusion
process and a final brazing in total.

IH1 alignment
before and after diffusion bonding
15
aftcr.skfc
tfterjop

10

§

/

Summary and discussion
Three structures were fabricated to study the precise
fabrication method of 1.3m accelerating structure. The last
two structures came out to be vacuum tight and various
characteristics were discussed.
The accelerating-mode frequency of each cell can be
controlled with the standard deviation of 0.41Mhz in cell
machining while that due to bonding 0.66Mhz. The relative
frequency error of the TM110 mode is estimated to be almost
the same as that of the accelerating mode. Therefore, the
standard deviatin of the random frequency error of the
TM110 mode in each cell is about lMhz.
The alignment of the cells along the structure were better
than 10 jxm. The present simple stacking method should be
refined to make the alignment better by a factor of 2. Each
cells were found to be shrinked by about 1 \ua.
Acknowledgment

5

The authors would like to thank Dr. S. Koizumi for
encouraging us continuously on the ultra-fine machining
activities at KEK machining center. Many experimental
studies, especially the furnace-related operations were
performed in the collaborative activities with IshikawajimaHarima Heavy Industry and Mitsubishi Heavy Industry. They
are greatly acknowledged.
REFERENCES
93

100

[1] G. A. Loew and T. Weiland ed., "International Linear
Collider Technical Review Committee Report"
[2] "Zeroth-order Design Report for the Next Linear
Collider", LBNL-PUB-5254, SLAC Report 474, UCRL-ID124161,1996.
[3] T. Higo et al., "Precise fabrication of X-band Detuned
Accelerating Structure for Linear Collider", Proc. 1995 Part.
Accel. Conf., Dallas, pl753 (1995), and KEK Preprint 9522(1995).
[4] T. Higo et al., "practical application of very precise
frequency calculation to a disk-loaded structure", in Japanese,
Proc. 20th Linear Accelerator Meeting in Japan, Osaka,
Japan, 1995.

cell number

Fig. 4 Alignment of cells of IH1.

IH1 Z position measurement
150
••••

2nd diffusi HI bonding
.•

•

100

1 si diff jsion bonding

S

50
brazing
50

100
cell number

130

Fig. 5. Shrinkage of cells in IH1.

769

A NEW OPTICAL DESIGN FOR THE BNL ISOTOPE PRODUCTION TRANSPORT LINE*
A. Kponou, J.G. Alessi, D. Raparia, N. Tsoupas, and M. Mapes
Brookhaven National Laboratory, Upton, New York, U.S.A.
Abstract
The 200 MeV linac at BNL has recently been upgraded.
As a result, 2.5 times more average beam current can be
delivered to the
Brookhaven Isotope Resource Center
(BIRC), formerly called BLIP, a facility which produces
radionuclides and radiopharmaceuticals for the medical
community, and also supports a research program seeking
more effective diagnostic and therapeutic agents. The optics of
the beam transport line to BIRC was redesigned to (a) reduce
transverse fluctuations of the beam at the target due to any
linac energy fluctuations, (b) produce a flat beam distribution
at the target, in order to avoid melting certain target materials,
and (c) handle the higher beam intensity while keeping
radiation levels low. A profile monitor was also modified to
monitor the flatness of the beam using the algebraic
reconstruction technique (ART). The above improvements
will be described, and results of the commissioning of the line
during the 1996 running period will be discussed.

are placed at these locations, and their strengths adjusted to
give the required beam properties at the target. (This
arrangement of having the beam small in one plane and large
in the other at the octupoles, minimizes the horizontal/vertical
coupling and makes tuning the octupoles easier; it also results
in a rectangular cross section at the target.) The appropriate
beam correlation coefficient, C12 or C34, at each octupole in
the plane where the beam is large should also be very close to
unity, in order that the intensity distribution at the target falls
off sharply.
Experimental confirmation of this approach was obtained
at BNL's Radiation Effects Facility[3].
A schematic layout of the new BIRC line is shown in Fig.
1. Total length of the line is 33.5 m.
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Introduction
The recent upgrade of the 200 MeV linac, reported in
these proceedings[l], has resulted in a 150% increase in the
average beam current that can be delivered to the BIRC
facility, which is the largest consumer of the linac's pulses.
The optics of the transfer line was redesigned in order to keep
radiation levels within acceptable levels and to produce a flat,
rectangular beam at the target location, in order to avoid
melting certain target materials. The redesign also included
making the two bends in the transfer line achromatic, as well
as the addition of a third wire to an existing secondary
emission monitor (SEM) to make possible a 3-D
reconstruction of the beam profile using ART, also reported in
these proceedings[2].
The constraints of the exercise were that the existing
physical layout of the line would be retained, and existing
equipment in the line and/or available equipment at the AGS,
would be used whenever possible.
Most of the design effort went into producing a beam with
a flat intensity distribution and rectangular cross-section at the
BIRC target, and the rest of this paper will deal exclusively
with this aspect of the project. Achromaticity of the two bends
was provided for by mounting a second quadrupole between
the bending magnets, while keeping the beam size small
wherever possible minimized radiation levels.

Fig. 1. Schematic layout of the BIRC beam line, showing
quadrupoles (Q), octupoles (O), dipole magnets (D) and profile
monitors. Total length is 33.5 m, and is to scale horizontally.
Software Tools
The following programs were used for the study
TRANSPORT^], TURTLE[5], TRACE3D[6], and NSC[7].
TRANSPORT was used to find the first-order beam
parameters required for flattening while determining possible
locations of the octupoles. NSC, similar to TURTLE, was
used to find the octupole strengths which gave the desired
beam properties on the target. TURTLE repeated the third
order calculations, but provided information to reconstruct the
third-order beam envelopes in a straightforward manner.
TURTLE, and TRACE3D were used to examine the
sensitivity of the final design to misalignments and magnet
imperfections, in particular, the (sub)harmonics of the
octupole magnets.*
Fig. 2 shows the design beam envelopes for flattening. The
corresponding phase space plots and profiles are in Fig. 3.
Commissioning

Beam Flattening
Beam flattening exploits the aberrations introduced by nonlinear lenses. In principle, any non-linear focusing elements,
i.e., those for which the restoring force on the beam particles
oc r", where n =3, 5, 7..., will do. In practice, octupoles, n=3,
are generally used. The principle of the method is to
manipulate the beam envelopes in such a way that, at two
suitable locations, the beam envelope is small (large) in one
plane, and large (small) in the other. The octupole magnets
* Work perfoimed under the auspices of the U.S. Dept. of Energy.
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Commissioning was parasitic to other BIRC activities,
hence it proceeded very slowly. The activation method of
measuring beam profiles at the target location has a turnaround time of several hours at best, and several days at
worst, thus making it impossible to tune the beam on target
while monitoring it on a pulse-to-pulse basis. As a result,
most of our studies concentrated exclusively on the multiwire
profiles. (A 3 m drift separates the last profile monitor and the
target.)

computer model of the line to obtain beam envelopes, and 2D and 3-D profiles, which were compared to those measured.
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We mentioned earlier that most of our effort to
understand the optics of the line was concentrated on beam
profiles at REFMW and BIRCMW. The latter is of more
interest because it is after the octupoles. Figs. 4 and 5 show
observed and calculated beam profiles for a tune which
produced a fiat vertical profile and another tune with the
octupoles off. The agreement between observation and
theory(TURTLE) is excellent. The widths and relative heights
of the measured and calculated profiles agree very well.
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Fig. 2. The design beam envelopes for the new beam line.

Discussion
The objective of a flat rectangular beam on the BIRC
target needs more work t6 be fully realized. Progress has been
slow due mainly to the slow feedback from profile
measurements at the target and the absence of measured
characteristics of the last three 6 in. 0 aperture quads. Threedimensional modelling of the quads has recently been used,
first as a test on the original 4 in. 0 aperture magnets, and
then on the modified 6 in. 0 aperture quads. It gave
reasonably accurate characteristics which were used in the
TURTLE model. (Radiation levels permitting, one of the
quads may be removed for bench measurements during the
present shutdown.) Work continues on finding a better and
faster way to measure the profiles at the target.
We now know that the difficulty in flattening the beam
horizontally was due to the smaller horizontal beam envelope
and lower correlation, C12, at the first octupole. In the initial
stages of commissioning, the line was retimed for a smaller
envelope upstream of the second bending magnet because of
high radiation losses. A first-order tune will be found to
address this problem.
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Fig. 3. [a] Phase space of the design beam at the target. Vertical plot
is displaced 8 cm to the right, [b] The corresponding beam profiles
displaced to line up with phase space plots.
Diagnostic Equipment
Equipment used included: multiwire harps at locations
REFMW and BIRCMW in Fig. 1, to provide horizontal and
vertical beam profiles; a 3-wire SEM* at SEM3 which
provides data for 3-D reconstruction of the beam intensity
profile using ART; a system for exposing aluminum targets
to the beam and measuring their activity profiles as a means
of obtaining the 3-D beam profiles at the target. SEMs
immediately after the Linac were used for emittance
measurements, while radiation monitors along the beamline
showed when and where beam was hitting the beam pipe.
The data collected consisted of the quadrupole and
octupole currents, and the multiwire and irradiated target
profiles. Beam emittance was measured infrequently.
Data Analysis
The magnet currents were converted to fields using
measured, and for the last three quads, calculated
characteristic curves. The fields were then used in the
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Fig. 4. [a] Observed horizontal profiles at the BIRCMW location in
Fig. 1 with octupoles ON (left) and OFF (right), [b] The
corresponding profiles predicted by TURTLE.

Fig. S. (a) Observed vertical profiles at the BIRCMW location in Fig.
1, with octupoles ON (left) and OFF (right). The tilt of the vertical
'flat-top' was due to vertical mis-steering and could be removed or
reversed with the vertical steerers. The downstream quads were set
differently than in Fig. 3. [b] The corresponding profiles from
TURTLE.
1

Supplied by SIGMAPHI (France). They have a 15.24 cm 0
aperture, Leff is 33.7 cm, and maximum pole-tip field is 6.3 kG.
b
A typical SEM has two thin wires, mounted horizontally and
vertically, which are stepped through the beam at an angle of 45° to
the vertical, in a transverse plane to the beam, to give beam profiles.
For ART, a third wire is mounted at 45°, co-planar with the other
two.
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V. LoDestro, M. Mapes, A. McNerney, D. Raparia, T. Russo, J. Skelly
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Abstract
The Brookhaven 200 MeV linac serves as the injector for
the AGS Booster, as well as delivering beam to the Biomedical
Isotope Resource Center. During the past year, many linac
systems have been upgraded to allow operation at 2.5 times
higher average current (150 uA). This was achieved by an
increase in rep-rate from 5 to 7.5 Hz, an increase in beam current
from 25 mA to 37 mA, and a slight increase in pulse width to
-530 us. Additional upgrades were made to improve reliability
and modernize old systems. This paper describes improvements
made in the 35 keV and 750 keV beam transport, 200 MeV beam
transport, rf transmission line, rf power supplies, control systems,
and instrumentation.
Introduction
The AGS 200 MeV linac accelerates H" ions for injection
into the AGS Booster. The linac operates at a 7.5 Hz rep-rate,
and since the Booster takes only 4 pulses every -3 seconds, all
remaining pulses are sent to the Biomedical Medical Resource
Center (BIRC). This facility produces radioisotopes for the
pharmaceutical and medical community, as well as supporting a
medical research program. In order to meet increased demand
for isotopes, we have nearly completed all phases of a program
to upgrade the average current out of the linac. The AGS has
also benefited from the improvements, since higher peak current
out of the linac improves Booster injection, and the reliability of
the linac was improved through modernization of systems. Most
of the improvements were funded as part of the BIRC project,
through DOE OHER, but parts have also been supported through
AGS Department Accelerator Improvement Projects. As a result
of these improvements, the average current out of the linac has
increased by a factor of 2.5, to 146 uA. Table 1 shows the linac
performance before and after the upgrade. The improvements
made to the various subsystems are described in the following
sections.

to the RFQ. In addition, calculations showed that matching
could be fiirther improved if the first solenoid were moved closer
to the source, and the second solenoid closer to the RFQ. With
the new distance of 1.4 m, the first solenoid moved 4 cm
upstream and the second solenoid moved 4 cm downstream, the
transmission through the RFQ improved by ~ 10%, from the 7080% range to 80-90%, depending on source operating conditions.
The emittance of the beam in front of the RFQ was reduced by
about -20%. Typical current out of the RFQ is now 65 mA,
and the maximum current through the RFQ was 80 mA, 82%
transmission. (In our case, the "transmission" is the ratio of
output current, measured 61 cm after the RFQ, to input current
measured 55 cm before the RFQ).
750 keV Beam Transport Line
There is a 6 m transport line from the RFQ to linac, to
accommodate a pulsed dipole where polarized H" comes from a
second beamline, and a fast beam chopper. There are three
bunchersand 13 quadrupoles in this line. Transmission in this
line was only -75%, with losses early in the line caused by the
fact that the first quadrupole after the RFQ was not close enough
to catch the beam before it got too large. In order to reduce the
beam divergence quickly coming out of the RFQ, a 1.1 cm
aperture, 3.5 cm long permanent magnet quadrupole was placed
in the endflange of the RFQ, only 2.1 cm from the RFQ vane tip.
In addition, this quadrupole can be moved transversely while
running beam, via micrometer adjustment outside vacuum, in
order to steer the beam. A picture of the RFQ endflange with
PMQ is shown in figure 1.
Additional changes in the line were to move the first
quadrupole triplet 9 cm closer to the RFQ, and to convert a final
quadruplet (which had been running as a triplet), into a real

Table 1
H" Beam Current
Repetition Rate
Beam Width
Average Current

Before Upgrade
25 mA
5 Hz
500 us
62 uA

After Upgrade
37 mA
7.5 Hz
530 us
146 uA

35 keV Beam Transport Line
The beam from the magnetron surface-plasma H" source is
matched in to the RFQ by two pulsed magnetic solenoid lenses.
Until this year, the distance between source and RFQ was 2.1 m;
This line also included an emittance measuring device and a fast
beam chopper. Because fast beam chopping is now done much
more effectively in the transport line after the RFQ, this 35 keV
chopper box was removed to improve the matching in
Figure 1: RFQ endflange with permanent magnet quadrupole.

•Work performed under the auspices of the U.S. Dept. of Energy.
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triplet. We also removed all magnets from the line and had the
fields precisely measured by the RHIC magnet group. All
magnets were carefully surveyed when reinstalled, particularly
trying to eliminate quadrupole rotations, which leads to emittance
growth of the beam. With these improvements, the transmission
from the RFQ to linac was improved to -85%. We believe that
the remaining loss comes from the 12 "grids" (made of thin
tungsten strips) in the line, in the three buncher cavities.
With this 50% higher current at the linac entrance, the
linac transmission remained the same, with -70% being captured
in the first tank. This agrees with calculations of the line, and
comes from the fact that the line is too long to match
longitudinally with only three bunchers. The calculations show
that with a fourth buncher the capture into the linac could be
>95%.
200 MeV Beam Transport Line
There were both vacuum-related and beam optics
improvements in the transport line between the end of the linac
and the BIRC target. Most of the vacuum components in the line
were replaced. O-rings were eliminated, and the line now uses
all conflat flanges. Aluminum pipe was used in much of the line
to minimize activation. Pumping of the line was increased, with
new turbo pumps and ion pumps. Apertures in the line were
increased wherever possible, and most of the line has either 6" or
8" diameter beampipe.
Details of the optics of the line are given in another paper at
this Conference^ 1] Briefly, there are two bends between the
linac and BIRC target, and a quadrupole was added to make
these bends achromatic. Further downstream, two octupoles and
two quadrupoles were added in order to produce a uniform
current density on the BIRC targets, to prevent melting of some
target materials at this increased beam power. While we have
been able to produce flattened beam profiles on an upstream
profile monitor, progress on producing a flat distribution on
target has been slow, due to the long turnaround time (1 day) on
profile measurements at the target location (via activation of foils
and counting).
High Power Transmission Line
In order to improve reliability at the increased linac duty
factor, all the 12" coaxial transmission line was replaced. Up to
6 MW peak power is fed from each of the nine rf systems,
through a 3 db power split, and into two ports on each of the nine
accelerating cavities, a total of over 200 m of transmission line
for the full linac. Our 25 year old system had disadvantages of
having aluminum inner conductor, spring ring rf contacts, and
was unpressurized. The new transmission line system was built
and installed by Dielectric Corporation. It has a copper inner
conductor and an aluminum alloy outer conductor, is pressurized
to 15 psi with dry air, and the connectors for the center conductor
are EIA-type finger contacts. We replaced the full system,
including the 3 db power splitters, waster loads, breakaway and
telescoping sections, and refiectometers. A hybrid phase shifter
(mechanically variable) was replaced with a transmission line
section of optimum length in each system.
The removal of the old transmission line took one week, and
the actual installation time for the new system was approximately
three weeks, although total time to fully complete, test and debug
was three months. The new system has operated very reliability,
with low insertion loss, very low probability of voltage
breakdown, and improved S-parameters.
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Linac RF Power Supplies
7835 Anode Power Supply
The 6 MW power amplifiers for the linac use Burle 7835
triodes. At the increased current and duty factor of the linac,
some of the 60 kV, 2 A, 7835 anode power supplies would be
running at their 2 A limit, a concern for reliability. In addition,
these power supplies, constructed in 1968, are oil filled units that
are outside the linac building, connected to capacitor banks by a
long high voltage transmission system. Servicing the power
supplies can be a problem because of weather and the need for a
crane. Also, the placement of the power supplies would not meet
current code requirements for fire protection or oil containment.
It was felt that with the present technology, a dry type power
supply could be built, and in order to meet any future
requirements, we settled on a 50 kV, 5 A supply.
While several vendors offered high frequency switching
supplies, the final selection was a conventional 6 pulse primary
phase controlled dry type transformer rectifier (TR) set, built by
Universal Voltronics (UVC). To save money, the power supplies
were housed in existing linac cabinets that formerly housed the
charge control amplifiers. These cabinets are 4x8x8 feet and are
fully compatible with the existing lifting fixtures, building crane,
and floor space requirements.
The high voltage secondary coil of the transformer
presented the greatest technical challenge. In the final design,
each of 6 secondary coil assemblies was divided into two
individual coils, lowering the layer to layer voltage by a factor of
two. The coils were then wound with vertical spacers to allow
the epoxy to flow between each of the layers. The final,
completed 250 watt transformer assembly is compact, measuring
1.5'x4'x4'. None of the temperatures on the transformer
secondary exceeded 60 C after 24 hours running.
The power section is a straightforward six pulse primary
phase control. The voltage and current regulating loops are
compensated for the capacitive load. The power supply charges
the capacitor bank at a constant current (current mode) until the
preset voltage is reached (voltage mode).
Seven power supplies have been delivered to BNL and
tested, with the remainder due shortly. They will go online in
January '97.
4616 Anode Powei; Supply
The Burle 4616 tetrode is used in the driver stage of the
linac if system. The anode power supply is being upgraded to
improve the feedback control, employing both current and
voltage feedback, and replace unavailable SCR controllers.
PLC Controls for RF Systems
The linac is made up of 9 identical rf stations. Each station
has several subsystems, including the driver, 7835 filament
supply and cavity, 50 kV supply, capacitor bank, modulator, and
local control station (LCS). Each of the subsystems has
individual control buckets for AC and high voltage logic. These
buckets were designed and built in 1968 around 7400 TTL series
components. Replacing these control buckets with more modem
components is a necessity because many of the components are
no longer available.
We are beginning to implement a new control system,
utilizing programmable logical controllers (PLC's). It is
designed for fully independent operation of each rf system,
flexibility and reliability. An Allen Bradley 5/40 processor was
chosen for each LCS. A 5/50 ethernet processor was selected for
the control room. Each of the 5/40's can scan the subsystems of

a system (scanner mode), or be scanned by the host in the control
room (adaptor mode).
There are 3 networks that make the backbone of the system.
The first network is responsible for the data collection and
control of each station. The 5/40 in the LCS scans the
subsystems of a station. To minimize the wiring, each of the
subsystems has a miniature processor (Allen Bradley flex I/O)
that multiplexes the data at 230 kbaud for the 5/40. A single
twisted pair links all of the subsystems of a mod together. The
subsystems are connected together via the Allen Bradley Remote
I/O network. The second and third networks are links between
each of the systems. The DH+ network runs at 57 kbaud and is
responsible for the remote monitoring and control of all 9
systems. The Allen Bradley graphical interface program, Control
View, is used to control the supplies. An additional remote I/O
network allows the 5/40 E in the control room to monitor each
mod at 230 kbaud for fast global control. For example the 5/40
E can turn off all the 50 kV supplies at the same time if needed.
Linac Controls
This past year the original 25-year-old Linac control system
was replaced with a modem modular system fully integrated into
the existing AGS distributed control system. Unix workstations
provide the operator interface, and are networked using ethernet
to front-end computers which are implemented using VMEbus
components. A front-end computer located in the Linac Control
Room sources four high speed serial communication links using
the Datacon field bus, a long-standing BNL standard. Although
an old system, Datacon is extremely robust and noise immune,
can operate over 2000 ft. of coaxial cable, and is relatively
inexpensive. Each Datacon link can address up to 256 devices,
delivering a 24-bit command and accepting a 32-bit reply. All
devices are accessed for each Linac pulse (7.5 Hz), and in
particular, device setpoints are rewritten for each pulse; thus any
sequence of different Linac clients (Booster, BIRC) requiring
possibly different settings can be accommodated - a feature
termed pulse-to-pulse modulation (PPM). The individual
devices are interfaced to the Datacon link via dual-channel cards
housed in crates at 11 locations along the Linac. We are
controlling and/or monitoring over 400 devices.
At the heart of the Datacon field bus system is the VME
Datacon engine. This device was developed at BNL using
modern field programmable gate array (FPGA) and RISC
processor technology. The Datacon engine supports multiple
Datacon channels with each Datacon channel capable of
addressing the full Datacon address space. The Datacon engine
has an on board timeline decoder and local memory so that all
Datacon transactions can be preloaded into tables, sent on
previously programmed timing events, and data returned and
stored without intervention by the VME processor. This has
resulted in a many fold increase in data throughput compared to
older Datacon implementations.

a pulse-to-pulse basis. This local Linac timing hardware will
consist of Altera PLD chips for designing the logic controls. An
8051 microcontroller chip will provide the processing of data to
and from the PLD chips. A RAM chip will store the data for
each user. The microcontroller will control the data flow. A PC
with control software will provide the interface.
A second part of the timing system provides external trigger
signals (from downstream accelerators) to the linac local timing,
as well as triggers to some specific linac hardware. This new
Linac timing system will be an encoded timeline using RHIC
generation VME timing system modules. With these modules a
Linac timeline can be built without hard wiring or hard coding.
The timeline can be changed by command from computers on the
accelerator control network and/or by cable changes between
modules at the generator. The timeline generator will be located
in the Linac control room and the encoded timeline will be
distributed along the linac via fiber optic cables. Decoder/delay
modules, fully programmable through the VME processor,
connect directly to the timeline and provide decoded pulses from
events, or can provide delayed outputs from an event.
Instrumentation
A stripline position monitor was added between the
bends to the BIRC target, at a high dispersion point, to allow
monitoring of the linac energy. As suggested by P. Ostromouv
(INR), a diagnostic was added at the end of linac cavities #1 and
#4, to aid in the setup of the phase and amplitudes. This is a
series of Al plates of appropriate thickness, each electrically
isolated and on which the current can be read. Successive plates
will stop partially accelerated particles from successive cavities,
allowing one to do phase and amplitude scans for coarse setup of
the tanks. Finally, a third wire at 45° was added to two SEM
units, giving beam profiles in 3 projections by stepping through
the beam. With this, we are able to get 3-dimensional
tomographic reconstructions of the beam distribution, as
described in [2].
Conclusions
With improvements in beam transport through the 35
keV and 750 keV lines, we can now operate at currents 50%
higher than previously. The average current out of the linac has
reached our goal of 146 uA, and still higher currents should be
possible. Most of this past running period was at reduced beam
pulse width, due to BIRC target limitations. (They expect to be
able to run at foil average current next year). Therefore, we can
not yet say if reliability will suffer over long periods at 150 uA,
but so far indications are that there is an overall improvement in
linac reliability.
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Linac Timing System
There are two aspects of the linac timing system which will be
upgraded in FY'97. The "local" timing system provides
specialized "fixed" delays, generates sequences of triggers
required for rf systems, etc., and checks to make sure that
external triggers coming in to the linac are in the proper
sequence. It will allow us to time shift the triggering of rf power
to individual accelerating cavities, and with downstream cavities
time shifted out of beam time we can run at different energies on
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Abstract

Laser Driven RF Photocathode

A 210 MeV SLAC-type electron linac is currently under
construction at BNL as part of the Source Development
Laboratory. A 1.6 cell RF photoinjector is employed as the
high brightness electron source which is excited by a
frequency tripled Titanium: Sapphire laser. This linac will be
used for several source development projects including a short
bunch storage ring, and a series of FEL experiments based on
the 10 m long NISUS undulator. The FEL will be operated as
either a SASE or seeded beam device using the TirSapp laser.
For the seeded beam experiments; direct amplification,
harmonic generation, and chirped pulse amplification modes
will be studied, spanning an output wavelength range from
900 nm down to 100 nm. This paper presents the project's
design parameters and results of recent modeling using the
PARMEL A and MAD simulation codes.

The electron source[5] is a radio-frequency photocathode
developed by a collaboration from BNL, SLAC, and UCLA
It consists of a 1.6 cell RF structure driven at 2856 MHz. The
maximum gradient has been measured at 140 MV/m, yielding
an exit energy of approximately 8 MeV. Improvements over
the original BNL design[6] include elimination of the side
coupling into the half-cell to reduce emittance growth due to
the TMi io mode, installation of a removable cathode allowing
different cathode materials (e.g. magnesium) to be used and
increasing the half-cell length to increase RF focusing and
decrease the peak field on the cell-to-cell iris. The emittance
correction solenoid has also been improved with the addition
of a re-entrant iron flux return to produce a more uniform
magnetic field with little fringing. PARMELA runs[5,7]
indicate that this RF gun is capable of producing electron
bunches with 7 ps flat top, 1 nC charge, and normalized RMS
emittance of 1.3TI mm-mrad. The laser system used to excite
the RF photocathode is based on a wide-band Ti.Sapp
oscillator[8] mode-locked to the 35th subharmonic of the RF
frequency. Phase jitter is less than 1 ps. The light output
from the oscillator enters a multipass amplifier that stretches
the pulse, amplifies it, and recompresses to produce 10 mJ in
a final pulse length of 150 fs. Up to 0.4 mJ of the 266 nm
third harmonic of the amplified pulse is then stretched to a
final pulse length adjustable from 300 fs to 20 ps. An
aberrated telescope is used to produce an elliptical beam for a
square transverse intensity profile and 65 degree wavefront
tilt to match the incidence angle on the RF photocathode.
The square intensity profile is optimal for emittance
correction. The wide bandwidth of the Ti.Sapp laser allows
for longitudinal pulse shaping so that nonlinear emittance
correction may be investigated

Introduction
The National Synchrotron Light Source has been
engaged in the development of an FEL facility operating in
the ultra-violet for more than five years. The Source
Development Lab (SDL) has been established to pursue
critical experiments on the path to short wavelength FELs,
including development of high brightness beams, bunch
compression and transport to high energy, and a broad range
of SASE and seeded single pass FEL experiments. These
FEL experiments will include study of startup, optical
guiding, saturation, linewidth and fluctuations. The SDL is
comprised of three major programs:
• Electron beam development and experiments.
• Coherent synchrotron radiation experiment.
• UV project FEL.
The electron beam development will be devoted to
producing high brightness beams with peak current of 1 kA,
normalized RMS emittance of In mm-mrad, and
subpicosecond bunch lengths. The effects of coherent
synchrotron radiation[l] and space charge forces[2] are
expected to be significant with these parameters. Beam
experiments will be devoted to studying their effect on
emittance.
Our FEL program starts with SASE operation of the FEL
at 900 nm. Harmonic generation[3] and chirped pulse
amplification^] experiments will follow with the addition of
an energy modulation wiggler and dispersive section.

Linac and Magnetic Bunch Compressor
The linac (Figure 1) currently consists of four SLAC-type
constant-gradient linac tanks operating at 2856 MHz, with
provision for installation of a fifth section.
The first two linac tanks are used to accelerate the beam
to approximately 84 MeV. They also produce an energy chirp
on the electron beam in preparation for bunch compression in
a magnetic chicane. The compressor may be operated at any
value from zero field to full strength. A phosphor flag and
collimator are installed at the point of maximum dispersion
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for use as energy-spread diagnostics, and for slice
emittance[9] studies. Tracking studies with MAD indicate
the bunch should compress by a factor of 12, from an RMS
length of 600 \an to 50 \im. Following the chicane the beam
is accelerated through two more linac tanks to a maximum
energy of 230 MeV.

Wiggler
Following the linac is the 10 m long NISUS wigglerflO]
originally built by STI, Inc. for Boeing Aerospace (see Table
1). This wiggler is constructed of vanadium-permendur poles
and samarium-cobalt magnets, with iron shims added for
error reduction. The gap is remotely adjustable, has a
maximum field strength of 0.56 T, and can produce a
compound taper to improve efficiency for high gain FELs.
There are 256 periods, each of length 3.89 cm.
Table 1

Unoc

Electron Beam
230 MeV
Max. Energy
lkA
Peak Current
Bunch Length
200 fs < o z < 20 ps
RMS Emittance < 2 n mm-mrad
0.5%
AE/E
Mggler
Length
10 m
3.89 cm
Period
5.6 kG
Peak Field
256
Num. Poles
1.44 max
aw
1.44 cm
Min. Gap
Energy Taper
< 20%

Compressor

Unoc

PEL
Wavelength

80 nm < X < 1000

nm
Peak Power

70 M W

The vacuum pipe through the wiggler is constructed of 8
independent sections. Each section has two ports for pop-in
phosphor screens, two ports for pick-up electrodes, and two
sets of steer/focus wires that can produce external dipole and
quadrupole fields. The wiggler poles are canted to produce
focusing in both planes.

EM Wflflter

Electron Beam Experiments

NISUS

Exp»rfment
Station

Fig. 1. Layout of SDL linac and experiments.

Several of the important beam parameters for the PEL
experiments have an unusually large range of adjustment.
The pulse length and energy spread can be varied and
optimized with both the drive laser and the magnetic chicane.
The initial pulse length may be varied by nearly two orders of
magnitude via the Ti:Sapp laser alone. Recent magnetic
compression studiesfll] have shown that increasing the
initial pulse length can lead to shorter final pulses. This is
because the more intense wakefields and higher space charge
of an initially short bunch increase the nonlinear distortion in
the energy-phase correlation used for compression[12].
Finally, one can optimize the bend angle in the compressor so
that the nonlinear effects of the longitudinal wakefield and
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RF are partially canceled by the effect of the nonlinear
dependence of path length on the energy deviation.
Very short, high current bunches propagating through
bends can experience significant transverse emittance growth
through two distinct effects, the longitudinal coherent space
charge force (CSCF), and coherent synchrotron radiation
(CSR). Emittance growth due to CSCF scales as Q (a/8)2
where Q is the bunch charge, a is the bunch radius, and 5 is
the bunch length. Similarly, CSR scales as Qa/64/3.
Simulations with a version of MAD modified by one of us
(TR) to include CSR indicate that the emittance grows from
1.27i mm-mrad to 2.On mm-mrad in the final bend of the
compressor when compressed to a final bunch length of 0.6
ps. Greater compression is possible, but results in larger
emittance. The bunch length, transverse size, and charge will
all be varied in order to study the magnitude and scaling of
these effects. The compressor vacuum pipe has a radiation
port to capture synchrotron radiation which will be used as a
diagnostic for bunch length and beam size. The emittance
may be measured immediately before and after the
compressor to isolate the effects of CSR and CSCF.
At high energy, the bunch length will be verified through
two methods. By passing the beam through a foil, coherent
optical transition radiation (OTR) will be generated at
wavelengths comparable to the bunch length. An experiment
is planned following the linac which measures the coherent
OTR spectrum. Additionally, the final linac section and bend
may be used to produce an energy chirp which can then be
"streaked" on a phosphor screen to measure bunch length.
This profile measurement combined with charge
measurements in the Faraday cup or BPMs will give the
bunch charge profile. The drive laser pulse is approximately
lmm long by lmm in radius. The very short longitudinal
profile significantly affects the minimum emittance
achievable via solenoidal emittance correction[13]. By
varying this profile, we will study the relative strength of the
nonlinear terms in the emittance correction. Measurements of
the slice emittance as developed at BNL's Accelerator Test
Facility will be used in these studies.
FEL Experiments
The FEL development program for the SDL can be
broken into stages based on machine requirements and
modifications. In the first stage, a normalized emittance of
6.5TI mm-mrad at a beam energy of 130 MeV is required
SASE experiments will be conducted at roughly l^m
wavelength with an anticipated peak power of 70 MW.
Tapering and harmonic content will be investigated. The first
seeded beam operation will be at the Ti:Sapp fundamental
(900 nm). Chirped pulse amplification experiments at this
wavelength will yield photon pulses as short as 10 fs. After
adding an energy modulation wiggler and dispersive section
at a later date, the FEL output wavelength will be pushed to
200 nm using harmonic generation. A 400 kW beam from
the TirSapp at 400 nm will bunch the electron beam, which

will then lase on the 2 nd harmonic, producing 70 MW at 200
nm. With the addition of a 5th linac section increasing the
beam energy to 310 MeV, and emittance of ITC mm-mrad,
FEL operation below 100 nm should be possible, including
the demonstration of CPA at 80 nm with a 5 fs pulse
duration.
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Comparisons Between Modeling and Measured Performance of the
BNL Linac*
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Abstract
Quite good agreement has been achieved between
computer modeling and actual performance of the
Brookhaven 200 MeV Linac. We will present comparisons between calculated and measured performance
for beam transport through the RFQ, the 6 m transport from RFQ to the linac, and matching and transport through the linac.
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INTRODUCTION

The Brookhaven 200 MeV linac serves as the injector
for the AGS Booster and as well delivers beam to the
Brookhaven Isotope Resource Center. It consists of a
35 keV magnetron surface plasma source, a low energy
beam transport (LEBT) [1], 201 MHz radio frequency
quadrupole (RFQ) [2], medium energy beam transport
(MEBT) and 200 MeV Linac [3]. In this last year we
have gone through a linac upgrade to get 2.5 more Figure 1: Ion trajectories through the LEBT and
average current (146 y. A) [4]. This was achieved by phase space at ion-source, middle of the line, and at
increasing repetition rate 5 to 7.5 Hz and increasing the entrance of the RFQ.
peak current from 25 to 39 mA. In this paper we compare computer modeling with actual performance.

2

LEBT AND RFQ

LEBT had two pulsed solenoids, two sets of x and
y steerer, beam chopper, emittance probe, and two
current toroids. The chopper was removed from the
line, making the line shorter by 70 cm. Computer
modeling of this line showed that we should move the
1st solenoid as close to the ion source as possible to
reduce the beam size in the 1st solenoid and the second
solenoid as close to the RFQ as possible to increase the
convergence angle required by the RFQ acceptance.
Figure 1 shows the ion trajectories through this line
and phase space at the exit of the ion source, middle of
the line and entrance of RFQ. The RFQ acceptance is
shown as a solid line ellipse. This calculation assumed
that the beam space charge is neutralized.
Shortening of the line resulted in lower measured
emittance. Due to lower emittance and better matching transmission through the RFQ was improved by
about 10 percent. Figure 2 shows the transmission as
a function of input beam current.
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Figure 2: RFQ transmission as a function of input
current. The solid line indicates the simulation and
crosses the measured values.

* Work performed under the auspices of the U. S. Department
of Energy.
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Figure 4: Measured (upper two) and calculated (lower)
phase space after the second buncher.

3 MEBT AND LINAC
This is where we have recovered most of the beam
losses. This line is 6 meter long and is shown in Figure 3. It consists of four triplets, three bunchers, one
slow chopper, one fast chopper, two emittance measurement units, three current transformers, two sets
of x, y steerers, and a dipole to accomodate polarized
beam coming at 60 deg angle. The ideal match between RFQ and DTL could have been obtained with
a 5 /3X long FODO lattice with quadrupole spacing
about /?A and at least two bunchers. But the requirement of beam chopping and polarized beam dictated
a triplet solution [5].
The first quadrupole after the RFQ was too far; by
the time the beam reached the quadrupole it had gone
through a waist in the x plane, hence was diverging
in both planes. No matter which polarity quad one
puts, beam size in the other direction is very big. Also
the longitudinal beam size is too big before it reaches
the first buncher. To improve the capture and transmission of the beam in MEBT, the RFQ end flange
at the high energy end was modified to accommodate
a permanent magnet quadrupole (PMQ). The PMQ
was similar to one as used in the SSC DTL [6]. We
have also rearranged the gate valve and current transformers at the beginning of the line, and also measured
and aligned all the quadrupoles very carefully. Measurement as well as simulation showed that as little
as a 1.5 degree quadrupole rotation can increase the
emittance by 50 %. The last quadruplet was changed
to a triplet to reduce coupling. Figure 4, shows the
measured and calculated phase spaces after the second buncher. Table 1 shows calculated (TRACE3D)
and measured Twiss parameters for Figure 4.
Table 2, compares measurements and PARMILA results at various locations. We believe that lower values
for currents after the second buncher and and at the
entrance of the Linac are caused by the grids in the

X

Planes

Y

Or

Meas.
Cal.

-0.60
-0.31

"y

0.79
0.66

9.71
9.80

-1.59
-1.79

1.61
1.67

13.82
14.00

Table 1: Calculated and measured Twiss parameters
after the second buncher. /3 is in mm/mrad and e
(unnor.,RMS) in ir mm mrad.
buncher drift tubes (four in each buncher). These grids
are placed in the bunchers to reduce RF defocusing effects. Emittance measurements at 200 MeV are done
using profiles at five places. Agreement between calculations and measured Twiss parameters at 200 MeV
is poor because there are 295 quadrupoles, and calibration and misalignment errors are not known to a
good accuracy.

Location

95-96
94-95
Sim.
Meas. Sim.
Meas.
Current mA
50.0
50.0
62.9
62.9
RFQ
Buncher
50.0
41.0
62.9
57.8
MEBT
42.4
37.3
62.9
53.2
Tank 1
27.4
28.4
37.1
37.7
Tank 9
26.2
26.7
36.4
35.9
Emittance, (nor.RMS) n mm mrad
RFQ
0.400 0.400 0.375 0.375
Buncher
0.44
0.56
0.47
0.57
200 MeV 1.32
2.8
1.85
1.92
Table 2: Comparison between simulations and measured beam parameters.
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4 ALGEBRAIC
RECONSTRUCTION
TECHNIQUE (ART)

X-profile ART
sured
V-p/ofilo ART

.04 -

measurad
4 5d«c-profile ART

.03 A radiograph of the beam at the BLIP target taken last
year showed a tilted ellipse in the x-y plane. Sources of
.02 this coupling can be quad rotation or vertical offset in
the dipole. This triggered the need for an x-y density
.01profile. We found that algebraic reconstruction technique (ART) could help us. ART was introduced by
Gordan, Bender and Herman [7] for solving the prob20
40
60
80
100
lem of three dimensional reconstruction from projections. The ART algorithms have a simple intuitive basis. Each projected density is thrown back across the
reconstruction space in which the densities are itera- Figure 5: Beam projection on x, y, and 45 degree
tively modified to bring each reconstructed projection planes.
into agreement with the measured projection. The reconstruction space is an n x n array of small pixels, p
is grayness or density number which is uniform within
the pixel but different from other pixels. Assume P
is a matrix o f m x n 2 and the m component column
vector R. Let pij denote the (ij)th element of P , and
Ri demote the ith element of reconstructed projection
vector R. For 1 < i < m, N; is number of pixels under
projection R,-, defined as Ni = YljPij- The density
number p? denotes the value of pj after q iterations.
After q iterations the intensity of the ith recon- Figure 6: Reconstructed 3D density distribution using
structed projection ray is
ART.
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(and thus the average beam power) is kept
unchanged by an appropriate reduction of bunch
spacing and the interaction parameters are adjusted
in order to keep the beamstrahlung constant. A
complete overview of the S-Band Linear Collider
(SBLC for short) parameters is given in table 1.
According to eq. (1), we gain an order of magnitude
reduction in transverse short-range wakefield effects.
Part of this improvement is used to lower the vertical
beam emittance (yielding a higher luminosity), the
other part to relax the structure alignment
tolerances. With the modified beam parameters, a
complete simulation of beam dynamics also
including other important effects such as long-range
wakefields and chromatic aberrations has been
performed.

Abstract
With sufficient damping of long-range Higher
Order Modes, the emittance dilution in the S-band
Linear Collider is dominated by single bunch effects.
We present an improved parameter set with reduced
bunch charge which allows to relax the positioning
tolerances in the main linac. The consequences for
the other subsytems of the collider are also briefly
discussed.
Introduction
The S-band approach towards a next generation
Linear Collider of 500 GeV center-of-mass energy
represents the most conservative one of several
concepts presently under investigation [1]. The
technology is well known for many years and the
experience from the only existing Linear Collider,
the SLC, can be used most directly. The relatively
low frequency (3 GHz) is beneficial for keeping
emittance dilution from wakefields small. In this
context, a low bunch charge Ne is favorable since it
reduces the short-range wakefields. This led us to a
modification of the beam parameters, as will be
described in the following.

total length
t pulse

nb/pulse

Atb
IreD

Ne/bunch
e*/£y

Px*/P/
New Parameter Set

O\*/O-y*

The dilution of the beam emittance in the linac due
to transverse short-range wakefields scales
approximately as

Ae

cross, angle 6C
<AE/E>n,d
P b (2 beams)
P AC (2 linacs)
TlAC-to-beam

(1)

luminosity L

NEW
34
2
333
6
50
1.1
5/0.25
11/0.45
335/15
0.3
6
3
14.5
140
10.3
5

OLD
34
2
125
16
50
2.8
10/.5
22/0.8
670/29
0.5
3
3
14.5
140
10.3
3.4

km
Us

ns
Hz
10 10

LJ06m
mm
nm
mm
mrad
%
MW
MW
%
10 33 cmV

Tablel: New parameters of the S-Band Linear Collider in
comparison with the original parameter set

Here, a, denotes the bunchlength and 8yc the rms
error of transverse structure alignment w.r.t. the
beam orbit. The average focussing strength in the
linac is expressed by <p>, we assume a scaling
P=po(E/Eo)1/2 with Po=13m at Eo=3GeV. Stronger
focussing seems advantageous with regard to
transverse wakefield effects, but would lead to
increased emittance dilution from chromatic
aberrations.
The parameter optimization consists in a
reduction of bunch charge by a factor of 0.4 and of
bunch length by a factor of 0.6. The pulse current

Computer Simulation of Beam Dynamics
The beam dynamics in the S-band linac have
been investigated by using the L3 particle tracking
code [2]. The following assumptions are made for
this study:
• initial alignment tolerances of 0.1mm (rms) for
the accelerating structures, the quadrupoles and
the position monitors (BPM's)
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Ay2=ATL

one-to-one orbit correction followed by the
"wake-free" correction algoritm [3] to reduce
dispersive effects (assumed BPM resolution
•

(2)
where L is the distance between two points along the
linac and T the time. From measurements of orbit
motion in HERA [7] we obtain A=10 17 m/s as a
conservative upper limit. Starting with an ideal
machine without alignment errors, the evolution of
emittance dilution with time is determined. We find
an emittance growth of 6% after 25 min. This means
that after finding a "golden orbit" with the WFmethod, an orbit correction which steers the beam
back to this "golden orbit" has to be applied every
25min. in order to limit the additional emittance
dilution to an average of 3%.
The effect of diffusive ground motion on the WFcorrection method has also been studied. Since this
method is based on measuring difference orbits after
changing quadrupole strengths, which will require a
certain amount of time, ground motion has the
potential to spoil the measurement. We find that the
time required for taking the difference orbits should
not exceed 100s to avoid significant emittance
dilution with the WF-method (see fig. 2).

beam-based alignment (by measuring the signal
from two HOM-couplers per 6m long structure)
of accelerating structures w.r.t. the beam orbit
with an accuracy of 50u.m (rms)
damping of HOM's by using the "lossy iris"
concept [4]

•

For the reduced bunch charge, the longitudinal
wakefield [5] is sufficient to provide BNS damping
so that an rf-phase of zero deg., i.e. on-crest
acceleration, is chosen. The correlated energy spread
in the bunch is 0.35% in this case, about a factor of
two smaller than in the previous design. Thus the
parameter change is also beneficial for reducing
chromatic emittance dilution from spurious
dispersion. At the injection energy of 3GeV, an
additional uncorrelated energy spread of 1% is taken
into account. The bunch-to-bunch energy spread can
be kept smaller than the single bunch energy spread
by suitable beam-loading compensation [6] and is
neglected here.
The simulation is performed for different values of
the HOM quality factors in the range
Q=2,000... 10,000 using 10 different random seeds
for each value of Q. The results for the vertical
emittance growth are shown in fig. 1. The "lossy
iris" HOM damping concept yields Q-values of
2,000...3,000 and we obtain a relative increase of the
emittance of Aey/ey =(20±10)%.

Emittance vs. Measurement Time

8

Emittance vs. Quality Factor

10

2.6

100
1000
time between orbits / s

2.4

Fig. 2: Emittance growth caused by diffusive ground
motion with A=10"17 m/s during the process of WFcorrection as a function of time between orbit
measurements.
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The results of the beam dynamics study show that
the reduced vertical emittance of the new parameer
set can be obtained with reasonable alignment
tolerances, which, in case of structure alignment, are
more than a factor of two relaxed compared to the
older version of the S-band parameters. In the
studies presented here, empirical minimization of
emittance dilution by using orbit bumps (common
praxis at the SLC) is not yet included. This provides
an additional safety margin in the S-band design.

i i ^

2000

4000

6000

8000 10000 12000
quality factor

Fig. 1: Simulation results for the vertical beam emittance
(normalized by the design emittance) at the end of the Sband linac as a function of HOM quality factors.
Further computer simulations concerning the
issue of long-term beam stability under the influence
of ground motion were performed. We assume an
uncorrelated diffusive ground motion according to
the ATL-rule:
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Consequences for other Linear Collider
Subsystems
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Conclusions
It has been shown that with the new parameter
set for SBLC, a higher luminosity and at the same
time relaxed tolerances can be obtained. The impact
of the parameter modification on the overall design
has been studied and found acceptable.
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Abstract

pulses at this power level. The second reason for choosing
line type modulators was, that they are of course one possible
choice for the generation of pulsed high voltage for the
klystrons of a linear collider. Therefore they are still one
object of investigation and research. Alternative techniques
are also under investigation at DESY in addition [4].
This paper describes the first 375MW line type
modulator at the S-Band testfacility at DESY, the
requirements, the circuit and the hardware. Results of the
commissioning are reported.

The S-Band linear collider testfacility at DESY serves as
a testbed for components which will be necessary to build an
S-Band linear collider. The testfacility requires two S-Band
klystrons operating at 2.998GHz, each producing an output
power of 150MW at a pulse duration of 3us and a repetition
rate of 50Hz. The high voltage pulses for the klystrons will
be supplied by two line type modulators, which produce
pulses of up to 535kV at currents of 700A with a flat top
duration of 3^s and a repetition rate of 50Hz. The first
klystron-modulator system has been installed and was
The Klystron
commissioned at the S-Band testfacility at DESY.
This paper describes the layout and the hardware of the
Two 150MW klystrons have been developed and built at
klystron-modulator system. The results of the commissioning SLAC. Table 1 shows the design goals and the achieved
of the first system will be presented.
parameters of the two klystrons.
Introduction
Two of the main issues for future linear colliders are
klystrons and modulators. They represent one of the major
contributions to the total cost of a linear collider and
determine to a major part besides other things its reliability
and stability. Therefore klystrons and modulators are among
the research objects at all linear collider testfacilities around
the world.
The S-Band linear collider testfacility under construction
at DESY is a 400MeV electron linac with four 6m long
accelerating structures [1]. In order to achieve the loaded
accelerating gradient of 17MV/m it requires two klystrons
operating at 2.998 GHz at an output power of 150MW. In
1993 a collaboration between SLAC, DESY and Philips
started to develop and build two 150MW klystrons which
could be used at the S-Band testfacility. Two klystrons have
been built at SLAC and shipped to DESY until 1995 [2]. A
line type modulator has been constructed to test the 150MW
klystrons at SLAC [3]. In parallel DESY started to build two
line type modulators for the operation of the klystrons at the
S-Band testfacility. Therefore both modulators, the SLAC and
the DESY modulator, have a very similar PFN unit and pulse
transformer tank.
Although it is necessary to investigate alternative
techniques for high voltage modulators for future linear
colliders, the well established technique of the line type
modulator has been chosen for the modulators at the S-Band
testfacility. The first reason was, that line type modulators
represent the most advanced method to produce high voltage

Power Out
Pulse Duration
Repetition Rate
Beam Voltage
Beam Current
Microperveance
Efficiency
Gain

Design
150 MW

Tube#l
153 MW

Tube#2
150 MW

3 us

3 us

3jis

60 Hz
535 kV
700 A
1.79
40%
?>50dB

60Hz
527 kV
680 A
1.78
43%
56 dB

60Hz
508 kV
652 A
1.80
45%
57 dB

Table 1
Klystron Parameters
The klystrons require a solenoid, which is made of three
independent coils. Two of them are supplied by one common
power supply, whereas the third coil around the output cavity
is controlled independently by another supply. Typical
currents are 42A at 285V and 35A at 45 V. In order to achieve
zero magnetic field on the klystron cathode a bucking coil is
needed. It typically runs at 3A and 4V. The parameters in
Table 1, especially the beam voltage and current and the RF
pulse duration, determine the modulator requirements. The
required repetition rate at DESY is only 50Hz.
The Modulator
The modulator consists of four separate big components,
the PFN unit with the pulse transformer tank, the charging
unit (CHU), the HV power supply and a control unit. The
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basic parameters of the modulator are shown in Table 2. The stack with 28 high voltage diodes in series and varistors in
electrical circuit can be seen in Fig. 1.
parallel. The mounting rack is connected by a copper line and
a feed through to a 1:23 pulse transformer (Stangenes, Palo
Alto,
USA) in the transformer tank. Two thyratrons (ITT
Pulse Voltage
535 kV
F-303)
are installed in the cabinet. The anode side of the
Pulse Current
700 A
thyratrons
is connected to a thyratron mounting rack, which
Flat Top Pulse Duration
3 us
is
attached
to the other copper stripe of the feed through. This
Repetition Rate
50 Hz
copper stripe serves as current return pass from the pulse
Equivalent Square Wave Duration 4.8 ns
transformer. A fast voltage divider (30ns risetime) is
Rise Time 1 0 - 9 0 %
700 ns
connected to the capacitor mounting rack. This allows to
PFN
four lines parallel,
measure the primary pulse voltage.
each line ten sections
Directly connected to the PFN unit is the oil filled pulse
PFN impedance
1.34 fl
transformer tank. It has a diameter of 1.3m and a height of
Total Capacitance
1.8 nF
1.6m. The klystron with its solenoid sits on top of the tank
Capacitor Capacitance
45 nF
with the klystron gun ceramics in the oil. The design klystron
Coil Inductance
1.3 nH
resistance at full power is 764Q, which together with the step
Charging Voltage
50 kV max.
up ratio of the transformer of 1:23 represents a load
impedance of 1.44Q to the PFN. A 1:10000 capacitive
Peak Current (primary side)
16 kA
voltage divider is connected to the secondary side. A Pearson
Pulse Transformer Ratio
1 :23
current monitor allows to measure the gun current. The
filament transformer and the blocking coil for the core bias
Table 2
power supply are also installed inside the tank. The interior
Modulator Parameters
of the PFN unit is shown in Fig. 2.
PFN

Power
Suppl>

26.5 kV

400V AC
3 Phase
Input

EOLC
Circuit

Circuit
( not installed}
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Fig. 1. Schematic Drawing of the Electrical Circuit

PFN Unit and Pulse Transformer Tank
The cabinet of the PFN unit is 1.4 * 1.5m wide and 2.6m
high. All components in the cabinet are under air. Each of the
four PFN lines consists of 10 capacitors and 10 coils (see
Fig. 1). The capacitors (CSI, San Diego, USA) have a
capacitance of Ci=45nF and a voltage rating of 50kV. They
are mounted horizontally and connected with one side to an
aluminum rack. One copper coil is fastened on top of each
capacitor. The inductance is adjustable by changing the tap
on the coil and by changing the position of a slug inside the
coil. The nominal inductance of one coil is Li=1.3uH. The
equivalent square wave pulse duration of the PFN calculated
by T=2N(LiCi)1/2 is 4.8ns (N is the number of sections per
PFN). The nominal impedance of the PFN is 1.34Q. The total
capacitance is 1.8nF, which gives a stored energy of 2.25U
at 50kV. In order to protect the klystron in case of arcing an
End of Line Clipper (EOLC) is installed in the PFN. It
consists of six 20Q resistors in parallel, a varistor and a diode

Fig. 2. Interior of the PFN Unit
Charging Unit
The PFN unit is connected to the charging unit (CHU) by
a HV cable. The CHU cabinet is 1.35 * 1.45m wide and
2.45m high. Inside the cabinet one can find the charging
choke (Kirchner, Hamburg, Germany) with an inductance of
16H. This inductance together with the total PFN capacitance
of 1.8nF gives a charging time of 17ms. The maximum
charging current is 9A. 36 high voltage diodes, two times 18
parallel diodes in series, serve as charging diode. A despiking
network made of chokes and resistors is connected to the
cable to the PFN. The charging choke has a secondary
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winding. This allows to install a deQing circuit in the
charging unit, if better pulse to pulse regulation of the
charging voltage might be necessary.
HV Power Supply

Almost 150MW at 3^s have been reached. Fig. 3 shows
typical waveforms at this level. The 10 to 90% rise time is
700ns and the flat top duration 3|xs as required. Up to now no
efforts have been made to improve the flatness of the pulse
top. This will be done in the next step by adjusting the
inductance of the PFN coils.

The HV power supply is a commercial power supply
(Heinzinger, Rosenheim, Germany) with the dimensions 1.4
* 1.85m wide, 2.25m high. It has an output voltage of 26.5kV
max. at a maximum average current of 5A. The supply has an
SCR controller, which leads to a stability of the voltage
better than 1%. The power supply can be controlled locally
or remotely via a GPD3 interface.

U = 536 kV
I = 670A

iA

Control Unit
3—it-

All the controls are installed in four 19" racks of 2m
height. The modulator can be operated locally from this unit.
Inside the racks one can find the heater supplies for the
thyratrons and the klystron, the vacion and bucking coil
power supplies, the control unit for the core bias power
supply, scopes, trigger generators, monitors and printers. One
19" rack is reserved for a programmable logic controller
(Siemens S5-135U). All technical components of the klystron
and the modulator are interlocked by the PLC. In addition
temperatures, flows and pressures are recorded by the PLC.
The PLC is connected to a SUN workstation via profibus,
which will make it possible to operate the modulator
remotely from the SUN workstation. The cycle time of the
PLC program is less than 20ms. In case one component fails
the modulator could be shut off pulse to pulse. The additional
personal interlock is made by a relay unit.

CHI
CH2
CH3
Time

*

-

—

•

Transformer Primary Voltage 5 k V / d i v
Klystron Cathode Voltage 118kV/div
Klystron Gun Current 100 A / div
: 1 us / div

Fig. 3. Typical Waveforms at 536 kV and full Pulsewidth
Outlook
It is planed for the next steps to bring the klystron up to
full power at 50Hz repetition rate and to smooth the pulse
top. The remote control of the system will be tested in
addition. After it the waterloads will be removed and an
accelerating structure will be installed and conditioned.
A second modulator is under construction. It is planed to
start with the operation of the second system at the beginning
of next year.

Commissioning and Operation

Acknowledgments

The first tests of the klystron and modulator were done
without applying drive power to the klystron. Operation
started at a low repetition rate of lOHz and short pulse width.
For this purpose five capacitors per PFN line were removed.
This resulted in half of the full pulse width. The klystron was
brought up to more than 500kV without problems. After it
drive power was applied to the klystron. Two waterloads,
each capable of 75MW, had been installed on the two output
waveguides of the klystron. It took in the order of two
hundred hours to improve the vacuum conditions in the
waveguide of the waterloads before 150MW at 1.2|Lis and
50Hz repetition rate were achieved. The maximum beam
voltage was 550kV at 700A. After it all capacitors were
installed. Conditioning started again with low repetition rate,
but full pulse width. As oscillations had been observed in
klystron #1 at certain voltage levels and magnetic field
settings during testing at SLAC, commissioning at full pulse
duration needed to be done very carefully. It is necessary to
adjust the magnetic field very carefully each time one
increases the beam voltage. In addition the vacuum
conditions in waterloads limited the speed of conditioning.
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PERFORMANCE OF THE FIRST PART OF THE INJECTOR
FOR THE S-BAND TEST FACILITY AT DESY
M. Schmitz
Deutsches Elektronen Synchrotron (DESY), NotkestraBe 85, 22603 Hamburg, GERMANY
this point of view the test facility runs under more severe operation conditions. Before entering the first section of the
testlinac the bunches have to be shorter than
The injector for the S-Band Test Facility at DESY is FWHM=16°3<au=14.8ps and sufficiently relativistic with
based on a conventional design. Equipped with a gridded Eii,s3MeVops0.99. This guarantees a corresponding energy
cathode a 90kV thermionic gun produces 2us long mul- spread of less than ±0.5% and no further longitudinal dynamtibunchtrains with a repetition of up to 50Hz. The micro- ics in the accelerating sections.
pulses have a FWHM-length of less than 2.5ns containing a
Based on these requirements the injector was designed on
maximum charge of about lOnC (6.2510 10 e). For the pur- a conventional scheme by means of EGUN and PARMELA
pose of wakefield related studies the interbunch spacing can calculations [1]. Nevertheless it is a step into a challenging
be varied between 8ns, 16ns and 24ns, while keeping the av- operation domain due to the combination of high buncherage beam current within the bunchtrain constant at 300mA. charge and short interbunch spacing. The pulses are generThe bunching will be done by means of two single cell ated at a thermionic gun and compressed by means of two
stainless steel buncher cavities running at 125MHz (1/24 standing wave subharmonic bunchers SHB1 (125MHz/34kV)
subharmonic) and 500MHz (1/6 subharmonic) followed by and SHB2 (50OMHz/36kV) as well as two travelling wave
two S-band travelling wave structures with different phase structures (p=0.6, 4cell, 2*/3, 7MV/m and P=0.95, 16cell,
velocities.
8;t/9, 12MV/m). The latter one serves also for acceleration.
Since summer 1995 the injector beamline is assembled up Two 7MW klystrons will be used to supply both travelling
to the 500MHz buncher as shown in figure 1. Four wall cur- wave bunchers individually. A low group velocity is necessary
rent monitors, three button-type position monitors, a fluores- to build up the high gradient in the 16cell structure with only
cent screen, a multihole aperture for the purpose of emittance 7MW. Therefor the 8jt/9-mode was chosen. Starting with a
measurement and a faraday-cup at the end serve as diagnostic 90kV gunpulse carrying 12nC (7.5-1010e") in a FWHMtools. Emphasizing on the bunching behaviour, results from bunchlength of 2.5ns, PARMELA simulation predicts a comthe operation of this first part of the injector will be presented pression by a factor of more than 250 to a pulselength shorter
and compared with predicted results from simulation codes.
than lOps with a transmission of better than 95%.
The injector hardware will be built up following the diIL Introduction
rection of the beam. In this process intermediate setups are
The S-Band Test Facility currently under construction at used in order to commission major parts of the components.
DESY investigates the feasibility of a large S-Band Linear In the first half of 1995 a short beamline was installed for gun
Collider (SBLC) project. Delivered by an injector the beam commissioning [2]. A short review of the results is given in
will be accelerated by 4 ((3=1, 27i/3-mode, 17MV/m) travel- section III. In the next stage the injector was expanded by inling wave sections of 6m length each, intersected by 3 quad- cluding SHB1 and SHB2 as can be seen in figure 1. Starting
rupole tripletts and fed by two 150MW/2us S-band klystrons. at the gun anode at z=0cm the beamline ends 219.3cm further
Before being dumped at the end of the 40m long test facility downstream with a faraday-cup. The gap centers of both
the quality of the 400MeV/c beam will be measured using a SHB's are sitting at z=75cm and z=191cm.
Since tuning concentrates on transmission and
spectrometer beamline including an OTR screen.
The SBLC-design is based on the same bunchtrain bunchlength most important diagnostic tools are 3 wallstructure and current as used in the test facility except for the current monitors 31.6cm behind the gun (CMl), 45cm behind
interbunch spacing. This value has been recently changed in SHB1 gapcenter (CM2) and 13.8cm behind of SHB2 (CM3).
the SBLC-parameterlist from 16ns to 6ns giving a reduced 4.8cm downstream of every CM button-type position monitors
bunchcharge with looser tolerances in the main linac. From (BPM1,2,3) are installed. Transverse beamprofile can be
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Figure 1: Setup of first part of the injector

788

I MO

3000

2100

7700

?A»

MM

measured at z=146.3cm with a fluorescent screen. Together
The amplitudes of all bunches as measured at CM1 are
with a multihole aperture (pepperpot), 86.7cm upstream of stable within less than 4% over the whole bunchtrain in 24ns
the screen, emittance measurement is possible and will be mode. The same stability is achieved at 16ns or 8ns operation
discussed in section IV. Instead of the screen a mirror can be except at the beginning of the train. In the 16ns mode the first
put in at the same place offering the possibility of inspecting pulse has a 15% increased amplitude and in the 8ns mode
irregularities at the heated cathode while not pulsing the gun. there is a drop down to 70% over the first 3 pulses after
Getting shorter, the beampulses are transversely focussed reaching equilibrium level. This effect can be explained by
by means of a longitudinal magnetic field created by sole- saturation of the interstage transformer cores, which can not
noids AF4-AF12. With a level of lOOGauss around SHB1 the relax totally when pulse spacing is getting shorter. Since the
fieldstrength increases up to about lOOOGauss at the end of required bunchcharge is inversely proportional to the interthe beamline. Matching the beam coming from the gun is bunch spacing the safety margin is even higher at 16ns or 8ns
done by AF2 and AF3. The first solenoid AF1 centered at z=0 operation.
is powered reversely and used to compensate the magnetic
For the S-Band Test Facility this scheme of bunchtrain
field at the cathode as good as possible.
production has been sucessfully commissioned and fulfills all
In addition 3 corrector dipoles in both planes, each 25cm the requirements in terms of time structure, bunchcharge as
long with a maximum field of 20Gauss, located behind the well as stability of intensity and timing. Not being tested yet it
gun, behind SHB1 and in front of SHB2 are used to compen- may even work in 6ns operation mode as proposed for SBLC.
sate orbit distortions and alignment errors. One has to keep in If not applicable a resonant driving circuit for the gun can be
mind, that the resultant displacement of the beam depends on used for this purpose.
the strength of the longitudinal field B z , since both the corrector field and B z add like perpendicular vectors.
IV. Emittance Measurement
Pumping is done at the gun and both SHB's by means of
At z=59.6cm a pepperpot can be driven into the beamlarge 4001/s getterpumps. A vacuum valve (VI) at z=43.9cm
can separate the gun vacuum from the upstream system. The line. It is made from a 5mm thick copper plate drilled with
aperture of the whole system has a diameter of 35mm, except 0.4mm holes on the vertical, horizontal and both diagonal
at the gun, where the hole in the anode measures only 20mm axis in a radial distance of every 2mm starting from the cenin diameter. This setup was operated from autumn 1995 until ter hole. These holes define the position of the beamlets.
end of June 1996. Bunch compression results are presented in Their angular width can be calculated from the corresponding
section V.
spotsize at the screen, which is located 1=86.7cm farther
downstream. From both informations the emittance at the
m . Bunchtrains from the Gun
position of the pepperpot can be derived. For simplicicity in
most applications a drift space is chosen between pepperpot
Production of 2us long bunchtrains with 300mA average and screen [3].
current is required. The single bunch FWHM-length has to be
Unfortunately the large getterpumps create a transverse
less than 2.5ns in order to be cleanly accepted by SHB1. De- magnetic strayfield of the order of 2Gaussm at the beam axis,
pending on the chosen interbunch spacing the single bunch- which totally prevents transmission between pepperpot and
charge has to be at least:
screen without any soienoidal field. Thus the emittance meas1) 2.4nG»1.510 I 0 e at 8ns spacing and 250bunches/train
urement was made within a longitudinal magnetic field B z
2) 4.8nC<=>3.0-1010e" at 16ns spacing and 125bunches/train
[4]. If Bz=const the transfermatrix of a solenoid with length 1
can be applied. Unity matrix is achieved when k-l/2=n-jt, with
3) 7.2nC«4.510 I 0 e' at 24ns spacing and 83bunches/train
These bunches are produced at a 90kV thermionic gun k ^ B j / p , n=l,2,..., electron charge e and beam momentum p.
operated at air and equipped with a gridded cathode of the In this case the screen shows a 1:1 picture of the pepperpot
on the beamlet angles is not accessible. If
EIMAC Y796 type. The gun geometry was modelled with the but the information
+
EGUN code. At a 34mm cathode anode distance it results in a k-l/2=(n l/2)-Ji all the elements of the transfer matrix are
calculated perveance of 0.22uA/V' 5 . At 9OkV this is equiva- zero, except the ones on the secondary diagonal. In this case
lent to 6A spacecharge limited current, which was experimen- the screen looks at the focal plane, i.e. angles at the pepperpot
tally proven when driving the gun with a testpulser that cre- are translated into displacements at the screen. With n=l corates us-long single pulses.
responding to Bz=114.5Gauss emittance measurement was
Extraction of bunchtrains consisting of short pulses is made in the test facility. From the horizontal (vertical) width
achieved by means of a special pulser that is housed inside the of the spotsize at the screen the vertical (horizontal) angular
240mm long gunceramic closely to the guncathode. The input width of the corresponding beamlet at the pepperpot was depulse is amplified with a three stage triode circuit intercon- rived. Particular attention has to be paid on the right correnected by ferrite loaded coaxial transformers in which the spondence, since the transverse plane is rotated by 90° around
third triode with its anode directly connected to the guncath- the z-axis in this situation. When moving the pepperpot horiode operates in a current source mode. Supplying the pulser- zontally the picture on the screen moves vertically. Measuring
input with 2ns wide pulses of 60V peak and the desired time- the area F=Pys n . mB of the reconstructed x-x' phase space
structure the gun produces the required bunchtrains. Meas- gave a normalized rms emittance Enjm, of about 3-7Mnnvmrad
ured at CM1 (see fig. 2a) the beam pulses have a FWHM- at the position of the pepperpot. Since this value was not corlength of typically 2.2ns, a subnanosecond risetime and a rected for additional effects contributing to the spotsize like
peakcurrent of up to 4.5 A, which is less than the gun capabil- spacecharge and finite pepperpot hole diameter, it can be reity, since it is limited by the current output of the last triode garded as an upper limit of the emittance.
stage. Nevertheless the bunches carry a charge of about lOnC
The typical bunchcharge during this measurement was
(6.25-1010e") giving a 40% safety margin with respect to
7nC,
resulting from a 2ns gunpulse of 3.5A peak. Starting
7.2nC as desired in 24ns mode.
with 1.8-71-mnvmrad at the gun exit the PARMELA predicted
normalized rms emittance at the pepperpot is 6.8-n-mm-mrad
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for a bunchcharge of 7nC. The input parameters for the
PARMELA simulation were derived from EGUN calculations
with a spacecharge limited current of 6A and absence of
magnetic field over the whole gun area. The simulations do
not represent the experiment very well which might be one
reason for the discrepancy of more than a factor of 2.
V. Bunching Performance
According to PARMELA calculations SHB1 and SHB2
have to run at a gapvoltage of 34kV and 36kV respectively. In
that case the program predicts a bunch of 200ps FWHMlength at the position of CM3. This bunch can be cleanly
captured by the 4cell travelling wave S-band buncher with its
first cell centered at z=215cm. The arrival time of the bunch
at CM3 changes when the rf-phase is varied in SHB1 or
SHB2. From these measurements the gapvoltage U, an information on the absolute phase setting with respect to the beam
and together with the measured power P flowing into the
cavity the absolute shuntimpedance R.=U2/(2P) was experimetally determinded. The quality factor Qo was measured
with a spectrum analyzer. The results as shown in table 1
agree within 10% with MAFIA calculations.
Optimizing phases and amplitudes of both SHB's a bunch
of 300ps FWHM-length with 26A peakcurrent giving 7.8nC
was achieved at CM3 (see fig. 2b) for a typical gunpulse
(2.2ns/4.5A) of about lOnC. Four 50Q resistors are soldered
across the ceramic gap of CM3. Together with the gapcapacitance an upper frequency limit around l-1.5GHz was
estimated by the design engineer of this monitor. Combined
by a 4 to 1 circuit of 2 GHz bandwidth (bw) the monitor signal is guided by a 12m long 7/8" air dielectric Flexwell coaxcable with a 3db bw of 5GHz on to a 6GHz oscilloscope
(tektronix TDS 684B). Taking into account the measured cable attenuation of 0.8db at lGHz, which is around the fundamental for a 300ps pulse, the charge transmission up to CM3
is better than 85%. As a result of the bandwidth limits,
mainly at the monitor itself, a pulse shorter than 300ps is not
measurable. The answer whether the real bunchlength agrees
with the expected 200ps will be given in the next stage of the
injector extended by the S-band buncherstmctures. As expected the phases of both SHB's have been set within 5°
around zero crossing. Running at 30kV the SHB1 amplitude
agreed fairly well with the predictions, but SHB2 operated at
52kV instead of the expected 36k V.
Without further measures the transmission and bunching
is only valid for the first pulses in the bunchtrain, since the
following ones are affected by amplitude and phase changes
in the cavities due to beamloading (see fig. 3a). Neglecting its
decay the beam induced voltage (U=co-R/Q-q) after half of the
2us bunchtrain with 300mA average current has passed the
cavities has rised up to 19kV in SHB1 and 95kV in SHB2.
Starting with the design amplitudes a phase change of 30° respectively 70° appears in SHB1 and SHB2. The amplitudes
will change from 34kV to 39kV respectively from 36kV to
102kV. These variations can be compensated when feeding
an external signal of optimized shape, amplitude and timing
into the phase and amplitude control circuits of both rftransmitters. After having carefully adjusted this feedforward

SHB1
SHB2

Table 1: SHB properties
R,[ka]
Qo
R^Qolft]
MAFIA / meas. MAFIA/meas. MAFIA / meas.
216/233±3
2647 / 2380
82/97
273/271±22
2694 / 2780
101 / 97

I

7
a: Ipeak=4.5A, lns/div
b: Ipeak=26A) FWHM=300ps
Figure 2: Typical pulsesshape measured at CM1 (see 2a)
and after compression at CM3 (see 2b)

a: without feedforward
b: with feedforward
Figure 3: Bunchtrain after compression at CM3, 500ns/div
system all 83 bunches in 24ns mode are comparable to the
first one within 5% peakcurrent and 10% bunchlength variation seen at CM3 (see fig. 3b). Nevertheless more detailed
studies are necessary to improve the influence of the feedforward especially at the 500MHz system where it has to fight
against large amplitude and phase changes.
VL Summary
The first part of the Injector for the S-Band Test Facility
including the gun and two subharmonic buncher cavities
(SHB) was successfully commissioned. The gun produces 2us
long bunchtrains with different interbunch spacing. Each
single pulse with a 2.2ns FWHM-length carries up to lOnC of
charge. Measured with the pepperpot technique inside a constant solenoidal field the normalized rms-emittance was
3-n-mm-mrad being a factor 2.2 smaller than expected. Optimized for bunching the gapvoltages differ from PARMELA
predictions by -12% in SHB1 and +44% in SHB2. They were
measured by a time of fligth method taking advantage of the
90kV nonrelativistic beam. 200ps long pulses are expected
after compression by both SHB's. Bandwidth limited by the
wall current monitor 300ps long signals and a transmission
better than 85% were observed. Otherwise heavily affected by
beamloading a feedforward-system keeps the cavity parameters almost constant over the whole train of pulses.
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Temperature stabilisation of the accelerating structure
Frank-R. Ullrich
MKK2, DESY, NotkestraBe 85
Hamburg, Germany

Abstract
An important issue for the operation of a Linear Collider
with heavy beam loading is the temperature stability of the
accelerating structure. The phase and eriergy error is a
function of the temperature distribution on the surface of the
accelerating structure. Calculations prove, that keeping the
temperature constant at a specific point on constant gradient
accelerating structure minimises the energy error. This will
be used for a feedback system. The temperature at this point
is a function of the inlet water temperature, the average RFpower and the beam loading.
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Temperature Distribution
An important issue for the operation of a Linear Collider
with heavy beam loading is the temperature stability on the
accelerating structure. The heat source is the difference of the
total input power and the power extracted by beam loading.
This difference can be calculated as the vector sum of the
accelerating voltage and the beam loading. The shunt
impedance, the alternation , the repetition rate and the pulse
length are additional parameters. The phase error itself is a
function of the temperature distribution calculated by this
difference voltage. It is a function of the wavelength, the
group velocity, the thermal expansion coefficient and the
temperature difference between the steady-state situation and
the instantaneous average temperature at every point on the
surface [1].
The taper of the group velocity is linear and its value at the
inlet side is = 4% and at the outlet side = 1.3 % of the
velocity of light. The temperature rises almost linear, but the
temperature distribution on the surface is not.
In order to calculate this temperature distribution the
following assumptions were made :
• the heat flow over the circumference is at every point the
same
• because of the symmetry only 1/8 of the geometry is
calculated
• the temperature gradient over the thickness has been
neglected
• the water inlet and outlet are on the same side as the
beam input (counter flow)
The following picture shows the average temperature between
the cooling tubes.
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Fig. 1 : Distribution of the surface temperature
curve 1 : no beam
curve 2 : beam current 100 mA
curve 3 : beam current 200 mA
curve 4 : beam current 300 mA
The temperature at the surface rises along the length of the
structure in absence of beam current. With increasing beam
current the power which is dissipated along the structure
decreases. Therefore the heat flow into the water is lower at
the end of the structure than at the beginning. This effect is
more pronounced with increasing beam current. Because the
heat flow from the surface to the water is a function of the
temperature difference between them, the surface temperature
increases at first and then decreases along the length with
increasing currents.
The strong gradients on both ends are produced by the heat
flow into the tubes and in addition the return of the water at
the end.
The temperature distribution in a 3D-plot is shown in the next
picture. The beam current is 300 mA

the temperature remains constant with varying beam or RF
power, and varying inlet water temperature for
compensation. [2]

LENGTH (M)

39.75
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Fig. 2 : Distribution of the surface temperature
beam current 300 mA
The next picture shows the phase error caused by the
1.00
2.00
3.00
4.00
5.00
temperature distribution from figure 1. The temperature for
the steady-state system was arranged to be 40 °C with a
constant temperature at the inlet.
Fig. 4 : Surface temperature with optimised inlet water
temperature in order to cancel the sum of the
single cell phase error towards the end
of the structure
curve 1 : no beam
too
curve 2 : beam current 100 mA
curve 3 : beam current 200 mA
curve 4 : beam current 300 mA
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Cooling circuit

There are two layouts for the cooling circuit of the linac :
The first one is for the test-facility. The main demand for
this cooling circuit was the high temperature stability over a
large range of power deviations. [3]
The second is for the overall layout. The main demand here
was to have a simple cooling system with only a few
elements but flexible power handling capabilities

-100

-200
3.00

4.00

Length (m|

Fig. 3 : Integrated Phase error along the section
curve 1 : no beam
curve 2 : beam current 100 mA
curve 3 : beam current 200 mA
curve 4 : beam current 300 mA
The integrated phase error turns into a beam energy error
along the structure length. This energy error on the other hand
can be minimised by changing the inlet water temperature
unless the integrated phase error is zero, which is always
possible because positive and negative phase deviations
appear along zero. Calculation shows that at a specific point
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For the control of both systems the same elements will be
used :
the temperature is measured by a sensor at the specific point,
the temperature of the inlet water and the RF-power
difference between the input and output. The last one will be
used for a fast feedback system: with beam loading a definite
input temperature is required and therefore it is possible to
change the inlet water temperature before the surface
temperature changes. The time available to do this depends
on the water flow and the heat capacity of the structure and is
about two seconds. Therefore in both systems a hot and a cold
line is required and the reqired temperature is mixed by fast
pneumatic mixing valves.

At the test-facility the solenoid of the klystron is used as the
main heat source for the hot line and for the power reduction
( cool line ) a heat exanger. The rectangular waveguides have
a similar control system. The scheme is presented in the next
picture

on the other hand not applicable for a large range of power
changes.

iMg/lt tit

S - Band cooling station

Fig. 7 : Outline of the cooling system, overall layout

Fig. 5 : Outline of the cooling system for the test-facility
For this circuit a simulation [4] was made ( without the
feedback-system !): the power in the section and in the
waveguide was reduced by a factor of five (this means e.g.
changing the repetition frequency from 50 Hz to 10 Hz). The
next picture shows the result:

For this circuit a simulation was also made without the
advantages of the feedback-sytem for the control. The next
picture shows the inlet water temperature into the structure
and the structure temperature when the power into the
structure and klystron is reduced to a third of the previous
value
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Fig. 6 : Temperature of the surface by changing the repetition
frequency from 50 Hz to 10 Hz
curve 1 : accelerating structure temperature
curve 2 : waveguide temperature
For the Linac Collider the klystron collector is used as a main
heater source. It isn't possible to connect the heater with the
supply water tube because the waterflow wouldn't be enough
for cooling the section. Therefore it is connected with the
return water tube and so a booster-pump is needed. The next
picture shows such a possibility using only a few elements but
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Fig. 8 : Temperatures by changing the power into the
structure and klystron
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Positron Production for the S-Band and TESLA Linear Colliders
Rainer Glantz, DESY Hamburg, Germany

Abstract

Frequency
[
1
Future linear colliders require positron sources with inten- ow
1
1
i
sities up to two orders of magnitude higher than the ex1
i
isting ones. This would be very difficult to realize with
I
I
conventional sources. A more reasonable way is to use
1
photons generated in a wiggler or a superconducting heli|
i
cal undulator which are converted into positrons in a thin
i
i
i
target. In order to ensure the passage of the beam through
i
{
!
1
the wiggler or undulator without mechanical damage and
j
i
to provide a small radiation spot size of the photons on
|
the target, the horizontal and vertical emittances are limj
ited. For economical reasons it is advantageous to use the
j
i
disrupted high energy electron beam after the collision to
i
.1
,., i
_Jj
generate the photons. The demands on the emittance and
!
the specific beam properties after the interaction region
i
1
,»—I—»~
>~i —~
"TL^
(IR) require a careful handling in the following capture
•15
optics for both the TESLA and the S-Band linear collider.
It has been found that it is rather simple to fulfill the re- Frequency
Ap/p in TO
quirements on the unpolarized positron source for both linear collider schemes. The realization of a polarized source Figure 1: Distribution of energy deviation of the disrupted
for TESLA is more difficult but possible whereas the po- beam for the TESLA linear collider.
larized source for the S-Band linac is still under study.
0.12

1

j

ics of undulator radiation show that the emitted photons
have different polarization properties related to the angle
Based on the idea of V.E. Balakin and A.A. Mikhailichenko of emission with respect to the electron path through the
[1] the concept to realize a high intensity positron source undulator.
For using the circular polarized radiation on the target
using the disrupted electron beam has been worked out by
K. Flottmann [2] It has been shown that a 35m long planar it is not only important to focus the electron beam such
wiggler is sufficient to produce the photons for the unpo- that the emitted photons hit the target in a certain area.
larized source, while the polarized positron source needs a It also has to be ensured that no mixture of photons with
120m long superconducting helical undulator. From aper- different spin orientations dilutes the polarization of the
ture limitations in these devices the captured spent beam positrons.
The requirements on the emittances from ref.[2] are
has to fulfill certain emittance requirements.
An additional constraint exists for the polarized positron shown in tab.l
source. Analytical calculations (see [2]) of higher harmonThe beam after the IR
Introduction

Due to the very strong beam-beam force the particles perform oscillations around the beam axis during the bunch
crossing. The particles are receiving kicks depending on
the relative displacement of the orbits. This effect, called
e z /rad • m
disruption, causes a broadening in the angular distribution
£ y /rad • m
after the IP. The beam size remains nearly constant or even
decreases due to the focussing pinch effect.
Table 1:
Maximum, tolerable beam emittances for the planar wiggler The oscillating particles emit high energy synchrotron
radiation (so-called beamstrahlung). This statistical proand the helical undulator.
cess causes a broad energy spread of the disrupted beam
hel. undulator
(pol. source)
5-1O"10
5-1O"10

wiggler
(unpol. source)
1•10-"
6•10" 8
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A/A

M

o»/a y

[rad]

<rx/o~y

[nm

ex/eyfm-rad -1CT13]

A£mean

[%

S-Band
3.10/0.34
1.88/0.49
34.5/0.88
326/17.2
2.76

To fulfill the demands on the emittance the spent beam
has to be separated from the oncoming beam as smoothly
as possible to avoid emittance growth due to quantum fluctuations.

TESLA

6.06/0.66
1.94/0.93
113.0/1.2
825/28.6
3.15

Methods

Table 2:
Beam properties behind the IR for the S-Band and TESLA
linear collider

and a mean energy loss of the order of 3.0% of the initial
energy. A non negligible part of the beam has lost more
than 10% energy.
Fig.l shows the energy distribution after the interaction
for TESLA. The energy distribution for the S-Band linac
looks similar.
For all investigations a data set of roughly 12000 particles was created with a beam-beam simulation program
by R. Brinkmann [3] using the parameters at the interaction point for the TESLA [4] and S-Band linear collider [5]
Tab.2 shows the beam properties behind the interaction.
The spent beam separation

To investigate the feasibility of the positron source for the
TESLA and S-Band linear collider a tracking code which
simulates the beam transport including the quantum emission was set up.
The tracking step width was chosen such that the average number of the emitted photons per step was much
smaller than one. Then the process of photon emission
follows the Poisson distribution and the probability of radiating more than one photon per step was low.
To consider the geometrical boundary conditions a program was developed which allows to study both the beam
optics and the geometry of the capture system with regard
to the oncoming positron beam line.
The chromatic fit was done taking into account the
asymmetric energy distribution and the phase space distribution after the IR. During the interaction the particles on
axis are not deflected by the oncoming beam. The deflection increases with the distance to the bunch center due to
the net coulomb force. After a maximum has been reached,
the kick strength decreases with increasing distance. Thus
the horizontal phase space exhibits an S-shape.
The goal energy bandwidth of the CCS was divided into
10 intervals. For each energy a set of 9 test trajectories was
created representing the initial phase space distributions.
Each trajectory was supplied with a weight factor to represent the energy spectrum and two weight factors representing the phase space densities of the complete ensemble.
The chromatic aberrations by optimizing the sextupole
strengths in the beam line such that the effective emittance
at the end of the CCS was minimized.

The disrupted electron beam leaving the IR must be separated from the oncoming positron beam to avoid parasitic
interactions.
The bunch spacing of 212.4 m for the TESLA linear collider allows to separate the beams over a long distance.
Therefore a crossing angle is not needed. The spent beam
is focussed by the FFQ doublet for the oncoming beam.
An electrostatic separator is proposed to extract the
spent beam from the oncoming beam line. The separator
consists of electrostatic and magnetic deflectors combined
in the same unit to provide deflection of the outgoing beam
Results for the TESLA linear collider
and not to effect the incoming beam [6].
Since the vertical emittance after the interaction is about
two orders of magnitude smaller than required, it is suffi- An optical system has been developed which fits the
boundary conditions of the tunnel geometry (see fig 2).
cient to compensate only the horizontal chromaticity.
After tracking all particles through the capture system
the
emittance as a function of the energy deviation was esBoundary conditions for the design
timated. So it was possible to find out the particles which
For a most cost efficient way of integrating the positron had to be collimated along the beam line to fulfill the emitsource into the collider layout, the collimation system and tance requirements.
The remaining beam after the collimation has been fothe radiation production device with the target and the
following positron capture optics has to fit into the tunnel cussed providing a small radiation spot size on the target
and avoiding that particles hit the wiggler or undulator,
of the oncoming positron beam.
The chromatic effects which would increase the emit- respectively.
It has been found that 83.2% of the particles can be
tance by three orders of magnitude have to be compensated
captured to produce radiation for the unpolarized source
by a chromatic correction system (CCS).
Even with an optimized achromatic system it is not pos- in a 35 m long wiggler.
A polarized source using radiation produced in 120 m
sible to transport the whole beam from the IR on through
the capture optics and afterwards through the wiggler or long superconducting undulator with an aperture of
undulator. Thus the low energy tail of the beam has to be 2.5 mm can be realized using up to 61.7% of the initial
spent beam.
collimated.
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As worked out in [2] a capture efficiency of 70 % of the
spent beam would fulfill the demands on the positron production rate with a safety factor of 2. Hence both position
sources are feasible for the TESLA linear collider.

with a chromatic correction of the downstream optical elements.
To realize the polarized source a multipole analysis of the
FFQ fields along the path of the disrupted beam through
it and a following correction of their influence looks very
promising.
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Figure 2: Beam line for the disrupted beam with the 120
long undulator (lower branch) and the oncoming positron
beam (upper branch) for the TESLA linear collider [7]. At
the end of the capture optics the separation is l.Sm

Peculiarities for the S-Band linear collider
For the S-Band collider the bunch spacing of 6ns would
cause a parasitic interaction with the oncoming beam after
0.9 m. To protect the oncoming from the disrupted beam
and from the high power beamstrahlung a crossing angle
of 6 mrad is foreseen.
Thus the disrupted beam after the IR enters the final
focus quadrupoles (FFQ's) for the oncoming positron beam
about 12 mm displaced from the axis in the pole tip region.
The magnetic field in this region has higher order multipole
terms which cause an additional increase of the horizontal
emittance due to geometric aberrations.
The field was analyzed and the particles were tracked
through it.
It has been found that 83.4 % of the spent beam at the
end of the horizontal and vertical achromatic section fulfill
the emittance requirements for the unpolarized source.
The polarized positron source for the S-Band linear collider is still under study.

Conclusion
It has been shown that both positron sources can be
realized for the TESLA machine. The capture efficiency for
the polarized source could even be increased by changing
the horizontal /^-function at the IP by a factor of 2. This
would cause a luminosity loss only by a factor \jy/2 but
the efficiency would rise up to 85 - 90 %
For the S-Band linear collider it is possible to drive the
unpolarized source taking the beam after the FFQ's only
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A bs tract

OTR monitor system

A bunch by bunch profile monitor system using optical
transition radiation (OTR) is developed for an Accelerator Test
Facility (ATF) linac. The ATF consists of a 1.5 GeV linac and
a damping ring is now under constructing in KEK. The linac
accelerates a multi-bunch beam (20 bunches/pulse, 2 x 1010
electrons/bunch, 2.8 ns spacing between bunches). The energy
spread of the multi-bunch caused by the transient beam loading
is a significant problem for the injection of the damping ring.
The linac has energy compensation system to compensate the
energy spread of the multi-bunch. In order to measure the
energy and energy spread of each bunch, we developed the
monitor system. The system and the measurement result are
reported.

The monitor setup is shown in Fig. 1. The OTR monitor is
located at the downstream of the first bending magnet and the
first quadrupole magnet of the beam transport line. The
position deviation at the place is calculated by
A£
A* = T , T ,
where h is the dispersion function.
Two stage actimtor
fluorescent screen/
OTR screen

J

Introduction
The Accelerator Test Facility (ATF) consists of a 1.5 GeV
linac and a damping ring(DR) is now under constructing in
KEK. The DR is designed to realize a small vertical emittance,
gny = -30 nm, for future Linear Collider. The commissioning
of the ATF linac had been started from November 1995 and the
commissioning of the DR will be started in the end of this
year. The linac accelerates multi-bunch beam. The beam has
20 bunches of 2 x 10"'electrons with 2.8 ns spacing. In order
to reduce the energy spread of the multi-bunch beam, due to
the transient beam loading, Energy Compensation System
(ECS) were installed and the preliminary experiment was
carried out [1],
The measurement system of the energy and the energy
spread of each bunch is needed for tuning the ECS. The optical
transition radiation (OTR) monitor was already developed for
the 80 MeV injector section [2]. The OTR is emitted when the
charged particles go through the interface which have different
dielectric constants. The polished stain less steal was employed
as the emitter for the OTR monitor. A fast gate camera
(Hamamatsu C2925) is used for observed the bunch by bunch
profile in the multi-bunch beam when apply the gate signal to
each beam timing. This monitor could measure the beam
emittance, energy and energy spread of each bunch at the
80 MeV injector section. The OTR monitor at 1.5 GeV
section is designed and tested for the above purpose. The spot
size limit of the OTR monitor according to ~yX/2n [3]. At
1.5 GeV section, the spot size limit is 0.24 mm for 500nm
wavelength. This value is assumed that is not so affected the
beam size measurement. Recently, the spot size limit was
discussed and tested [4,5].

current transformer

Fig. 1. Location of the OTR monitor for ATF linac.
The actuator system has two screens and can be stopped each
screen position at the beam line. One is fluorescent screen, the
other is the OTR emitter made by polished stain less steal
which has 1 mm thickness and 1/2X flatness. The emitted
light (fluorescent light/OTR) is reflected by a mirror to avoid
the x-ray and fed to a gate camera and a CCD camera by a half
mirror. The fluorescent light is observed by the CCD camera
and the OTR is observed by the gate camera. Both profile by
these monitors can compare each other.

Trigger control and video analyze system
The control system of the gate camera is shown in Fig. 2. The
gate camera can observed the bunch by bunch beam profile
when apply the appropriate gate width and timing. The timing
signal is created from the beam trigger. The signal is delayed
in 2.8 ns step and met to each beam timing by the delay
module. The delay module makes delay by count the reference
clock from start signal. The reference clock is synchronized to
the accelerating frequency. The trigger jitter of the delay
module is less than 10 ps. The fine delay C1097 (Hamamatsu)
adjusts the gate timing to the center of the beam timing. The
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cavity and the following bunches feel the reduced field caused
the transient beam loading effect. At the compensation
sections, each bunch feel the field of the different phase of the
cavity. The phases of compensation sections are synchronized
the beam from decelerate phase (first bunch) toward to
accelerate phase (20 the bunch). The compensation effect is
adjusted by changing the power of compensation section and
the relative phase of regular sections and compensation
sections.

pulse generator 8112A (H.P.) makes the gate width included
offset of -16.5 ns. The gate pulse of 3 ns is applied when the
pulse with 19.5 ns pulse width is generated by the pulser. The
8112Aand the C1097 are controlled by sub-control computer
(PC) thorough GPIB.

Characteristics of first gated camera(C2925)
1.5 10 4

1 104
(•ate camera
C2925

5000
Pulse generator
HP8I12A

CATV
l-inc delay
,' C1097

CAMAC
"

17

2.8ns
i Step delay

19

18

20

21

22

23

Delay(ns)

System trigger

Fig. 3.

Gate characteristics of the gate camera.

Relative phase and energy gain measurement

Control computer
Fig. 2. Trigger system of the gate camera.
The video signal of the gate camera is fed to the operator
room through CATV and analyzed by the video analyzer using
a work station. The analyzer calculates x- and y-direction of the
projection and the fwhm, the peak position, the peak value,
etc., in real time. The automatic data acquisition system from
Accelerator control computer (VAX VMS) is under
development.

The relative phase and the power of the compensation sections
were measured by scan the phase of the compensation sections.
The profile center of one of the bunches measured by the OTR
monitor were plotted in Fig. 4. The deviation from fitted value
is come from the non-linearity of the phase shifter.
Phase scan of the ECS
1.22

Gate characteristics
The characteristics of the gate camera is measured by using the
beam signal. The gate timing is scanned with 250 ps step. The
intensity of the profile is intensified and eliminated by the gate
timing. The characteristics is plotted in Fig. 3. There is a dip
between the previous bunch timing and the next one. This
means that the gate camera is distinguishable the profile
between the previous bunch and the next bunch. The
appropriate gate timing is decided from this data.
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ECSI-cffl Phase (dea.l

ECS experiment
Fig. 4.

Phase scan of the compensation section.

ECS system [6]
The ATF linac uses 18 accelerator structures of S-band
frequency. 16 regular sections which uses 2856 MHz and two
compensation sections which uses 2856+4.3 MHz. At the
regular sections, the first bunch feel the maximum field of the

Multi/single bunch energy spread measurement
The experiment was carried out following conditions, Energy =
1.16 GeV, bunch number = 20, total charge/pulse = 3.2 x
1010, 5.3 x 10'° electrons. It was measured at the case of a)
ECS off, b) ECS+ Af on, c) ECS±Af on. The bunch shape is
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shown in Fig. 5. The multi-bunch energy spread was
calculated from the current of the bending magnet and the
deviation from the center position of the profile which was
measured by the OTR monitor. The single-bunch energy
spread was measured from the FWHM of the x-direction
distribution of the profile. The multi-bunch energy spread and
the single-bunch energy spread was plotted in Fig. 6a), 6b) and
Fig. 7a), 7b), respectively.
Beam shape of the malti-bnnch bcara

-03

Summary
We could measure the multi-bunch energy spread and the
single-bunch energy spread of the ATF linac using the OTR
monitor. The ECS effect was confirmed that the multi-bunch
energy spread was reduce from 3% to 0.5% at the case of total
charge/pulse = 3.2 x 10'", 5% to 1% at the case of total
charge/pulse = 5.3 x 10'", respectively. These results were
lager than the calculated value from the transient beam loading.
It's assumed that the RF timing of each section were not
optimized for minimize the multi-bunch energy spread. The
single-bunch energy spread was less than 0.5% except for first
bunch at the case of total charge/pulse = 5.3 x 10'°. Some
deterioration for single bunch energy spread by the ECS effect
wasn't observed in these intensities.
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Fig. 6. Multi-bunch energy spread: a) total charge/pulse = 5.3 x
10"', b) total charge/pulse = 3.2 x 10"'.
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Fig. 7. Single-bunch energy spread: a) total charge/pulse = 5.3 x
10'", b) total charge/pulse = 3.2 x 10"'.
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Abstract

VME*1

workstation

Almost all of the signals of the linac control devices, roughly
6000 bytes in total, are scanned with a one-second interval. The
changes are recorded into log files during the linac operation as
long as three months. A tool, called 'devJiist', has been developed in order to display the histories of specified devices from
these log files. This tool provides mouse-oriented controls to select a device and a time-window of interest.
Introduction
The KEK injector-linac has provided 2.5-GeV electron and
positron beams to the downstream rings, Photon Factory and
TRISTAN. The control system for the linac was replaced by a
new one in 1993 [1,2]. The system comprises: a) 7-8 VME stations running under the OS-9 operating system, b) a few Unixbased servers, and c) a communication network by which computers are connected. So far it has operated successfully [3].
The present control system includes surveillance processes
which survey almost all of the signals of the linac control devices at a one-second interval. The total amount of signals is
roughly 6000 bytes. The change reports from these processes
are recorded into log files.
Since the log files consist of a large bulk of ASCII strings, it is
not easy to extract useful information from them. Thus, a tool,
called 'devJiist', has been developed in order to provide an easyto-use environment to display the histories of specified devices
from these log files.
This article describes how log files are created in the section
"Processes and log files". In the section 'Tool for deivice histories", the components of the tool are presented with some examples for a performance demonstration.

VME«n

Figure 1: Relations between the processes and logs.
from all of the VME stations are collected at a workstation, and
are redirected to some alarm applications as well as to log files.
The number of signals with one change monitor in a VME
is: a) 440 bytes for eight klystrons and one booster, b) 160-600
bytes for 3-8 power-supply controllers for magnets, c) 60-180
bytes for 1-3 vacuum system controllers, and d) 10-120 bytes of
other signals. As a result, the whole system takes care of 6000
bytes of the signals.
The average number of reports during normal operations is 10
per one second. It is also worth noting that the CPU consumption rate by a change monitor is roughly 10% with a 68040 CPU
running at 25 MHz.

Processes and log files
Log files

Processes
Each VME station has a few (typically 4) field network lines.
These field networks have been used to link the distributed device controllers [4]. As shown in Fig. 1, polling processes are
running at each VME station. They scan all of the signals of the
device controllers, and write them in the shared memory area.
The scan rates are set at 1-2 Hz. As a matter of fact, the shared
memory area keeps up-to-date values of all the controller signals.
A surveillance process, called "change monitor", surveys the
values on the shared memory area with a one-second interval.
It creates reports only when changes are detected. The reports

The reports from the change monitors consist of ASCII strings.
They are identified and redirected into appropriate log files,
which exist for each device controller.
Fig. 2 shows a part of the log file for the klystron 'K42'. The
first line shows that the 28-th1 signal of the klystron changed
from 036b to 04d7 at the time 10:21:08. The next change of the
same data is found in the third line, which shows that the signal
changed to 0634 at 10:21:13.
During the three-month operation from October to December
in 1995, the total amount of log files was 1.7 GB. The number
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''lc' is the hexadecimal expression of the decimal '28'.

procedures in order to draw a history graph in the drawing area.
An overlook of devJiist is shown in Fig. 4.

of files is about 200, and the largest one has a size of 130 MB.
27/Nov/1995
27/Nov/1995
27/NOV/1995
27/Nov/1995
27/Nov/1995

10:21:08>
10:21:13>
10:21:13>
10:21:19>
10:21:19>

K42-ADC
K42-ADC
K42-ADC
K42-ADC
K42-ADC

Ic,04d7,036b
la,0cl4,0aa7
lc,0634,04d7
la,0a67,0cl4
lc,0497,0634

Figure 2: Example of a history log.

Tool for device histories
Overview
In order to display the histories of linac devices, a graphic tool,
called devJiist, has been developed. This tool is based on a commercial graphic package2 which provides command-driven interactive functions. We have developed three essential procedures.

Figure 4: View of the tool 'devJiisf.

hist_read - read a history log The histjread reads a specified log
file and loads the values into internal arrays. Since the sizes of
the log files are typically a few MB, and it takes a few minutes to
read a file, a special read-in routine was developed with C language instead of using a default read-in procedure. The present
read-in times are less than 10 seconds for most cases. It may take
a minute when the size is as large as 100 MB.

Demonstration
Some examples to demonstrate the performance of the tool are
presented.
A typical example: A typical example is already shown in
Fig. 3, which shows a one-week history for the RF phase of
klystron'K58'. The phase alternates between 170 degrees and
90 degrees several times. These two values correspond to those
for electron and positron injection, respectively. In addition,
zero values for very short duration (actually a few seconds)
are observed, which implies the occurrences of a self-reset procedure of the klystron controller due to large electro-magnetic
noise from the klystron itself.

hist-draw - draw a history graph The histjdmw displays a history graph according to the contents of internal arrays. The timewindow can be issued in a command-line with keywords. A typical example of a history graph is shown in Fig. 3.

K58 offset = 05
800

A graph with log scaling: Fig. 5 is an example with log scaling on the Y-axis. Note that the values of the Y-axis are calculated with pre-defined calibration coefficients. In Fig. 5 the vacuum level of the ion-pump 'IPK3-1' is shown for two weeks.
Some obvious peaks, which result from sudden changes in the
vacuum to worse, are observed on Tuesdays and in the afternoons of Thursdays. Those originated from the occasional output stops of all the klystrons due to the weekly maintenance every Thursday afternoon and accelerator studies every Tuesday.
Each time that we restart the high-power klystrons, it causes immediate changes of the vacuum to a worse condition, followed
by gradual changes which make it better.
Figure 3: One-week history for the RF phase of the klystron
'K58'.
dev Jiist - control with menus and buttons The devJiist procedure creates a window with many buttons and menu-bars. A
user can select a device and a time-window by clicking buttons/menus with a mouse. The devJiist invokes the previous two
2

We use PVWAVE provided by Visual Numerics Co.Ltd.

A bit-style display: Another functionality is a display in bitstyle, which is suitable for indicating logic signals. Two-week
histories of 16 logic signals of the klystron 'K54' are shown in
Fig. 6. Since the 6th bit indicates the high-power output, it is
usually 1 (output on). Thus, the observed changes of this bit to
0 correspond to the output downs of the klystron. The same as
in the above example, all of the output downs are on Tuesdays
and Thursdays.
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Figure 5: Vacuum level of the ion-pump 'IPK3-1'.
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Figure 6: Bit-style display for the logic signals of the klystron
'K54'.
Discussion
Before the devJiist became available, only a few members who
were very familiar with text-processing tools (i.e. sed, grep, cut,
etc.) could extract device histories from the log files. On the
contrary, the devJiist provides everybody possibilities of getting
device histories by themselves. The tool is especially useful in
cases of troubles, since it has abilities to prove the behaviors of
any device at the time of the problem.
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A Low Loss Drive Line Concept for Linear Colliders
M. Holtkamp and A. Jostingmeier
Deutsches Elektronen-Synchiotron DESY
Notkestr. 85, 22609 Hamburg, GERMANY
Abstract
In a linear collider, the drive line is the power feed line
which is used to excite the high power klystrons, along the
linac tunnel. The drive line typically has to fulfill a number
of requirements, e.g. phase stability, amplitude and phase
control as well as power distribution. A concept, especially
fitting the needs of a linear collider, is presented.
Introduction
Following the multibunch energy compensation concept
presented in another paper [1], amplitude and phase control are required at every klystron along the linac. In the
proposed 500 GeV center of mass S-Band linear collider
[2] for example, 2500 klystrons will require approximately
400 W drive power each. These klystrons are distributed
along the 30 km long accelerator. Therefore approximately
every 12 m the drive line has to deliver this amount of
power with the appropriate phase and amplitude control
within one pulse and with the required pulse to pulse stability. So far different ideas have been discussed to solve
this problem. For example, a low power glass liber could
be used to drive a solid state preamplifier in front of every
klystron, or a special drive klystron could power groups of
klystrons. While the first version turns out to be a rather
cost intensive one, it has certainly the greatest flexibility,
because the low power rf can be manipulated in front of
every klystron. The second version is certainly cheaper
but also requires a widely distributed rf control network.
Both systems involve a dedicated distribution system for
the low power rf and consist of a large number of components which tend to fail or have to be replaced according
to their lifetime. In this paper a technical solution will
be discussed which is based on the idea of using a single
high power drive line for many klystrons. This drive line
would be powered by the same type of klystron used to feed
the accelerating structures (150 MW peak power) and is a
passive system which should not require any maintenance.
Such a drive line system has a number of implications but
also many advantages.

here the velocity of light, along the linac. At the same
time the pulse shape (amplitude and phase) is not allowed
to change (mainly due to dispersion and mode conversion),
especially if phase or amplitude modulation is used within
each single rf pulse.
There are basically two concepts for realizing such a
drive line. Either a transmission line which supports a
TEM mode or a shielded waveguide without inner conductor may be used. Both approaches will be discussed.
Transmission line
The main advantage of a coaxial transmission line compared with any other waveguide is that it supports an almost dispersion-free TEM mode. The remaining dispersion
is due to the finite conductivity which increases the series
inductance of the line. Nevertheless, the increase in the
inductance due to wall losses does not lead to a significant
dispersion for practical lines.
Therefore the maximum length of such a drive line is limited by damping. Fig. 1 shows the attenuation constant a

Figure 1: Attenuation constant corresponding to the fundamental mode of a coaxial waveguide versus the
ratio of the radii of the inner and outer conductor
a and 6, respectively. The radius of the shielding
serves as parameter.

of a coaxial transmission line for various geometries. Let
us assume a radius of the outer conductor of 10 cm and
General Description
a ratio a/6 = 0.3. With these parameters a damping of
The main problem of a very long drive line is dispersion only 6 • 10~s dB/m is achievable if the drive line is made of
and energy propagation velocity. The rf pulse which fills copper with a conductivity of 5.8 • 107S/m. If we assume
the accelerating structure and accelerates the beam is only 150 MW rf power the maximum electric field strength is
2.8 us (ss 900 m) long. To excite every klystron in time, the about 3 MV/m which is sufficiently small to avoid breakdrive pulse has to travel with the speed of the beam pulse, down.
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Up to this point of the discussion we have considered the dispersed output signal, because no unique signal velocity
drive line as a pure transmission line. Nevertheless a coax- exists. Nevertheless, for narrow band signals the transial line is also a waveguide which supports TE and TM mitted signal is identical to the input signal, apart from
modes. Assuming a geometry as given above and a fre- the amplitude and a time delay. Let us assume an opquency of 2.998GHz, ten propagating higher order modes erating frequency of 3 GHz, a bandwidth of 1 MHz and a
exist. Some of the power of the fundamental TEM mode is group velocity of 98% -co- In order to achieve such a high
converted into higher order modes at the output couplers group velocity the corresponding mode has to be far above
and at the struts, see Fig. 2, which are necessary to sup- cutoff. With these parameters and L = 2 km, one obtains
port the inner conductor. Two serious effects arise from AvgT/vgT = 1.4-10~5 corresponding to a transmission time
error of AT = 90 ps which is small compared to the rf pulse
length.
Nevertheless one has to keep in mind that delay lines
with
well-defined length have to be inserted between the
coupling loop
drive line and each individual klystron feed, if the group
velocity is smaller than the velocity of light, in order to
keep the drive pulse synchronous with the particles (see
Fig. 3). The length of the first delay line is chosen to
be
40 m according to (1 — vgr/co) Lva whereas the last accoaxial feed line
celerator feed is directly connected to the drive line. In
between, the length of the delay lines has to be linearly
decreased. For practical reasons one would realize the dedrive line
lay lines as coaxial cables which unfortunately suffer from
a high damping, typically 0.4 dB/m. Hence the first deFigure 2: Cross section of a coaxial drive line with struts for
lay line leads to an additional damping of 16 dB which is
the inner conductor and a loop coupler.
not serious because the full klystron power of 150 MW is
available at the beginning of the drive line. However no
significantly smaller group velocity is allowable due to the
this mode conversion. Obviously some of the power in the
high damping of the delay lines.
fundamental mode is lost if it is converted into other modes
Circular waveguide
with higher damping. The second more serious effect gives
rise to signal distortion if the fundamental mode is conIf we consider the use of a circular waveguide as a drive
verted into higher order modes and some of the power of line, it would be desirable to use a TEom mode due to
these modes is converted back into the fundamental mode the unique damping property of these modes, namely, the
at a position further along the waveguide. In order to avoid attenuation decreases as / ~ i for high frequencies. This
signal distortion by conversion and reconversion the unde- feature of the TEom modes makes it possible to construct
sired modes have to be suppressed (attenuated) to avoid a very low-loss drive line in the case of / 3> f ,om- On
reconversion. Due to the large variety of traveling higher the other hand, the circular waveguide must havec a radius
order modes it seems to be impossible to construct mode of more than 30 cm in order to achieve a group velocity
filters in order to suppress all of these modes. Therefore
the cross sectional dimensions of the coaxial line have to
be reduced down to the single mode operation regime in
drive line
order to obtain mode stability. This requirement limits
the radii of the inner and the outer conductor to 0.75 cm
and 2 cm, respectively. On the other hand, the damping of
such a drive line amounts to 24 • 10~3 dB/m which is not
acceptable because less than 2 km could be fed only.
From the above discussion it can be concluded that a
coaxial waveguide is not suitable for a long drive line because a low loss coaxial line with a large cross section tends
klystrons
to mode instability while a structure with reduced cross
section has too excessive losses.
Waveguides

accelerator feeds

In a waveguide which does not support a TEM mode,
signal distortion occurs due to the non-linear frequency
dependence of the propagation constant 0. Different parts
of the signal travel with different velocities leading to a
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Figure 3: Schematic drawing of a drive line system with five
feeds in which the group velocity of the drive line
is less than the velocity of light.

of 98% • Co. This however seems not practicable. Besides
the fact that such an oveimoded waveguide in general generate mode instabilities, mode conversion turns out to be
especially crucial using TEom modes because of the degeneracy of the TEom and the TMi m modes. In order to
avoid this problem a mode filter which suppresses modes
with current flow directed along the waveguide axis (TMim
modes) is necessary. Nevertheless such a filter leads to a
rather complicated structure of the drive line.
In conclusion it has to be stated that a circular waveguide exhibits excellent damping properties. Nevertheless
this design is not suitable for a drive line because a small
signal delay due to the frequency dependence of the propagation constant requires a large cross sectional dimension
of the waveguide which directly implies mode instabilities.

Figure 5: Fundamental mode, f) = 61.83m *.
the field distributions of all higher order modes are spread
throughout the cross section of the waveguide these modes
are strongly attenuated by losses at the side walls, whereas
the damping of the fundamental mode is not significantly
increased. If we insert two absorbers of 4 mm thickness
and a loss tangent of 0.2 at the side walls of the waveguide
the attenuation of the fundamental mode is increased by
only 3.29dB/km whereas the increase in damping for the
higher order modes is much higher. The absorbers give
rise to an attenuation of at least 35.1dB/km for the third
higher order mode which seems to be strong enough in
order to guarantee mode stability.

Ridge waveguide
In order to keep the group velocity close to the velocity
of light it cannot be avoided to use a highly overmoded
waveguide. Such a waveguide may be used if one can control the higher order modes.
In a ridge waveguide, see Fig. 4, the electromagnetic
field is concentrated in the vicinity of the ridges whereas
higher order modes extend throughout the cross section of
the waveguide. These modes can be suppressed by suitable
absorbers located at the side walls. Furthermore the fundamental mode of the ridge waveguide has a relatively low
cutoff frequency due to the high capacitive loading associated with the ridges. This leads to a high group velocity
compared with conventional waveguides.
A ridge waveguide with outside dimensions of
(a = 200 mm) x (b — 100 mm) and a ridge radius of r =
33 mm is assumed. Due to the high field strength in
a drive line it is not recommended to use rectangular
ridges which may lead to discharge close to the edges. Instead, circular ridges seem to be more suitable. Fig. 5
shows the transverse electric field of the fundamental mode
(vgT = 98.4% Co). Again, for a 2 km long drive line a coaxial delay line of 32 m has to be used at the first klystron
feed (see Fig. 3).
The attenuation of the dominant mode (7.11dB/km) is
comparable to the above discussed coaxial drive line. Since

Conclusions
A drive line concept for a linear accelerator has been
presented which allows the simultaneous and synchronous
excitation of a large number of high power klystrons. Various types of waveguides, namely, coaxial transmission
lines, circular waveguides and ridge waveguides have been
investigated. From the different types proposed here only
the ridge waveguide fulfills all the necessary requirements
which are low losses, low signal distortion due to dispersion
and good suppression of higher order modes. From the calculation provided in this paper, it seems feasible to supply
a 2-3 km long subsection of the linear collider with a single drive line if one of the 150 MW high power klystrons is
used to generate the drive signal.
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absorber

Figure 4: Cross section of a ridge waveguide with circular
ridges and absorbers at the side walls.
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A BEAM BASED INTERACTION REGION FEEDBACK FOR AN S-BAND LINEAR
COLLIDER
G.A. Voss; R. Brinkmann, N. Holtkamp
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Notkestr. 85, 22603 Hamburg, Germany

Abstract
Fast ground motion will cause independent orbit
movements in the two linacs of a linear collider such, that the
beams may miss each other at the interaction point (IP). But
even at rather large vertical beam-beam separations at the IP,
beams will deflect each other through their electromagnetic
fields. By measuring the position of a beam, which has just
passed the IP and compare in it the position of a first pilot
bunch -which does not have a partner in the opposing beamwith that of the following bunches in the same bunch train,
the opposing beam can be steered with ultra fast kicker
magnets for optimum collision at the IP. A feed-back system
based on this principle will make the necessary steering
corrections within a time short compared to the duration of the
bunch train.

the experiment of a linear collider. Vibrations from the linac
quadrupoles are not correctable by this method with resonable
effort.

ideal beam orbit
orbit due to beam beam kick

Introduction
Fast beam steering at the interaction point, which relies on the
beam-beam effect of colliding bunches, is a powerful tool to
relax nanometer tolerances for final focus quadrupoles in linear
colliders. Even betatron amplitude growth excited by vibrating
quadrupoles further upstream in the linac, which is not
filamented by the time the beam reaches the IP, can be
corrected with fast beam steering. From Tracking calculations
we expect only 30% filamentation over the entire length of the
linac [1].
One stringent requirement for a feedback, which corrects the
bunch train offset in the IP is, that the beam pulse is long
compared to the overall processing time of the detected signal
from the beam position measurement (BPM) to the kicker
magnet. Parameters that influence this delay are the distance of
the beam position monitor to the IP, the processing time of
the feedback loop and the required magnetic field strength
compared to the available peak power of the amplifier
(compare Figure 1). The amplitude of pulse to pulse ground
motion which can be expected from measurements done in the
HERA tunnel, which is a tunnel under the city of Hamburg
with an colliding beam facility, [2, 3] is approximately 70 nm
rms for Frequencies below 1 Hz which is roughly six times
the design vertical beam size. In order to limit the Luminosity
reduction to 5%, the jitter at the IP should be smaller than
30% of the beam size, which is 5 nm in our case. A list of
the interaction region parameters is extracted [4] from the
complete list and given in Table 1.
One possibility to achieve this tolerance is to design a
passive support system that keeps the final doublets at a given
position over a time scale much larger than the repetition rate
of the accelerator. This is certainly a challenging task for the
technical design of the quadrupole supports which are part of

Riot Bunch
Colliding ref.bunch

.

orbit of pilot bunch
. orbit of colliding bunch; no feedback
_ ™«. _ orbtt of colliding bunch with feedback

Figure 1 Sketch of the interaction region layout and the location
of the beam position monitor and the kicker magnet. The pilot
bunch is the first bunch in the left train with no interacting
counter part.
Table 1: Interaction region parameters for the 500 GeV Sband Linear Collider Study
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NP per bunch
vert, beam size (no pinch)
horiz. beam size (no pinch)
Disruption (vertical)
Disruption (horizontal)
3v at IP

3, at IP
bunch length
crossing angle
bunch train length
bunch to bunch distance
distance: BPM to IP

nm
nm

mm
mm
mm
mrad
Usec
nsec

m

1.1*10'"
15

335
7.1
0.32
0.45
11.0
0.3
6
2
6
>2

For the S-Band Linear Collider study two feedback loops
are foreseen to relax this tolerance well beyond the measured
value of 100 nm which was mentioned before. One loop relies
on a direct measurement of the quadrupole vibration in
combination with a mechanical (or correction magnet)
feedback. Such a loop has been tested already and a suppression
of a factor of 4 in amplitude for the rms value at 2 Hz has
been proven [5]. This feedback loops have mainly been
developed to correct the linac quadrupole vibration. The second
loop will be described in more detail in the following text.

The Principle of the Measurement and the
Resolution
For a round beam the beam-beam force of two colliding
bunches is proportional to the separation of the two bunches
over approximately one a. Operating with an aspect
ratio(=ax/ay) of 20 (or more), as it is foreseen in Linear
Colliders to reduce the beamstrahlung, produces an almost
linear beam-beam force over approximately 10 ar According
to the beam-beam simulations using the parameters from
Table 1, the kick angle a per a y separation of the two
colliding beams is given to within a good approximation by:
a[mrad] := — • 0.057 mrad

(1)

Let us assume that the BPM next to the IP is located at the
position of the first quadrupole of the final doublet, which is 2
meters away. At this position the beam offset in the monitor
according to formulae (1) would be 120 |im per oy separation
at the IP, which is easy to measure as compared to the
4 micrometer resolution being required for the rest of the linac
BPM's.
A method based on beam-beam deflections to measure
precisely the offset of the two colliding beams has been used
for single bunch operation in the SLC from pulse to pulse
already [6]. On the other hand, a bunch to bunch measurement
of the beam position, as being proposed for the TESLA Linear
Collider study for both outgoing beams within one pulse can
not be used, because of the delay time for signal processing as
compared to the overall pulse length and bunch to bunch
distance (compare Table 1). Therefore, in case of the S-Band
Linear Collider study, a combination of both methods is
proposed which uses a pilot bunch in one of the two colliding
beam pulses and only a single BPM in combination with a
single kicker magnet. Using such a scheme has the significant
advantage, that almost no mechanical disturbance with an
amplitude larger than a nanometer (vibration, girder resonance
etc) can separate the colliding beams on the time scale of one
bunch train length (2 usec -> 500 kHz), once they are
colliding.

The Interaction Region Layout
The location of the beam position monitor and the kicker has
to be as close as possible to the IP in order to reduce the
processing time of the feedback loop. Because the quadrupole
next to the IP will have an integrated BPM the shortest

distance is 2.2 meters from the IP. If the delays on cables, the
response time of the feedback amplifier and the finite rise time
of the kicker are added up, an overall delay of 50 nsec is
expected. If we assume in addition that one bunch train will
have a pilot bunch, the delay will increase to about 60 nsec.
Therefore 3% of the 2 pisec long beam pulse will not be
corrected and, if far enough separated between pulses, will not
contribute to Luminosity. In case of SLED operation with a
500 nsec long beam pulse, as foreseen for the energy upgrade
to 800 GeV, the potential loss will increase to 12%. A
continu-ous measurement of the beam-beam separation during
the pulse will be done to correct even displacements which
change along the bunch train.

The Kicker Magnet and Amplifier
The beam-beam force with flat beam operation is
approximately linear over 10 or
In order to allow orbit corrections at the IP for a value of
150 nm, the required kick is only 0.07 (J.rad, if a distance
from the kicker to the IP as close as the BPM position is
assumed. For the 250 GeV beam a magnetic field of 6 x
10"5 T is sufficient. The kicker will be a stripline type kicker
fed by two broad band amplifiers which can excite a maximum
magnetic field of 1.1 x 10-4. The parameters are given in
Table 2.
Table 2: Design values for the feedback kicker and the broad
band amplifier.

Stripline Kicker
aperture radius
effective length
ma^etic field (max. possib.J

mm
mm
Tm

10
500
1.1 x 10~4

Usec
MHz
kW
A
nsec
Hz

2
50
2.5

power amplifier
pulse duration
bandwidth of amplifier
peak power /amplifier
pulse current
rise time
repetition rate

± 10
20
50

The power amplifiers deliver a peak power of 2.5 kW each and
have a bandwidth of more than 50 MHz to power each strip. A
sketch of the kicker is shown in Figure 2.

The Beam Position Monitor
In order to measure the beam position of the pilot bunch with
respect to the colliding bunches an analogue delay will be used
to subtract the two signals from the pilot bunch and the first
colliding bunch directly. In addition the bunch intensity must
be determined as well because the beam-beam kick is
proportional to the bunch charge in the opposite beam. The
resolution of the beam position measurement is 5 p.m [7]
which is 4% of effect of a one a y separation and the bunch
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intensity measurement should be of the some order of
magnitude. A sketch of the BPM set-up and the readout
electronics design is shown in Figure 3.

Kicker strips
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Figure 2: Sketch of the Kicker magnet and the pulse forming
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Figure 3 : Schematics for the beam position monitor and the
readout electronics.
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MULTIPLE BEAM COUPLED CAVITY MICROWAVE PERIODIC STRUCTURE1
A.V. Mishin^R. Schonberg, H.Deruyter, T.Roumbanis
Schonberg Research Corporation, Santa Clara, California, USA
R.Miller, SLAC, California, USA
J.Potter, JP Accelerator Works, USA
space charge limitations due to reduction of aperture size at
high frequency observed, for example, in X-band.

Abstract
Concept of parallel electrical circuit was applied to
microwave structures and resulted in multibeam or quasihollow beam structure (MBS) concept [1]. The proposed
concept allows to modify magnetically or electrically
coupled periodic microwave structure into the proposed
multibeam or hollow beam structure and can be used for any
charged particles. Concept analysis and some results were
presented at EPAC96 conference. A prototype with four
beams - four beam structure (FBS) based on a side coupled
structure has been studied both theoretically and
experimentally [2]. A number of applications is expected for
this concept. It permits to transmit higher beam current in
multiple beams compared to a single beam current which is
restricted due to space charge limitations, especially at
higher frequency. First prototype of the designed FBS is
built in X-band. 10 cm long electron beam head is designed
for 1.2 MeV electron energy, 1 A total electron beam current
and 1 kW average beam power. Various applications in
microwave tube technique are studied.

coupling slots

hollow or multiple
particle beam

Figl. Magnetically Coupled MBS.
Beam cross section at radius R is shown as quasi-continuous,
though it could be built of multiple small apertures.
coupling cavities

Introduction
An idea of building microwave linear accelerators in a
frequency range close to and beyond 10 GHz has lately
become very popular both for high energy and portable
accelerators. However, difficulties of this "state-of-the-art"
technique such as manufacturing and tuning of microwave
cavities become much more complicated at 10 GHz and
higher compared to S and L band.
Operating at higher frequency permits a reduction in outline
dimensions and weight of the final package. However, in
higher frequency ranges one faces a problem of beam current
restriction among a number of other complications. Beam
current is restricted by physical aperture size due to space
charge limitation and, in commonly used structures, it is
difficult to exceed this limitation of approximately 109 I/cm3
without affecting structure efficiency and energy gain.
Multiple Beam Concept and Structure
Multiple or hollow beam concept for microwave structure
design is proposed [1] to expand range of beam current
which could propagate through the structure. Exaple of MBS
design is shown in Fig.l, 2. MBS permits exceeding the

hollow or multiple
particle beam

Fig. 2. Electrically Coupled MBS.
The proposed structure could also be used to increase energy
gain for the same linac length in a mode of multiple pass
operation.
Energy gain will be increased in proportion to N , where
N is number of beam passes, assuming that we use the same
power source and structure volume grows proportionally to
N. Therefore, with four passes, energy gain would be two
times higher, with 16 - four times higher, etc. Bending
magnets could be used to bend the beam ISO degrees.
Potential application of the proposed concept and the
corresponding variations of structure design could be found
in many areas where accelerators are used. We can foresee
various commercial applications, such as non-destructive
testing, sterilization, etc. Concept could be applied to design
of microwave amplifier tubes. Hollow beam instabilities have
been studied and observed by Kyhl and Webster at low

- wore was supported by Department of Energy, SBIR grant FG03-95ER82065
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accelerating caviti

energies (<100 keV) for TWT[3] applied to traditional
structures with beam concentrated in the center. One of the
ideas, expressed in the accelerator physics community is to
develop a "table-top" FEL for commercial applications with
an acceptable price range. X-band accelerator for 9 - 13
MeV is a potential source for that application. The proposed
system seems also to be attractive for devices using beambeam interaction.
The coupled circuits model and microwave theory was used
to analyze one of the simple realizations of the proposed
concept. An FBS cavity was designed which is capable of
accelerating four parallel beams, the tuning procedure was
refined and microwave properties of the structure were
studied. The study could be considered successful as our
analysis confirmed predictions made at the very early stage
of development.

ko

Fig. 4. Schematic representation of two "rinlgs" of FBS
cavities coupled through a single coupling cavity.
Since the internal modes don't propagate only if the cells
and coupling apertures are perfectly symmetrical, the
coupling factor k0 should be kept large to keep the internal
modes away from the operating frequency to reduce the
likelihood of coupling microwave energy to these modes.

Study of Four Beam Structure (FBS)
Experimental Verification
Theoretical Analysis and Coupled Circuit Model
To study MBS properties, we decided to start with a
simlified version of FBS resonator [2]. The resonator is
shown in Fig. 3. Two "rings" of four cavities, coupled
through a central coupling cavity have formed the
complete resonator.

Test resonator was made by combining the cells, shown on
Fig. 5.

Fig.5. Manufactured X-band Cavity

Fig. 3. One-period FBS Resonator Analyzed By Means of
Coupled Circuit Model.
Schematic for two rings of coupled half cells, coupled
together through a single coupling resonator is illustrated in
Fig.4. This element represents a period of the four-beam
accelerator structure. The modes of resonantly coupled,
multibeam structure were analyzed by establishing the
notation and normalization for the simple structure so that
the impedance matrix of the more complicated multibeam
structure can be written by inspection.
The analysis shows that the structure behaves like a normal
biperiodic coupled-cavity linac structure with coupling factor
ki , with the addition of the non-propagating modes due to
the internal resonances of the multiple gap accelerating cells.
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Coupling between the cavities in the rings was introduced
and changed during the measurements to study theoretical
predictions, which were in a good agreement with
experimental results. We found that the structure behaves
like a conventional biperiodic structure with multiple
resonant frequencies which correspond to the case of
unexcited coupling cavity. Each of this frequencies represent
various modes for single "ring " of four resonators. Detailed
analysis of the experimental results was provided earlier
[2].
Four Beam 1.2 MeV Linac Head
Presently, we plan is to build a working prototype which will
deliver 1.2 MeV electron beam at 1 A current in four beams
in 12 cm long X-band structure, using the studied FBS (Fig.
5). The goal is to achieve 1 kW average power stored in four
beams at 0.001 duty factor and 70 percent beam efficiency.
Comparative view of 6 MeV single beam side coupled

Comparative view of 6 MeV single beam side coupled
structure designed for MINAC accelerator and the proposed
1.2 MeV four beam Iinac and is shown in Fig.6. Dimensions
are shown in millimeters.
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Fig. 7. Load Line for 10 cm long at 1.8 MW RF power.

Projected 4 beam
1.2 MeV, 1A
X-band
Fig. 6. Comparative view of two structures
Length of FBS linac, which is approximately equal to
IX, where Lminace is,obviously, length of MINAC-6. The latter
is designed for energy of 6 MeV. The improved version
utilizes a shorter section and delivers 5 MeV electron beam
with beam current of approximately 100 mA. As RF length
Lminaes equals 40 cm, corresponding RF length of a projected
FBS approximately 10 cm.
Calculated and experimental load lines for MINAC-5 were
in a very good agreement. The maximum current transported
through the section is 110 mA. This is a maximum value
which we were able to achieve in X-band linac using
magnetron as a power source.
If the proposed FBS linac would have similar characteristics
and four accelerated beams, simple considerations tell us that
using four times higher power magnetron (6 MW), beam
current would be 440 mA at the same energy of 6 MeV.
In FBS, we expect to increase beam efficiency to about 60 to
70% and have 1 A at 1.2 MeV with the same magnetron
power (1.5 MW CTL1100).
Load line and efficiency for the proposed FBS is shown on
Fig. 7. Maximum energy is about 1.8 MeV, and efficiency
reaches its maximum at approximately 1.5 A beam current.
Beam dynamic analysis for the FBS short segment has been
made using PARMELA computer code. It shows that no
focusing is required for the electron beam in order to
propagate down the structure.
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Conclusion
FBS was studied as an example of MBS concept, described
in [1,2]. The proposed technical study appears to be
successful and might help to solve the problem of beam
current limitation or increase energy gain by using mulripass
operating mode. The proposed concept seems to be a new
technical approach in accelerator structure construction and
has a number of various practical realizations. The concept
could be used for e-beam processing, high energy
radiography, computer tomography, and other applications.
It does not seem possible to have every proposed design
studied in details in a reasonable period of time. However,
we are hoping to continue our study of various types of the
proposed structure design. Potential application of the
proposed structure could be found in many areas where
accelerators are used.
This article concludes an analysis made during the first stage
of a study conducted in order to introduce the multibeams
structure design. We have proposed a "turn-key" prototype
linac using a miniature 12 cm long FBS and a 1.5 MW Xband magnetron as a power source. Performance goal for the
electron beam head is to operate at beam energy of 1.2 MeV
and beam peak current of 1 A with no external focusing,
providing, therefore, around 1 kW average power stored in
four beams at 0.001 duty factor.
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DESIGN AND APPLICATION OF MICROWAVE STRUCTURE
FOR LOW VELOCITY PARTICLES
A.V. Mishin
Schonberg Research Corporation, Santa Clara, California, USA

Abstract
A microwave structure design concept invented in 1988 has
been studied and tested for a number of years. The structure
employs Alvarez type resonators coupled to each other
through coupling cavities to maintain satisfactory
neighboring resonance separation and beam stability. This
design is applicable for charged particles with velocities in a
region of 0.1 c to 0.5 c. As an example, the structure was
applied for various electron linacs both with on-axis
electrical and off-axis magnetic coupling in a lower velocity
region. Achieved accelerator performance makes the concept
highly recommended for practical applications.

a. On-axis coupled structure

Introduction
As was described in earlier publications [1, 2, 3], the
proposed concept combines the principle of standing wave
coupled cavity structures with Alvarez structure, providing,
therefore, a way to cover a range of charged particle relative
velocity from 0.1 to 0.5, where standard coupled cavity
structure is ineffective. In a period of approximately eight
years from 1988 to 1996 the concept and properties of the
proposed design were studied and two working electron
linacs [i, A] were developed. This concept is used to increase
efficiency of particle capture and acceleration in the
corresponding velocity range. In 1994, the concept and a
similar structure called CCDTL was studied [5] as applied
for proton and/or ion accelerator design by a group at Los
Alamos National Laboratory. The concept has proved itself
as vital for both electron and proton linacs and appears to be
a powerful tool for microwave accelerator design.

b. Side-coupled structure.
Fig. 1 Conventional biperiodic structures.

a. On-axis coupled structure

Description of Concept
The original patent [1] describes an improvement of an onaxis coupled regular or biperiodic resonant structure formed
by the sequence of disk irises in a waveguide. This
configuration is well known as disk loaded waveguide
(DLWG). During operation in it/2 mode, every other cavity
has an accelerating field component. Cavities between them
play role of phase shifting, or coupling cavities.
In the case of the well-known side coupled structure, the
coupling cavities are removed from the beam axis in order to
increase the value of shunt impedance of the structure, as
shown on Fig. la and Fig.lb. Modification of the side
coupled structure is made in a similar way [2].
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b. Side-coupled structure.
Fig. 2. Modified structures with a drift tube in the center of
accelerating cavity.
An additional drift tube is introduced close to the center of
an accelerating cavity, maintaining phase locked fields on
both sides of the drift tube. Thus, fields on each side of the
drift tube oscillate with phase shift ©, equal to 27cn, where n

is integer. Coupling between the two newly formed cavities
which form a single Alvarez resonator is very high to have a
good mode separation. Phase shift between the neighboring
Alvarez resonators remains equal to n, so that the structure
conserves properties of a regular biperiodic coupled cavity
structure.
This introduction, in fact, creates a sequence of Alvarez
resonators, coupled to each other through the same coupling
cavities, as shown on Fig. 2a and Fig.2b.
For the conventional structure, one can find the minimum
theoretical particle relative velocity pmin when the
corresponding accelerating gap, or a distance between two
neighboring irises becomes equal to zero.

where

k - wavelength in free space;
t - iris thickness;
e - mode, or phase shift per cell, w/2 in this case.

It is assumed that when the accelerating gap is negligibly
small, the period of the structure D remains constant along
the central Z axis. Moreover, at particle velocities B close to
pmi, the accelerating cavities in the structures shown on
Fig. la and Fig.lb look nearly the same. The drift tube
length (Fig.lb) becomes equal to the iris thickness, as for
DLWG design (Figla). The problem of noticeable reduction
of the structure efficiency in the range from 0.1c to 0.5c
becomes more noticeable at a higher operating frequency, for
example in X-band. Increasing the shunt impedance of the
standing wave structures in the 10 GHz frequency range was
one of the goals that stimulated this research.
Theoretical and experimental study of the concept
First description of the concept and study of the properties
was made for the electrically on-axis coupled DLWG, shown
on Fig. la and Fig.2a in 1988. A certificate of invention [1]
described the problem using a formula (1) and a concept of
including a drift tube into the center of accelerating cavity
creating a set of Alvarez resonators coupled to each other
through coupling cavities which provide n phase shift
between the neighboring accelerating
resonators.
Introduction of the tube permitted using the structure at the
lower velocities. At the same time, quality of performance of
the coupled cavity structure at nil mode was conserved.
Therefore, it was concluded that this design provides a new,
practical approach for accelerating charged particles at lower
velocities from 0.1c to 0.5c. For an electron linac, it allows
us to extend the practical range of injection voltages down to
2 keV and increase bunching and accelerating efficiency up
to 80 keV. For a proton linac, it establishes the range of
particle energy approximately from 5 to 150 MeV.
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Reference to the side coupled structure shown on Fig.lb and
Fig.2b, rebuilt in a similar way, was first made in 1992 [2].
As it was already mentioned above, the invention is
particularly important for higher frequencies, where along
with higher shunt impedance one faces the problems of
higher attenuation and the difficulty of building cavities for
accelerating low velocity particles.
Section with electrical on-axis coupling
The first working linac for accelerating electrons using the
concept was built and tested in 1992 [2, 3]. It was designed
for a 9.37 GHz magnetron. Detailed description of the
studied structure and the linac was made in [2, 3], so we
provide only a list of parameters.
Magnetron
Peak Power
Frequency (tunable)
A™**6 Voltage
Section
Injection Energy
^ Length
Q
•
Number Ace. of Cavities
^-bearn
gy
Peak current

Ener

0.5 MW
9368 MHz
25 kV

25keV
11.6 cm
'*"""
8

0.7MeV
30 mA

A

*°& " w t f with a drift tube located in the center of the
c™* f o r m e d m Alvarez resonator. A prototype of this
cavity was modeled and studied before incorporating into an
accelerator structure based on biperiodic DLWG design.

Because the study was made for the on-axis coupled structure
shown on Fig. la, shunt impedance was not outstandingly
high, although much higher than for the conventional
coupled cavity structures at the required injection energy of
25 keV, which corresponded to tire magnetron anode
voltage. For the chosen cavity configuration it was
approximately 20 MOhrn/m.
In order to provide strong coupling between the cavities on
both sides of the incorporated drift tube, three kidney-shaped
coupling slots were milled in the iris which supports the drift
tube, leaving, therefore, three narrow stems holding the drift
tube.
This mechanical interpretation was simple enough to use it
in X-band and provide strong coupling and good heat

1

- The first Alvarez-type two cell resonator is counted as a
single cavity.

conduction from the central tube to the outer walls of the
structure.

from 0.2c to 0.5c, measured at a frequency of 700 MHz.
Converting this value of shunt impedance to X-band one can
obtain approximately 150 MOhm/m.

Section with magnetic off-axis coupling
A section using the side-coupled structure shown on Fig. 2b
at 0. lc to 0.5c was built and tested for intraoperative e-beam
therapy [4].
The structure has it phase shift between the accelerating
cavities, provided by a side coupling cavity. The first
accelerating cavity is a 3p/2, two-cell Alvarez resonator
designed for 0 or 2wn (were n - integer) phase shift on two
sides of a drift tube located in the center of the resonator.
This drift tube separates the resonator into two accelerating
cells which are very strongly coupled to each other. The drift
tube is supported by three stems, formed by the borders
between three kidney-shaped slots, as it was done in the
structure shown on Fig.2a and tested before [3].
Even though the Alvarez resonator was not optimized, it has
the shunt impedance of approximately 70 MOhm/m.
The injector voltage in this section can be regulated from 6
to 20 kV. The two-section linac (Fig. 3) is designed for
energy 13 MeV and smoothly regulated from 4 to 13 MeV.

Two stems were used to support the drift tube in the center of
an accelerating cavity. This is a good decision for a lower
frequency band, in particular at 700 MHz
The authors have confirmed the conclusion regarding the
high potential of the concept, made in [1, 2, 3, 4]. They have
made a series of calculations and measurements which are
an important contribution to the concept. For example, a
nice addition to the design was the introduction of a two drift
tube, three- cell resonator.
Conclusion
The proposed concept [1, 2] describes a set of Alvarez
resonators coupled with n phase shift through phase-shifting
cavities. The concept establishes a structure which is highly
efficient in the range of charged particle relative velocity
from 0.1 to 0.5, where a standard coupled cavity structure is
ineffective. In the period of eight years from 1988 to 1996
the concept and properties of the proposed design were
studied and two working electron linacs [3, 4] were
developed using this concept.
The concept raised interest in application to both electron
and proton linac design. Recently, a similar structure called
CCDTL was studied [5] and applied to ion accelerator
design.
The author is planning to apply the structure to various linac
designs [to be published].
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PRE-INJECTOR OF THE KEK 2.5-GEV LINAC AND HIGH-CURRENT SINGLEBUNCH ACCELERATION
Satoshi Ohsawa, Jae-Young Choi, Yujiro Ogawa, Atsushi Enomoto, Takuya Kamitani
Hitoshi Kobayashi, and Isamu Sato
National Laboratory for High Energy Physics (KEK)
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305 Japan

Abstract
The timing stability required for the electron source of the
pre-injector is determined by the energy acceptance of the
KEKB rings. The jitter requirements for the gun pulse itself
are somewhat mitigated by the subsequent bunching process.
A system by which a beam trigger stability of 3<r ~ 20 ps is
achieved is described, and the method to estimate the phase
jitter of the accelerated beam from the energy jitter is
discussed.

Introduction
The KEK 2.5-GeV Linac which is presently being upgraded
will provide beams of 8 GeV electrons and 3.5 GeV positrons
for direct injection into the KEKB rings [1]. The energy
acceptance of the rings is 0.5%, which places constraints on
both the drift and the jitter in the energy of the injected beams.
This paper discusses the manner in which the energy of the
injected beams will be controlled to meet the requirements of
the KEKB rings, with emphasis on the energy jitter.
The PF Linac pre-injector has been described elsewhere [2].
The half of the pre-injector is shown schematically in Fig. 1.
A 119-MHz subharmonic buncher (SHB1) has been installed
last January between the electron gun and a 476-MHz
subharmonic buncher (SHB2) to produce S-band single-bunch
beams with better bunch purity. A fast grid pulser located near
the cathode of the triode gun produces an electron pulse of up
to 15 A in a 2 ns pulse. The electron bunch length is first
reduced by two pulsed RF cavities operating at respectively the
24th and the 6th subharmonics of the primary 2856 MHz of
accelerating RF, then further compressed by two S-band
prebunchers and a buncher. The fully bunched beam emerges at
the end of the pre-injector with an energy of about 40 MeV,
where the beam is momentum analyzed with a 90°-bending
system.
The energy of a particle varies as cosfl, where 9 is the angle
between the particle and the negative crest of the RF. The
buncher of the PF Linac consists of two parts: a bunching
section of 6 sells with gradually different phase velocities and a

•*•

fC

WCM

GV

PC

accelerating section of 29 cells with a phase velocity of the
speed of light, where bunched electrons are accelerated at a
large phase, typically 9 = 40°. Furthermore a short bunch of
high intensity must be positioned several degrees ahead of the
crest of the accelerating RF in order to minimize the resultant
energy spread.
If a particle is accelerated at an angle 90 in the accelerating
section of the buncher and then at an angle 0, in the following
accelerating sections, the resultant energy of the particle
becomes Ej = Eo cos(90+59j) + £, cos( <?,+$©/) at any position
along the beam line of the linac. Then the energy jitter, Sej =
8Ej/ECenterls g i v e n by

£singp + f!sing,

Jg

where 89j is the jitter in the RF phase relative to the beam
position. Consequently the deleterious effects of 59j grow as
9Q and 9t increase. At the end of the linac where Eo « £,, the
energy jitter is given approximately
(2)

Typically 0, is set to about 10° for the 10-nC beam. If the
phase jitter S9j is 1 ps, the energy jitter becomes as large as
0.3% at the end of the linac. Inevitably the phase jitter should
be no more than 1 ps to meet the energy acceptance of 0.5% of
the KEKB rings even if the energy compressing system is
introduced.
Then it becomes important how to measure accurately the
phase jitter as small as 1 ps. Because of large 80 and 9t, in the
pre-injector the phase jitter 59j can easily be estimated by
measuring the energy jitter Sej at the exit of the pre-injector.

Source Timing Stability
Any timing change of the beam relative to the accelerating
S-band phase results in a beam energy change. Thus, beam
timing stability is required to avoid excessive energy jitter or
drifts.
Within the first few centimeters of the buncher section the
electrons become fully relativistic and subsequently do not

""

WCM

"~"

Fig. 1 New layout of the PF linac pre-injector. Abbreviations used are GUN for electron source, SHB1/SHB2 for
119-MHz/476-MHz SHB, PB1, PB2 for S-band prebunchers, and ACC for 2m-accelerating section. Others are beam monitors
(screen monitor: PRM, and current monitor: WCM) and components of the beam transport system (magnetic lens: ML,
focusing coil: FC, and quadrupole magnet: QM).
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change their timing relative to a speed-of-light signal.
However, before becoming relativistic the beam is susceptible
to timing changes of several origins.
From the bunching process, three potential sources of jitter
in the timing of the accelerated electron pulse can be identified:
trigger timing jitter; grid pulser instability; and RF phase jitter
in the source bunchers. The first two items give the same
effect to the souce pulse. As far as in the pre-buncher the effect
of the last item is thought to be small, since the accelerated
beam position is determined by the bunchers reletive to the
RF, which is supplied from a klystron except for SHBs.
Therefore changes in phase relative to the beam can be the
result of a shift in the timing of the electron bunch itself.
The basic timing trigger for the grid pulser is a trigger
derived from the PF Linac timing system. The problem from
the outset has been to place this timing signal on the gun high
voltage deck without loss of stability. The fiber optical link
which has been used was introducing a jitter of several ten
picosenond (3a = 60 ps). While it is expected to be possible to
transmit the trigger with this improved link which have the
required stability, this time as a trial, we placed a CW RF
signal (476 MHz) on the high voltage deck where the trigger
was resynchronized.
The fiber optical link is shown schematically in Fig. 2.
The link utilizes about 50 m of a 100-m graded-index fiber
optical cable. A high speed ECL circuit (TD2) was used to
resynchronize [3]. With this new link, no timing jitter can be
detected in the output of the TD2 above 20 ps threshold of the
measuring instrumentation. But of cause at 6, = 10°, an energy
change of 0.3% is produced at the end of the linac when the
timing jitter of the accelerated gun pulse shifts by only 1 ps.
Fortunately the timing jitter at the gun output is mediated by
the bunching process itself.

energy shift into Eq. (1), we obtain the phase shift of the beam
in Fig. 4.
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Fig. 2 Schematic diagram of the resynchronization system.

Beam Energy Stability
The overall bunch compression ratio is typically between
50 and 100 as is shown in Fig. 3, which varies depending on
both the tuning conditions of the bunching system and the
beam charge. The fully bunched beam of 10 nC emerges at the
end of the pre-injector with an energy of about 40 MeV,
compressed into a bunch length of about 13 ps. Since the
bunch compression ratio decreases as the beam charge
increases, it becomes difficult to stabilize the energy of the
high current beams.
Energy shift of a beam of 10.5 nC was measured at the end
of the pre-injector as a function of timing changes introduced
in the electron gun trigger circuit. Substituting the measured

The beam energy has been measured by a 90°-bending
magnet system at the end of the pre-injector. A vidicon camera
is used to view the beam hitting a fluorescent screen in
vacuum at the exit of the analyzer where the dispersion is well
known. The video is digitized in 2-dimensions to determine
both the centered position and the width of the energy
spectrum. When a beam charge was as low as 1 nC, the beam
was stable and the energy jitter was not seen on the screen
monitor. When the beam charge, however, was increased to
5 nC, the energy jitter of ± 200 keV (± 0.5%) was observed
before resynchronizing the beam trigger. By resynchronization
the timing jitter deceased to less than 20 ps, the energy jitter
has been improved to ± 0.12% as listed in Table 1.
Table 1. Phase jitter 59j, 59'j calculated from measured
energy and timing jitter 8ej, 6tj respectively.

not resynchronized

1.0

56j
3o(deK)
1.6°

resynchronized

0.25

0.41°

Beam trigger
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5ej

6tj

56'j

i2<gegl
60 ps

1.2°

20 ps

0.4°

Phase jitter 58j relative to the beam can be calculated from
the measured energy jitter 5ej using Eq. (1). On the other hand,
from the timing jitter 8tj, the phase jitter 89'j is estimated
from the relationship of Fig. 5. The obtained values are well
agree in each case, which indicates that energy jitter of the
beam is due to the timing jitter of the electron bunch itself as
far as pre-injector is concerned.
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Fig. 5 Beam energy stability measured at the exit of the preinjector. The beam became stable after the beam trigger was
resynchronized.
The fact the the phase jitter was reduced to the required
level has been comfermed by accelerating a beam to the end of
the linac. Energy changes of a 0.5 nC beam were measured
with two conditions. It was actualy observed that before being
resynchronized the beam energy was changing from every
pulse to pulse. After being resynchronized, although residual
drift exists in the beam energy, the fast energy jitter
disappeared as being seen in Figs. 6a and 6b, which is
consistent with the phase jitter (3a = 0.12°) calculated from
measured energy and timing jitter.
Conclusion
By resynchronizing the beam trigger, it was comfirmed that
the fast jitter of the beam energy from pulse to pulse is due to
the timing jitter of the source, and reduced to the required level
for the KEKB Linac.
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Fig. 6b. Beam energy jitter measured at the end of the PF
2.5-GeV linac. Fast jitter in pulse to pulse disappeared after
the beam trigger was resynchronized.
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Abstract
A slow-positron facility, aiming at the use of slowpositron beams (ranging from eV to keV) in various fields of
solid-state physics, was constructed utilizing the 2.5-GeV
electron linac at the Photon Factory, KEK (KEK-PF) as its
primary beam source. The KEK-PF slow-positron source
comprises a beam line for the primary electron beam, a
target-moderator assembly for positron production, a slowpositron beam-transport line and relevant assemblies. We
expect a slow-positron intensity of more than 2x10^ e + /s
with a maximum primary beam power of 30 kW. Since we
achieved an intensity of 10& e + /s with a nominal primary
beam power of 2 kW, we opened this facility to slowpositron users.
Introduction
A positron beam is a useful probe for investigating the
electronic states in solids, especially concerning the surface
states. The advantage of utilizing positron beams is in their
simpler interactions with matter, owing to the absence of
any exchange forces, in contrast to the case of low-energy
electrons.
However, such studies as low-energy positron diffraction,
positron microscopy and positronium spectroscopy, which
require high-intensity slow-positron beams, are very limited
due to the poor intensity obtained from a conventional
radioactive-isotope-based positron source. In conventional
laboratories, the slow-positron intensity is restricted to 10^
e + /s due to the strength of the available radioactive source.
An accelerator-based slow-positron source is a good
candidate for increasing the slow-positron intensity [1-6].
We, therefore, started construction of the KEK-PF slowpositron facility [7,8] from FY1991, aiming to produce more
than 2x10** e + /s slow-positrons, utilizing our 2.5-GeV
electron linac [9,10] as its primary beam source.
We describe here the KEK-PF slow-positron facility and
its performance as well as its recent progress.
Layout of the KEK-PF Slow-Positron Facility
Figure 1 shows the KEK-PF slow-positron facility,
which is located at the end of the KEK 2.5-GeV linac. It
comprises a beam line for the primary electron beam, a
target-moderator assembly, a slow-positron beam-transport
line and relevant assemblies.
The primary electron beam is injected into the target
through an achromatic beam-transport line comprising two
18° deflecting magnets and a quadruple magnet. The nominal
beam power of the KEK 2.5-GeV linac is 6.25 kW (an
energy of 2.S GeV, a peak current of 50 mA, a pulse length
of 1 |is and a pulse repetition rate of 50 pulse/s), and an

Fig. 1. Bird's-eye view of the KEK-PF slow-positron
facility at the end of the KEK 2.5-GeV linac.
An achromatic beam-transport line for the
primary electron beam and a target-moderator
assembly are installed in the under-ground
beam switchyard. Slow-positrons are guided
through the beam transport to the
experimental area at the ground level.
average beam power of 30 kW can be expected from this linac
as its maximum beam power [9,10].
The target-moderator assembly comprises a water-cooled
tantalum rod of 5 radiation lengths and a moderator with
multiple tungsten vanes (thirteen 25-jim thick sheets). The
most efficient target thickness for an incident electron energy
of 2.5 GeV was decided using the EGS4 Code [11,12]. A
maximum slow-positron beam intensity of 2x10^ e + /s can be
expected with a full beam power of 30 kW, according to the
calculated energy spectra of positrons emitted from tantalum
targets [13]. Electrostatic focusing grids are located just above
the moderator.
The extracted slow-positron beam is directed by a 30-m
long beam-transport line with an axial magnetic field of 100
G to an experimental area at the ground level through a 2.5-m
thick radiation shield floor. Twenty sets of steering coils
were installed along the slow-positron beam-transport line in
order to adjust the slow-positron beam trajectory. A highvoltage station capable of applying 60 kV was installed in the
initial part of the beam-transport line in order to vary the
energy of the positron beam, which is useful for depth-profile
measurements. A device controller, combining a personal
computer and a programmable sequence controller through
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optical fiber, has been adopted to control the monitors and
power supplies at a high-voltage potential. Penning-trap
electrodes are also installed at this station in order to make a
dc beam from a pulsed beam.
At an experimental area, a slow-positron beam switch
system, which comprises a pair of beam deflecting coils and
two pairs of Helmholtz coils with magnetic-field directions
crossing each other (see Fig. 2), was installed. This system
enables us to direct slow-positron beams to several
experimental stations one by one without breaking the
vacuum.
As for the beam monitors, channel-electron multipliers
(CEM) for the beam intensity and micro-channel plates
(MCP) for the beam profile are intensively used.

An excellent improvement in the positron yield was
achieved by annealing of the moderator assembly (tungsten
foils) at 2270 K for 10 minutes under ultra-high-vacuum
conditions. A slow-positron flux of 1x10** e + /s was
successfully achieved with a 2.0-GeV, 2-kW primary
electron beam power. The achieved conversion efficiency has
almost reached our designed goal; we can therefore expect a
slow-positron intensity on the order of 10^ e + /s with a
maximum beam power of 30 kW in the near future.
The energy of the positron beam was successfully varied
from 400 eV to 40 keV by applying a voltage to the highvoltage station at the initial part of the slow-positron beamtransport line (see Fig. 1). Although radiation from the
target chamber, at a kW primary beam operation, caused
severe damage to the programmable sequence controller at
the high-voltage station (RAM bit error), reinforcement of
the radiation shield for the target chamber cured this trouble.
A slow-positron beam with a beam energy of 800 eV
was successfully switched from one direction to another
utilizing the slow-positron beam-switch system. We can
therefore supply slow-positron beams to several
experimental stations without any waste of time.
Since we have already achieved a slow-positron intensity
of 10& e + /s in our facility, we have opened this facility to
slow-positron users.
Positronium Time-of-Flight (TOF) Experiment

positron beam

Fig. 2. Schematic view of the slow-positron beam switch
system. Two pairs of crossed Helmholtz coils
and a pair of deflecting coils direct the slowpositron beam. The deflecting coils are inevitable
if one wants to get rid of any unwanted beam
offset immediately after a deflection of the slowpositron beam.

Present Status
At the very initial stage of its performance tests, the
observed positron yield was 1/20 of the estimated value [8].
During these tests, the positron intensity at the end of the
transport line was estimated by detecting annihilation Y-rays
utilizing a BGO scintillator with a photomultiplier tube
(HAMAMATSU H2611). This discrepancy was thought to
be due to the condition of the moderator, since we put the
moderator into the target-moderator chamber without
performing any thermal treatment

As an example experiment at the KEK-PF slow-positron
facility, we briefly describe here energy-distribution
measurements of the positronium (Ps) emitted from a singlecrystal quartz. Ps is known to form in the interior of many
insulators with a wide band-gap energy. The energy loss and
slowing-down process of positrons in matter is becoming
well understood. For positrons with energies of less than the
band gap, the production of Ps and phonon excitation
become the dominant energy-loss mechanism. To date, very
little has been studied about the kinetics of the formation and
diffusion of Ps, which is in the state immediately after the
production and before its delocalization.
We obtained the energy distribution of Ps by adopting
the time-of flight (TOF) method to emitted Ps [14]. The
TOF was determined by measuring the time interval between
the arrival time of a pulsed-positron beam and the detection
of radiated y-ray from annihilated Ps. Since the lifetime of
Ps is well known, we can easily deduce the energy
distribution of Ps from the TOF spectra, which were
measured by changing the distance between the sample
surface and the annihilation y-ray detector, only if the pulse
width of the injected positron beam (20 ns in the present
case) is shorter than the lifetime of the Ps.
Figure 3 shows the preliminary result of a positronium
TOF spectrum measured with a distance between the sample
surface and the y-ray detector of 135 mm. Two energy peaks
are clearly resolved, which correspond to Ps energies of 3.3
and 0.8 eV, respectively. Although the 3.3 eV peak had
already been reported by Sferlazzo et al. [15], the 0.8 eV
peak was identified for the first time by the present
measurements [14]. This 0.8 eV peak might be due to a
thermalization process of the Ps.
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Fig. 3. Positronium (Ps) time-of-flight (TOF) spectrum
measured at a distance between the sample
surface and the annihilation y-ray detector of
13S mm.
Future Plan
The KEK 2.5-GeV linac is now undergoing a
reformation process relevant to the KEKB project [16]. There
are two major goals of the upgrade [17]: 1) to increase the
energy of electrons and positrons to 8 and 3.5 GeV,
respectively, and 2) to increase the bunch intensities of
positrons by roughly one order. In accordance with this
upgrade plan, we must relocate our KEK-PF slow-positron
facility to the 1.5-GeV point of the upgraded linac. Although
this relocation will take more than one year, there is a
possibility to install a dedicated linac for slow-positron use
only if we use the remnants of the present 2.5-GeV linac
smartly.
Summary
The KEK-PF slow-positron facility has successfully
produced 10** e + /s slow positrons with a 2.0-GeV, 2-kW
primary electron beam power. The energy of the slowpositron beam was easily varied from 400 eV to 40 keV.
This enables us to measure the depth-profile, which is very
useful for locating any defects in materials. Slow-positron
beams have been smoothly supplied to several experimental
stations without breaking the vacuum by the aid of the slowpositron beam switch system. We have opened our slowpositron facility to slow-positron users and several
experiments are in progress.
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Abstract
The work on the construction of the e + e" factory complex is in progress at Budker INP. For an effective operation
of these machines the injector complex is designed. It consists of apreinjector for the production of t~ and e + bunches and their acceleration up to an energy of 510 MeV, and
a damping ring. This paper presents the general scheme
and the current status of the preinjector.
Introduction
The main preinjector parameters are given in Table 1.
Table 1: Main preinjector parameters.
Output energy
510 MeV
Number of electrons per bunch
1011
Number of positrons per bunch
109
Repetition rate
50 Hz
Energy spread: electron bunch
±1%
positron bunch
±3%
RF frequency
2856 MHz
Klystron pulse power
~63 MW
4
Number of klystrons

The preinjector output energy of 510 MeV is an operation energy of the 4 ~ factory of the VEPP-5 complex [1].
A number of (5 -r-10)-1010 electrons and positrons per sec-,
ond is required to provide for a simultaneous operation of
the <f> - factory and the whole VEPP-5 complex at designed
luminosities.
General scheme
The preinjector main components are shown in Fig. 1.
The preinjector comprises a thermionic electron gun, a
subharmonic buncher, a 300 MeV electron linac, a 180°
isochronous turn, a conversion system, an RF photogun,
and a main 510 MeV linac [2, 3].
The thermionic 200 kV triode gun delivers 2 ns pulse
current of 10 A. The emittance of the beam is less than

RF MODULE
MODULATOR
nmuisctts | ] st-vso

10~2?r • cm • rad.

This bunch comes to the subharmonic buncher operated at the 16th subharmonic of the basic frequency of
2856 MHz. The buncher contains two quarter-wavelength
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Fig. 1: General scheme of the preinjector.

cavities with drift gaps. The transverse focusing of the
beam is realized with the help of the longitudinal magnetic
field produced by current coils, placed around the cavities.
Such a bunching system provides a short intensive beam,
18 ps long, at a low initial gun current. The short bunch
length is needed to provide a small energy spread (±1%)
during a further acceleration.
The first Jinac consists of 5 accelerating sections and
produces an intensive 300 MeV electron bunch for the
positron production. The second linac includes 9 accelerating sections and accelerates both positrons after the conversion system and the electron bunch created by RF phc*togun up to an energy of 510 MeV. The accelerating sections are 3 m long and have a constant impedance structure operating at a travelling wave (2ir/3). The transverse
focusing of the bunch along the linacs is realized by the
solenoid field at the first sections of each linac and two
quadrupoles in each of the other sections. The accelerating gradient in the first sections of each linac is 25 MeV/m,
and in the other sections it is up to 18 MeV/m.
The 300 MeV electron bunch passes through a 180°
isochronous bending system in a horizontal plane. The
bending system consists of three 60° bending magnets and
4 quadrupole lenses. This system provides the transportation of the bunch with an energy spread of ±3% with an
insignificant increase in the bunch transverse size. After
that, the triplet focuses the bunch at a converse target
(the conversion constant is higher than 3%).
Typically, (approximately 98% of the total time) the
preinjector produces positrons to store a required number
of particles in the damping-ring. For the electron beam
production, one-time injection is enough. The RF photogun placed between the focusing triplet and the converse
system is used for this purpose. In this case, it is needed
just to remove the target without readjustment of the focusing system. In future, it is planed to obtain polarized
electron bunches from the photogun.
The 14 accelerating sections are powered by 4 RF
modules based on S-band klystrons 5045 (SLAC, USA).
A SLED system permits to obtain the necessary gradients
of accelerating fields. The output power of SLED is fed
to three or four accelerating sections. In order to maintain the reliable capturing, the first 300 MeV and the first
510 MeV linac sections have a high accelerating rate. It is
attained by applying half of the RF power from the corresponding klystron to these sections, then the second half of
this power is divided equally between two regular sections.
The power of the other two klystrons is divided half-andhalf between four regular sections. After SLED the power
is divided by 3 dB hybrids.
At present the tests of the first RF module are done,
and the experiments on the linac prototype at a frequency
of 2797 MHz have been started.

klystron is produced by the modulator made at the Budker INP. The modulator is a conventional line type modulator with an oscillatory charge of a pulse forming network
(PFN). It consists of a high voltage power supply, a charging choke, PFN and a thyratron switch [4]. During a joint
klystron-and-modulator test the control and the klystron
protection systems were also tested. The RF module operation was stable for different values of the input RF power
and amplitudes of the high voltage pulses at a repetition
rate from 1 to 50 Hz.
Now the assembly of the second modulator for the
next RF module is under commissioning, the tests of its
separate elements axe in progress.

RF module

in the thermionic electron gun enters the short disk-loaded
bunching section and then the accelerating structure. The
bunch transverse focusing is the same as in the first linac of
the preinjector: the set of focusing coils and one solenoid.

The RF module consists of a 5045 klystron and a high
voltage pulse modulator. The high voltage pulse for the

Preinjector prototype
The preinjector prototype is built to perform simultaneous tests of the main preinjector elements at a high
output power level (see Fig. 2). The electron beam formed
Faraday
Cu,

Beam-Position
Monitor (BPU)

Fig. 2: The preinjector prototype.
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The accelerated beam then enters either a 180° spectrometer or a Faraday cup.
The RF power for the prototype is produced by a KIU12 klystron (2797 MHz operating frequency, 2.5 fis pulse
duration, output pulse power up to 20 MW) and a power
compression system. The required phase shift between the
accelerating structure and the buncher is carried out by
the phase shifter at a high power level. The phase shifter
is made of a cut waveguide which could be compressed mechanically. The power is delivered to the buncher through
a matched coupler and a retuning attenuator.
Before the assembly of the prototype all its elements
were preliminarily tested.
The prototype of the termionic 100 kV triode gun is
able to produce 2 ns pulses with a pulse current of up to
2 A. The emittance of the beam is less than 10~2ir cm • rad
and the transverse size at the crossover after adjusting the
lenses is 0.5 cm.
The beam position and the beam profile monitors are
tested and calibrated using a 100 kV electron beam from
the electron gun.
The buncher section of the prototype consists of 4
coupled cylindrical cavities and operates on the backward
travelling wave (2ir/3) of the main prototype frequency [5].
The buncher is matched to the feeding waveguide with
VSWR better than 1.1.
The accelerating section of the prototype is a 3 m long
disk-loaded structure of a constant impedance operating
on the travelling wave (2x/3). The obtained VSWR value
at 2797 MHz is not worse than 1.02, and less than 1.2 in
the frequency range « 13 MHz.
The Faraday cup is designed for measuring the total
charge of short bunches after the first section of 300 MeV
accelerator.
The high power tests of the power compression system are done at the prototype operating frequency. The
compressor is SLED-like (3 dB hybrid and two resonators
which operate at a TEois mode). The resonator diameter
and length axe 196 mm and 359.6 mm respectively. The
resonator has a precise tuning device. The side wall of the
resonator is a thing disk which can be bent by means of a
regulating screw, the quality factor of resonators Qo = 105,
the coupling coefficient j3 = 5.5. The pulse durations of
the master oscillator and the output SLED were 2.5 /AS
and 0.5 /is, respectively. The power step-up ratio (~ 4.5)
of the input pulse power of 10 MW is obtained.

main linac frequency (2856 MHz), RF pulse forming amplifiers feeding 2 quarter-wavelength cavities of the subharmonic buncher (178.5 MHz, 16th subharmonic of main
linac frequency) each at a peak power of 20 kW, and amplifiers for 4 RF modules provide a power of up to 1 kW each
with a 180° fast phase switch at a frequency of 2856 MHz.
The manufacture of the waveguide elements, including 4 systems of power compression at a frequency of
2856 MHz, quadrupole lenses, correctors and 60° bending
magnets of the preinjector is in progress.
A dedicated high-vacuum technology area for the
series production of preinjector accelerating sections is
presently under commissioning.
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Status of other work
At the present time the prototype of the RF photogun
with a GaAs photocathode is complete [6]. The operating
frequency of the prototype is 2797 MHz. The vacuum of
10" u torr is reached. The input RF power during the first
tests is about 1 MW, which corresponds to 500 kV/cm of
the field amplitude in the RF cavity.
The assembly of the master oscillator system is in
progress. The system consists of a generator-synthesizer
operating at the 32th subharmonic (89.25 MHz) of the
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Abstract
An application of the symmetrical SBLC section coupler
for the Higher Order Mode (HOM) damping was investigated.
The demands to the own frequency and Q-factor of the
coupler at HOM have been obtained on the basis of an
equivalent scheme of the Disk Loaded Waveguide (DLW)
with this coupler. HOM field amplitude distribution along the
structure and an influence of the coupler cavity own
frequency on the HOM field distribution were investigated.
The influence of some elements inserted in the coupler cavity
to obtain the necessary frequency shift between fundamental
and hybrid modes was studied.
Introduction
Excitation of the trapped high order modes in travelling
wave accelerating structures is a big problem to save the
required beam parameters. There are various conceptions of
diminishing the trapped modes influence on the beam
dynamics in the DLW accelerating structures.

The analysis of the hybrid waves excitation in the SBLC
section was carried out on the basis of an equivalent scheme
of DLW at HEMn-modes, which is shown in Fig. 2.
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The series branch (Lin , Cln , rln) represents the existence
of the En-mode electromagnetic field. On one hand the
coupling between cells is realised by magnetic field that is
represented by mutual inductance Mn . On the other hand
there is resonance type coupling by means of the H n -mode
electromagnetic field that is represented by parallel branches
fan, C2n, r2n )• The cell excitation is modelled by introducing
of complex e.m.f. En into the series branch.
It is more convenient to operate with the following
parameters expressed in terms of I, C, r:
"
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One more technique of the trapped modes damping may
be the use of the symmetrical coupler for a 6 meter SBLC
accelerating structure [1]. It has been designed on the basis of
the input coupler with additional coupling holes for
withdrawing the Y-polarised mode (see Fig.l). It is necessary
in addition to the HOM damping to secure the coupler
matching at the operating frequency. Works in that direction
were carried out on the SBLC accelerating section [2]. We try
to study some questions connected with the conception of the
trapped modes damping SBLC by the input coupler in an
initial 1 meter part of the SBLC accelerating section.
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Plan of the investigated input coupler: 1- tuning pins; 2 •
absorbing loads; 3 - short-circuiting plungers.
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By using these parameters one can obtain the equations
set with respect to complex values Xn
Note that in the equivalent scheme the number of parallel
branches is equal to N+l , whereas that of series branches
equal N, where N is the number of cells in the section. Both
first and last parallel branches (indexes 0 and N+]) are
introduced for modelling a beam pipe in the input and output
couplers.
Voltages across the capacitive element CiK(i!m) and C2n
f U m > are related to X n by the expressions which are found
by using the equivalent scheme.
Modelling of the input coupler was realized by means of
addition of the coupler cell coupled with first cell of DLW.
Frequency fie and Q-factor QiC of this additional cell are

chosen in such a way that we should have: the travelling wave
regime in the DLW consisting of cells similar to the first one;
the operational frequency of the travelling wave regime being
fop,; the phase shift per cell at this frequency being <p»r
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Higher order mode field amplitude distribution
The trapped modes were studied in initial 1 meter part of
the real section with the symmetric coupler matched to the
structure at the fundamental mode. Measurements were
carried out by the small perturbation method with moving a
thin cylindrical body (0.1 mm diameter and 8 mm length)
along the accelerating structure at the distance 3 mmfromthe
symmetry axis. The obtained field distributions are shown in
Fig.4. It is seen how the HOM fields are being trapped in the
constant gradient structure if nothing is done on their
damping. The first trapped mode (F=4130 MHz) occupies
five initial cells and has a 7t-like mode distribution. With this
there is no a longitudinal field component in the coupler
cavity. The last mode fully trapped in the structure has the
frequency F=4161 MHz. In this case the 7t-like mode occupies
from 24 to 30 cells and is being transformed along the
structure toward the input coupler where at thisfrequencythe
field is just beginning to show up.
At higher frequencies (F=4164*4194MHz) the field
penetrates into the coupler cavity and has the amplitude
which is comparable with that in the neighbouring cells, but
at that rc-like mode should be in cells with number more than
30 (see Fig.4). At frequencies higher than 4194 MHz the field
amplitudes are reduced in the first cells.
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Cell voltages t/j versus cell number n cells

By using the equivalent scheme shown in Fig. 2 cell
voltages U, were calculated as function of the cell number at
different frequencies for first 30 cells of the SBLC
accelerating section (see Fig. 3) [3]. Curves at these graphs
corresponds the cases when input coupler is mismatched with
first accelerating section cell ( curve 1) and matched with
DLW (curve 2) at the frequency/op=4.151 GHz (^=95°).
Excitation of the accelerating section has been simulated by
introduction of e.m.f. into the cells 2, 8 and 18 at the
frequencies
4.13760, 4.14495 and 4.15908 GHz
correspondingly. The series branch resonantfrequencyand
Q-factor of this brunch were obtained/Je=4.846777 GHz and
Qlc= 14.677. These values correspond to the lowest resonant
frequency of coupler cell/ c =4.152224 GHz and it's Q-factor
&=160.
One may see in Fig.3 that the matching of the coupler at
the hybrid mode reduces the amplitude of electric field more
than five times in broad frequency band. The analogous
results for DLW with constant gradient but without a coupler Fig.4.
was presented in a paper [2].
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units) in the 30 cells' SBLC structure.

It means that at those frequencies the section initial part
itself begins to trap the dipole modes.
Hence, it is clear that the own frequencies of TMn-type
dipole modes of the coupler cavity differ from those of SBLC
structure first cells and supposedly lie in the frequency band
4164-5-4194 MHz and higher. So for providing the coupling of
the first dipole modes with the input waveguides through the
coupler cavity it is necessary to conelate the coupler cavity
dipole modes frequencies with those of the section first cells.

would result in the discrepancy of the coupler own
frequencies for one dipole mode with different polarizations
by about 50-70 MHz. It is demonstrated in Fig.7, where one
can see that it is possible to reduce the external Q-factor value
of the trapped modes with Y-polarization (a-at frequency
4145MHz and b- at 4152MHz) whereas the Q-factor of the
modes with X-polarization is not changed(c).
10000
•

8000

Influence of the coupler cavity own frequency on the
dipole modes field distribution along the structure.

j 6000
t 4000
2000

The influence of the coupler frequency on the HOM field
distribution was studied with the structure having the coupler,
which allowed to vary the own frequency. Fig. 5 presents the
field amplitude in the unchanged coupler (a) and in the
coupler with reduced own frequency on 30 MHz (b). One can
see that the coupler cavity has its influence on the field
distribution at this frequency. By means of changing the
distance from the X-axis t o the Y-junction (i.e. the shortcircuiting plane position for the dipole modes) and using the
tuning pins (see Fig.l) the Q-factor value was reduced from
8000 to 2000-4000 over the frequency band about 20 MHz.
The obtained Q-factor dependencies on the frequency band
for minimal Q-values at certain frequencies 4152 MHz (a)
and 4146 Mhz (b) of the X-polarisation are shown in Fig.6.
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External Q-factor depends oa frequency.

The major problem consists in large difference between
the coupler cavity own frequencies for the same mode with X
and Y-polarizations. Such a problem can be solved if the
dipole modes symmetry in the coupler cavity is rejected while
the field symmetry for the fundamental mode is kept
unchanged. It is realized by means of a replacement the
matched load only in one port for the X-polarization. In this
case we provide the required drop in the trapped modes Qfactors for both polarizations in three time over the frequency
range from 4130 MHz to 4160 MHz by changing the coupler
parameters.
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Another approach to match the coupler at the
fundamental and hybrid modes simultaneously consists in to
study the influence of some elements inserted inside the
coupler cavity. This problem is to be solved by combining
calculations of structures and experiments of prototypes and it
is now under solution.
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In case of hybrid coupler with forth coupling slots for the
dipole modes of both polarizations the coupler cavity own
frequency is decreased by the value which is more than
required one. Here the different width of the coupling slots
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Moscow Engineering Physics Institute, Kashirskoe Shosse 31, Moscow, 115409, Russia
M.Dohlus, N.Holtkamp
Deutsches Electronen-Synchrotron, DESY, Notkestrasse 85,22607 Hamburg, Germany

Abstract
In this paper the electrodynamic characteristics of the 6
meter SBLC accelerating section with constant gradient are
considered. The values of resonant frequencies, longitudinal
and transverse shunt impedances, Q-factor for the
fundamental and first dipole modes were calculated using
MAFIA code and also were measured by small perturbation
method with disk and cylindrical probes. The results
measurements and calculations for the first and last SBLC
DLW cells are presented.
Electrodynamics characteristics at the fundamental mode.
Two sets of cells for the input (cell Nl) and output ( cell
N178 ) ends of 6-m long section Disc Loaded Waveguide of
S-Band Linear Collider ( SBLC DLW ) [1] were fabricated.
All measurements of ElectroDynamics Characteristics (EDC)
were carried out by means of those cell sets since the
resonance measuring units were assembled on the basis of
cells with the same dimensions. Before measurements some
calculations were conducted with the using of programs
URMEL-T and MAFIA [2]. To simplify the calculation
procedure and obtain more complete information in particular
at K phase shift on some cells there were no rounding. The
absence of rounding decreased the effective shunt impedance,
from 45.13 to 43.27MQ/m for cell N l and from 61.32 to
58.85Mfi/m for cell NI78, Other EDC were changed
insignificantly. But in the case without rounding we can
assemble resonant sections consisting of several full cells and
half-cells at the ends. For such sections with electrical walls
at the ends one can calculate the EDC at the frequencies
corresponding to n-mode of the fundamental and hybrid
modes

measurement for two mentioned resonant sections operating
in the fundamental mode are presented in detail for the DLW
cell with 2a=21.77 m m . According to the handbook on DLW
[3] one for the structure under consideration the following
parameters can be predicted: Pg,ag=0,0128,

where P g ^ is group velocity at 2tz/3 mode, X2/3 is wave length
in free space corresponding to 27t/3 mode, Eo is first harmonic
amplitude of accelerating field, P is input power, r^n is
longitudinal shunt impedance.
The value of Q was equally 14700. At Q=13200 the
value of rshn is equal to (63±3)Mfi/m.
The measured values of frequencies and Q-factors at
those modes are given in Table 1. All the cells were tuned to
the 0-mode frequency with the error ±0,1 MHz before
measurement of the longitudinal shunt impedance.
Table 1
The measured values of frequencies and Q-factors for the
SBLC DLW with 2a=21.77mm.
0
5TI/6
7l/6
7t/3
n/2
L 271/3
e
3007
2997,8
f,MHz 2966 1968,9 2977,9 2987,6
9400
10000 10700 9700
Q±600 9400 9400
Fourier analysis of the field distributions was carried out
for the middle part of the section over three cell length. For
6=27i/3 the relative amplitude of the main harmonic has been
determined to be

The form-factor of the bead used for the measurements
Experimental studies were carried out with resonant
appeared
to be
sections consisting of 6 similar cells with dimensions
corresponding to the first and the last cells of 6m long SBLC
£ , = (0.84 ±0.01) »10-19 — .
DLW (its first version where 2a for the first cell equals 31,02
mm and for the last one 21,77 mm). Measurement of
The electrical field strength parameter for the resonant
resonance frequencies, Q-factors and longitudinal and section of DLW has been defined as
transverse shunt impedance were conducted according to the
A.
n\n
technique [3]. For the measurement of shunt impedance at
= (214±10)—.
dipole mode frequencies a device was developed and
fabricated which could provide the relative frequency stability
For the traveling wave case the electric field strength
W 7 in the range from 4 up to 6 GHz The results of EDC parameter is introduced as ( L = 2X )[4]:
2n
827

NJ/2

= (471 ±18):

Set =

m

As for the parameter — it can be written as
kQ

m
andfor Q = 13200 one can obtain r^, = ( 6 0 3 ± 3 ) — . Note,
tn

that at

=0.109 the cells should be finely tuned to their

own frequency to obtain good field symmetrization.
The longitudinal shunt impedance at the fundamental
mode of DLW first cell was measured with the use of metallic
and dielectric cylinders. The measurements were carried out
for 2TI/3 and TC modes. The calculation of r ^ was based on the
determination of the ratio rih^jQ. If Q-factor was equal
14500, the longitudinal shunt impedance at 2TI/3 mode was
48.1MQ/m (measured by metallic bead) and 44-49Mfi/m
(measured by dielectric bead). At the n mode these values
were 43.5Mfi/m and 38.8M7i/m correspondingly.

In the beginning of study of the first dipole mode EDC
for the structure which consists of cells similar to the last one
of SBLC DLW (2a=21.77mm) preliminary individual tuning
of each cell to the frequency of the hybrid wave 0-mode was
have again carried out. It should be noted that even slight
defect of a cell caused arising of not strongly expressed
resonance of the second dipole mode. The resonant frequency
of the hybrid wave was measured in the assembled prototype
consisting of 6 tuning cells. The measured values of
frequencies and Q-factors are presented in Table2.
Table2.
Frequencies and Q-factor versus phase shift for the first
dipole mode of DLW SBLC with 2a=21.77mm.

e

5TC/6

271/3

7t/2

71/3

4464

4482

4509

4546

TC/6
0
4583 4601

9500

9200

9000

9000

9000

The transverse shunt impedance rshl was determined in
terms of the longitudinal shunt impedance rsh, according the
formulae:
(1)
where k is the wave number in the free space.
Using MAFIA program the values of rthi

Electrodynamics characteristics at hybrid mode.

f±0.05,
MHz
Qo±500

(the cell surface is rounded) and two half-cells without
rounding. We have used such a structure because it is not
possible to excite the first dipole mode with n phase shift in
the structure consisting of full cells. The half-cells diameter
was determined on the prototype exited at the fundamental
mode with 2TT/3 phase shift. The dispersion relation indicates
that it-mode and neighboring 37t/4-mode have frequencies
which differ only by 2.4MHz. It results in complications in
the study on the basis of small perturbations method. For
obtaining the correct electric field pattern in the prototype,
consisting of 3 full cells and 2 half-cells, we have to retune
individually the prototype elements with high precision (about
0.02 MHz). Moreover, the choice of perturbing bodies is also
limited because maximal perturbation should not exceed
0.5MHz. That limits the directness coefficient of the
perturbing body.

9200

and rshl

were obtained for Tt-mode and other mode of the first dipole
wave of the first and last DLW cells. The knowledge, of rshl
and rsh, values at modes different from the 7t-mode is helpful
for the precise determination of rshl at frequencies
corresponding to the hybrid wave phase velocity equal to the
light velocity. The results of rshl calculation by MAFIA
code are in satisfactory agreement.
The ratio of the longitudinal shunt impedance to the Qfactor as a function of the distance from the structure axis,
obtained with by MAFIA program is shown in Fig.l. The
calculations were carried out for the structure, consisting of 3
full cells and 2 half-cells with dimensions 2a=31.02mm,
22>=81.38mm, Z>=33.33mm, f=5mm. There were no rounding
of the disk apertures and cell inner surfaces. It is clear that
such a structure differs from one experimentally studied. But
this calculation is more simple due to the absence of
rounding.
The following results were obtained:

Experimental data of the dispersion curve for the first
dipole mode SBLC DLW with 2a=31.02mm are shown in
Table 3.
Table3
Data of the frequencies vs. phase shift.
0
3n/4
7C
7t/4
7C/2
e
f,MHz 4184.0
4119.5
4117
4151.1 4127.4
These data were obtained experimentally on the
resonant prototype consisting of 3 full specially shaped cells
828

at 7r-mode and

- ^ = 1300—
Q
m

= 500— at 37t/4-mode.
m

Similar computations were conducted by means of
URMEL-T program for the structure, consisting of 3 full cells
with rounding and 2 half-cells without rounding. The value of
r

shL

o

at 71 -mode had appeared to be 700£l/m.

2200

2000

Table4.
Experimental and calculated data of the transversal shunt
impedance (MQ/m) of SBLC DLW cell with 2a=31.02 mm
for 6=7t (Q==13000,)
Experimental data
Calculated data
disk bead cylinder bead
MAFIA URMEL
7.8-S-8.3
10.4
10.0
16.9

1

MAFIAca leulitionx.
.•mode:
Q- U800,r, M /Q-13OOC l*n.
i . 3 « * m o d » : Q- 14900, r t M /Q»500n/Bl.

r1
/

1800

1800

1400
/
/

/

r2}

I
/

/

V

/

/

^--

/

MO

!

i

/
J

\
\

200
,

-

/
8

e
f .mm

/
1

I

Fig. 1. Relation of longitudinal shunt impedance to Qfactor vs distance from the axis for DLW with
2a=31.02mm,

1\
\
\
\

f
I 1

/

f\
\
\
—L

\

\/
m.n
2,mm

—1
ifI

1
\

1
|
1

Measurements of the transverse shunt impedance in the
structure, consisting of three full cells and two half-cells, were
carried out by means of disk and cylinder shaped perturbing
bodies. The form-factor of disk shaped perturbing body with
diameter
3.5mm
and
thickness
0.5mm
was

Fig.2. E, field distribution versus position of the disk bead on
the axis of structure SBLC DLW with 2a=31 02mm
(0=7t).

, m2s

Conclusion.

= (0.483 ±0.015) 10"

Calculations

of

experimental data with using of the fundamental harmonic
have given the following result: rjhi/Q=(639±60)n/m. At
0=13000 the value of transverse shunt impedance
rs[li=(8.3±0.8)MD/m. Similar measurements were carried out
with cylindrical perturbing body which had length 6mm,
diameter 0.7mm, form-factor kEz=0.944xl019m2s/Q, and
directness coefficient ka= 7±1. In this case we have the result:
r,hi/Q=(805±110)fi/m. At Q=13000 rshl=(10.4±1.5)MD/m.
Comparison of experimental and calculated values of the
transverse shunt impedance at TI mode (Table 3) shows the
experimental ones are somewhat lower like it was for the case
of SBLC DLW with 2a=21.77mm
The transverse shunt impedance values calculated by
MAFIA code (last version) in DESY was 9.9 MQ/m for cell
with 2a=31.02mm and 14.9Mn/m for cell with 2a=21.77mm.
The experimental result for cell with 2a=21.77mm was equal
11.5MQ/m.

829

We investigated the electrodynamics characteristics of
the SBLC accelerating structure. The resonance frequencies,
Q-factor, longitudinal shunt impedance were measured at the
fundamental and first dipole modes for the first and last cells
of DLW. The values of transverse shunt impedance was
measured by small perturbation method with disk and
cylindrical probes and also were calculated by MAFIA code.
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Abstract

ion therapy, a medical accelerator, HIMAC (Heavy Ion
Medical Accelerator in Chiba), was constructed at NIRS,
Clinical studies of cancer treatment began in June, Japan. A clinical study using heavy-ion beams from
1994, using heavy-ion beams from a medical accelerator, HIMAC began in June, 1994. Since then, about 150 patients
HIMAC. About 150 patients had already been treated by the had been treated by the end of July, 19%.
end of July, 19%. HIMAC is operated 24 hours per day
HIMAC is a facility having a synchrotron with two
from Monday through Saturday. Experiments on basic identical rings, an injector, three treatment rooms, and four
research, including physics, chemistry, engineering, and experiment rooms. The synchrotron accelerates ion beams
biology are carried out during the night and on weekends, from He to Ar up to a maximum energy of 800 MeV/u for
while the day time is devoted to clinical trials. A q/A = 1/2 ions; the energy corresponds to a range of 30 cm
combination of two synchrotron rings and two pulse- in tissue for Si beams. The treatment rooms have vertical
operated switching magnets (SWM) allows three user (rooms A and B) and/or horizontal courses (rooms B and C).
groups to share the beam time (two beams from the Beams from the two rings are transported to these courses
synchrotron and one from the injector), if all groups utilize according to a treatment schedule.
the same ions. To remove this restriction, a system
Accelerators which can deliver heavy-ion beams with
involving a time-sharing mode, which allows the delivering energies ranging from 100 MeV/u to 800 MeV/u are very
of different ion species to three user groups, was designed scarce in the world. Therefore, applying HIMAC beams to
and is being installed. Three ion sources have been basic research was strongly desired, without interfering with
prepared, and all magnets between the ion sources and the clinical studies. High-quality treatment also requires
SWM of the synchrotron rings will be replaced by pulse- detailed knowledge of beam-material interaction processes.
operated magnets. Excitation of the magnets and the RF Thus, basic-research programs started in the fall of 1994.
power of the linear accelerators will be controlled pulse to
pulse so that three kinds of beams with different q/A values
New Devices and Course
can be accelerated under optimum conditions.
Introduction
Heavy-ion beams have excellent properties for
applications to cancer treatment: a large biological
effectiveness and good dose localization. A clinical study
was, however, carried out at Bevalac, LBL, on a limited
scale. To investigate the effectiveness and extent of heavy-

The HIMAC injector, shown in Fig. 1, comprises an
RFQ and Alvarez linacs (DTL) operated at a frequency of
100 MHz. Two types of ion sources, 10 GHz ECR and PIG,
are in operation. The linacs can accelerate ions with q/A <.
1/7, and a charge stripper is installed downstream of the
DTL. Details concerning these accelerators and ion sources
were described at a previous conference [1, 2]. A new
device was recently installed and a new course was
RF amplifiers

MEXP

ECR ion source

10 •

PIG ion source

Fig. 1. Layout of the HIMAC injector
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constructed.
Pulse-Width Controller
A pulse-width controller, which varies the beam-pulse
width from 1 ps to 0.7 ms, was installed upstream of the
RFQ linac (see Fig. 1). An electric field of 2 kV, applied
between two electrodes, deflects the beam direction, and
unnecessary beams are stopped by beam slits. The purpose
of the system is twofold: (1) While the pulse width required
for synchrotron injection is on the order of 0.1 ms or less,
the ion sources require a longer operation time for a stable
beam supply. Unnecessary beams may be harmful to the
hnacs due to beam loading and possible contamination of
linac electrodes. (2) A variety of experiments in the MEXP
course (see a next section) require beam pulses having a
much different width.
Medium-Energy Experiment Course
A new beam course, the medium-energy experiment
course (MEXP), was constructed downstream of the DTL,
as shown in Fig. 2. The new course enables users to utilize
the beams from the DTL (6 MeV/u), which attract a lot of
concern. The MEXP course can be branched off from the
transport line by using a pulse-operated magnet (SWM2), so
that it can be run in parallel with the synchrotron operation.
Although MEXP users must use the same ion species as
synchrotron users, they can obtain different lengths of
beams from those injected to the synchrotron using the
pulse-width control system described above.
Operational Schedule of the Injector
Daily Operation
The HIMAC is operated 24 hours per day from
Synchrotron

Injector

Monday through Saturday. The day time (from 9:00 to
around 20:00) from Tuesday through Friday is devoted to
clinical trials or related data compilation. Monday is
dedicated to a weekly inspection, the conditioning of new
beams, and the technical training of operators. Experiments
on basic research are being carried out during the night and
on weekends.
Clinical Study
The clinical studies presently employ C beams with
energies of 290, 350, and 400 MeV/u. Beams of C4"1"
supplied by the ECR ion source are accelerated by the
injector up to 6 MeV/u, and pass through the C stripper foil
to be fully stripped. About 250 f*A of C ° + beams are
provided to the synchrotron.
Precise positioning of the patients takes from 20 to 30
minutes, while beam irradiation continues for 2 minutes or
less in typical canes. Irradiation corrected for respiration
motion began in May, 1996. The treatment sites include the
brain, head and neck, lung, liver, prostate, and uterus.
Basic Research
There are four experiment rooms: medium energy,
physics and general, biology, and RI beam irradiation
rooms. (The last one is not completed.) Experiments
involving basic research include wide areas: physics,
chemistry, engineering, and biology. In 1996, nearly 100
proposals were accepted, half of which were related to
biology. The C beam is most commonly used in basic
research, because the biology researchers are now
concentrating their attention mostly on C beams.
Experiments other than biology employ other kinds of
beams, such as He, Ne, Si, and Ar. Seven proposals have
been made which would use injector beams of He, C, Ne,
and AT. About 300 researchers inside and outside the
institute participate in those researches. The beam time
assigned for basic research in FY 1995 was 2200 hours in
total.
Time-Sharing-Acceleration Mode
The two rings of the synchrotron can be operated
independently, and injection beams into the rings are
deflected by a pulse-operated switching magnet (SWMl).
Using the associate of MEXP, it is possible even now that
three user groups share the beam time (two beams from the
synchrotron and one from the injector), if all groups utilize
the same ion species. Since the condition is, however, not
always satisfied, a system for a time-sharing-acceleration
mode (TSA) was designed. Using TSA, it is possible to
deliver different ion species to three user groups.
Our design policy is that all ions should be accelerated
under the optimum condition, even in the case that beams
with very different q/A values are accelerated
simultaneously. Therefore, the excitation of the RF level and
Q-magnets is changed on a pulse-to-pulse basis, as shown in
Fig. 3.

Fig. 2. Layout of the MEXP course.
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Fig. 3. Beam-pulse relation in the TSA system.
The installation comprises several steps: (1)
Installing the third ion source. The new ion source was
chosen to be an 18-GHz ECR ion source, so that heavier
ions, such as Fe, which are strongly desired by many
users, would be available [3]. The new ion source and
their power supplies have already been installed. The
new ion source was placed on an elevated deck 2.5 m
high, as shown in Fig. 4., and the beam is extracted
downward. Conditioning of the ion source started in
June, 19%, and will continue until March, 1997.

a)

\

(2) All of the DC-operated magnets were replaced by
pulse-operated magnets. They include a switching magnet
downstream of the ion sources, which distributes the beams
from the three ion sources to the RFQ linac. The bending
magnets and quadrupole magnets in the transport line were
also replaced by pulse-operated ones. The replacement of
those magnets and the installation of power sources are near
completion.
The following steps are scheduled for 19% or 1997. (3)
Non-destructive-type current monitors will be installed in
the transport line, since the measurement of a beam should
not affect any other beams. The presently used profile
monitors will be used in the TSA mode, although they are
multi-wire and destructive types, since no alternatives are
available at present. The controllers of the profile monitors
will be replaced by new ones, and profiles of three beams
can be observed, independently.
(4) The control of the entire system, especially the manmachine interface, was the most controversial issue. The
present control system in HIMAC employs four touch panel
CRTs as input and display devices. In principle, the TSA
system employs the same hardware. The CRTs are assigned
to the selected ions, exclusively, and it seems for operators
that there exist three independent accelerators.
The scheduling of hardware/software replacements and
conditioning of the new system is the biggest difficulty. A
long halt of the beam supply must be avoided in order to
insure a treatment time as long as possible. Six weeks
around the summer and spring are the only periods reserved
for accelerator-related work. The steps described above are
divided into a few sub-steps and processed during these
periods. The devices and programs are tested at the factories
as much as possible before installation.
The first phase of the TSA, which supplies the different
beams to the MEXP and synchrotron users, is scheduled to
begin in March, 1997. The second phase, which will deliver
different ion species to three groups, will begin in March,
1998.
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Table 1

Abstract
High-duty-cycle line-type pulse modulator has been
developed to drive 5.5 MW S-band klystron at 700 pps
maximum repetition-rate and 14 |i.sec flat-top pulse-width. To
keep enough recovery time to thyratron-tube, the command
charging scheme was adopted. To do this, a charging SCRbank has been developed, which is capable of handling peak
charging current of 50 A. The system achieved world wide
highest average output-power of 205 kW.
Two modulators have been installed in a new high-dutycycle electron linear accelerator, which has been started its
business operation in March 1996 as an electron-beamsterilization facility.

Introduction

Overall specifications of the modulator
140
108

Klystron beam voltage [kV]
Klystron beam current [A]
Electron Injector Gun
voltage [kV]
current [A]
Modulator peak output power [MW]
Pulse width [jus] for flat top
-3dB
Pulse stability and flatness [%]
Pulse rise time [|is]
Pulse repetition rate [pps]
Maximum average output power [kW]

150
0.7
15.1
14
19.2

±0.7
2.5
60-700
205

The electron beam sterilization facility needs very highduty-cycle beam of energy around 10 MeV. For this purpose, a
high-duty-cycle electron linear accelerator was designed, which
requested to develop a new modulator to drive S-band klystron
at 5.5 MW peak rf-output power, 14 ^isec flat-top pulse-length
and 700 pps repetition rate. The overall specifications related
to the modulator are listed in Table 1.
To develop high-duty-cycle modulator, how to design the
switching circuits is critical. In this paper, choice of switching
device, understanding its proper usage and design of damage
protection circuit will be described.

System Description
Figure 1 shows the system diagram of the modulator and
Fig. 2 shows outlook of installed modulator in the electron
beam sterilization facility. The system is basically a
conventional line-type modulator, except its unique design on
charging block using SCRs. Design details are described
below.
no la

Fig. 2 The modulator installed in the electron beam sterilization
facility.
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Fig. 1. Block diagram of the modulator.
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Table 2
Thyratron switching parameters
Operation
Peak anode forward voltage
[kV]
Peak anode current [A]
Average anode current [A]
Recovery time finsecl

33
1080
14.4
-

Table 3
Parameter of charging system

Rated max.
CX-1720MN
50
5000
25
25

Command Charging System
When we use a thyratron-tube at very high repetition-rate,
it is very important to keep enough recovery time before
starting the successive charging process after the PFN
discharge, otherwise the thyratron will start to continuously
discharge. The conventional 'swing-charge method' can not be
applied, since the time-constant of the swing becomes shorter
in high-repetition modulator, thus the thyratron voltage can
reach to a few hundred volt within the recovery time of
25 |J.sec, resulting in continuos discharge.
To solve this problem, we adopted a command charging
system, which operates in a time-sequence as shown in Fig. 3.
Switching the thyratron and discharging PFN capacitors, the
next charging process is started by triggering the charging
SCR by command after waiting-time, during this period the
thyratron can be recovered perfectly. At the maximum
repetition rate, the waiting time becomes minimum of
510nsec, which is much longer than the required recoverytime to the thyratron. By varying the length of the waitingtime, repetition rate can be changed for wide range of 60 to
700 pps.
>1.43 msec

PFN charging voltage [kV]
Charging peak current [A]
rms current [A]
average current f A]

33
50
30
16

Choice of SCR
We chose Toshiba SH400EX29C for switching SCR,
since it has one of the highest rated voltage among high speed
switching SCRs except expensive optical-switching SCRs. To
ensure reliable operation, we designed the operating voltage
much lower the maximum rated voltage. We use total number
of 30 SCRs in series, thus the sum of the maximum rated
voltage becomes 75 kV, which is 2.5 times higher than the
operating voltage.

Trigger Circuit
Figure 4 shows the trigger circuit of one SCR-module,
each module consists of six SCRs in a series. We use five
SCR-modules in a series connection. Triggering signal is
distributed via isolation pulse transformer into the six SCRs.
SCR Module

Insultation
Pulse
Transformer

Trig. Input

Fig. 4 Trigger circuit for SCR module.

Protection Circuit for SCR

n

Thyratron Trig. [ ]

Command Charging Trig.

[1

n

De-Q'ing Trig.

Jl

Fig. 3 Timing chart.

Design of Command Charging Block
The operating parameter of the command-charging-SCRbank is listed in Table 3.

In order to protect the SCRs from excessive over-voltage
due to different turn-on time between SCRs, series RC
snubber circuits were connected in parallel to the SCRs as seen
in Fig. 4, which compensates the voltage differences between
SCRs. The RC parameters were optimized by computer
simulations as not to generate over reaction voltage associated
with PFN discharge [1].
Low Noise Design
In order to eliminate unwanted EM-noise radiation, it is
very important to make low-impedance return-circuit to
transfer the very high rush-current of wide frequency
components associated with PFN discharge. In our design, a
sheet copper of 365 mm width and 0.1 mm thickness was used
to form a ground circuit, which runs through the charging
circuit, the PFN, the thyratron, end-terminal of the tri-coaxial
cable, the pulse-transformer tank and the klystron. In high
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power operation, we do not see a noise ripple nor a jitter at
any monitor signal on an oscilloscope.

High Power Test
We tested high power performances of the completed
modulator connecting to an S-band klystron. Figure 5 shows
the voltage waveforms at the klystron cathode at the design
voltage of 142 kV, and the generated rf output power from the
klystron at the designed output power of 5.5 MW and
repetition of 700 pps. Ripple in the flat top was 1.6 kVpp
(±0.6% ) which is within the requested value. Figure 6 shows
current trances in de-Q'ing circuit, they show designed
waveform without any excessive rush currents. Figure 7 shows
the charging patterns in PFN circuit and de-Q'ing trigger.
Every waveforms showed expected design performances.
Fig. 7 Charging cycle on PFN capacitor.
Channel 1 (up): PFN charging voltage, 33 kV peak.
Channel 2 (down): de-Q'ing trigger.
Ch. 1= 5 kV/div, Ch. 2= 5 kV/div, Time Base = 500 us/div.

Conclusions
We have succeeded in developing a high-duty-cycle linetype modulator, which can handle the world-wide highest
average output power of 205 kW at 700 pps repetition rate.
Two modulators have been installed in the S-band electron
linacs, which has been constructed for a dedicated use of
'electron beam sterilization' and started its business operation
at March 1996.

Acknowledgment
Fig. 5 Channel 1 (top): Rf output power, 5.5 MW peak. Channel 2
(bottom): Klystron beam voltage, 140 kV peak.
Ch. 1= 50 mV/div, Ch. 2= 20 kV/div, Time Base = 5 us/div.
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Fig. 6 Waveforms in de-Q'ing circuit.
Channel 1 (top): de-Q'ing current on resistor, 300 A peak.
Channel 2 (middle): total de-Q'ing current, 800 A peak.
Channel 3(bottom): de-Q'ing current on capacitor, 800A peak.
Ch. 1, Ch. 2, Ch. 3 = 200A/div, Time Base = 200 us/div.
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10 MeV 25KW INDUSTRIAL ELECTRON LINAC
Y. Kamino
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Abstract
A 10 MeV 25 KW class electron LINAC was developed for
sterilization of medical devices. The LINAC composed of a
standing wave type single cavity prebuncher and a 2 m electroplated traveling wave guide uses a 5 MW 2856 MHz pulse
klystron as an RF source and provides 25 KW beam power at
the Ti alloy beam window stably after the energy analyzing
magnet with plus-minus 1 MeV energy slit. The practical
maximum beam power reached 29 KW and this demonstrated
the LINAC as one of the most powerful S-band electron
LINACs in the world. The control of the LINAC is fully
automated and the "One-Button Operation" is realized,which is
valuable for easy operation as a plant system. 2 systems have
been delivered and are being operated stably.

Beam Energy
Energy Spread
Beam Power at
beam window
PPS
Beam pulse width
Beam current
Frequency
Klystron power
Irradiation Surface
Beam spot size
Beam Scan Width
Scan Uniformity

10 MeV variable from 9 to 11 MeV
1 MeV (90% beam current)
25 KW (guaranty) PPS = 550 Hz
29 KW (actual)
PPS = 630 Hz
700 Hz (Max)
13.5 micro sec (nominal)
340 mA peak (nominal)
2856 MHz
5 MW peak
60 cm from the beam window
16 cm diameter
on the irradiation surface
30 cm to 80 cm variable
within plus minus 5% (guaranty)
270deg EENDNG MAGNET

GUN HV
DECK

INRJT WAVE GUIDE
KLYS1TON

/

FF WINDOW

Introduction
A 20 KW (beam power) class LINAC has the greatest
market in the electron beam sterilization market. Several types
of 20 KW class S-Band (2856 MHz or 2998 Mhz) LINACs
have been developed and marketed but most of them are
unstable at the 20 KW operation and the practical beam power
is limited to under 20 KW range. Under this situation, a small,
stable and efficient S-Band sterilization LINAC with the
capacity of 25 KW plus class (marginal beam power) is looked
forward to for an expanding sterilization needs. We have
developed a 25 KW plus class sterilization LINAC system
successfully and two systems are operated at the customer's
plant stably. In this paper, the detail of this new age 25 KW
plus class S-Band electron LINAC is presented.

Design Concept
The main cause of the instability of most of the S-Band
LINACs is the thermal instability of the accelerator guide
under an intense heat load. In some cases, 20 to 30 KW RF
power is dissipated in a 1 to 2 m accelerator guide with less
than 10 cm diameter cavities. Beam loss in the accelerator
guide gives an additional lumped heat load to some part of the
accelerator guide where the beam is lost. The intense and
uneven heat load distorts the cavities of the accelerator guide to
destruct a correct acceleration phase relationship and cause the
beam instability.
Our design concept is to reduce the RF loss and beam loss
to the theoretical limit.

System Outline
The system construction is shown in Fig. 1. The system
block diagram is shown in Fig. 2. The operational parameter
and the performance is as follows.

Fig. 1: System construction (accelerator side view).

Accelerator Guide
A traveling wave CG type guide is selected because a
circulator and dummy load system for the input wave guide
which constitutes a major loss can be deleted with the
traveling wave guide and the klystron output port can be
connected directly to the input port of the accelerator guide.
The guide parameter is selected as 2 m long (60 cavities) and
0.38 Neper (attenuation factor) CG type to get the 10 MeV
beam energy at the nearly heaviest loading condition with
available klystron power of 4.8 MW at the guide input by the
load line analysis. The beam current is 360 mA. The initial 8
cavities of the accelerator guide is the tapered buncher section
and the disk spacing is determined by the electron phase
analysis to get the best bunch suppression ratio for a tight
energy spectrum and the phase limit of - 90deg (just on the
crest of the accelerating field) for the best energy conversion
efficiency. The energy conversion efficiency of the accelerator
guide with the injection in the next paragraph is as high as
about 70% (measured value)and nearly the theoretical limit.
This good energy conversion efficiency reduces the heat load of
the accelerator guide to as low as 10 KW (average) under the
25 KW beam power operation.
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MODULATOR ROOM COMPONENT
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Fig. 2: System block diagram.
The new cooling scheme of the accelerator guide ADAPTIVE COOLING (PAT. Pending) is introduced to
control the phase relationship under the intense and uneven
heat load.

Injector
The electron gun is a triode gun. A rather high gun voltage
(140 KV) is selected for a better capture of injected electron
beam at the buncher section. The gun voltage is supplied from
the klystron modulator as a pulse voltage from the pulse
transformer for the klystron. The electrode geometry of the
electron gun is designed with simulation code E-GUN to get
the best optics at the designed beam current of 400 mA. The
gun cathode assembly is CPI EIMAC Y-845. The electron gun
has a grazer type magnetic lens to compensate the variation of
the optics due to the mounting tolerance of the cathode. The
beam current is controlled by the grid voltage and stabilized
with a feedback control. The current stability is less than plus
minus 1% for a long period of operation.
The prebuncher cavity is a nose reentrant type cavity to
suppress a multipactor discharge. The cavity is made of OFHC
and the RF power is supplied with a over-coupled condition
(coupling coefficient beta = 30). The effective Q factor is 300.
This coupling scheme realizes a broad frequency characteristics
to allow the frequency control of the accelerator guide (for
reactive beam distortion compensation and adaptive cooling)
and to reduce the phase and amplitude perturbation due to the
beam loading.

Beam Dynamics
The beam dynamics is evaluated with PARMELA. The
calculated and measured transmission efficiency are 90.2% and
90% respectively. Both values coincides fairly well. The
calculated and measured beam profiles coincide well both in the
spatial distribution and in energy distribution. The system is
designed as a practical production machine and can not
accommodate a farady cup and a slit for quantitative energy
analysis. The energy spectrum is measured with a fluorescent
plate (Desmarquest AF995R) at the slit position. The beam
profile (Fig. 3) shows that the almost all current is included in
the range of 1 MeV. The FWHM is about 0.4 MeV. There is
no low energy tail which is usually observed for the industrial
and medical LINAC systems which becomes a large amount of
current integrated over a wide energy range and constitutes a
large amount of beam loss at the energy slit. There was some
high energy component observed but the component
disappeared after the gun triggering timing alignment to the
RF pulse to compensate an initial beam loading effect. The
beam loss in the accelerator guide is 10% and the beam loss of
the energy slit is 5%. The total beam loss between the electron
gun and the beam window is only 15%.
The heavy beam loading causes a reactive phase distortion.
This is compensated by adjusting the RF frequency upward by
about 200 KHz to get the heaviest beam loading [1,2].

Beam Break Up Consideration
The beam break up (BBU) is evaluated thoroughly, because
a longer pulse width (13.5 micro sec) compared with other
existing LINAC and a rather large beam current (400 mA) will
lead to the BBU which results in a fatal failure in satisfying
the performance specification.
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System Control
1.0 MeV

The whole accelerator system is controlled by a
Programmable Logic Controller. A whole monitor and control
function is integrated on a LCD touch sensing panel to realize
'ONE BUTTON CONTROL'. The communication with other
computer system is provided to realize a fully remote control
and one-man operation of a whole sterilization plant. The
accelerator system reaches the predetermined operational
condition from the stand-by mode in 1 minutes after the start
up command full automatically.

Conclusion

Fig. 3: Energy spectrum measured at the energy slit. Energy
analyzed beam profile at the energy slit position on
Desmarquest AF995R plate.
A Regenerative BBU (R-BBU) is the BBU expected for this
LINAC. The starting current of R-BBU is inversely
proportional to the electron beam energy and occurs at the
initial part of the accelerator guide where the electron beam
energy is low. In CG type accelerator guide, HEM 11 modes
excited in the upper stream region can not go through the
down stream region, because the HEM11 modes excited in the
upper stream region fall in the stop band in the down stream
region and are trapped and become standing waves. The 15
cavities (tapered buncher section-8 cavities and initial part of
CG section-7 cavities, 15 cavities in total) are modeled and all
dipole modes are sorted out with MAFIA. There are 10 dipole
modes. In these dipole modes, pi-like modes are selected and
three modes with the highest shunt impedance are evaluated as
follows. The starting current estimation is based on Wilson's
method [3,4] including the effect of the magnetic focusing and
the pulsed nature. The following value is a rough estimation,
but a great margin is secured for 400 mA operation. There is
no indication of BBU observed in the real operation and the
beam pulse shape is quite stable.
Mode
No. 3
No. 4
No. 5

Dipole Mode Freq.
4213.2 MHz
4226.8 MHz
4234.8 MHz

Starting Current
3.25 A
2.10 A
3.09 A

A 10 MeV 25 KW plus class electron LINAC for
sterilization of medical devices is successfully developed with
the state of the art LINAC technology. Two systems are being
operated stably at the customer's sterilization plant.
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Klvstron Modulator
The klystron modulator is a line type pulser with a high
average current thyratron (EEV CX-1720MN) as a main
switching device. The command charging is introduced to
secure the recovery time of the thyratron and a long life of
PFN capacitors by minimizing the HV time of the capacitors.
The klystron is Thomson TH-2154.
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Dielectric Response of Particle Beams to Periodic Focusing
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Abstract
The dielectric response of a charged particle beam
to a periodic focusing field enhances the effective
focusing strength, reducing the matched beam radius and
affecting the motion of halo particles. The change in the
effective focusing strength is found for a uniform-density
beam with a diffuse halo in a quadruple channel, giving
increases of 2% to 8% for some typical examples. These
changes are important for both the production and
behavior of halos in intense, high energy beams, in
which fractional current losses as small as 10~8 /m can
result in radioactivation.
The effective focusing strength of a periodic channel
is an important factor for accelerator applications requiring
high beam intensities, such as heavy ion inertia! fusion,
radioactive waste transmutation, spallation neutron sources,
tritium production and muon production, limiting currents
have been found in the past using the smooth approximation
[1] to find the effective focusing strength of a periodic channel
which, along with the aperture, determines the current that can
be transported through a given channel [2]. Accurate
knowledge of the effective focusing strength is also important
for matching. Transverse mismatch has been shown to be an
important cause of halo production and the resulting particle
losses [3-5]. Fractional current losses as small as 10"8 /m can
result in radioactivation, inhibiting routine maintenance [6],
this can also be the limiting factor in the transport of intense,
high-energy beams [7].
The -'ielectric response of a plasma to the periodic
field of a Paul trap was recently shown to enhance the effective
focusing strength of the trap [8]. The dielectric response
results from the correlation between the oscillations in the
space charge field and the peiodic focusing field [9]. The
dielectric response is shown here to increase the effective
focusing strength of the channel, by an amount that depends
on the shape of the beam, the type of focusing, and the ratio
of the plasma frequency of the beam, <op, to the frequency of
the focusing, to. The dielectric response and the fractional
change in the effective focusing strength are found for a
uniform-density continuous beam with a diffuse halo and for a
uniform-density ellipsoidal (bunched) beam, both in a
quadrupole channel. The increase in the effective focusing
strength results in a higher transverse phase advance per
period, a higher average beam density and a lower average
beam radius. Since accurate matching is important for beam
applications requiring low losses, the effect of the dielectric
response on the matched beam parameters can be important for
the applications listed above.
A beam in a periodic focusing channel experiences a
fluctuating electric field Ej (r,s0), which consists of the
fluctuating component of the focusing field, Ecf (r, s0), and
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small fluctuations in the space charge field, Eif (r, so)- The
position relative to the center of the beam is r , and the
focusing is periodic in s, the longitudinal distance along the
channel.
Although particles with different longitudinal
positions within the beam are at different phases in the
periodic field, it is assumed that the effects of this are
negligible so that the fluctuating fields can be written as
periodic functions of the longitudinal position of the beam
center along the channel, sQ. The focusing field and the space
charge field are each divided into two parts so that the
fluctuating components have an average value of zero and the
steady-state components vary slowly or not at all with s0.
The frequency of the focusing is <o=2revB/S, where S
is the period of the focusing along the longitudinal direction
and vg is the beam velocity. In general mere are three periods
(Sx, Sy and 5Z) and three frequencies (co^, v>y and <o?), one for
each of three directions in Cartesian coordinates (x and v are
transverse and z is parallel to the beam axis; for most practical
applications Sx - Syj. The focusing field can be the result of
electrostatic or magnetic quadrupole lenses, inductionacceleration gaps, and magnetic solenoids (if the beam is
considered in the Lannor frame). It can also be the result of
focusing by electromagnetic fields which are periodic in time
and space, as in the case of radio-frequency quadrupole (RFQ)
focusing. The focusing field is written as an electric field with
the approximation mat particle motion in the beam frame is
nonrelativistic, so that magnetic focusing can be represented
by equivalent electrostatic fields. The force resulting from the
magnetic field of the beam is included in the self electric field
(the space charge field) with the same approximation. Unless
otherwise stated, all quantities are considered in the lab frame.
With RFQ focusing and induction-acceleration gaps, it is
assumed that acceleration along the longitudinal direction is
slow enough that it can be treated as adiabatic, and that the
beam is in phase with the time-varying field so that the
focusing field can be treated as periodic only in longitudinal
distance along the channel.
The effective focusing field can be found from the
average field of a particle due to its motion in the periodic field
[10]. The motion of a panicle in the periodic field is first
found with the fluctuating field as a function of position fixed
at Ef (r,s0) = Ef (re,so), where r0 is the position of the
particle averaged over a period. The resulting particle position
is r0 + dr; the first-order variation in the position of the
particle resulting from the fluctuating field is dr. The
effective field that results from the fluctuating field is then
found to first order from

(E/r.5 0 )> - ((6r
where

DELQ

0>

is the gradient with respect to r0 and the

brackets represent averages over a focusing period. The
effective field of Equation (1) has previously been derived for a
Paul trap without space charge [10] and for a periodic focusing
channel without space charge fluctuations [11]. Solving for
fir from the fluctuating field and substituting into Equation (1)
gives an effective field of

(5)
(0

in which F = 1/2, cop = (^njE^m)112
is the plasma
frequency, and n, is the particle number density. Equation (5)
will be used for other types of beams and for halos with
different values for f, depending on the geometry.
In deriving Equations (4) and (5) it was assumed that
'DEL o)
co 2/co2 « 1, and that fluctuations in the focusing fields and
(2) space charge fields occur sinusoidally with the same frequency.
For most focusing channels the fluctuating component of the
where q and m are respectively the particle charge and mass, focusing field is not a sinusoidal function of longitudinal
and y = (l-vBz/czylli
is the relativistic factor. In a distance along the channel. In order to define the dielectric
quadrupole channel the steady-state component of the constant, the fluctuations are approximated as sinusoidal
transverse focusing field is zero, so the field of Equation (2) is functions of s0. Small deviations in the functional form are
the total effective focusing field. For transverse focusing by assumed not to have a significant effect on the dielectric
solenoids or longitudinal focusing by induction-acceleration response of the beam.
gaps, the steady-state component of the focusing field is
Since e<l, Equation (4) represents an enhancement of
typically much larger than die effective field of Equation (2), the periodic focusing field. This effect results from the fact
so that the dielectric response, which affects only the that the beam has maxima in its extent along any axis, and
fluctuating component of the field, has much less effect than minima in the magnitude of its space charge field, at
in a quadrupole channel with the same frequency and focusing longitudinal positions along the channel where the focusing
strength.
field along that axis is at a maximum. Likewise, the beam
The dielectric response occurs through the effect of has maxima in the magnitude of its space charge field where
space charge fluctuations on Ef (ro,so). This will be found the focusing field is at a minimum. Fluctuations in the space
first for the core and halo of a uniform-density continuous charge field are therefore correlated with the focusing so that
beam with a diffuse halo in a quadrupole channel with average they enhance the effective focusing field.
Substituting Equation (4) into Equation (2) leads to
axial symmetry.
The dielectric response will then be
considered for the core of a uniform-density ellipsoidal the conclusion that the effect of the dielectric response of the
(bunched) beam in a quadrupole channel with average axial beam is to increase die effective transverse focusing field of a
quadrupole channel by the factor lit2.
For example, a
symmetry.
The electric field in a transverse direction (x) of a continuous beam in a quadrupole channel with co/co = 0.2 has
continuous, uniform elliptic beam with current / and velocity a dielectric constant of 0.98. The dielectric response increases
vB is Esx = Ix/(jr£Oy2vBxm(xm+ym)),
where xm and ym are the effective focusing field of this channel by about 4%.
The same technique can be used to find the effect of
respectively the beam envelopes in the x and y directions, and
the
dielectric
response on halo particles surrounding the
E 0 is the permittivity of free space [12]. In a quadrupole
uniform-density
core of a continuous beam. The model of a
channel which has average axial symmetry, the fluctuations in
the two transverse directions have the same magnitude and uniform-density continuous beam core that is mismatched in a
functional form, and are out of phase by JI. The beam continuous (nonperiodic) focusing channel has been used to
envelopes can then be written as xm = xm0 + 6xm sadym = xmo- study the evolution of halo particles [5], in which variations
6xm, where xm0 is nearly independent of s0 and 6xm has an in the space charge field resulting from the oscillating core
average value of zero. The electric field can then be split into were found to drive some particles to larger radii. Here, the
a steady-state component and a fluctuating component with a effect on the effective focusing strength is found from
linear expansion in 6xm. The resulting fluctuating field oscillations of the space charge fields for a matched beam in a
periodic channel. The same result applies to a mismatched
component is
beam in a periodic channel if the frequency of the mismatch
oscillations is much less than co.
I6X X
* . - " .
»
The beam has average axial symmetry, and variations
in xm and ym are out of phase by n. The dielectric response of
Using Equation (3), setting Efx = Esfx + Ecfx, where halo particles arises from the periodic motion of the particles
Efx, Esfx and Ecfx are respectively the x components of the relative to the beam axis, and also from the periodic variations
fluctuating parts of the effective focusing field, the space in the shape of the core. The position of a halo particle is
charge field and the focusing field, and solving for 6xm, gives
written as (x, y) = (% + 6x, y0 + fiy). and the envelopes are
againxm =xm0 + 6xm wdym = xm0 - 6xm. Using the electric
field along a transverse direction outside of a continuous,
uniform-density elliptic beam core [12], the self electric field
in which e (by definition) is the dielectric constant. The can be written in terms of a steady-state component and a
dielectric constant for this case is
fluctuating component with linear expansions in the
fluctuating quantities. Solving for the resulting particle
motion by the same method as in the previous case, the
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fluctuating field is again described by Equations (4) and (5). In
this case

The example of a bunched beam with yzjxm - 2 and <op/co =
0.3 could correspond to kxlkx0 = 0.5 and o x 0 = 80°.
Two uniform-density beams with the same energy,
(6) current, space charge tune depression, and aspect ratio will
have different matched beam properties if one is in a periodic
(•*o y<))
\*o "*" yo)
For example, with XQ = 1.5xm0 andy0 = 0, <op/<o = 0.2 gives a quadrupole channel and one is in a channel with continuous
dielectric constant of approximately 0.99. The dielectric focusing, if both channels have the same effective focusing
response increases the effective focusing field at this location strength in the absence of space charge. With space charge,
the effective focusing strength of the periodic channel is
by about 2%.
increased over that of the continuous channel, resulting in a
The same method will now be used for the core of a
smaller phase advance per period, a higher average beam
bunched beam with average axial symmetry, which is taken as
density and a smaller average beam radius.
a uniform-density ellipsoid. The envelope fluctuation in the
Reducing the frequency of the focusing increases the
longitudinal direction is typically either out of phase with the
dielectric response and increases the effective focusing strength
transverse fluctuations by n/2 or it has a different (and
for a uniform-density beam, but also results in greater
nonresonant) frequency from the transverse fluctuations; either
oscillations of the matched beam envelope. For applications
way it can be ignored in finding the effective transverse in which current loss into the conducting channel is an
focusing. The electric field in a transverse direction inside a important factor, the increase in the magnitude of the envelope
uniform ellipsoid without images [12] can be split into a oscillations as the focusing frequency is decreased could lead to
steady-state component and a fluctuating component with a greater particle losses even as die effective focusing field on
linear expansion in dxm. The remaining integral is solvable the beam core is enhanced.
analytically, resulting in a fluctuating field component of
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4xz,
(7)

where | = (l-^mO2/V2zn?o2)1/2 i s m e eccentricity of the bunch
in the beam frame, zm is the beam envelope in the z direction
and Q is the total charge of each bunch. For a bunch that is
spherical in the beam frame (y zm0=xm0). Equation (7) becomes
Esfx = -SQdx^ilOntgX^4).
The same method as in the
previous cases results again in Equations (4) and (5), in which
F equals the quantity in square brackets in Equation (7). For
the special case in which the bunch is spherical in the beam
frame, F = 0.4. For example, a beam with an aspect ratio of
yzmOlxm0 = 2 (for which F is approximately 0.4) in a
quadrupole channel with o p /(o = 0.3, has a dielectric constant
of approximately 0.964. The dielectric response increases the
effective focusing field of this channel by about 8%.
The envelope equations [13] can be used to relate
cOp/co to the transverse space charge tune depression {kxlkx0)
and the phase advance per period (ox0), giving

co
in which gr = l-gxm2l2y 2zm2 is the radial geometry factor [14].
g is the geometry factor, which is a function only of the aspect
ratio of the bunch, yzmlxm, when image fields are negligible;
it is a function also of the pipe radius when image fields are
significant [14]. Without image fields, g can be approximated
as 2yzJ3xm when 1 <= yzjxm <= 4 with about 10%
accuracy. Equation (8) applies for a continuous beam with g.
= 1. The first example of a continuous beam with o> /co =
0.2 could therefore correspond to kxlkx0 = 0.5 and o x 0 = 59°.
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Abstract

Introduction

A graphic user interface (GUI), providing for easy problem
set up and data input, has been integrated with the
TRANSPORT program. TRANSPORT is a third-orderoptics
code that is one of the standard programs used in the design of
charged particle beamlines. We have developed a GUI for
TRANSPORT using the Shell for Particle Accelerator Related
Codes (S.P.A.R.C.), a software environment developed
specifically to support accelerator simulation programs.
Problem set up is accomplished graphically. The
configuration of a TRANSPORT beamline is defined by
selecting icons representing transport elements from a palette
and dragging them to a window. A dynamic data structure is
used, which expands as the beamline model is built. Default
data is provided for all elements so each beamline is fully
defined as it is constructed. Specific problems are formulated
by editing the data presented in specialized windows: different
options for describing each element are available, word
descriptions for every parameter are given, several choices of
units including "smart units" are offered, and user guidance
limits are displayed for all parameters. TRANSPORT is
executed using a MAD-type data file written by the GUI. This
new approach to using TRANSPORT is described and
examples from the interface are illustrated.

TRANSPORT [ 1 ] is one of the standard programs used to
model and design charged particle transport lines. Although
TRANSPORT offers powerful fitting and other analysis
capabilities, new users often find the initial set up of a design
problem challenging and time consuming. We have developed
a new approach to using TRANSPORT by integrating it with
a GUI designed specifically to support particle beam
simulation and analysis programs. Known as the Shell for
Particle Accelerator Related Codes (S.P.A.R.C.), this GUI
provides a unique software environment customized to the
needs of the accelerator community [2]. The approach adopted
for TRANSPORT is similar to that used for integrating other
programs into the S.P.A.R.C. environment [3,4,5]. Figure 1
shows a computer interface screen for the TRANSPORT GUI.
Several advanced capabilities have been added to
S.P.A.R.C. that are aimed at improving the productivity of
new users. These new features were evaluated using a
prototype of the TRANSPORT GUI as the primary computer
tool in a recent course at the U. S. Particle Accelerator School
(USPAS). This paper emphasizes several of the new features
as well as other improvements implemented following the
USPAS.
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Figure 1. Example of the TRANSPORT graphic user interface.
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Overview of the GUI for TRANSPORT
Three primary elements of the interface are similar to
those of other S.P.A.R.C.-based applications and are shown in
Figure 1: a Menu Bar, Palette Bar, and Document Window.
The Menu Bar contains standard (File, Edit) menu items,
specific menus (View, Commands, Preferences) used to
support TRANSPORT, and a special menu (Trajectories) that
supports new ray tracing modules built in to the GUI that do
not use TRANSPORT.
The ray tracing modules were
developed for a cross-platform educational version of the
software that is described elsewhere [6]. The Document
Window and Palette Bar are the primary interface components
for setting up a beamline. An example of a TRANSPORT
beamline appears on the lower part (Model Space Pane) of the
Document Window in Figure 1. To build a beamline,
transport elements are selected from the Palette Bar and dragged
to the Model Space Pane of the Document Window. The
Palette Bar contains icons representing all of the transport
components and other elements available in TRANSPORT.
Data Input
Parameters are input using Data Tables. The Global
Parameter Pane shown in Figure 1 illustrates the basic Data
Table which contains five fields for each parameter: the
parametername, a value input box, the units of the parameter,
and two user guidance limits for the parameter value. The
guidance limits can incorporate expert system type rules-ofthumb [2,3] to assist the user in setting up problems. All
guidance limits are soft, so that any value can be enteredand it
will be passed to TRANSPORT. The limits serve only to
provide users with a visual alert if an enteredvalue may have
impractical consequences.

Piece Window Title
Provides Location in
Beamline and Piece Typd

Different Sets of
Parameters May Be Used
to Describe a Piece

Antic * Length
Angle A FtoM
l«n«tt t, Field
ttnatt & Itadtas

Users may select different options for the units of a
parameter via pop-up menus in the units field. The guidance
limits, as well as the current value, are immediately displayed
in the selected units. The Global Parameters include all of the
top level beam parameters, the particle charge and mass, the
initial beam energy, etc. Only some of the Global Parameters
are used for TRANSPORT calculations while others, such as
the beam current, are used by the ray tracing modules [6].
Data input for individual components ("Pieces") of the
beamline is accomplished using Data Tables in Piece
Windows. A Piece Window is accessed by "double clicking"
the mouse button while the cursor is on the desired beamline
component.
The Piece Windows developed for the
TRANSPORT GUI have several enhancements that
distinguish them from those used in previous S.P.A.R.C.based applications. Figure 2 illustrates an example of a new
Piece Window.
One of the new features of the enhanced Piece Windows is
the ability to use different sets of parameters to describe a
beamline element. For the bend element illustrated in Figure
2, there are five different ways of defining the dipole strength
of the bending magnet. The selection of input options shown
in Figure 2 is based upon the different ways that a magnetic
bend can be specified in a TRANSPORT input file, although
other options could also be included in the Piece Window.
When the user selects one of the dipole strength options, the
value input boxes for the parameters associated with that
selection become active (can be edited), while other (dependent)
parameter values are presented in a display-only mode (cannot
be edited). The S.P.A.R.C. expert rule system immediately
updates ail display-only parameters whenever an editable value
is changed, providing users feedback on other bend parameters.

Input Parameters Are
Edited Using Data Tables
in Piece Windows
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Figure 2. Example of new Piece Window, for parameter input to the magnetic bend element of TRANSPORT.
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Output Displays
Graphic displays of TRANSPORT output data have
traditionally been available only by using postprocessor
programs with data archive files. Our GUI provides built-in
plotting and graphical tools that display plots immediately
aftera TRANSPORT calculation. Threeoptions are available
for setting up plots using the current version of the GUI.
Plots can be specified for (a) up to four matrix elements as a
function of the beamline accumulated length, (b) up to four
beam half-widths or centroids as a function of the beamline
accumulated length, or (c) plots of the transverse (horizontal
and vertical) phase space ellipses at the location of the Final
Piece in the beamline. Figure 3 shows an example of the
phase space ellipse plots.
g Final Ellipse Plots T
0.0378-
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(Shorn Points)
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also be run directly from the interface to trace up to 10,000
rays through the beamline.

Summary
A new graphical user interface has been developed for the
TRANSPORT code. The integrated TRANSPORT-GUI
program provides an interactive and intuitive package for
designing beamlines. Both accomplished and novice users of
TRANSPORT have realized increased productivity using the
GUI. The new package compliments other codes operating in
the same software environment [3-5] and provides accelerator
scientists with a useful new tool.
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Once a graph such as that shown in Figure 3 has been
generated, several support functions are available to the user
for further analysis of the data. Specific plotted points used to
generate the graphs are displayed by selecting Show Points.
The coordinates of any plotted point are displayed by clicking
on the symbol for that point. Any region of the graph may be
selected and the Zoom In button used to expand the display for
that region. An unlimited number of zooms are available for
any region of the graph. An increasingly detailed display of
the graph datacan be generated by using multiple applications
of the Zoom In feature.
Other Features
The GUI for TRANSPORT includes several other
advanced features to aid researchers in solving beamline design
problems, and to assist students in learning about particle
optics. A full compliment of GUI tools has been developed to
support TRANSPORT'S fitting and parameter variation
capabilities [1], including the ability to define algebraic
functions of input and output parameters for use as fitting
constraints. The Trajectories menu contains options [6] for
tracing (and displaying) the transverse beam envelopes through
the beamline, including space charge, and for tracing a single
ray through the beamline, incorporating the effects of the
envelope space charge forces. The TURTLE [7] program can
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Abstract
TRACE 3-D is an interactive code that calculates and
displays the envelopes of a bunched beam through a userdefined transport system. Accelerating elements and linear
space-charge forces are included. The beam is describedby a 6D sigma matrix of second moments. We have extended the
capabilities of this code to include effects, such as wakefields,
related to the variation of the beam bunch in the longitudinal
direction. This nonlinear capability was implemented by
adding centroid tracking and describing the beam by a
collection of slices, each described by a 6-D centroid and sigma
matrix. External forces, space-charge forces, and wakefields act
on the collection of beam slices. Results are presented in
terms of an overall sigma matrix, computed by combining the
slice distributions. The new TRACE 3-D has been integrated
with an improved graphic user interface (GUI) based on the
Shell for Particle Accelerator Related Codes. This new
approach to modeling wakefields demonstrates the flexibility
of extending the capabilities of moment codes to handle
important physical effects, and the rapid incorporation of the
new capabilities into the graphic interface illustrates the ease
of customizing the new GUI. The wakefield model and
features of the new interface are presented.
Introduction
The TRACE 3-D program [1] is one of the standardcodes
used in the design of linear accelerators and transport lines. A
new version of TRACE 3-D has been developed that computes
the short-time (single bunch) wakefield effects that can alter
the bunch distribution. In order to model the effects of
wakefields, we imagine the beam bunch to be divided into a
number of slices longitudinally. Each slice of the bunch is
then describedby its own 6-D centroid and 6x6 sigma matrix.
The effects of wakefields are modeled using a multipole
expansion of the forces which act on the beam as a function of
the longitudinal position within the bunch. Monopole, dipole
and quadrupole terms (wake functions) are included. These
terms can be expressed as transfer (R) matrices which act on
the centroids and sigma matrices of each slice. The approach
has been outlined by Chan [2], and follows the development of
Chao and Cooper [3] for the code LTRACK, but we do not
assume that the beam is traveling at the speed of light.
To implement this model in TRACE 3-D, new wakefield
"optical" elements have been developed that are used to
describe the monopole, dipole and quadrupole wakefield
functions [2]. These are currently modeled as a second-degree
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polynomial in the longitudinal position, although other
parameterizations could be readily implemented. One of the
new wakefield elements is then placed in the beamline after
each physical element (e.g. misalignment or RF gap) that is
responsible for a wakefield.
The wakefield version of TRACE 3-D has been integrated
with a GUI designed specifically to support particle beam
simulation and analysis programs. Known as the Shell for
Particle Accelerator Related Codes (S.P.A.R.C.), this GUI
provides a unique software environment customized to the
needs of the accelerator community [4]. Earlier versions of
TRACE 3-D have been integrated with the S.P.A.R.C. GUI
for several years [5]. New capabilities have been added to
S.P.A.R.C. that are aimed at improving the customization of
the GUI to meet the differing needs of users. These new
features were utilized to create a prototype GUI for use with
the new TRACE 3-D.
Overview of the Beam Model
The initial beam bunch is assumed to be a uniformly
filled, upright ellipsoid in (x,y,z) with
— *•

(1)

The bunch is divided into 2N+1 equal-length slices, labeled
from -N (head)to +N (tail). Slice number 0 is centeredat z=0.
Let z, be the z value at the upstream face of slice i" and define
£/v+t t o be -Zmax- Since the number of particles, &i, in a slice
of length <k is proportional to the square of the distance from
the bunch center. Introducing the variable £=(z 1Z™*) one has

With this distribution, the z-centroid of slice i is given by
(3)
The fraction of particles in slice i is given by

To estimate the z'-centroidof each slice, it is assumed that the
ratio of the centroid values <z'>, /<z>; is the same as zVzm,
where zm, is the maximum value of z for the z-z' ellipse and
z'e is the value of z' at z = zm. From the definition of the
Twiss (Courant-Snyder) parameters for the z-z' ellipse, then
= - [a : / pc] <z>t .

(5)

Wakefield Optical Elements

The transverse emittances, e* and ty, are adjusted at each
slice according to
Z^X-] ( « „ / / )

.

Three new "optical elements" have been addedto TRACE
3-D to model the monopole, dipole and quadrupole wakefield
functions. These elements are inserted into a beamline model
immediately after each element that is responsible for
generating a wakefield. The monopole wakefield changes the
energies of the bunch slices, the dipole wakefield causes
deflections of the transverse centroids of the slices, while the
quadrupole wakefield effects the sigma matrices of the bunch
slices in addition to the energy and transverse centroids. The
three wakefield multipoles are expressed in terms of wake
function strengths per unit length, W0(s), Wt(s), and W2(s).
Each wakefield acts on a bunch over the length, L, of the
element responsible for generating the wakefield. The product
of this length and the multipole strengths are used for
computing the wakefield effects [6] and are modeled as second
degree polynomials:

(6)

where the factor / is the ratio of the average to maximum
emittance value
/=2,[l-«^,/w)2]«.

.

(7)

The values of a 5 5 and a 6 6 for the i-th slice are estimated from
o33j=(Az/2)2

,

(8)

where Ar = 2zmax l{2N+\), and £ is ratio of the average to
maximum a 6 6 value
(10)

L W0(s) = />0(l) + po(2)5 + po(3)s 2 ,

The centroids and sigma matrices for each slice are
transformed through the beamline using the usual transfer
matrix formalism. Each TRACE 3-D optical element [1] is
describedby a 6x6 /{-matrix, / ? ( A J ) , that transforms the beam
over a distance As in the element according to
<X

, = R(As) <X

a(s+As\ = R(As)

+Pl(3)s2

,

(17)

LW2(s) = p2(l) + p2(2)s +p 2 (3)j2

.

(18)

LWl(s)=pl(D+Pi(2)s

The three coefficients for a given multipole, pm(l), Pm(2) and
pm{3), are user inputs for the corresponding wakefield optical
element.
The effects on the energy and centroid of the Jt-th slice are
given by [6]:

(11)
(12)

where <X (s)>, and a (s); are the 6-D centroidand 6x6 sigma
matrix for the beam slice at position s. Existing TRACE 3-D
subroutines are used to compute the fl-matrix elements for the
standard optical elements, but new subroutines have been
written to carry out the transformations described by (11) and
(12). As describedin the next section, new subroutines for
modeling the wakefield optics have also been written.
The longitudinal slices for the beam bunch are recombined
to compute effective bunch centroids and sigma matrix
elements. The overall bunch centroid is given by
<X > =

(16)

AEk =-Ii<kniLWQ(<z>i-<z>k)
A<x'>k=CkI.i<knlLWl(<z>i-<z>l)<Jc>i

,

(19)
, (20)

with an expression similar to (20) for A<y">t. The sigma
matrix for the k-th slice is transformed with a /?-matrix, with
elements that differ from the identity matrix given by [2]:
R21

- - R43 -

(21)
(22)

(13)

with
The individual elements of the overall bunch sigma matrix are
given by

«* niLW2{<z>r <Z>k
(23)

. (24)

(14)
whereM, represents(x,x\y,y',z,z') for i=l,6and
aijk 15 =<«, u->k- <u->k <up>k ,

(15)

is the sigma matrix for the Jk-th slice. The individual slice
centroids and overall sigma matrix are used to compute space
charge effects with a modified space charge model that takes
into account the effective force on each slice centroid. The
overall bunch centroids and overall sigma matrix are utilized
for generating graphic output displays of the beam envelopes
and centroid locations.
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Theg, and <£, terms correspond to normal and skew quadrupole
moments, respectively. The coefficient Ck appearing in (20),
(23) and (24) is a function of the relativistic energy factor of
the k-th slice, y k, and is given by

=re(mJM)lyk ,

(25)

where re is the classical radius of the electron, me is the
electron mass and M is the particle mass.

Integration with the GUI
User defined optics elements, such as the wakefield
elements described above, may be easily integrated into the
S.P.A.R.C. GUI for TRACE 3-D using a new TableBuilder
application. The TableBuilderis used to create customized data
input windows called Piece Windows [5]. Custom Piece
Windows for user defined elements provide the same
functionally as other Piece Windows, including options for the
choices of parameter units, including several "smart units"
options, and lower and upper user guidance limits. The
guidance limits are soft, that is, any parameter value may
always be entered. The limits are utilized to provide the user
with a visual alert when his or her input value may have
impractical consequences.
. Element #5 Type:Mono make
Element Parameters

Value

Units

Constant Term P0(O

0.1000

Linear Term P0C2)

100.0000

Quadratic Term P0C3)

I.00E+03

parameters, including an option to generate random values,
have been addedto the quadrupole. An electrostatic quadrupole
has been addedto the program. We also note that together
with a suite of other electrostatic elements (prisms, einzel
lenses and accelerator tubes) developed as part of other work,
versions of TRACE 3-D are available for studying a broad
spectrum of bunched and continuous beam accelerator systems.
Summary
A new version of the TRACE 3-D code has been
developed for modeling wakefield effects and similar
phenomena related to variations of a beam bunch in the
longitudinal direction. A number of new optical elements have
been added to support the modeling of wakefields and
misalignments. The new version of TRACE 3-D has been
integrated with an enhanced version the S.P.A.R.C. GUI that
allows users to customize the integrated TRACE 3-D / GUI
program to meet individual needs.
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Figure 1. Example of custom Piece Window for a wakefield
element, created using the TableBuilder application.
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Once a custom Piece Window such as that shown in
Figure 1 has been generated, the graphic construction of
beamlines that include the user definedelements is the same as
for beamlines with any other optical elements [4,5]. The
setting up of arrays and other input for TRACE 3-D is
accomplished by the GUI and is transparent to the user.
Several other improvements to the GUI have also been
implemented and a few more are under development in orderto
fully support the new TRACE 3-D capabilities. Several
additional smart units options have been addedto the Global
Parameters [5]. For example the Beam Energy may be input
in terms of the relativistic velocity (f$), relativistic energy (y),
or particle momentum (in GeV/c), in addition to eV, keV,
MeV or GeV. The radiofrequencymay be entered as either a
frequencyor a wavelength, with several options for each. The
S.P.A.R.C. expert rule system [4,5] provides all conversions
and gives users feedback in any of the available units options
for his input.
Other Enhancements
A few other optical elements have been addedto TRACE
3-D as part of this work, and some additional parameters have
been addedto existing elements to support misalignment
modeling. In particular, the rotate element has been modified
so that it can model either rotations (yaw and pitch, as well as
roll) or displacements of the beam axis. Roll and displacement
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Abstract
The 1.54 GeV S-band linac for the Accelerator Test
Facility (ATF) accelerates multi-bunch beam. The beam has
20 bunches of 2xl0 10 electrons with 2.8 ns bunch spacing.
When multi-bunch beam is accelerated in the linac, the beam
has the energy deviation by transient beam loading. The 1.54
GeV S-band Linac is an injector of the damping ring (DR), and
the energy acceptance of the DR is ±0.5%. This means that
the beam loading compensation system is necessary in the
linac for a successful injection of multi-bunch into DR. The
system consists of a compensating section in addition to a
regular accelerating section. The accelerating structures of
compensating section are operated with slightly different RF
frequencies of 2856±4.327MHz. This paper describes the
principle of the beam loading compensation system and the
results of energy compensating experiment.

Introduction
For future linear colliders, one of essential technique to
get a sufficient luminosity is the ability to accelerate multibunch beam with small bunch spacing. As the pulse length of
a multi-bunch beam is shorter than the filling time of
accelerating structures, the energy gain of successive bunches
drops by approximately linear function due to a transient beam
loading in the accelerating structures. The energy loss (Ew) at
time t after the first bunch injection is
1X
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t

\-e-*tf

i-g-

2p/

method is to inject a beam before an rf pulse has filled in an
accelerating structure. The AF method is to have one or more
accelerator structures running at slightly higher and lower
than fundamental frequency and roughly in 90 degree out of
phase from the acceleration.

Principle of ±AF

Energy Compensation System

The AF Energy Compensation System (ECS)
compensates for multi-bunch energy spread by keeping a
bunch separation synchronized with an rf frequency. In this
compensation system, compensating structures are installed
between the regular accelerating structures. When a bunch train
goes through the compensating structures driven at an rf
frequency which is slightly higher and lower than the
fundamental accelerating frequency, succesive bunches of the
train ride on a different phase of the accelerating field (see
Fig. 1). Due to this phase difference, the energy gain of the
succesive bunches is different. As a result, the multi-bunch
energy spread is compressed to a small value. When a bunch
train enters the compensating structures of +Af, the energy
gain is lower for the bunch head and higher for the tail due to
the fact that each bunch accelerates at a positive slope of the
part of sinusoidal wave in the structure. To compensate for
this single-bunch energy spread which is created in the
compensating structures, two frequencies (f+Af, f-Af) are
necessary in order to compensate it by both a negative slope
and a positive slope.

"l

l-*-2T J'

Train Head

where t,,, r0, T 0 , tf are the instantaneous current of the beam
and shunt impedance, the attenuation parameter and the filling
time of the accelerating structures, respectively. The
instantaneous beam current is expressed as

(28S(SMHi)

MH»

tea r
(2S56-4J27

where e, N b , and t^ are 1.6xlO'l9C, the total number of
electrons per bunch and bunch separation, respectively.
There are many methods to compensate transient beam
loading, such as AT method, AF method and so on. The AT

Bunch Number

MHi)

Acceleration

Fig. 1. Principle of the ±Af energy compensation
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This energy compensation system has a high flexibility
for bunch population changes, the amount of compensation
can be controlled by the input RF power applied to the
compensation structures.

for the energy compensation system are designed for two
frequencies (fo±Af). The rf pulse waveform from the two
SLAC-5045 klystrons is rectangular with a width of 1.0 its .
Timing system

±AF

Energy Compensation System in ATF

The 1.54 GeV S-band Linac of ATF accelerates a multibunch beam that consists of 20 micro-bunches with 2.8 ns
spacing and the repetition rate of 25 Hz. After acceleration in
the 1.54 GeV linac, the multi-bunch beam are injected into
DR which generates extremely low emittance beams. The
energy acceptance of DR is ±0.595. As the multi-bunch beam
with intensity of 2.0x1010 electrons/bunch is accelerated in
the 1.54 GeV linac and a bunch train is injected after an rf
pulse has filled in an accelerating structure, the multi-bunch
energy spread of a bunch train is evaluated to be about 9.6%
peak to peak without AT and AF compensation as shown in
Fig. 2. Therefore, the beam loading compensation system is
necessary in ATF for a successful operation of multi-bunch
scheme. With the AF energy compensation system, the
multi-bunch energy spread can be reduced to 0.27% with beam
intensity of 2.0x10'° electrons/bunch.

1550

Without beam loading
(N.-0.0)

1500
-130 M<V
(B»ia Lo.dln,)
1450

1400
10
15
Buncfe Number

Fig. 2. Evaluated beam loading in ATF linac

Experimental setup
As shown in Fig. 3, the ATF rf system of the accelerator
section consists of 8 regular rf units and 2 ECS rf units.

ATF1J4C.VUNAC

Fig. 3. Accelerator section of the ATF 1.54 GeV injector linac
(L0-L16 regular sections, Cl, C2 compensating sections)
The regular rf units consists of an E3712 klystron, a pulse
modulator, a two-iris SLED cavity, rf waveguides, two 3 mlong accelerating structures and rf dummy loads. The ECS rf
unit is composed of a SLAC-5045 klystron, a modulator, and
a 3 m-long accelerating structure. The accelerating structures

In contrast to the regular accelerating section where the
bunches are accelerated onto the crest of the RF wave, in the
compensation section the bunches enter a phase where a slope
of the part of sinusoidal wave. That is, a small jitter results in
large uncertainty in the energy gain of bunches. In this reason,
a very stable accelerating rf signal is required.
In the ATF, the fundamental frequency is generated using
a 1428 MHz master oscillator, and the other necessary
frequencies are generated from this reference signal using
frequency multipliers and dividers. All the components ate
synchronized to this master oscillator. The sideband frequency
for the compensation was selected to be 4.327 MHz signal,
twice the revolution frequency of the DR, and 1/660 of the
accelerating frequency. This frequency was decided by the
bunch number (20 banches) and the DR revolution frequency.
Two compensation signal (fo±Af) are generated by mixing the
fundamental (2856 MHz) and the sideband (4.327 MHz) signal
in the special module. Phase jitter was measured by generating
two signals of the same sideband and feeding them into a
mixer. The result of this measurement was 1.7 ps jitter at
FWHM (sigma-0.8 ps)[l][2].
Measurement system of the beam energy
The beam energy of each bunch was measured from the
strength of the bending field and the beam position after the
bending magnet of the beam transport line. The measurement
of the beam position for each bunch was performed by using
stripline type BPM. The multi-bunch signal from BPM was
measured by the digital oscilloscope of 2.5 GHz sample. The
energy difference in a bunch train was calculated from the
horizontal beam position and the dispersion function (rj) at the
BPM position. In this measurement, the position resolution of
the BPM is limited by a sampling resolution and speed of the
digital oscilloscope. The position resolution is evaluated to be
22.5 nm from the measurement range of the oscilloscope, the
signal amplitude and the coefficient of sensitivity of the BPM.
This value is sufficient to measure the beam position for each
bunch, as the position resolution is converted into the energy
resolution of 0.003%.
The dispersion function at the BPM was measured and
compared to the calculated value by the program "SAD"[3] in
the beam test. The measured value was 14% lower than the
calculated value. The discrepancy is small compared to the DR
energy acceptance. In the beam test of the ECS, the dispersion
function of calculated value by the program "SAD" was used.
The beam profile were observed by a profile monitor
using an optical transition radiation (OTR). A fast gated
camera which has ~3 ns gate width, is used for the OTR
monitor. The beam energy spread of each bunch was measured
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by the width (FWHM) of the profile at the beam transport
line. The profile of each bunch was distinguished by changing
the delay of the gated camera timing.

ECS is applied on increase of single-bunch energy spread is
expected. Although, there is no significant difference in this
low compensation voltage. The detail of the single-bunch
energy spread measurement is presented in elsewhere[4].

Preliminary beam test of the ECS
Tool charge

Adjustment of RF phase for the ECS
An adjustment of the RF phase for the ECS was
performed by using the OTR monitor. At first, the gate
timing of the OTR camera was set to the center of the bunch
train. Then, the current of the bending magnet was adjusted
that the bunch profile was seen on the center of the screen. An
ECS phase was searched by a phase scan with 20 degrees step.
Fig. 4 shows the beam energy dependence on the ECS phase.
The optimum phase was decided from the result of a phase
scan to find 90 degree apart from the accelerating phase.

-3.1x10'° electrons/sain

10
15
Bunch Number

20

Fig. 6. multi-bunch energy spread

1.22

III-

I....

I

.., I

I...

-200 -ISO -100 -SO
0
50 100 ISO
Phase of -A f klystron (deg.]

.1

200

to

Fig. 4. ECS phase scan

The measurement of multi-bunch energy spread
In this experiment, the multi-bunch of 23 bunches/pulse
accelerated up to 1.16 GeV with intensity of 3.2x10'°
electrons/train. The bunch population of each bunch is shown
in Fig. 5. After the adjustments of the ECS RF phase, the
RF power of the klystrons were set to get a flat energy
distribution for all bunches with 1.9 MW for +Af and 1.5
MW for -Af . The result of ECS on/off is shown in Fig. 6.
The energy of each bunch distributed in about 1.5% without
ECS, where the calculated energy difference was 2%. The
ECS could compress it to about 0.5%. The energy decrease of
the bunch train head seems to come from a BPM miss-reading
by the beam loss of the collimator in front of the BPM.
Fig. 7 shows a single-bunch energy spread of each bunch
with ±Af ECS and +Af only. The single-bunch energy spread
with the ±Af ECS was around 0.3% FWHM. When only +Af

is

Bunch Number

Fig. 7. Single-bunch energy spread

Summary
The beam test of the ECS was performed by using
2856±4.327MHz structures in the ATF linac. When the
calculated energy difference by the beam loading was about
2%, the ECS could compress it to 0.5% by using rf power of
1.9 MW for +Af and 1.5 MW for -Af with 3.2x1010 total
intensity.
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RF AND BEAM DIAGNOSTIC INSTRUMENTATION AT THE
ADVANCED PHOTON SOURCE (APS) LINEAR ACCELERATOR (LINAC)
A. E. Grelick, R. Fuja, N. Arnold, M. White
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, EL 60439-4800 USA
Abstract
A system of beam diagnostics and rf phase and
amplitude measurement, based mostly on VXI, was
implemented at the APS Linac and has now operated
successfully for more than two years. Standardization of
instrumentation among the various APS accelerators
accounted for some of the non-VXI packaged equipment
that was used. Equipment for which the optimum topology
or location did not lend itself to VXI was also
accommodated so as to yield the greatest stability,
reliability, and flexibility.
The APS Linac instrumentation is described, and
operational performance is discussed. Future plans,
including an expansion to include a switchable spare
klystron (which can be accommodated with only minor
changes to the VXI-housed equipment) and a beam
position monitor using frequency domain analysis to
provide improved determination of positron position in a
mixed-particle beam condition are also discussed.
Introduction
Fig. 1. The linac rf diagram, showing the division
The Advanced Photon Source [1] linear accelerator
by klystron into five sectors.
system consists of a 200-MeV, 2856-MHz S-band electron
linac and a 2-radiation-thick tungsten target followed by a
There are three wall-current monitors in the linac.
450-MeV positron linac.
The VXI-based instrumentation includes rf phase and Two are located in the electron linac and the third is at the
amplitude measurements and beam position monitors end of the positron linac.
Six BPMs are installed in the electron linac, one
(BPMs), that use outboard down-conversion. Monitoring of
beam current, Faraday cups, and slits is VME-based, downstream of each accelerating structure and one in the
following the APS standard. Loss monitors and average diagnostic line following the electron linac analyzing
current monitors use other types of packaging. A fifth- magnet. Seven BPMs are installed in the positron linac,
harmonic cavity, used as a bunch monitor, was one downstream of six of the last seven accelerating
successfully tested but has not yet been set up for structures and one in the diagnostic line following the
positron linac analyzing magnet.
operational use.
Fluorescent screens and related image processing
Equipment Description
constitute a separately controlled subsystem and are
discussed elsewhere [2,3].
The VXI data collection modules were designed by
Los
Alamos National Laboratory (LANL) [4] with
Equipment Topology
upgrades accomplished collaboratively by LANL and
The rf schematic for the APS linac is shown in Figure Argonne National Laboratory (ANL). A common digital
1. Linac sectors are comprised of a klystron and associated interface exists on all modules, while three types of onaccelerating structures. Three sectors incorporate SLED card signal conditioning allow measurements of rf
cavity pulse compression. The principal phase amplitude, rf phase, and beam position. Each channel
measurement is made at the SLED output or at the klystron digitizes a single measurement during each linac pulse.
output in sectors without SLEDs. Multiplexed phase Each module can also be commanded by software to put
measurements are available for other forward power analog signals onto either or both sets of designated local
samples, including at the input and output of each bus lines on the backplane.
Analog-to-digitai conversion in all modules is done by
accelerating structure. Envelope detector channels are
provided for almost all of these signals and for reflected a Datel SHM-49 hybrid track/hold amplifier and an
AD574, 12-bit, monolithic analog-to-digital converter,
power signals as well.
yielding a 10-MHz bandwidth.
Each accelerating structure has its own loss monitor.
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The VXI data collection and conversion modules used
for each type of measurement are described below.
Phase Measurement
A down converter module driving a vector detector
module (VDM) produces two channels of I and Q
waveforms and digital data. The VDM operates at 20 MHz
and uses two insulated, ovenized, I/Q demodulator
assemblies. Phase is calculated by software and can be
plotted by on-line sweeping of the sampling time. A phase
between -180° and +180°, with a resolution of 0.01°, is
computed from measured I and Q data. The smaller in
magnitude of I and Q is always used as the numerator in
the computation to avoid losing precision near the sine
wave maxima. Line-stretcher type phase shifters are
included at the reference inputs of each sector's phase
measuring modules. These phase shifters are set so that the
phase reading of each sector can be set to approximately
+90° at maximum energy conditions for electrons. There
are two advantages to this choice. +90° is a point where
phase is calculated as:

stripline signal amplitudes. With the signal-to-noise ratio at
the input to the logarithmic amplifier circuits approaching
75 dB, resolutions of 1 fim should be possible [5].
Timing and Software Peak Detection
A different trigger timing system than the one used at
LANL is used for most measurements in the APS linac and
improves resolution and jitter by more than an order of
magnitude. The upgraded LANL modules allow any of the
VXI backplane triggers to be directly selected, or the
LANL default triggering system can still be used. A VXI
trigger module, designed at ANL, contains a set of eightbit programmable delay lines that can be used to select
sample time in increments of 5 nanoseconds. A separate
delay line controls each of the two ECL triggers and eight
TTL triggers on the VXI backplane. Software peak
detection by scanning is available for all signals. Time
scans are automated and replace the hardware peak
detecting circuits that are commonly used. A typical SLED
waveform time scan is shown in Figure 2.
XTi.

Ltrtac
SLFB

cos

»&

where I is near zero and the I channel has a lower noise
level than the Q channel. In addition, the readings for
electrons at +90° and positrons at roughly -90° will not fall
near the point of discontinuous readings located at ± 180°.
Amplitude Measurement

54C

Envelope detector modules provide eight channels of
diode-detected signals. Linearized values for each possible
raw output value from the analog-to-digital converter,
interpolated from calibration of 88 points per channel, are
stored in an EEPROM.

Aeq.
*;. Sinlng:
Scan u m t

Bom S e t t i n g s :

Beam Position Monitor
A logarithmic amplifier electronics system is used
with stripline BPMs to measure electron and positron beam
positions at the APS linac. Stripline-type BPMs were
chosen because they provide -5 dBm of peak signal from
the 8-mA positron beam.
The electronics can be subdivided into two sections, a
downconverter section and a logarithmic amplifier section.
Both the external downconverter and the 70-MHz
logarithmic amplifier BPM VXI module have eight
channels to accommodate two sets of horizontal and
vertical stripline signals.
The downconverter section consists of a 2.856 GHzto-70 MHz downconverter followed by a 70-MHz
bandpass filter and amplifier. The bandpass filter stretches
the 30-ns pulse to around 200 ns and reduces its amplitude
by some 13 dB. This 70-MHz signal is used as the input to
a cascaded chain of logarithmic amplifiers consisting of
two Analog Devices AD640 with their video bandwidths
set to 7 MHz. Beam position is calculated from the relative

Fig. 2. A typical SLED waveform timescan.
Non-VXI Diagnostics
Wall current monitors are based on a design
previously used at Fermilab [6]. The signals from current
monitors, Faraday cups, and slits are processed with a
VME-packaged, high-speed gated integrator [7].
The loss monitors use a design that is standard
throughout the APS, in which a 500-V power supply
energizes a 7/8-inch air-dielectric coaxial cable that is used
as an ionization chamber. A signal processing chassis
contains multiplexers, optical isolators, and current-tovoltage amplifiers. A voltage proportional to the average
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beam loss in the monitored accelerating structure is
digitized in a VME module [8].
Performance
The phase detection modules have achieved 0.1 degree
average repeatability. Operating performance has
supported closed-loop operation with as little as 0.5 degree
dead zone.
Envelope detectors used in amplitude measurement
have been repeatably calibrated to within 0.2 dB of a
standard. Operational performance has been somewhat
inconsistent, however, and errors of 0.5 dB have been
reported. Some of this is due to trigger timing errors, and
there is an ongoing effort to provide more specific timing
for each signal.
Operational BPM resolution is acceptable at 53 ujm,
and loss monitor sensitivity is at least 4.2 pA/pC with 0.3 s
minimum averaging time.

EE3)

Future Plans
A system which will provide switching of a sixth
klystron and modulator in place of any of the basic five is
under design. Figure 3 is a layout of the most probable
topology for accomplishing the switching. Additional
waveguide bi-directional couplers are being added to the
two sectors without SLEDs so that the principal phase Fig. 3. The mechanical layout for switching in the spare
measurement will be made at the input to each sector,
klystron.
independent of which klystron is actually driving that
sector. SLEDed sectors are already compliant, as the
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A NEW ELECTRON GUN MODULATOR FOR THE ELETTRA LINAC
G. D'Auria, D. Fabiani, A. Milocco, C. Rossi
SINCROTRONE TRIESTE
Padriciano 99,34012 Trieste, Italy
Abstract
The ELETTRA Linac is equipped with a mode type
electron source, capable to deliver up to 1 A beam current at
100 KeV electron energy. The First part of the Linac, named
ELETTRA 100 MeV, is capable of delivering both relatively
short electron pulses (2 ns for single bunch operation and
10+300 ns for multibunch operation), suitable for storage
ring injection, and with a much longer pulse train for FEL
operation. Until now the switching between the two operating
modes required hardware settings on the gun modulator
electronics, resulting in time loss and limitation in flexibility.
A completely new integrated electron Gun Modulator has
been developped which supports both operating modes.
Hereafter the new design architecture and the results of
preliminary tests are presented.
Introduction
The first part of the ELETTRA Linac, the 100 MeV preinjector, has been preliminary tested [1,2] to verify its
capability of producing an electron beam burst in order to
drive the IR/FIR FEL under development at Sincrotrone
Trieste [3,4,5].
A complete description of the Trieste pre-injector Linac
can be found in [6], in table 1 the expected FEL beam
parameters are listed.
Up to now, we have operated the machine in the FEL
mode mainly at 30 MeV with a 5 us macropulse at 10 Hz
repetition rate.

Gun Modulator with the FEL Gun Modulator, since a single
unit supporting both operating modes was not available until
that data.
Starting from the second half of '95 we have developped
and assembled a new Gun Modulator Unit that can be
operated both for the injection and for the FEL modes.
At the beginning of May '96 the beam test on the first
prototype assembled on the Linac was started.
The New Gun Modulator Unit
The Trieste Gun is a standard thermionic Pierce triode,
using a commercial planar cathode-grid unit, Thomson TH
306, with an emitting surface of 1.2 cm 2 . The cathode-grid
assembly is negatively HV referred with a low voltage grid
bias for current interdiction.
In Fig.(l) the emitted currents as a function of the
negative grid bias for two different anodic voltage settings
(60 and 75 kV) are reported. Due to HV power supply
limitation, we could not extend our measurements beyond 50
mA. The reported data have been collected on keeping the
grid negatively biased at 30 V and superimposing a cominuus
adjustable positive pulse.
la (mA) @ 75 kV
Ia(mA)@60kV

40"
30-

Ia
Table 1
Expected beam parameters for FEL operation
Beam energy (MeV)
20 + 75
Energy spread @ 75 MeV (%)
±0.3
Macropulse repetition rate (Hz)
10
Macropulse length max. Qisec.)
10
Micropulse repetition rate (MHz)
20.8 + 31.2
Micropulse length FWHM (psec.)
10
Charge per micropulse (nC)
0.4
Peak Current (A)
37.5
Normalized Emittance rms (mm mrad) 62.5

20"

-14
Fig. 1

In a first stage, due to hardware constraints, we were also
obliged to work at a fixed micropulse repetition rate of 25
MHz, while a notable limitation for the maxiumum
achievable beam macropulse width, 5 jLts instead of the 10 \xs
expected, was caused by the poor performances of the PFN
(Pulse Forming Network), which only provides an useful
pulse lenght for the klystron up to 6 us.
Anyway, up to May "96, the major constraints to continue
the machine operation and tests in FEL mode has been
derived from the very long time required in switching the
machine set up from Injection to FEL modes; in particular
more than one hour was necessary to replace the Injection
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4
-Vg(V)
Gun emission curves at 60 and 75 kV.

-2

In our case, to interdict the electron emission at 85+X) kV
anodic voltage, a negatively bias on the grid of about -14 V is
needed.
The new modulator unit combines on a special designed
PCB the single bunch mode as well as the FEL mode.
At 10 Hz pulse repetition rate one can obtain a single 2 ns
pulse for Storage Ring injection, or a frequency variable
pulse train ranging up to 32 MHz, variable in steps ol 2 ns,
for FEL operation. In the second case the macropulse length
can be continously adjusted up to 30 us keeping the
repetition rate fixed at 10 Hz.
In Fig. 2 a block diagram of the pulser (a) and the pulse
time sequences (b) are reported.

A synchronized trigger (the main trigger) is sent via a
fiber optic link to the clock of a flip-flop circuit; the two flipflop exits are suitably delayed (5 nsec) and logically
combined (AND1- AND2) to trigger the two main pulser
circuits, AVI and AV2; these make use of two 2N2369
transistors operating in avalanche mode.
The two transistors are alternately fired at half of the
selected operating microbunch repetition rate and an hybrid
circuit, recombines the two pulse trains to pilot the cathode of
the gun.
The main trigger is synchronized with the 500 MHz
frequency of the machine. The jitter between the two pulse
trains before the pulsers AVI and AV2 has been measured
and found to be lower than ± 0.5 nsec. No remarkable jitter
increase was observed from the avalanche pulsers or from
transistor pairs which were differently matched.
The measured pulse to pulse amplitude stability seems to
be acceptable (< 5%). Nevertheless, more work has to be
performed and accurate measurements will be necessary to
find the best operating conditions of the system.
In May '96 we have operated the machine with tin new
gun modulator in single bunch mode and in FEL mode <vith a
micropulse repetition rate ranging from a few MHz up to 32
MHz. The macropulse beam current at the Linac exit has
been measured to be higher than 100 inA.
In Table 2 the main beam parameters measured in May
'96 compared with the previous measurements taken in '95
are reported.

a)

Table 2
FEL mode linac beam characteristics:
comparison between the old and new gun modulator
Beam Energy
Macropulse current
Horizontal emittance @ 30 MeV
(n mm mrad)
Energy spread @ 30 MeV

b)

11

March'95
30 MeV
30 mA

May "96
30 MeV
> 100 mA

3.38
<±0.6%

4.22
<±0.51%

0

Conclusions
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The preliminary tests performed on the first prototype of
the new gun modulator has given encouraging results.
Further improvements are now under consideration in order
to increase the performance of the prototype.
We are considering the use of a wide band RF amolifier
which should increase the peak current emitted from the gun.
A new trigger scheme, with a 500 MHz programmable
divider, is now under consideration in order to further reduce
the pulse to pulse jitter and to improve the beam amplitude
stability.
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Fig. 2. a) Block diagram of the single bunch and FEL
pulser.
b) Pulse time sequences.
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POWER MODEL OF BIPERIODIC DAW CAVITY
Y. Iwashita, H. Ao, A. Noda, H. Okamoto, T. Shirai, and M. Inoue
Accelerator Laboratory, NSRF, ICR, Kyoto University
Gokanosho, Uji, Kyoto 611, JAPAN
Abstract
A high power model of the biperiodic L-support DAW for
electron acceleration is fabricated and under test. Two 1.2m
long accelerating tubes are coupled by a bridge coupler, which
has an RF coupler, a vacuum port, and three frequency tuners.
Each end of the bridge-coupled tube set is terminated by a fullcell endplate for the accelerating mode. The operating
frequency is S-band so that the DAW accelerating tube can
replace a conventional disk-loaded-waveguide accelerating
tube for high power tests. The mechanical design and the
measured parameters are described.
Introduction
An electron linac[l] has been installed at the Accelerator
Laboratory, Institute for Chemical Research, Kyoto
University. Its use is mainly intended as the injector for the
electron storage ring KSR [2,3], which is being assembled.
Three of 3-m disc-loaded wave-guides are installed as the
accelerator tubes, which are operated at 2857MHz. By
replacing one of the wave-guides with a new accelerating tube
with a higher shunt impedance and the higher accelerating
gradient, the output energy can be increased with the same
input RF power.
Design of Power Model
A cold model made of Aluminum was fabricated to study
the characteristics of the DAW structure with biperiodic Lsupports [4]. Based on the results from the cold model tests, a
high power model was designed and three units of the power
model have been fabricated.
Figure 1 shows the schematic drawing of the power
model. Because of the biperiodicity of the structure, one unit
of the power model contains a disk-ring and a unit frame with Fig. 1 Schematic Drawing of the power model.
two washers supported by L-supports. The unit frame is
reversible with 90° rotation. The unit frames and the Lsupports are made of chromium copper for the mechanical
strength. In order to have the cooling water channel, the
washer is divided into two OFC (Oxygen Free Copper) parts,
which are brazed together in a furnace. The L-supports are
bent pipes with the thickness and the diameter of lmm and
6mm, respectively. Two washers and four L-supports are
brazed on the frame. Photo 1 shows the unit frame.
The disk-ring is inserted between two unit frames, where
the RF contact is achieved by 0.2mm hight knife edges on the
inner corners of the unit frames. The seam between two unit
frames will be welded together. The disk-ring is made of OFC,
and has four 2 mm x 2 mm evacuation grooves on the outer
surfaces that the space between the knife edges and the welded
seam is open to the inside. The whole assembly is covered by
a stainless steel pipe, and cooled by water jacket. Cooling
water comes from outside of the jacket pipe to the washers
through the pipes screwed on the frames and through the LPhoto 1 Unit frame of the power model.
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supports. The other ends of the L-support-pipes on the outer
surface of the unit frames are open to the water jacket. Two
outlet ports are located on the outer surface of the stainless
steel jacket pipe. The assembled accelerating tube has
longitudinal symmetry with 90° rotation so that the direction
can be reversed for an improvement of the electric field
distribution.
Two of the accelerating tubes are coupled by a coaxial
bridge coupler, which has an evacuation port and frequency
tuners. The RF power is fed through the coupling slot on the
coaxial bridge coupler. The spool in the bridge coupler is
supported by four straight pipes connected to the body of the
bridge coupler, so that the cooling water can go through the
spool. The electric field distributions in the bridge coupler for
the accelerating mode and the coupling mode are shown in
Fig. 3 and Fig. 4, respectively.
Low Power Test of Unit Frame
Fig. 2

Coaxial bridge coupler

Fig. 3

The electric field plots for the accelerating mode.

Fig. 4

The electric field plots for the coupling mode.

Three of the power model units are fabricated for
mechanical investigations. Each accelerating mode frequency
is measured with two half cell endplates. The half cell
endplates are made of Aluminum, so as not to distort the edges
on the unit frame much. A unit frame is put between the half
cell endplates, and the stack is pressed by six M8 bolts at the
torque of up to 150 kg«cm (see Photo 2) . The results are
shown in Table I. The estimated Q-value by SUPERFISH is
21000, which does not include the power loss on L-supports.
Although the surface of the washer, which is made of OFC as
stated before, seems clean, the surface of chromium copper
looks dark, which may be one of the reason of the low Qvalue. The conductivities on the chromium copper and
aluminum are assumed as 70% and 65% of that on copper,
respectively, which may not be accurate enough for us to
compare the absolute value of the Q-value.

Photo 2 The configuration of the accelerating mode
frequency measurement. The unit frame is put
between the half-cell endplates, and the stack is
pressed by six bolts.
Table 1 Measured accelerating mode frequency and Q-value.
Serial Number
1
2
3

Frequency |MHz]
2860.167
2860.887
2859.385

Q value
14100
13900
13900
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All the three units are stacked together with two
aluminum alloy disk-rings inserted in between, and the
accelerating mode frequency is measured as 2858.083 MHz.
The measurement of the coupling mode frequency is not
as easy as the accelerating mode frequency, because of the
termination problem. Strictly speaking, the measurement of
even the accelerating mode frequency does not show the right
biperiodic configuration, because the half cell endplate gives
mirror symmetry, and then the configuration is quad-periodic.
The L-supports do not perturb the accelerating mode much,
and then the periodicity problem should not be serious on
accelerating mode. The coupling mode frequencies are being
evaluated combining with the cold model cells.
The electric field distributions are measured by the beadpull perturbation method. The three-stacked unit frames are
put between the cold model cells (see Photo 3). The measured
electric field distribution for a configuration of nineteen
accelerating gaps is shown in Fig. 5. The electric field
distribution in the power models is smoother than that in the

cold model, which shows the higher mechanical precision of
the power model than that of the cold models.
Conclusions
We are accumulating the technical knowledge for
building the high power structure through these experiments.
Because the duty factor for this particular application is very
low (less than 10"4), the heat problem may not be so serious.
Simulation studies on the water flow, the heat transfer, and the
thermal expansion are scheduled.
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DOUBLE-FEED COUPLER FOR THE LINEAR COLLIDER
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Abstract
Symmetrical electric field in a coupling cavity was
obtained with a double-feed type coupler in which two irises
couple to symmetrical TMm-mode. To simplify the structure,
J-shaped waveguide was attached to the cavity for feeding the
rf power through the two irises. Good field symmetry was
verified by the perturbation method. The cavity was tested in
maximum surface gradient up to 118 MV/m which was
limited by a klystron performance and not breakdown limit.
The field emission current was measured with Faraday cup
and the microscopic field enhancement factor of 66 was
obtained with Fowler-Nordheim plot and no critical discharge
occurred. It was confirmed that the presented double-feed
coupler is capable of handling high surface gradient more than
100 MV/m.

Wave guide
(72.1 mm X 34 mm)
Cevlly

Waveguide
I 72.1 mm X 34 mm

Coupling iTlft

3X,
Distance betwoen Iwe l i t m

— . 2 . ^ Distance hon Om short plane lo the Iria I bottom |

Short plan*
Oulde wavelength :

Fig. 1. Double-feed coupler. J-shaped waveguide was attached to the
cavity .

Introduction

m

1

1 (z, )= ~

In next generation linear colliders in the center of
mass energy range of 300-500 GeV, high luminosity of 10"
~1O" /cm2/s is required[l]. To obtain high luminosity, it is
necessary to accelerate electron beams maintaining its low
emittance. One of the main reason to cause beam deflection
and emittance growth is the asymmetrical field around the axis
because of its coupling iris. A magnetic field component
associated with this asymmetrical field kicks electron beam in
transverse direction. To solve this problem, different types of
double-feed coupler have been proposed and developed by
SLAC[2][3] and DESY[4]. They have good symmetrical field
but the structures are rather complicated because they use
power divider. To simplify the structure, we developed a new
type of double-feed coupler of which J-shaped waveguide was
attached to the cavity as shown in Fig. 1.
Structure
In the structure shown in Fig. 1, rf power is fed by Jshaped waveguide through two irises, which are located at
opposite symmetrical positions around the axis of the cavity.
Rf characteristics were measured as listed in Table 1.
Table 1. rf characteristics of the double-feed coupler.
Resonant frequency
2850.5 MHz
1.22
Coupling coefficient fl
Unloaded O

1.38xlO4

(b)

Fig. 2. (a ) Equivalent circuit model of the double-feed coupler.
( b) simplified model.
The principle of the double-feed coupler is explained
with an equivalent circuit model as shown in 2 ( a ). The
parallel LCR resonator represents coupling cavity and the
susceptance yfi, and jB2 are associated with the irises. Here,
we assume no loss in the transmission line. The impedance
Z{z) seen from an arbitrary position z to a short plane is
given as:

tan—-z

(1)

where Zo is the characteristic impedance of the transmission
line and A is the guide wavelength. When the irises are
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located at the position z, = (« + — + —)kt ( n, m; integer )
and

z2=(— + —)Xg, the impedance

Z(?,) and Z(z 2 )

become infinite. The susceptance jBx and ,/B2 looking from
the rf source are equal because the distance between two irises
is nXg. In this case, we can omit the impedance Z(z) and
simplify the equivalent circuit model from ( a ) to ( b ). Same
power is fed in the cavity from each iris.
We chose the integers m = 1 and n = 3 .
Field Distribution
The field distribution was obtained by the
perturbation method with a dielectric bead ( 03.0, spherical,
made by macor ) as a perturbation object. To verify
improvement of the field symmetry, it was compared with that
in a conventional single-iris coupler cavity.
When a dielectric bead is used, the deviation of the
resonant frequency A/ is represented as:
*e 0 S,|£| AT

In order to investigate the high power performance,
high gradient experiment is performed. Maximum surface
gradient, microscopic enhancement factor, momentum
distribution of field emission current and vacuum level were
measured. A layout of the experimental apparatus is shown in
Fig. 4. A 5MW klystron is used as a power source which
supplies rf power in the coupler cavity through a waveguide
filled with SF6 gas. An rf window separates this waveguide to
the other vacuum type waveguide.
Incident and reflected power were measured with
Bethe-hole type coupler and these waveforms are shown in
Fig. 5. The maximum surface gradient Esmm is given as the
function of the incident power Pjn as:
(3)
The incident power is limited by the klystron performance. In
this case, the maximum power was limited up to 3.4 MW. The
maximum surface gradient of 118 MV/m was obtained
without any critical discharges. The break down limit seems
considerably higher than this value.

(2)

AU

/o

High Gradient Experiment

where /„ is the resonant frequency of the cavity, k the
geometrical factor and equal to 3 in this case, e0 the dielectric
constant in vacuum, %, m e electric susceptibility, E the
electric field, AT the volume of a perturbation object and U
the energy stored in the cavity. By moving the bead and
measuring the frequency shift A / , the field intensity is
calculated from equation ( 2 ). The field distribution was
measured by moving the bead from one iris to the other. The
measured field distributions are shown in Fig. 3. The field
symmetry in the cavity was better than that in the conventional
single-iris coupler cavity.

dr. i Circulator
W.L; Water Load
O.C; Directional Coupler
RF-Wln.; RF Window

« LP

Double
Feed
Coupler

F.Ci Faraday Cup
RGA ; Residual Gas Analyzer
B-A ; S-A Gauge
I.P: Ion Pump

Fig. 4. Layout of the high gradient experiment.
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Fig. 3. Field distributions in cavities of the double-feed coupler and
a conventional single-iris coupler.
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: waveforms of incident rf power and reflected rf power.

-65

maximum momentum of the field emission current was
estimated to be about 2.0 MeV/c. Then the calculated
accelerating field in the cavity was above 60 MV/m.

Fowler-Nordhelm Plot
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Fig. 6. Fowler-Nordheim plot from
enhancement factor of 66 is obtained.
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Microscopic enhancement factor fi is obtained from
Fowler-Nordheim plot which is given as:
,9
633x10*

j.1.5

(4)
xl.75

where j f is the field emission current, 0 the work function.
The field emission current was measured with Faraday cup
FC-1 and the maximum surface gradient was given by
equation (3). The microscopic enhancement factor of fi = 66
was obtained from the Fowler-Nordheim plot as shown in Fig.
6.

Fig. 8. Mass spectrum of the residual gases. There was no critical
difference between rf-on case and rf-off case. No critical discharge
occurred.
The vacuum level of 1.53xlO10 Torr was measured
with B-A gauge. Mass spectrum of the residual gas was
obtained by a residual gas analyzer as shown in Fig. 8. There
was no critical difference between rf-on case and rf-off case. It
shows that no critical discharge occurred.
Summary
Field symmetry was improved by adopting the
double-feed type coupler. The high gradient experiment
showed that it is capable of handling high surface gradient
more than 100 MV/m. This type double-feed couplers have
already been used for some accelerating structures at KEK.
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Fig. 7. Momentum distribution of the field emission current in the
coupler cavity.
The momentum distribution of the field emission
current is shown in Fig. 7. The momentum was measured with
the momentum analyzer magnet and the current value was
measured with Faraday cup FC-2 in Fig. 4. As the momentum
acceptance tsP/P of the system was about 40 %, the
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DEVELOPMENT OF
A FOLDED-COAXIAL RFQ LINAC FOR THE RILAC
O. Kamigaito, A. Goto, Y. Miyazawa, T. Chiba, M. Hemmi,
M. Kase, S. Kohara, Y. Batygin and Y. Yano,
The Institute of Physical and Chemical Research (RIKEN),
Wako-shi, Saitama 351-01, Japan

Abstract
A variable-frequency RFQ linac which will be used for a
new injector of the RIKEN heavy-ion linac (RILAC) has been
constructed. This paper describes the results of the performance
tests as well as the design of the real structure. The RFQ,
based on a folded-coaxial resonator with a movable shorting
plate, accelerates ions with mass-to-charge ratios of 6 to 26 at
up to 450 keV per charge in the cw mode. Low power tests of
the resonator have shown that the power losses are 6 kW at
17.7 MHz and 26 kW at 39.2 MHz for the maximum
intervane voltage of 33.6 kV. Stable operations have been
achieved in the range of the intervane voltage from 10 kV to
40 kV. Acceleration tests in the cw mode have also been
performed using several ion beams at various frequencies. The
new injector system consisting of this RFQ and an 18-GHz
ECRIS will be installed in the RILAC by the end of 1996.

operations where it is in electric contact with both the
conductor tube and the base plate, while it is detached from the
tube in low-frequency operations. This stem was found to
reduce the power consumption because it shares the rf electric
current with the upper stem[3].

Movable
Shorting
Plate

Upper Stem

Gap Distance
60 - 850 mm

UPPER PART

Introduction
The RIKEN heavy-ion linac (RILAC) is rf frequencytunable between 17 and 40 MHz[l], which allows us to
accelerate various kinds of ions with mass-to-charge (m/q)
ratios up to 28 in a wide energy range. A 450 kV CockcroftWalton accelerator with an 8-GHz electron-cyclotron resonance
ion source (ECRIS) has been used as the injector of the
RILAC.
Recently a new injector system of the RILAC has been
constructed, which consists of an 18-GHz ECRIS and a
variable-frequency RFQ linac, in order to meet growing
demands for much more intensity of heavy ion beams in the
RILAC. In this paper we describe some results obtained from
the performance tests of the RFQ as well as the outline of the
RFQ resonator.
RFQ Resonator
The RFQ resonator is based on a folded-coaxial
structure^]. The distinct features of this RFQ are that it can be
operated in a low frequency region and the frequency range is
quite large.
Figure 1 shows a schematic layout of the RFQ resonator.
Horizontal vanes are held by front and rear supports fixed on
the base plate. Vertical vanes are fixed on the inner surfaces of
a rectangular tube which surrounds the horizontal vanes. This
tube is supported by four ceramic pillars placed on the base
plate. The lower stem is used only in high-frequency

LOWER PART

Conductor
Tube
Base Plate
Lower Stem

Pick-up
Monitor

\
Vertical
Vane

Horizontal
Vane

Fig. 1. Schematic drawing of the RFQ resonator. The inner volume
of the resonator is about 1700 mm (length) x 700 mm
(width) x 1150 mm (height). The vane length is 1420 mm.
The resonator is separable into upper and lower parts, as
shown in Fig. 1. All the vanes are rigidly fixed in the lower
part. The upper part containing the stem and the movable
shorting plate can be removed as a unit. This separable
structure permits accurate alignment of the vanes and easy
maintenance.
The channel for water cooling are arranged based on the
heat analysis. Water for the horizontal vanes is supplied
through the front and rear supports of the vanes. That for the
vertical vanes and the rectangular tube is provided through the
inside of the upper stem. The total water flow is 155 //min at
the pressure of 7 atm. The resonator is evacuated by two turbomolecular pumps (1500 Us) on its both sides.
The vanes are three-dimensionally machined within the
accuracy of ±50 \xm. The vane parameters were determined by
taking the results of a numerical simulation into account[4].
Misalignment effect on the beam transmission efficiency was
also estimated[4].
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Performance Tests
Low Power Tests
The resonant frequency was measured as the first step of
the tests. When the lower stem is out of the resonator, the
resonant frequency varies from 17.7 to 36.2 MHz by changing
the position of the shorting plate by a stroke of 790 mm.
When it is used, the frequency varies from 30.2 to 39.2 MHz.
This result is in good agreement with the MAFIA calculation.
Figure 2 shows the measured Q-values and shunt
impedances. The corresponding MAFIA-calculation curves are
shown in the figures as well. The shunt impedance Rs is
defined by V^t (2P), where P is the rf power consumption and
V is the intervane voltage. As shown in the figure, the
measured Q-values and shunt impedances with the lower stem
are larger than those without the stem at above 30 MHz.
The MAFIA calculations overestimate the measured values
by about 50 %. This is considered to result from the fact that
the calculation does not realistically treat the roughness of the
wall surface and the imperfection of the electric contact.
The power losses estimated from the shunt impedances are
6 kW at 17.7 MHz and 26 kW at 39.2 MHz for the maximum
intervane voltage of 33.6 kV in the cw operation.

Q-value

12000
• 10000
- 8000

In the first stage of the tests we encountered a problem on
the ceramics pillars. When the intervane voltage was above 25
- 30 kV, the pillars were broken by the heat due to the
dielectric losses around the metal screws fixing the pillars to
the conductor tube.
Conductor Tube

oi

Vertical Vane
W CT

°

1/ "

Copper-TungSten

l\

Welded
A12O3
(KYOCERA
A479)

Ceramics
Pillar «_
Baseplate
0

(Cross Section)

5 ibcm

Fig. 3 Schematic drawing of the improved ceramics pillar.
This problem has been solved by adopting the structure of
the pillars illustrated in Fig. 3, which consists of AI2O3
welded with copper-tungsten metal on its both sides. This
welding is possible because both materials have similar values
of the coefficient of the linear thermal expansion. After this
improvement, the RFQ has been stably operated in the whole
range of the acceleration voltage acceptable by the RILAC as
shown in Fig. 4. The vacuum stays in a range of 1 - 3 x 10' 7
Torr at a pump head. No significant temperature-rise has been
detected during the operation.

- 6000
• 4000
- 2000
0

180
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30
0
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&%i
15

20 25 30 35
Frequency (MHz)

40

Fig. 2 Measured Q-values and the shunt impedances along with
the MAFIA calculations. The closed circles and the solid
curve represent the measured and the calculated values,
respectively, when the lower stem is detached from the
conductor tube. The open circles and the dashed curve
represent the measured and the calculated values,
respectively, when the stem is used.

High Power Tests
High power tests was carried out with an rf power source
based on an Eimac 4CW5O0O0E, which has a cw power of 40
kW at maximum between 16.9 MHz and 40 MHz.

20

25
30
35
Frequency (MHz)

Fig. 4. Specification of the RFQ Iinac. The abscissa and the
ordinate represent the resonant frequency and the
intervane voltage, respectively. The output energy,
proportional to the intervane voltage, is also indicated.
The hatched area shows the region where the RFQ has
ever been operated in the cw mode. The accelerated ions
are indicated by closed circles. The solid curves represent
the acceleration condition of ions, each of which is
indicated by the m/q-value. The dashed curve shows the
maximum attainable voltage with the present power
source (40 kW), which is estimated by the measured shunt
impedance of the resonator.
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Acceleration Tests
•
Acceleration tests have been performed using ion beams
from an 18-GHz ECRIS. The extracted beam from the ion
1
•
\
Vn=1.0
source is focused by an Einzel lens and is bent by a bending
magnet. The bending magnet also has a focusing function by
c
the slant pole edges. The beam is focused again by a solenoid
lens before entering the RFQ. There are two diagnostic boxes
Vn=0.9
in the beam line. One is located between the bending magnet
and the solenoid lens, which has a Faraday cup, two profile
•
monitors, and two slits. The other is placed just after the
RFQ, which has a profile monitor, a Faraday cup, two slits
Vn=0.8
and an electrostatic deflector with a scanning wire probe.
3>4>5 +
4+
The accelerated ions so far are O
, Ne ,
12+
, Ta 7 ' 1 6 - 1 7 + at the frequencies
Ar 2,3,6,8,9,ll+ t Kr9+t X e
100
200
300
400
of 17.7, 19.5, 26.1, 29.5, 32.8, 34.4, 36.8 and 39.2 MHz in
the range of the intervane voltage of 17 - 35 kV. They are
Energy (keV/q)
indicated by closed circles in Fig. 4. The maximum
transmission efficiency, defined by the ratio of the beam Fig. 6. Measured energy distribution (solid curves) and the
PARMTEQ simulation (dashed curves). This measurement
current in the two Faraday cups, was 88 % with the beam
was done at the frequency of 17.64 MHz using Ar2"1"
intensity of 120 eyA.
beam. The corresponding output energy is 350 keV/q.
1

•

—**->

Alb,

*

The numbers represented by Vn indicate the ratios of the
intervane voltage to the standard value of 26.1 kV.
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Fig. 5. Emittance of the input beam of Ar **+ extracted from the
ECRIS at 8.5 kV, measured at 1400 mm upstream of the
RFQ. The transmission efficiency was 87 %. The ellipse
indicates the emittance assumed in the vane design (145 n
mnvmrad).
The emittance of the input and the output beam was
measured by the profile monitors along with the slits[5]. The
input beam emittance from the ion source is 150 - 300 n
mimmrad, which decreases as the extraction voltage and the
charge states of the ion increase. An example of the measured
results is shown in Fig. 5. On the other hand, the output beam
emittance is almost independent of the acceleration condition
and is in agreement with the PARMTEQ simulation.
The energy distribution of the output beam was measured
by the electrostatic deflector (40 mm in gap and 200 mm in
length) placed downstream of the RFQ along with the
scanning wire probe. The beam energy was deduced from the
beam position measured by the probe, and the voltage applied
to the deflector. As shown in Fig. 6, the output energy
decreases as the intervane voltage is reduced, which is well
reproduced by the simulation. The energy spread of the output
beam was also measured by the same device. The result is 23% at FWHM and is consistent with the PARMTEQ
simulation.

The new injector has been moved to the RILAC beam line
in August 1996. Acceleration tests of the RILAC with the
new injector will be completed by the end of this year.
The maximum extraction voltage of the 18-GHz ECRIS
will be raised from 10 kV to 20 kV in the near future. New
vanes are under fabrication so that the RFQ can accept the
upgraded beams.
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KEY SYSTEMS OF AN 433 MHZ ION LINAC
FOR APPLIED PURPOSES
M.F. Vorogushin , Yu.A. Svistunov
Scientific Research Efremov Institute of Electrophysical Apparatus
Abstract
Commercial compact RF ion linac for different purposes
is being designed and fabricated by the Efremov Institute
since 1990. This report briefly describes key bloks of linac
such as injection system, low energetical RFQ, drift tube
resonators with output energy 10... 15 MeV, RF system.
Concept of their construction and technical realization is
elucidated. Status of promising researches on creation of
commercial RF ion linac in the Efremov Institute is
presented.
Introduction
NPK LUTZ subdivision of the Efremov Institute is
developing technology of production of ion 433 MHz linacs.
Sample of such linac had tested under laboratory conditions.
It is 1.8 MeV RFQ for H- ion acceleration. [1] A new RFQ
cavity with output ion energy 2 MeV had been fabricated. For
accelerating of ions up to 10...15 MeV, 2 MeV RFQ linac
may be used as initial part of accelerator (IPA). It is proposed
to accelerate particles from 2 up to 15 MeV in the drift-tube
H-resonator. Protons and deuterons with such energy can be
used for medical isotope production, elemental analysis of
materials, in PET-system and other special purposes.
Principles of building of key systems of such linac is given
below.
Injection's system
Injector includes system of ion obtaining and system of
the beam formation and focusing. System of formation must
provide adjusting of the output beam emittance to
accelerator's acceptance. Best accordance of the beam with
accelerating tract may be achived if the ion beam has
convergence to the axis and symmetry in xy-plane (z-the
beam axis). System of the beam formation includes focusing
lenses and sometimes accelerating gaps to accelerate the
beam up to injection's energy. Usually space charge of the
beam is only partially compensated and there are nessesary to
have magnetic or electrostatic lenses to avoid excessive
broadening of the beam along injector. In our case a
preference was given electrostatic formation's system
Compact linac's injector includes SPS with extracting voltage
15...20 kV, bending magnet wich separates ion beam H- or
E£ from impurity and helps to form the beam phase volume,
electrostatic LEBT system that focuses and accelerates ion
beam up to 60 keV. Last system includes set of electrodes.

Number, placement and potentials of electrodes are
determined by required output beam parameters. There is
code for computer designing of LEBT system. [2] Reasons
and advantages of such choice are:
1. moderate currents and moderate space charges accodingly
in compact linac allow using of the beams with
decompensated charge;
2. absence of collective effects, beam plasma oscillations
and beam instabilities along injector;
3. computations show that beam heating between source and
first electrode of LEBT is small;
4. it is easy to provide low gas pressure at accelerating
resonator's input (near 5* 10"7Tor);
5. simplicity and reliability of construction.
Other properties of injections system are given in paper
TPH82 of Linac96 Conference.
Accelerating structure
Usualy 2 MeV 433 MHz RFQ is used as initial part of
10... 15 MeV accelerator. RFQ as IPA in our case has some
peculiarities. [3]
1. Accelerating gradient is high enough for RFQ. It is more
then 1 MeV/m.
2. RFQ cavities are fabricated from AMF6 aluminium alloy
and their inner surfaces are covered by copper with help
of electroplating.
3. Vacuum housing is absent. Requiring vacuum may be
provided by indium packings.
4. System of RF feeding allows to depress parasite modes
and discussed below.
It is proposed to accelerate ions from 2 up to 10...15 MeV
in the drift-tube resonator. Usually Alvarez structure is used
as second stage of accelerator. Disadvantages of Alvarez
resonators as part of industrial installation are complexity of
tuning, necessity of special arrangements for alignment of
drift-tubes, hardness of intensity cooling under big average
power and, as a consiquence, high cost of fabrication and
operation. In additional of Alvarez cavity drift-tube holders
cannot be very thick and structure has not high mechanical
stiffness, it feels jabs and vibrations. Instead of Alvarez here
is proposed structure with crossed transversal holders (CTH),
that works on n-mode (its cross-section is shown on fig. 1).
Electromagnetic field distribution for operating type
oscillation is according to H(TE) mode [4]. Structure consists
from separate cells, each of them include broad outer
cilindrical ring. Inside of rings drift tubes are fastened on
massive holders. Cells can revolve each relatively others
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independently around longitudinal axis. Adjacent cells are
oriented such that their holders are located at the right angle
each to other (or nearly to this position). CTH-structure has
high mechanical stiffness, may have intensive cooling and
need not special arrangements for alignment. Its technology of
fabrication is close to traditional technology wavequide's
fabrication. In our case CTH structure is aperiodical one,
because alternate phase focusing (APF) is used and we need
not magnetic lenses inside drift-tubes.
Tuning of CTH-resonator may divide on following
operations conventionally:
• establishing of the identity of working type of oscillations;
• compensation of the field decreasing at edges of resonator;
• compensation of the field decreasing along resonator;
• compensation of field modulating in APF structure;
• obtaining of resonant frequency in resonator.
Such dividing of operations is conventional for irregular
resonator. Identity of working type of oscillations is
realization of base type of oscillations with minimal frequency
and experimental obtaining of the field in each gap. There are
always places of resonator, where field is absent, because
cells have weak connection and structure can have
ununiformities, for example, long drift-tubes. Therefore long
resonator is tuned sequentially. It is divided on few parts and
it's length is increased step by step in process of tuning. It is
convinient to begin tuning with terminal's cells, placing
holders under right angle and increasing angle's changing
when gaps and drift-tubes will decrease. Compensation of
field decreasing on cavity edges is made by placing of tuning
cross-like elements on faces of long drift-tubes. Such elements
equal own frequencies of terminal's cells and regular ones.
Selection of tuning element's sizes, their angular positions are
determined by experiment. After preliminary tuning final
levelling of the field was produced. Near gaps with big field's
amplitude angular shifts of cells are increased and near gaps
with small field's amplitude angular shifts are decreased. The
tuning must take account that change of angle turn between
cells creates change of field not only in gap between these
cells but on entire tuned part of resonator. Therefore
increasing of turn pair of cells must be accompanied by
decreasing of angular shift of other part on this section. It is
hardness that fields distribution is sensitive to the angular
turns. Serious problem of multigap's resonator is dividing of
types oscillations and high sensitivity of field's distribution to
perturbation of cell's own frequencies. In spite of this tuning
of 59-gaps structure with operating frequency 866 MHz was
made successfully. This resonator was 1/2 scaled model of
433 MHz cavity that is intended for acceleration of protons
from 2 up to 10.6 MeV. Model had been fabricated from D-16
aluminium alloy. As result of final tuning irregularities of
gap's field were not higher then _+5% and distance between
operating type oscillation and next parasite type one was 4.1
MHz. These results are good enough. Experimental data,
obtaining under researching of 866 MHz resonators with 59
aluminium alloy cells, 6 copper cells and results of
mathematical modelling had shown that shunt-impedance

considered H-cavity is comparable or more then Alvarez
cavity's shunt-impedance for energetical diapason 2... 15
MeV. Shunt-impedance will higher in few times, if proposed
structure used for acceleration with constant phase, but not
acceleration with help of APF. In this case for stabilization of
radial motion in H-resonator must be used quadrupole lenses
in the drift-tubes.
RF system
It is expediently to build up RF system multisectioned
accelerator as separate amplificating lines. Dividing of RF
power is made on low level. As output amplifier of line had
been worked out endotron type device «Kiwi» of output
pulsed power 450 kW and preamplifier of output power 2
kW. Functional scheme of endotron «Kiwi» is given on fig. 2.
Main characteristics of endotron are given in table 1.
Table 1. Main parameters of device «Kiwi».
Operating frequency
Input pulse power
Output pulse power
Average power
Anode voltage
Length of pulse
Efficiency
Band of operating frequencies

L

433 MHz
0.8 kW
450 kW
8kW
12 kV
up to 130 usec
50%
+10 MHz

In such type devices resonance circuits hook up to directly
electrodes of grid operated tube inside vacuum volume. It
allow to lower energy accumulated in scheme, active part of
tube is used entirely and as result, total size of cascade are
decreased significantly and broad band of operating
frequencies is achieved. On the output of endotron ferrite
circulator is installed to preserve device from overload when
break-down in the cavity take place. RF system for accelerator
cavity's feeding must have enough high power feeder, have
not break down problem and to favour eliminating of
undesirable modes in cavity. Last problem take place for fourvane RFQ (or drift-tube H-resonator), these are used in our
case.
Proposed feeding scheme is satisfying these requirements.
As far as accelerated beam in RFQ is remaining unbunched on
one third of the cavity's length and is exiting wide spectrum
of frequencies, methods of their difference may by not good
enough. Here is proposed to use directional selective
coupling. Method of directional selective coupling use field's
correlation in such regions where coupling is maximal at
operating mode and vanishes at undesirable ones. [5] Feeding
system's scheme is shown on fig. 3. It contains directional
couplers (DC), equal length's feeders I1...I4 and 15, 16 to attain
equal amplitudes of cophasal excitation at equal coupling
loop's spaces. In exact symmetrical case all mentioned
undesirable modes except quadrupoles with even number of
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longitudinal alterations are not exited. For exact symmetrical
case only quadrupole modes with even number of longitudinal
variations are exited and feeder-loop's matching on operating
mode reveals in full decoupling of matched load mil, ml2,
ml3. Coaxial hybrid ring briges are used for the couplers.

modulator
ptunp
pump

feeding

feeding
load

J
T

Conclusion
Here were considered peculiarities of key systems of
compact 433 MHz Rf linac. At present these and others
blocks are working out or are operating as parts of
laboratory's installation. Creation of compact commercial
mashine may be ended during year or two under necessary
financial support.

txctttr

filament
feeding

filament
feeding

fig. 2. functional scheme of endotron.
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ADVANCES AT NPK LUTS 433 MHZ ION LINAC
Yu.A. Svistunov, Yu.V. Afanasiev, Yu.N. Gavrish, V.I. Korobov,
V.G. Mudrolubov, A.P. Strokach, Yu.P. Vakhrushin , M.F. Vorogushin
Scientific Research Efremov Institute of Electrophysical Apparatus
Abstract
There are presented intermediate testing results of 433
MHz compact linac wich is being worked out by Linear
Accelerator and Cyclotron Division (NPK LUTS) of the
Efremov Institute for applied purposes. Technical parameters
of 1.8 MeV ion RFQ are given. Results of measurements of
vane voltage, beam current and energy under accelerator's
testing are discussed. It supposed a new RFQ of 2 MeV
output energy will be mounted at the nearest time.
Introduction
During last years Linear Accelerators and Cyclotron
Division of the Efremov Institute is working out commercial
RF ion linac for different applications^ 1] Now had worked
out, fabricated and researched injection's system, 433 MHz
RFQ with 1.8 MeV output energy, Rf system having endotron
BM-105 as output cascade of power's amplifier. These blocks
were mounted and installation had tasted. Brief description of
accelerator's stand is given below.

A. Regime without cesium: 1=15 mA, Enx=2.1*10'7 rad*m,
Eny=l.l*10-7rad*m.
B. Regime with addition of cesium: 1=40 mA, Enx=3*10"7
rad*m, Eny=2*10-7rad*m.
Accelerating structure
Accelerating structure is four-chamber's RFQ . Its cross
section is given on fig. 1. Geometrical and physical
parameters are given in table 1 . First sample of RFQ was
fabricated from aluminium alloy D-16.An accuracy of
producing of vane modulation is 10...20 microns. Inner
surfaces of cavity
will be covered by copper using
electroplating. Resonators tuning is effected in a step by step
fashion with help of following operations:
1. field's symmetrization of cavities quadrdnts;
2. tuning of connection's elements;
3. check of symmetrization and procedure's repeating;
4. determination of electromagnetical axe of cavity;
5. measuring of longitudinal field's distribution.
Table 1. RFQ Specification.

Injection's system
Injector includes following main elements.
- SPS with Penning geometry of discharge chamber, source is
placed inside of vacuum volume;
- Bending magnet, wich has demountable poles face to form
beam with energy up to 20 keV and to seperate impurities;
- Electrostatical system of focusing and preacceleration up to
60 keV, that includes collection of ellectrodes with variable
potentials.
Metalohydride system of purification
produces
preliminary purification of hydrogen. Magnetic field of
discharge chamber is formed by poles of bending magnet.
Permanent magnets KC-37 type created an induction of
magnetic field wich must be 0.15 Tesla if H" beam is
produced. Magnitude of current and quality of obtained beam
depend on relation of partial pressures of hydrogen and
cesium in a source. Optimization of this relation allowed to
obtain H- ion current 60 mA when discharge current was 190
A and discharge voltage was 140 V. Length of current pulse
is 100 microseconds. Maximal current of H* ion was 100 mA.
Injector's vacuum system has two turbomolecular pumps and
supports pressure 5*10'7 Tor near injector output. Measuring
system allows to measure emittances in XX' and YY' planes
and distribution of current's density in beam cross section.
Results of measurements of normalized emittances are:

Accelerated particles
Operating frequency
Input ion energy
Output ion energy
Number of periods
Vane length
Total length
Pulse current
Beam Transmission at 40 mA
Intervane voltage
Final sinchronous phase
Phase beam length
Average bore radius
Minimal bore radius
Output normalized emittance
Cavity RF power (without beam)
Quality factor (for D16)

H+ or H"
433 MHz
60keV
1.8 MeV
220
1552 mm
1590 mm
up to 60 mA
87%
98kV
30°
40°
3.5 mm
2 mm
10-"rad*m
250 kW
3800

As result of repeating of tuning cycle resonance frequency
433.3 MHz had been established. Dipole modes had
eigenfrequencies 420.47 and 433.37 MHz respectively.
Differences of magnetic field's amplitudes in cavity's
quadrdnts were about+2%, inclination of electromagnetic axe
to geometric one was less then 0.2°, and small shift field's axe
took place.
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sample. It's surface was not polished and not covered by
copper. On account of periodical RF break downs accelerator
worked unstable and intervane voltage did not achieve
RF power system includes following fundamental units: nominal one with the beam presence. These factors and initial
master oscillator, preliminary cascade of amplification of shift between beam and resonator axes did not allows to
power, final one, pulse source of anode supply, source obtain output current in pulse more then 15 microampers.
filament supply, source of cynchronizing pulses. Output
amplifier is endotron type device BM-105. It's operating
Perspectives
parameters are given in Table 2.
Now the new RFQ cavity with output energy 2 MeV had
Table 2. BM-105 specifications.
been fabricated from AMG-6 aluminium alloy. Such
accelerator may be used for express analysis of materials. It
Pulse output power
1.2 MW
may be analysis of a secondary radiation. For example, y or
24 usec
Pulse length
X-ray analysis or analysis of radiation due to neutron
30%
Efficiency of anode circuits
activation. Other blocks of measuring complex: camera of
interactions and measuring and process data system had been
Frequence's diapason
400...500 MHz
fabricated too. For accelerating H- ions from 2 up to 10... 15
lkW
Pulse input power
MeV, 2 MeV RFQ linac may be used as initial part of
Really we used mode 433.3 MHz with pulse length accelerator. It is proposed to accelerate particles from 2 up to
50... 100 usec. Output power is 500 kW if pulse length 100 10... 15 MeV in the drift-tube resonator. Protons and
usec and output power is 365 kW if pulse length 130 usec. deuterons of such energies can be used for medical isotope
production, elemental analysis of materials and other special
Average power remains constant and it is equal to 6 kW.
Three of modulators of master oscillator, preliminary and purposes. Usually Alvarez structure is used as second stage of
output amplifier's cascades are fulfiled as circuits with full accelerator. Instead of Alvarez NPK LUTS proposes structure
discharge of accumulating condencer and they are hooked up with crossed transversal holders (CTH), that works on nto the load via pulsed transformers. RF system have control mode (see fig. 4). Electromagnetic field distribution for
systems of field's amplitude and frequency. Control systems working type oscillation is according to H(TE) mode.
compensate fast and slow deviations of field's frequency and Samples of CTH-structure had fabricated, tuned and tested in
amplitude. Four of RF power's lead-ins into RFQ cavity via the Efremov Institute.[2] Structure consists from separate
cells, each of them includes broad outer cilindrical ring.
hybrid ring suppress spurious dipole modes.
Working time of RFQ cavity under high level of power Inside of rings drift tubes are fastened on massive holders.
was about 120 hours. Cavity are served by six pumps HMT- Cells can revolve each relatively others independently around
0.25 type and magnitude of pressure they are maintained is longitudinal axe. CTH-structure has high mechanical
10*6 Tor. Power's level in the RFQ cavity was measured via stiffness, may have intensive forced cooling and need not
brake radiation's spectrum of electrons. They are appeared as special arrangements for alignment. It's technology of
result field's and secondary emission. Results of fabrication is close to traditional technology of waveguide
measurements are represented on fig. 2. These measurements fabrication
Perspective of improving of RF system are considered in
allow to estimate intervane voltage that depends on level of
RF power in the cavity. 98 kV voltage corresponds to 250 paper TPH81 of Linac 96 conference.
kW of RF power.
Conclusion
Measurement of proton's energy
At present separate units of 2 MeV installation have been
Time of work with beam was limited 30 hours. 10...15 tested. At the next time a test of whole installation will be
mA beam was injected into RFQ cavity with 60 keV energy. produced. To make a compact commercial linac, it is obvious
Experimental procedure of proton energy's measurement is that new injector and RF system should be made. These units
based on gamma-radiation's monitoring of nuclear reactions are worked out now. Instead of endotron type BM-105 we
Al(p,y)Si, Al(p,py)AlMg. Sources Co-57 (122 keV), Cs-137 will use device KIWI and compact preliminary amplifier.
(662 keV), Mn-54 (843 keV), Zn-65 (511 keV and 1115 keV)
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Fig. 1. Cross-section of RFQ cavity.
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SIMULATION ON THE EMITTANCE OF THE RF GUN INCLUDING THE
SCHOTTKY EFFECT
Yongzhang Huang*, Yoshikazu Miyahara

Abstract
The applied electric field strength can affect the electron
emission because of the Schottky effect. In the case of rf
gun, this effect will cause the election current vaiing with
the phase of the rf electric field. Especially foi the photocathode rf gun, the variation is so significant because of the
strong rf field, that it cannot be neglected though the electron bunch is only a few pico-seconds long. The charge distribution within the bunch therefore becomes tilted. The
emittance of this tilted bunch might be larger than that of
the square bunch. The result seems to make the argument
that further reducing the beam emittance by shaping the
drive laser bunch both in radial space and in time structure be more challenging in the technology point of view.
In order to produce a square charge distribution, the laser
bunch would probably be required to be time-tilted.
Introduction
The so-called self amplified spontaneous emission might
produce coherent radiation in the VUV and the soft xray regions with peak brilliance several orders higher than
the third generation light sources. However, it demands
very stringent qualities of electron beam. In order to meet
the requirements, the photo-cathode rf gun injector is basically asked to produce the electron bunches with lnC
charge and lirmm-mrad normalized transverse emittance.
With the adoption of the Carlsten's emittance compensation scheme[l], the emittance growth due to the linear
components of space charge forces can be recoveried. The
final emittance, thus, can reach about l?rmm-mrad which
is already shown in current simulation studies at SLAC[2]
and DESY[3].
The emittance compensation technique has its roots in
removing the linear correlation between the longitudinal
and the transverse phase spaces. One can image that the
compensation would be completely done if the correlation
is completely linear. So that the charge distributions of
electron bunches are necessary to be uniform in both longitudinal and transverse dimensions. In other words, any
effects which can cause non-uniform charge distributions
in both dimensions would increase the final emittance, because the resulted non-linear correlations cannot be removed by the Carlsten's technique.
At the emittance level of lxmm-mrad, any small effects

which would affect the charge distributions in the processes
of emission and acceleration would make contributions to
the emittance value. Among them, the drive laser bunch
holds the most significant influence since it directly determines the charge distributions of emitted electrons. This
effect has been studied in detail in the LCLS collaberation and a technical way has been pointed out. This way
is tring to shape the drive laser bunch both transversely
and longitudinally into a square bunch[4]. An emittance
of less than ljrmm-mrad is foreseen through this way. The
other effects, such as the space charge force and the rf
electro-magnetic force, are taken into account naturally in
simulations.
Another effect caused by the Schottky effect, however,
is lack of investigation in simulation as far as we know.
The Schottky effect means that the accelerating field can
increase the current emission because the field reduces the
level of the cathode barrier. As the result of the time variety of the rf field, the emission current varies with the rf
phase. Because of the strong rf electric field, this variation
is so significant that it cannot be ignored though the electron bunch length is only a few pico-seconds. The charge
distribution becomes tilted within the bunch . The emittance of this tilted bunch might be larger than that of the
square bunch.
This paper will present our simulation results on the
effect. The numerical model is simply described in Section
2. Section 3 is the main body of this paper and gives all
simulation results. Finally, a summary is given in Section
4.
Numerical modle

The beam dynamics is calculated using a pc-version of
PARMELA[5]. The gun cavity is the LCLS type, 1.6 cell
7r-mode s-band cavity. In simulations, the Carlsten's emittance compensation is adopted by using a solenoidal magnet. Its position and strength are optimized to obtain the
minimum transverse emittance in down stream beam line.
Figure 1 shows the schematic layout of the rf gun injector
used in our simulations. In Section 3.1 and Section 3.2, the
simulations include no accelerating structure. By comparison, the accelerating structure is added in simulations of
Section 3.3. The maximum field strength of 140MV/m at
cathode is assumed.
The emitted electron bunch is treated as a composition
of
a series of short gaussian pulses with identical standard
* On leave of absence from the Institute of High Energy Physics,
deviation a and different central positions. The rise and
Academia Sinica, Beijing.
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Figure 1: Schematic layout of the rf gun injector used in
simulation.
falling time is simply taken as 2(7, the main part of the
bunch length is the time difference between the first and
the last short gaussian pulses. By varing the height of
each seperated gaussain pulses, one can obtain an arbitrary shape of emitted electron bunch. The bunch contains
10,000 big particles in our simulations.
A small code based on above consideration is programmed to produce the bunch shape. Thus, the Schottky
effect can be included in simulations. The photoelectron
current can be described by,
J = al (hu - 4>

- I chose spectrum I
-So*
-io*
o.

1

I
io.o

|
MJO

.1 chose afcecfrum I
-20.0
-10.6
o.

i

i
10.0

I chose spectrum
-S3.0

-10.

20X1

Here, J is the total electron current density, I is the laser
intensity, hv is the photon energy, <f> is the work function,Figure 2: Phase spectrum of the electron bunch at difE is the electric field strength, 0 is the field enhancement ferent positions while the Schottky effect is not included,
factor, and b = y/(e/4ireo), a is a constant related to the axathode; b:exit of the first cell; c:exit of the second cell;
material properties and surface conditions. Notice that drminimum emittance position. The horizontal unit is in
this formula implies a linear growth in the photo emission pico-second. The vertical unit can be think of the relative
due to the electric field term. However, the reality seems intensity. Note, that the head of the bunch is on the left
more complicate than the formula. A measurement^] done side.
at the BNL accelerator test facility showed a higher growth
than the linear growth. So that we decided that the Schot- Schottky effect
tky effect would be represented by scaling the BNL's exThe schottky effect is introduced into simulations while
perimental datas into our simulations.
the drive laser is kept being square. Most other parameters in simulations are kept unchanged also. And those
Simulations
unchanged parameters are found very close to their optimized values for obtaining the minimum emittance. In
Square drive laser bunch
To purify the problem considered, we assume that the drive order to see the minimum emittance value, it is necessary
laser bunch is a nearly square bunch in both transverse to vary the solenoidal field strength within a certain range.
and longitudinal dimensions. The bunch radius is lmm Figure 3 shows the PARMELA output of the longitudinal
and the bunch length is 10 picoseconds. Figure 2 shows bunch distributions at the same positions as in Figure 2.
the PARMEL A output of the longitudinal bunch distribu- It may be surprise to see how large is the current increase
tions at different positions: the cathode, the end of the caused by the Schottky effect. The current distribution
first cell, the end of the second cell, and the position with is finally alike a gaussian. The available minimum emitthe minimum emittance. The available minimum trans- tance of this tilted bunch is l.OOTrmm-mrad which is by
verse emittance is 0.947rmm-mrad before the accelerating about 0.06irmm-mrad (or about 6%) larger than that of
the square bunch case.
structure.
Comparing Figure 2a and Figure 2b, a bunching effect is
found during the early acceleration stage. This bunching With down-stream acceleration
takes place through the normal mechanism of rf accelera- Since there is no further acceleration behind the gun cavtion, so that it is strongly relative to the rf phase when the ity in the above calculations, the beam energy is not high
drive laser is triggered. At the phase operating for small enough to suppress the space charge forces. The emittance
emittance, the overall bunching amount is not large. It still compensation has to be done rather rudely in order to overcan be seen, however, that the electrons are compressed a come the counteraction of space charge forces. As a result,
little more at tail part than at head part. This difference the available minimum emittance is Iarger than that would
will in principle cause the non-linear space charge force in- be reached. Actually, the further acceleration can reduce
duced emittance growth during behind path. However, the the space charge forces. Therefore, it will help the emitgrowth is rather smaller than that the other effects caused. tance compensation taking its effect smoothly and achiev-
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ing smaller emittance value. That is proved by simulation
and the results are listed in the following table. A 3-meter
long SLAC type constant gradient accelerating structure
is adopted in our simulations. The accelerating gradient is
assumed to be 14MV/m. One can learn that the Schottky
effect causes an emittance growth of 0.05xmm-mrad, or a
growth about 6%.

Minimum emittance
No Schottky effect
Schottky effect

0.887rmm-mrad
0.93irmm-mrad

Summary
The influence of the Schottky effect on the beam emittance
has been studied in this paper. Comparing with the influences of drive laser bunch shape, for example, the rise and
falling time, it is a small effect. This is understandable
since the schottky effect changes only the top part of the
bunch charge distribution. The effect can be neglected in
most cases, even the case in Figure 3 where a large field enhancement is taken account. However, it may worth keeping in mind when tring to achieve very small emittance
values. As we already know that square drive laser bunch
cannot produce square electron bunch since the Schottky
effect, it may be necessary calling for a time-tilted laser
bunch. Both the tilted laser and the schottky effect work
together, a square electron beam can be produced.
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STATUS OF THE DUAL-AXIS RADIOGRAPHIC HYDROTEST FACILITY
M.J. Burns, P.W. Allison, R.L. Carlson, J.N. Downing, D.C. Moir, and R.P. Shurter
Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545

Abstract
The Dual-Axis Radiographic Hydrodynamics Test
(DARHT) Facility will employ two electron Linear Induction
Accelerators to produce intense, bremsstrahlung x-ray pulses
for flash radiography with sub-millimeter spatial resolution of
very dense (attentuations > 105), dynamic objects. We will
produce an intense x-ray pulse using a 19.75-MeV, 3.5-4 kA,
60-ns flattop electron beam focused onto a tungsten target. A
3.75-MeV injector with either a cold velvet cathode or a laserdriven photocathode will produce a beam to be accelerated
through a series of 64 ferrite-loaded induction cells with
solenoid focusing. Accelerator technology demonstrations
have been underway for several years at the DARHT Integrated
Test Stand (ITS) and results including beam energy, emittance,
and Beam Break-Up (BBU) measurements are discussed here.

I.

Introduction

To meet DARHT mission requirements we must produce a
large x-ray dose (- 1000 Roentgen one meter from the source)
in short bursts (< 100-ns) from a very small source size (-1.2mm equivalent diameter of a uniformly illuminated disk at
50% modulation). Detailed considerations of detector
response, test object transmission and scatter, and the
bremsstahlung spectrum limit maximum electron beam energy
to -20-30-MeV. With this energy limit, the high dose and
short pulse width specifications require high peak current
because dose is related to total charge on the target and beam
energy. The small source size requires the electron beam to be
focused to ~ 1-mm diameter, thus requiring very good beam
quality. Therefore, we have selected a Linear Induction
Accelerator (LIA) for DARHT. This paper summarizes the
principal accelerator systems installed on the Integrated Test
Stand (ITS), which is the initial 5.75-MeV section of the first
DARHT accelerator. Photoelectric cathode development, ITS
electron-beam measurements, and facility construction status
are also discussed.

II. Integrated Test Stand (ITS)
The ITS is shown in Fig. 1. It was first operated in 1991
with the purpose of developing and demonstrating the LIA
advances required to meet DARHT performance specifications
[1]. Over 30,000 pulses have been accumulated on the ITS,
including the experiments reported here.
The relatively long, pulsed-power injector consists of a
prime power supply that pulse-charges a glycol Blumlein that,
in turn, discharges into a series of three transmission lines
with impedance changes to step-up the voltage driving the
diode [2]. The prime power source consists of a 3.0-uF
capacitor bank charged to -120-kV dc, and switched through
the primary of a 1:15 Stangenes iron-core auto-transformer by
a single air-blown spark gap. The glycol Blumlein consists of
a 7.65-fi inner line and a 7.3-Q outer line and is pulse-charged
to 1.5-MV in 4.6-n.s. The Blumlein is switched with four,
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Fig 1. The ITS (injector in the foreground and cell-block beyond)
parallel, laser-triggered spark gaps (measured l-o jitter of 0.7ns). The Blumlein contains an adjustable peaker and L-C
filter, which shapes the initially sharp-rising pulse to a [1cos(oot)] shape with a 10-90% risetime of 20-ns. Three
transmission lines in series transform the pulse from 1.5-MV
to a maximum of 4-MV on the diode.
The vacuum diode consists of a 170-Q liquid resistor load
in parallel with the 181-mm A-K gap. Our typical 90-mm
diameter velvet emitter is inset approximately 2-mm into the
cathode field-forming electrode and produces 4-kA at 3.75MeV. The radial vacuum insulator is cross-linked polystyrene
(REXOLITE 1722), 1.8-m in diameter and 0.35-m thick, with
capacitive grading provided by the liquid resistor forming a
radial wedge in parallel with six concentric aluminum grading
rings embedded in the insulator. Although the injector
insulator can operate up to 4-MeV, we typically run at 3.75MeV to minimize emission from our cathode shroud.
The accelerator induction cells [3] for the ITS are assembled
into an eight-cell "cell-block". Completion of the first
DARHT LIA requires seven additional cell-blocks. Each cell
has a 148.2-mm-diam. bore, 19.1-mm accelerating gap, 11 oilinsulated TDK PE16B nickel-iron-zinc ferrite toroids (237-mm
ID, 503-mm OD, 25.4-mm thick), a low-dielectric constant
(e~2.5) cross-iinked polystyrene insulator, a quadrufilar-wound
solenoid magnet with iron homogenizer rings [4], two cosinewound dipole trim-magnets (to compensate for possible
installation tilts of the solenoid magnet), and a cosine-wound
quadrupole magnet.
Calculations of the magnetic field caused by pulsed-power
currents fed into the cell via two radial lines located on either
side of the cell showed a quadrupole field with an estimated
gradient-length product of ~3-Gauss. The presence of the field
was experimentally confirmed by observation of an
asymmetric beam distribution downstream of the cell-block.
Cosine-wound quadrupole magnets installed within the cell
around the beamtube immediately downstream of each feedline

pair has eliminated the beam asymmetry that leads to
emittance growth and a larger effective radiographic source
size.
The Induction Cell Pulsed Power (ICPP) consists of four
water-insulated, 11-Q Blumleins with coaxial midplanetriggered switches operating in SF6 [2]. A single Blumlein is
connected to two accelerator cells via four, Dielectric Sciences
2158, 44-Q cables. Each Blumlein has a separate charging
unit which uses two 1.4-|iF Maxwell primary capacitors
charged to 29-kV. Two EEV CX-1722 thyratrons are used in
parallel to switch the capacitors into a 1:11 Stangenes ironcore step-up transformer that charges the Blumlein to 250-kV
in 5-u.s. The Blumleins provide a 250-kV, 67-ns pulse to the
cells with a 0.6%-rms variation over the beam pulse-width of
60-ns. Jitter (lc) in the coaxial switches ranges from 0.8-1.2ns over 1000 shots. Each Blumlein has an independent trigger
unit housed in a separate oil-insulated steel enclosure that
consists of two 30-nF, 70-kV primary capacitors switched by a
EEV CX 1725 thyratron into a Stangenes 1:4 step-up autotransformer that drives a magnetic pulse-compressor which
reduces the risetime of the required 200-kV trigger pulse to less
than 10-ns into the trigger cable. This in turn results in a
risetime of 20-ns at the Blumlein spark gap trigger electrode.
Typical trigger system jitter is <275-ps ( l a ) for any
consecutive 100 shots.

IV.
A.

Photoelectric cathode

We are investigating a photoelectric cathode as an
alternative to our present velvet cathode to produce a lower
emittance beam so that we may be less sensitive to possible
emittance growth through the accelerator and have the
possibility for a smaller radiographic source size. Due to the
plastic insulators in our accelerator, we must operate the
photoelectric cathode at vacuums of 10" 5 -10' 6 Torr, thus
prohibiting the use of alkali-metal compounds. We have
recently reported on an electron-beam-pumped laser operating
at ArF (193-nm) or KrF (248-nm) producing 3.5-J in 100-ns
(35-MW) that has been used to illuminate a micro-machined
aluminum cathode [5]. On a machine similar to the ITS
injector we performed experiments at 2.75-MeV. Quantum
efficiency was measured for ArF on micro-machined aluminum
at lxlO"3. Current densities of 100 A/cm2 and total currents
of 2-kA have been achieved. Beam temperature measurements
are underway.
We have also reported recently on characterization of
aluminum photocathodes as a function of temperature [6]. In
our photocathode test stand an ArF laser is used to illuminate
small-scale samples of candidate cathode materials that can be
radiatively heated to 200C. A 92% transparent tungsten wire
mesh anode is located across a 6.7-mm A-K gap operating at
30-kV dc. We observe a factor of -2.5 increase in emitted
current density for a micro-machined aluminum cathode when
it is heated to 150C, indicating the possibility of extracting a
4-kA beam with less than a joule of incident ArF energy. A
beam temperature measurement using a heated cathode will be
completed to investigate cathode heating effects on beam
quality. Using this same test stand we have also begun
characterization of polycrystalline (predominantly <l,l,0>),
boron-doped, hydrogen-terminated synthetic diamond films
which may exhibit quantum efficiencies of ~ 1 % .
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Emittance

To determine the emittance and the rms values of beam
radius, r, and dr/dz, at the A-K gap, we measure the beam
radius at z=1600-mm as a function of current in the anode
magnet, centered at 537-mm (cathode location is z=0). The
light from an OTR foil is captured with a 20-ns gated camera
and the distribution is analyzed as a function of time and then
fit with our envelope code know as "XTR" to extract the beam
parameters in the A-K gap. XTR includes beam-potential
depression, diamagnetic-field enhancement, and other highcurrent effects.
We tested our experiment by imposing an axial field of 65Gauss on the cathode, which imparts angular momentum to
the beam resulting in e4 rms =eBR 2 /2mc = 0.233 rccm-rad for a
cold, uniform-density beam with R=35-mm. The XTRdeduced result was 0.23 ncm-rad. Without the imposed field,
we estimate roughly 10% accuracy and determine £n,4rms =
0.15 ncm-rad for our 4-kA, 3.75-MeV beam. This is
adequately low to produce a spot radius on the target < 0.5mm.
B.

III.

Recent ITS electron beam experiments

Measurement of Beam Break-Up (BBU)

Amplification of transverse beam motion in the
accelerating gaps (BBU) must be sufficiently small to prevent
smearing of the final focus spot as this would result in
increased x-ray source size. We measured the transverse
impedance of several different accelerating gaps [7] before
choosing our final design. Our input beam has been measured
to have low noise (< 20-jj.m displacement) near the dominant
accelerating cell resonant frequency of 740-MHz. BBU
calculations with a magnetic field varying from -1.0-2.7
kGauss show that a 4-kA beam can be accelerated to 19.75MeV with <10% spot size smearing.
We have measured BBU amplification as a function of
frequency between 700-to-900-MHz by exciting beam
oscillations (typically 0.1-mm) with a tunable rectangular box
that was shock-excited by the beam. The amplitudes of the
transverse motion were measured before and after the eight ITS
cells for both horizontal and vertical orientation of the box.
The gains were found to agree approximately with the code
predictions with a transport magnetic field lower than nominal
so as to not effectively damp the BBU motion (Fig. 2). The
best agreements for the inferred cell transverse coupling
impedance was within 20% of the measurements in ref. 7.
We have since observed that our beam produces a steadystate quadrupole magnetic field with an integrated gradientlength product of 30-Gauss when passing through the box.
The response of the beam position monitors to the resulting
elliptical beam is then significantly non-linear to centroid
displacements. We are now repeating the BBU measurements
with cosine-wound quadrupole magnets near the box. Also,
we have connected a -25-W external rf drive to the box to
improve the reproducibility of the initial deflections.

C.

Energy spread

We measure time-resolved beam energy distribution in a
single pulse using a 60-degree spectrometer magnet to image a
collimated portion of the center of the beam onto a Bicron 422
scintillator viewed with a streak camera. Fig. 3 shows a
representative trace from the spectrometer measuring the beam
extracted from the ITS injector. The beam has an energy of
3.783-MeV with an rms spread of 0.55%, or ±1% peak-topeak, over 60-ns at this point. Tapering of the first injector
transmission line and adjustments to the peaking section
within the Blumlein will be used to flatten the large central
bulge within this trace.
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Conclusions
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Our work since 1991 indicates that we will achieve the
radiographic performance required by DARHT. The principal
accelerator components have been tested on the ITS
accumulating over 30,000 pulses.
Measured beam
characteristics have been well-predicted by our computational
models and these have been extensively benchmarked and
improved against ITS data. An alternative photocathode
system is under development to generate a colder beam than
our present velvet cathode, thus making us less sensitive to
emittance growth and presenting the possibility of achieving a
smaller radiographic source size.
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V. Facility construction status
Fig. 4 shows an artist's rendition of the completed facility,
showing two long halls for perpendicular accelerator
installation with pulsed-power halls running alongside.
Building construction is 30% complete with an estimated
finish date of November 1997. The first radiographic
experiments are scheduled for June 1999. Operation of the
complete, dual-axis facility is expected by September 2001 and
is paced by completion of the second accelerator. Prior to
construction of the final machine, we well consider designs to
deliver four sequential pulses with -MHZ repetition rate.
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Banquet Talk
Ed Knapp

Thursday, August 29, 1996

NEW DIRECTIONS IN SCIENCE.
EdKnapp
Santa Fe Institute
The Santa Fe Institute was founded about 12 years
ago by a group of scientists who, for one reason or another,
had come to the conclusion that something was really very
broken in the practice of science in the American university.
Individual disciplines dominated the research agenda to the
exclusion of almost all interdisciplinary work, and the
research agendas of these disciplines were narrowing to an
alarming extent. The Santa Fe institute was organized to be a
entirely visiting institution, a place where people could come
on sabbatical or for extended workshops and not be
constrained to the rigid requirements of department life, or
worry about publishing yet another unread paper to insure the
proper number of refereed publications the tenure committee
might require for permanent appointment. On the whole, this
experiment has been quite successful, and I think that we can
point to a number of cases where ideas generated in the give
and take of interdisciplinary discussion have become almost
mainstream in academic circles. Several of these are in the
Social sciences, and today I would like to talk a bit about
computer simulation, and the challenges we all face in
introducing simulation techniques from the physical sciences
into the realm of cultural and economic problems.
The cultural and economic sciences seem to be ready
made for extensions of the Monte Carlo techniques so
prevalent in the design and analysis of High Energy Physics
and Accelerator experiments. These problems almost always
consist of large aggregations of individuals or organizations
which interact as time progresses in a sequence of
encounters, with themselves or with their environment,
leading to a statistical distribution of effects which can
characterize the development of the system. But things are
never as easy as they might seem.
Simulation is used in the Physical sciences to investigate
the really hard problems where analytical methods cannot
give adequate description to the interactions involved. In the
case of particle accelerator physics, beam interaction and
space charge effects are almost always
handled via
simulation techniques. Simulation is more prevalent in the
design and analysis of high energy physics experiments,
where Monte Carlo simulations of event signatures,
spectrometer acceptance, and background rates are almost
always required by the program committee before beam time
is allocated. Simulations are often required in the analysis of
the experimental results, again for geometrical acceptances
as well as detector efficiencies, etc.. Of course, the most
complex of the simulations in the physical sciences is
probably in the codes which are used to design and analyze
nuclear explosions, which combine particle transport with

hydromagnetic and radiation effects in a extremely complex
way.
Moving to the biological sciences, including ecology
and evolution, we see a more complex system, and thus more
difficulty in applying simulations accurately. In the Social
sciences, the interacting entities can think, plan ahead, make
mental models of their domain, evolve in time, learn, and in
general introduce innumerable complications into the
interactions. Social sciences such as economics,
anthropology, organizational theory, psychology, and even
philosophy and history may be amenable to simulation if we
can only learn how to do it. The problem is learning how to
do science with simulations such that meaningful insights
emerge from the exercise, leading to deeper understandings
of the problems, if not predictability as is the case in the
physical sciences.
What are some of the characteristics of cultural or social
investigations? Usually, the universe of the problem is made
up of many "agents", e.g. individuals, firms, countries,
villages, or similar. This is in analogy to the particles being
transported in typical monte carlo simulations for particle
physics. Collisions between agents and other agents or the
environment occur as time unfolds, producing the dynamics
of the situation. Typically, the fate of individual agents is
"path dependent", history does count. At this point,
analogies to the physical sciences become less clear. A
major part of the environment in which social simulations
unfold is generated by the actions of the agents themselves.
This feedback, or coupling between individual and group
behavior, is what makes such studies scientifically
interesting, and often mathematically intractable. This can
be said to capture the point where simplicity becomes
complexity. The behavior of the entire assemblage of agents
"emerges" in a highly nonlinear manner from the behaviors
of the individuals. The agents themselves can be highly
complex, and their interactions with the environment can
modify their individual behaviors. To be realistic, in contrast
to simulations in the physical sciences, agents must also be
able to learn, modify behavior, and in general optimize their
performance.
Hierarchical stratification of organization
should be possible in the simulation. There must be a
mechanism for individuals to organize into groupings, for
example families, firms, countries, etc. And finally, it is
clear that the entire simulation is very path dependent, this is
not only do to individual agents histories depending critically
on chance encounters during the passage of time, but the
emergence of a "world" is historically path dependent. Any
simulation must allow "today", the sum of past evolution and
emergence of a society, the sum of culture, superstitions,
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myths, institutions, and the like must be insertable at certain
points.
Making simulations with all of these features is a very
tall order. Can it be done? The problems are much too
important for science to duck - we must try even though it
seems extremely daunting. The World in which we live is
made of the collective decisions of millions of agents acting
under the rules, both cultural and legal, set up by our
organization of society. Can such a world be modeled using
simulation techniques?. It certainly has not been done yet but just as in the physical sciences simulations are essential
to experimental investigations, as computation becomes
cheaper much more complex simulations of human
organization and behavior will become important.
With this as background, I would like to describe a
simple first attempt to bring this type simulation into the
scientific arena. I will give in what follows some results from
a study of the formation of financial markets by a simulation
program which incorporates some of the features of social
simulation mentioned above. This work has been done by a
collaborative group of visitors at the Santa Fe Institute, and
consists of Brian Arthur, an economist and demographer,
John Holland, a computer scientist and psychologist, Blake
LeBaron, a economist, Richard Palmer, a physicist, and Paul
Tayler, a stock trader.
A persistent puzzle in finance is why academic theorists
and market traders should view financial markets is strikingly
different ways.
Standard economic theory assumes
homogeneous investors who share rational expectations of
an asset's future price, and who instantaneously and
rationally discount all market information into this price. It
follows that the market is efficient in that no opportunities
are left open for consistent speculative profit, that technical
trading (using patterns in past prices to forecast future ones)
cannot be profitable except by luck, that temporary price
overreactions -bubbles and crashes- reflect rational changes
in assets' valuations rather then sudden shifts in investor
sentiment. It follows too that trading volume is low or zero,
and that indices of trading volume and price volatility are not
persistent or serially correlated in any way. The market, in
this standard theoretical view, is rational, efficient, and
mechanistic. Traders, on the other hand, often see markets as
offering speculative opportunities.
Many believe that
technical trading is profitable, that something definable as a
"market psychology" exists, and that herd effects unrelated to
market news can cause bubbles and crashes. Some traders
and financial writers even see the market itself as possessing
its own moods and personality, sometimes describing the
market as "nervous", or "sluggish", or " jittery". The market
in this view is psychological, less than efficient, and organic.
From the academic viewpoint traders with such beliefs embarrassingly the very agents assumed rational by the
theory - are irrational, wrong, superstitious. From the traders
viewpoint, the standard academic theory is unrealistic, alien,

not borne out by their own perceptions. To quote one of the
most successful traders, George Soros: "this efficient market
theory interpretation of the way financial markets operate is
severely distorted. It may seem strange that a patently false
theory should gain such widespread acceptance."
Arthur et. al. Have constructed a simulation of a simple
market, with features which make possible the study of some
of the questions raised by this fundamental puzzle in
economic science. In this market N agents decide on their
desired asset distribution between a risky stock paying a
stochastic dividend and a risk free bond. The individual
agents formulate their expectations independently, but are
identical in other respects. Except for the heterogeneity of
agents, the market is neoclassical in all respects. Each trader
has access to information on the state of the market in the
form of time series of past and current prices and dividends.
In the model they do not use the raw time series, but these
data are summarized into a set of binary descriptors , which
for example, could be the running average of the stock
dividend, or the price trend for the last pre determined
number of periods, or other statistical information generated
from the raw price and dividend data stream. Using these
descriptors the individual agents predict the price for the next
period, and decide to buy or sell the stock depending upon
their current position in the market.
Descriptors are
combined into hypotheses which are reinforced or discarded
according to the success or failure of the individual
hypotheses to accurately predict the price. Each agent has its
hypotheses stored on a "genome", a bit string which encodes
the present set of hypotheses with which the agent trades.
This bit string is modified by the success or failure of the
trades the agent performs, as well as is modified by mutation
and crossover which brings new hypotheses to the action. A
standard genetic programming approach is used for the
evolution of strategies, as well as the discard of unsuccessful
hypotheses. The price of the stock then varies according to
the aggregate of the buy and sell orders presented. Further,
hypotheses can be classified into classes, those which reflect
fundamentals, (such as price to dividend ratios), and
technical trading indicators, such as price trends.
Clearly, this model incorporates in a rudimentary way
several of the criteria discussed for simulations in social
situations. In incorporates learning, path dependence, and
strong feedback where the agents generate their own
environment. Arthur et al have conducted a series of
experiments using this model, and have gained considerable
insight into the observed behaviors of real markets in real
world situations. First they investigated the operation of the
market in the homogeneous rational expectations regime. As
expected, if the hypotheses were limited to the calculation of
fundamentals and bids were determined using this data only,
the rational expectations model was replicated, price
followed fundamentals very closely, and volume was low.
Even small admixtures of technical hypotheses rapidly
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converge back to the rational expectations result, and
technical hypotheses tend to die out in the models used by
the agents for trading. There clearly is a natural, weak
attraction to the rational expectations model.
As initial
heterogeneity is increased, increasingly the market does not
converge to the rational expectations regime. Instead,
complex patterns form in the collection of beliefs, and the
market falls into a regime that differs materially from the
rational expectations behavior. Bubbles and crashes occur,
and suggest that technical trading, in the form of buying or
selling into trends, may have emerged in the market. Once
into the rich psychological regime the volume increases
substantially, and in other respects mimics very closely
several of the statistical features of a real market which are
not reproduced in the rational expectations regime. In
particular, statistical correlations between price volatility and
volume observed in real markets, called GARCH
(Generalized Autoregressive Conditional Heteroscedastic
time series) behavior is seen clearly. Other observations in
the behavior of the market which track with the observations
in real markets include the dynamics of recovery from
dividend or price perturbations and the income distributions
of participants in the market. And finally, it is clear that the
environment for trading is bootstrapped by the individual
traders. A very successful trader at one time, if frozen in its
trading hypotheses, will do very poorly at a different time, as
the environment has evolved around it into different
competition. They have even seen strategies evolve to corner
the market!!! It is clear that real stock markets operate in the
rich psychological regime.

of this effort a collaborative group of computer scientists and
others have developed a programming platform called
SWARM which is available to any group wishing to do
simulations of this kind. This platform utilizes many
individual pieces from the overall simulation community and
also significant extensions in power not utilized previously.
Interestingly, industry participation in this collaborative team
has been significant, both in the input phase and in the
implementation of actual code. Swarm is multi-agent
software platform for the simulation of complex adaptive
systems. In the Swarm system the basic unit of simulation is
the swarm, a collection of agents executing a schedule of
actions. Swarm supports hierarchical modeling approaches
whereby agents can be composed of swarms of other agents
in nested structures. Swarm provides object oriented libraries
of reusable components for building models and analyzing
displaying, and controlling experiments on those models.
Swarm is currently available as a beta version in full, free
source code form It requires the GNU C Compiler, Unix,
and X Windows. More information about Swarm can be
obtained from the World wide web,
http://www.santafe.edu/projects/swarm/.

Thus it seems clear that for this case real insight into
market behavior can be extracted from simple simulations of
learning and adaptation of agents in a market environment.
Clearly this simulation cannot be used for application into a
real market to predict behavior - particular stock prices on
the New York Stock Exchange for example. But as a tool for
economics research simulations may be the wave of the
future. No less a critic than Robert Solow, Nobel prize
winner from MIT, has written in Science magazine that this
type simulation may be the future in some aspects of
economics research.
As should be apparent, programming these type
problems is a very technical and demanding task. Even in
the Physical sciences typical Monte-Carlo simulations are
usually handled by utilizing library programs which take care
of the graphical output, geometrical parameters, and so on.
There are no equivalent libraries of programs available to the
social scientist in consistent use at the present time, and up
until recently each simulation was essentially started from
scratch. About three years ago a team of visitors at SFI held
a series of meetings to evaluate what was available to the
community for applications of these kinds, and developed a
set of goals for a programming language, or platform, which
could be developed to support agent based simulations. Out
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Abstract
Muon Colliders have unique technical and physics advantages
and disadvantages when compared with both hadron and electron machines. They should be regarded as complementary. Parameters are given of 4 TeV high luminosity /x+/x~collider, and
of a 0.5 TeV lower luminosity demonstration machine. We discuss the various systems in such muon colliders.
Introduction
The possibility of muon colliders was introduced by Skrinsky et
al. [1], Neuffer [2], and others. More recently, several workshops and collaboration meetings have greatly increased the
level of discussion [3, 4). A detailed Feasibility Study [5] was
presented at Snowmass 96.
Technical Questions
Hadron collider energies are limited by their size, and technical constraints on bending magnetic fields. Lepton (e + e~or
H+H~) colliders, because they undergo simple, single-particle
interactions, can reach higher energy final states than an equivalent hadron machine. However, extension of e+e~ colliders
to multi-TeV energies is severely performance-constrained by
beamstrahlung, The luminosity C of a lepton collider can be written:
1
beam
ru
C =
^collisions
(1)
4TTE 2r o a
where ay is the average vertical (assumed smaller) beam spot
size, E is the beam energy, Pbeam is the total beam power, a
is the electromagnetic constant, ro is the classical radius, and
n~, is the number of photons emitted by one bunch as it passes
through the opposite one. If this number is too large then the
beamstrahlung background of electron pairs and other products
becomes unacceptable.
As the energy rises, the luminosity, for the same event rate,
must rise as the square of the energy. For an electron collider,
ncoiHsi<ms = 1> and, for a fixed background, we have the severe
requirement:
"beam

3
__ ^3
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E

much smaller than a linear electron machine. The linacs for the
0.5 TeV NLC will be 20 km long. The ring for a muon collider
of the same energy would be only about 1.2 km circumference.
There are, of course, technical difficulties in making sufficient muons, cooling and accelerating them before they decay
and dealing with the decay products in the collider ring. Despite
these difficulties, it appears possible that high energy muon colliders might have luminosities comparable to or, at energies of
several TeV, even higher than those in e + e~colliders.

Parameters
The basic parameters of a 4 TeV fi+n~ collider are shown
schematically in Fig. 1 and given in Table 1 together with those
for a 0.5 TeV demonstration machine based on the AGS as an
injector. It is assumed that a demonstration version based on upgrades of the FERMILAB machines would also be possible.
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In a muon collider there are two significant changes: 1) The
classical radius ro is now that for the muon and is 200 times
smaller; and 2) the number of collisions a bunch can make
ficoiuaions is no longer 1, but is now related to the average bending field in the muon collider ring, For 6 T, it is 900.
In addition, with muons, synchrotron radiation is negligible,
and the collider is circular. In practice this means that it can be
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Figure 1: Schematic of a Muon Collider.

Table 1: Parameters of Collider Rings
C of m Energy
4
.5
TeV
2
.25
Beam energy
TeV
19,000 2,400
Beam 7
15
2.5
Repetition rate
Hz
10 12
2
4
Muons per bunch
Bunches of each sign
2
1
7T mm mrad
50
90
Norm, rms emit, ejv
9
Bending Field
T
9
7
Circumference
Km
1.2
6
T
5
Ave. ring field B
900
Effective turns
800
0* at intersection
3
mm
8
2.8
(i,m
rms I.P. beam size
17
10 35
10 33
cm-V1
Luminosity

the decay channel, with frequencies and phases chosen to deaccelerate the fast particles and accelerate the slow ones; i.e. to
phase rotate the muon bunch.
Figure 2 shows the energy vs ct at the end of the decay channel.

Components
Proton Driver
The proton driver is a high-intensity (four bunches of 2.5 x 10 13
protons per pulse) 30 GeV proton synchrotron, operating at a rep- Figure 2: Energy vs ct of muons at end of decay channel with
etition rate of 15 Hz. Two of the bunches are used to make // + 's phase rotation; muons with polarization P> |> - 3 < P < 3,
and two to make n~ 's. Prior to targeting the bunches are com- and P< —| are marked by the symbols '+', '.' and '-' respectively.
pressed to an rms length of 1 ns.
For a demonstration machine using the AGS [6], two bunches
of 5 x 10 13 at a repetition rate of 2.5 Hz at 24 GeV could be used.
The selected muons have a mean energy 150 MeV, rms bunch
length 1.7m, and rms momentum spread 20% (95%, t\, =
3.2 eVs). The number of muons per initial proton in this selected
Target
bunch is « 0.3.
Predictions of nuclear Monte-Carlo programs [7, 8, 9] suggest
that 7T production is maximized by the use of heavy target matePolarization Selection
rials, and that the production is peaked at a relatively low pion energy ( « 100 MeV), substantially independent of the initial pro- If nothing is done then the average muon polarization is about
0.19. If higher polarization is desired, some selection of muons
ton energy.
Cooling requirements dictate that the target be liquid: liquid from forward pion decays (cos#<i —* 1) is required. This can
lead and gallium are under consideration. In order to avoid shock be done by momentum selecting the muons at the end of the decay and phase rotation channel. A snake [ 11 ] is used to generate
damage to a container, the liquid could be in the form of a jet.
the required dispersion. Varying the selected minimum momentum of the muons yields polarization as a function of luminosity
Pion Capture
loss as shown in Fig. 3. Dilutions introduced in the cooling have
Pions are captured from the target by a high-field (20 T, 15 cm been calculated [12] and are included. A Siberian snake is also
aperture) hybrid magnet: superconducting on the outside, and required in the final collider ring.
a water cooled Bitter solenoid on the inside. A preliminary design [10] has a Bitter magnet with an inside coil diameter of 24 Ionization Cooling
cm (space is allowed for a 4 cm heavy metal shield inside the
coil) and an outside diameter of 60 cm; it provides half (10 T) For the required collider luminosity, the phase-space volume
of the total field, and would consume approximately 8 MW. The must be greatly reduced; and this must be done within the /i lifesuperconducting magnet has a set of three coils, all with inside time. Cooling by synchrotron radiation, conventional stochastic
diameters of 70 cm and is designed to give 10 T at the target and cooling and conventional electron cooling are all too slow. Opprovide the required tapered field to match into the decay chan- tical stochastic cooling [13], electron cooling in a plasma discharge [14] and cooling in a crystal lattice [15] are being studnel.
ied, but appear very difficult. Ionization cooling [16] of muons
seems relatively straightforward.
Decay Channel and Phase Rotation Linac
In ionization cooling, the beam loses both transverse and lonThe decay channel consists of a periodic superconducting gitudinal momentum as it passes through a material medium.
solenoidal (5 T and radius = 1 5 cm). A linac is introduced along Subsequently, the longitudinal momentum can be restored by co-
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herent reacceleration, leaving a net loss of transverse momentum.
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Figure 3: Polarization vs F\oss of muons accepted; the dashed
line shows polarization as selected before cooling; the solid line
gives polarization after cooling.

In a few of the later stages, current carrying lithium rods replace item (1) above. In this case the rod serves simultaneously
to maintain the low 0±, and attenuate the beam momenta. Similar lithium rods, with surface fields of 10 T , were developed at
Novosibirsk and have been used as focusing elements at FNAL
andCERN[17].
The emittances, transverse and longitudinal, as a function of
stage number, are shown in Fig. 4. In the first 10 stages, relatively strong wedges are used to rapidly reduce the longitudinal
emittance, while the transverse emittance is reduced relatively
slowly. The object is to reduce the bunch length, thus allowing
the use of higher frequency and higher gradient rf in the reacceleration linacs. In the next 7 stages, the emittances are reduced
close to their asymptotic limits. In the last 3 stages, using lithium
rods, there are no wedges and the energy is allowed to fall to
about 15 MeV. Transverse cooling continues, and the momentum spread is allowed to rise. The total length of the system is
750 m, and the total acceleration used is 5 GeV. The fraction of
muons remaining at the end of the cooling system is calculated
to be 55 %.

Tcangr«r>» emlttanM <t (wild ttn«)

The equation for transverse cooling (with energies in GeV) is:
den
ds

dE.

tn

, /3x(0.014)2

to- 1

L»o£ltudlaal smlttans* «,, (dat& me)

(3)

where en is the normalized emittance, 0± is the betatron function at the absorber, dE^fds is the energy loss, and LR is the
10radiation length of the material. The first term in this equation
is the coherent cooling term, and the second is the heating due
10-4
to multiple scattering. This heating term is minimized if /3 X is
small (strong-focusing) and LR is large (a low-Z absorber).
Energy spread is reduced by placing a transverse variation in
1010
20
absorber density or thickness at a location where position is enstage Ho.
ergy dependent, i.e. where there is dispersion. The use of such
wedges can reduce energy spread, but it simultaneously increases
Figure 4: Normalized transverse and longitudinal emittances as
transverse emittance in the direction of the dispersion. It thus
a function of section number in the model cooling system
allows the exchange of emittance between the longitudinal and
transverse directions.
Acceleration
Cooling System The cooling is obtained in a series of cooling stages. In general, each stage consists of three components
with matching sections between them:

Following cooling and initial bunch compression the beams must
be rapidly accelerated to full energy (2 TeV, or 250 GeV). A sequence of recirculating accelerators (similar to that used at CEBAF)could be used but would be relatively expensive. A more
1. a FOFO lattice consisting of spaced axial solenoids with economical solution would be to use fast pulsed magnets in synalternating field directions and lithium hydride absorbers chrotrons with rf systems consisting of significant lengths of suplaced at the centers of the spaces between them, where the perconducting linac.
/?x 's are minimum.
For the final acceleration to 2 TeV in the high energy machine,
the power consumed by a ring using only pulsed magnets would
2. a lattice consisting of more widely separated alternating be excessive and alternating pulsed and superconducting magsolenoids, and bending magnets between them to gener- nets [18] are used instead.
ate dispersion. At the location of maximum dispersion,
wedges of lithium hydride are introduced to interchange Collider Storage Ring
longitudinal and transverse emittance.
After acceleration, the jt + and ju~ bunches are injected into a
3. a linac to restore the energy lost in the absorbers.
separate storage ring. The highest possible average bending field
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is desirable to maximize the number of revolutions before decay,
and thus maximize the luminosity. Collisions occur in one, or
perhaps two, very low-/3* interaction areas.

• The two areas that could present serious problems are: 1)
unforeseen losses during the 25 stages of cooling (a 3% loss
per stage would be very serious); and 2) the excessive detector background from muon beam halo.

Bending Magnet Design The magnet design is complicated
by the fact that the /z's decay within the rings (/z~ —> eTVlv^),
producing electrons whose mean energy is approximately 0.35
that of the muons. These electrons travel toward the inside of the
ring dipoles, radiating a fraction of their energy as synchrotron
radiation towards the outside of the ring, and depositing the rest
on the inside. The total average power deposited, in the ring, in
the 4 TeV machine is 13 MW. The beam must thus be surrounded
by a w 6 cm thick warm shield [19], which is located inside a
large aperture conventional superconducting magnet.
The quadrupoles can use warm iron poles placed as close to
the beam as practical, with coils either superconducting or warm,
as dictated by cost considerations.
Lattice In order to maintain a bunch with rms length 3 mm,
without excessive rf, an isochronous lattice, of the dispersion
wave type [20] is used. For the 3 mm beta at the intersection
point, the maximum beta's in both x and y are of the order of 400
km (14 km in the 0.5 TeV machine). Local chromatic correction
is essential. Two lattices have been generated [21, 22], one of
which [22], after the application of octupole and decapole correctors, has been shown to have an adequate calculated dynamic
aperture.
Studies of the resistive wall impedance instabilities indicate
that the required muon bunches would be unstable if unconnected.
In any case, the rf requirements to maintain such bunches would
be excessive. BNS [23] damping, applied by rf quadrupoles [24],
is one possible solution, but needs more careful study.

• Many technical components require development: a large
high field solenoid for capture, low frequency rf linacs,
multi-beam pulsed and/or rotating magnets for acceleration, warm bore shielding inside high field dipoles for the
collider, muon collimators and background shields, etc.
but:
• None of the required components may be described as exotic, and their specifications are not far beyond what has
been demonstrated.
• If the components can be developed and the problems overcome, then a muon-muon collider could be a useful complement to e+e~colliders, and, at higher energies could be
a viable alternative.
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Abstract
In order to maintain a reasonable over-all length at high
center-of-mass energy, the main linac of an electron-positron
linear collider must operate at a high accelerating gradient. For
copper (non-superconducting) accelerator structures, this implies
a high peak power per unit length and a high peak power per RF
source, assuming a limited number of discrete sources are used. To
provide this power, a number of devices are currently under active
development or conceptual consideration: conventional klystrons
with multi-cavity output structures, gyroklystrons, magnicons,
sheet-beam klystrons, multiple-beam klystrons and amplifiers
based on the FEL principle. To enhance the peak power produced
by an rf source, the SLED rf pulse compression scheme is
currently in use on existing linacs, and new compression methods
that produce a flatter output pulse are being considered for future
linear colliders. This paper covers the present status and future
outlook for the more important rf power sources and pulse
compression systems. It should be noted that high gradient
electron linacs have applications in addition to high-energy
linear colliders; they can, for example, serve as compact injectors
for FEL's and storage rings.

1. Overview
In this report we consider the current status of pulsed high
power rf sources for linacs with copper (non-superconducting)
accelerating structures. The desired peak output power from
these sources is driven in large part by the requirements of
electron-positron linear colliders which are currently under
active design and development at various laboratories around
the world. Some basic rf-related parameters for these machines
are given in Table 1. This table is based on data contained in
the December, 1995, report of the International Linear Collider
Technical Review Committee [1]. This report is primarily
concerned with the details of linear colliders designs at 500
GeV center-of-mass (cm.) energy; upgrade paths to 1 TeV
cm. are only briefly considered. However, we have selected
the 1 TeV parameters because particle physicists strongly urge
that the collider designs should include the potential for an
upgrade to reach this energy. Two of the machines in Table 1
(JLC-X and VLEPP) propose upgrades to 1.0 TeV cm.
simply by doubling the active accelerator length. In the other
three designs a higher accelerating gradient, with a
correspondingly greater power demand from the rf source, is
proposed for the upgrade. In addition to the linear collider
designs shown in Table 1, two other designs have been
proposed which are based on the two-beam accelerator
approach: CLIC at CERN and the Two-Beam NLC proposed
by LBNL and LLNL as an alternative rf power source for the
NLC. Although the drive beam of a two beam accelerator is
capable of producing copious amounts of rf power at good
efficiency, we will consider only discrete rf sources here.
Although phase-locked oscillators have been proposed as
possible rf sources for powering linear colliders, we consider
only amplifiers here because of their higher gain and greater
stability. Among the potential candidates for a high power

microwave amplifier, klystrons, gyroklystrons and magnicons
have demonstrated the capability to produce power in the 3-17
Ghz frequency range at a level of interest for linear colliders.
Details concerning current performance of these devices are
presented in Sections 2 and 3 of this report.
RF pulse compression, using passive microwave
components, can enhance the peak power from a microwave
tube by a factor of 2-1/2 to 5 or so with reasonable efficiency.
Current pulse compression methods are discussed in Section 4.
Some future possibilities for pulse compression, including the
use of loaded delay lines to reduce delay line length and the use
of active switching to increase power gain and efficiency, are
discussed in Section 5.
Looking to the longer-range future, there is interest in
how to reach energies well beyond the 1 TeV energy provided
by the designs in the Technical Review Committee Report.
To reach higher energies within a reasonable overall accelerator
length, a higher accelerating gradient will be needed.
Significantly higher gradients can only be achieved by
increasing the rf frequency. Some scaling relations for the
variation of rf power requirements with frequency and gradient
are given in Section 6. As an example, by extrapolating 11.4
GHz technology to 34 GHz, a 5 TeV collider could be built
with an unloaded gradient of 250 MV/m and an active structure
length of about 30 km. However, the required peak rf power
is about 800 MW per meter at a pulse length of about 60 ns.
Even with rf pulse compression, it will be difficult to obtain
the required power from a conventional round-beam 34 GHz
klystron. Some limitations on the power that can be reached
by round-beam klystrons, and how this maximum power
output might scale with frequency, are also discussed. Some
possible microwave devices that might provide power adequate
to drive a 5 TeV collider at 34 GHz are described in Section 7.

2. Klystrons
The workhorse of the world's high power klystrons at Sband is the SLAC 5045 klystron [2] currently in use as the
power source for the SLC. Approximately 240 of these tubes
have been in use on the SLAC linac for about 10 years.
Some of these tubes have now accumulated over 65,000 hours
of operating time. The specifications for the 5045 klystron,
the mean time to failure, and some of the failure modes
together with the number of tubes that have failed in each
mode over a ten-year period, are given in Table 2. An
outstanding feature of the 5045 klystron its reliability and
long lifetime. To be successful in a linear collider application,
where several thousand tubes are used, a klystron will need to
approach the reliability and lifetime of the 5045.
A 150 MW S-band klystron for powering the DESY Sband linear collider (SBLC) has been designed and engineered
at SLAC [3]. Table 3 gives the design specifications and the
performance of the first two prototype tubes. The design
philosophy for these tubes followed a conservative approach

' Work supported by the Department of Energy under contract No. DE-AC03-76SF00515.
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Table 1
Linear Collider RF Parameters at 1 TeV Center-of-Mass Energy

RF Frequency (GHz)
Accelerating Gradient
Unloaded/Loaded (MV/m)
Dark Current Capture
Gradient (MV/m)
Peak Power per Meter
at Structure input (MV/m)
Klystron Peak Power (MW)
Klystron Pulse Length (u.s)
Repetition Rate (Hz)
Pulse Compression Type
Compression Ratio
Compression Power Gain
Compression Efficiency (%)
RF System Efficiency (%)
Number of Klystrons
Active Length (km)
Wall Plug Power (MW)

SBLC
(DESY)
3.0

JLC-C
(KEK)
5.7

JLC-X
(KEK)
11.4

NLC
(SLAC)
11.4

42/36

58/47

73/58

85/63

100/91

16

31

61

61

75

49
150
2.8
50
SLED
=3.5
2.0
=60
23
4900
29
285

97
100
2.4
50
SLED
5.0
3.5
70
26
6200
22
200

100
135
0.5
150
DLDS
2.0
1.95
98
31
6900
18
220

145
75
1.0
120
BPC
4.0
3.5
87
34
9500
17
190

120
150
0.5
300
VPM
4.6
3.3
73
40
2800
12
115

Table 2
The SLAC 5045 Klystron
Specifications
Operating Frequency
Beam Voltage
Beam Current
Microperveance
Output Power
Pulsewidth
Repetition Rate
biticiency
Gain
Number of Cavities
Cathode Loading
Area Convergence
Lifetime
Mean Time to Failure
Cause of Failure C403 tubes : 1984-1994)
Window failure
Gun ceramic
Unstable or low rf output
Arcing
Gassy
Vacuum Leak
Low Emission
Water Leak
Faulty parts

VLEPP
(BINP)
14.0

Table 3
SLAC/DESY 150 MW S-Band (2998 Mhz) Klystron
Design
2856 MHz
350 kV
414 A
2.0
67 MW

-

3.3M.S

180 Hz
A/1 Of

4 0 /C

53 db
6
8 A/cm2
19
= 50,000 hrs
89
82
68
57
46
24
16
14
7
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Beam Voltage (kV)
Beam Current (A)
Microperveance
Cathode Loading
(Max A/cm2)
Area Convergence
Output Power (MW)
Pulsewidth (us)
Repetition Rate (Hz)
Electronic Effic. (%)
Gain (db)
Output circuit
Focusing type
Solenoid Power (kW)
Output Window Type
No. Windows per Kly.

535
700
1.8
6
40:1
150
3
50
>40
>55
Solenoid
1.5
TE,, pillbox
4

Performance
I
II
536
720
1.83

520
670
1.78

160
3
60
41.5
62
1 cell

156
3
60
45
58
2 cell

Table 4
SLAC X-Band (11.4 Ghz) Klystrons

Design
Gun
Beam Voltage (kV)
Beam Current (A)
Microperveance
Cathode Loading
(A/crrr)
Area Convergence

XL-4
i\chieved

440
350
1.2

450
1.15

8.75
125

X501 1
Design
Achieved
465
190
0.6

480
0.65

7.4
140

EE
Output Power (MW)
Pulsewidth (us)
Repetition Rate (Hz)
Electronic Eff. (%).
Gain (db)
Output circuit
Focusing
Type
Solenoid Power
(kW)
Output Window
Type
No. Windows per
Klystron

50
1.5
180
52 (sim)
>50
4 cell TW

75
1.1
120
48
55

50
1.2
180
63 (sim)
55
5 cell TW

62
0.6
60
60
55

PPM

Solenoid
(0.47 T)
15
TE01-TW

TE0,-TW

1

1

Table 5
Parameters for the KEK/Toshiba and BINP/VLEPP Klystrons
KEK/Toshiba
Design
Achieved
RF Frequency (GHz)
Output Power (MW)
Pulsewidth (us)
Repetition Rate (Hz)
Microperveance
Electronic
Efficiency (%)
Beam Voltage (kV)
Cathode Loading
(A/cm2)
Output Circuit
Gain (db)
Focusing Type
Solenoid/Cryogenic
Power (kW)
Output Window

BINP/VLEPP
Design
Achieved

11.4
135
0.75
150
1.2

96/50
0.1/0.2
100
1.2

14
150
0.5
300
0.25

60
0.7
2
0.15

45
600

33
620

60
1000

40
1000

13.5
4-cell TW
53-56
SC
Magnet

13.5
single gap

5
14-cell TW
75
PPM

5

1
TE,,-TW

40
TE,,-X/2

Solenoid

—
TE,,-TW

90
PPM
—

in which existing 5045 technology was extended to higher
beam currents and rf power densities. In the first tube an 8.56
Ghz oscillation proved troublesome. In the second tube, two
copper drift tubes were replaced by stainless steel drift tubes.
The second klystron processed quickly and showed no
instabilities.
Table 3 gives design and performance parameters for two
X-band klystrons designed and built at SLAC (see [4] for an
overview of the X-band klystron program at SLAC). Four
klystrons in the XL series [5] have been produced. XL-1 and
XL-2 have 3-section standing-wave output circuits and the
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other two tubes have four-cell traveling-wave outputs. The
first three tubes produced the specified 50 MW at 1.5 |is but
were troubled by instabilities unless the focusing strength was
increased at the cost of reduced efficiency. Several design
changes were incorporated in XL-4, including adjustments in
the spacing and tuning of the bunching cavities, fabrication of
the last three drift tubes from stainless steel, and coating the
output circuit with titanium nitride. This klystron has
produced 50 MWat 1.5 (is and 120 pps at a beam voltage of
400 kV with 43% efficiency; at a somewhat shorter pulse
width (1.1 us) it has reached 75 MW at an efficiency of 48%.
It is essentially free of oscillations, pulse-shortening or
missing pulse phenomena that have been observed in all
previous X-band klystrons built at SLAC.
The second column in Table 4 shows design parameters
[6] and achieved performance for the first Periodic Permanent
Magnet (PPM) focused klystron built at SLAC. This tube
has produced over 60 MW at 0.6 u,s with an efficiency of
60%. At a pulse length of 1.2 |is it has reached the design
power output of 50 MW at somewhat lower efficiency.
Although the output rf pulse is stable, a complex
phenomenon takes place as a function of drive power which is
not yet fully understood. In any case, this is the only klystron
of this design that will be built. The program effort will be
directed to the design of a 75 MW PPM tube with a
microperveance of 0.75.
There are two additional programs for the development of
high power klystrons for linear collider service. At KEK, a
klystron is being developed in collaboration with Toshiba for
the X-band JLC collider.
The first tube achieve the
performance shown in Table 5 at short pulse lengths, but
could not sustain higher power levels or longer pulse lengths
due to breakdown in the single output gap. To reduce the field
level, the klystron has been redesigned with a 4-cell TW
circuit; this new tube is currently under test.
At the Protvino Branch of the Budker Institute of Nuclear
Physics, a prototype rf system for the VLEPP collider project
is being designed and tested. A novel feature of this klsytron is
a gridded gun, which allows the beam to be switched directly
from a pulse-forming line without the need for a pulse
transformer and its attendant inefficiencies. Further
information on this klystron is given in [1] and [7], and on the
KEK klystron in [1] and [8].

3. Magnicons and Gyroklystrons
A magnicon is a scanning-beam microwave amplifier in
which a rotating electron beam interacts synchronously with a
rotating TM-mode in a cylindrical output cavity.lt is capable
of high efficiency, and has been proposed as an alternative to
klystrons for powering linear colliders. At the Budker Institute
of Nuclear Physics (Novosibirsk), a 7 Ghz magnicon has
produced 30 MW at 35% effiiciency [9]. The efficiency was
limited by an oversized electron beam diameter (4 vs 3 mm).
At the Naval Research Laboratory, an 11.4 Ghz magnicon is
under design with a simulated output of 58 MW at 58%
efficiency [10]. By using the TM2]II mode in the output cavity,
this magnicon also acts as frequency doubler from 5.7 to 11.4
Ghz. For high efficiency in a magnicon it is necessary to
keep the beam diameter (e.g. = 2 mm in the NRL design)
small relative to the rf wavelength. It will be difficult therefore

to achieve high power in a magnicon at a frequency which is
substantially higher than the 11 Ghz of the NRL design.
Gyroklystrons, having extended annular beams, are
capable of producing high rf power at high frequencies. The
most extensive work on the development of high power
gyroklystrons has taken place at the University of Maryland.
In past experiments, 27 MW at 9.9 Ghz has been produced
with an efficiency of 32 %, and 32 MW at 19.7 Ghz (2nd
harmonic) at an efficiency of 29%; the pulse length was about
1 ^.s (see references in [11]). A new gyroklystron testbed has
recently been completed with a higher power modulator
capability (800A at 500 kV). A coaxial gyroklystron is now
under construction which will eventually reach a simulated
output power of 160 MW at 17.1 Ghz (2nd harmonic) at an
efficiency of 41% [11]. Use of a single-stage depressed
collector could increase this efficiency to 55%.

4. RF Pulse Compression
An rf pulse compression system can enhance the peak
power output from a microwave tube by trading reduced
pulsewidth for increased peak power. The power gain is given
by the compression ratio, R, in pulsewidth times a
compression efficiency which takes account of intrinsic losses
(e.g., reflected power), resistive (copper) losses, and the effect
of a non-flat output pulse. Pulse compression reduces the
burden on the rf power source and helps to match the
modulator pulse length) to the accelerator structure filling
time. It is especially important at higher frequencies where the
structure filling time, which scales as u)" 2 , is short and the
production of peak rf power is more difficult. A pulse
compression system always involves an energy storage
element of some sort to delay or transfer energy from the early
portion of the rf pulse into the compressed output pulse.
The first large-scale pulse compression system for an
accelerator application was the SLED scheme, implemented on
the SLAC linac in the late 1970's. Using a pair of TE015
cylindrical cavities (Q 0 =lxl0 5 ) as energy storage elements,
SLED produces a power gain of about 2.7 with a compression
efficiency of 62% (R = 4.4). A distinguishing feature of the
SLED compression method is a 180u phase reversal in the
klystron drive, which triggers the release of the energy stored
in the high Q cavities. Two cavities and a 3 db coupler are
used so that the energy reflected and emitted from the cavities
will not return to the klystron but will be directed into the
transmission line to the accelerator.
Because the SLED output pulse has a shape which is
dominated by the exponential decay of energy in the storage
cavities, it is poorly adapted for powering a linear collider with
long bunch trains. The pulse shape problem can be solved by
replacing the two storage cavities with shorted delay lines. In
this scheme, called SLED-II, the delay line length (in travel
time) is equal to one-half the desired output pulse length. The
power gain is optimized by adjusting the reflection coefficient
of an iris at the entrance to the delay lines. Assuming lossless
components, the power gains (and efficiencies) for a SLED-II
system with compression ratios of 4, 5 and 6 are 3.44 (86%),
4.0 (80%) and 4.5 (75%).
A program has been in progress at SLAC for a number of
years to develop the necessary components for a high power
SLED-II pulse compression system. To keep losses low,
overmoded TEm circular waveguide is used for the SLED-II
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delay lines and for power transmission over distances greater
than a meter or so. A low loss (3/4%) mode converter [12] has
been developed which makes it possible to couple efficiently
to the circular guide from standard WR90 rectangular guide.
This so-called "flower petal" mode converter also makes it
possible to manipulate rf power using relatively simple
rectangular waveguide components. For example, a 90° bend is
constructed from a mitered rectangular waveguide bend and two
mode transducers.
A complete SLED-II compression system has been
implemented on the NLC Test Accelerator at SLAC, and
tested at both low and high power [12]. The measured
efficiency of the SLED-II system was 68% at R=6 (power gain
of 4.05). The intrinsic Q for the delay lines (12.07 cm
diameter) was measured to be 1.05xl06, which is 76% of
theoretical. This corresponds to a roundtrip power loss of
1.5% for a delay of 225 ns. The power transmission system
connecting the SLED-II compressor to the NLCTA injector
consists of 20 m of 7.4 cm diameter circular waveguide, two
90° bends and mode converters at each end. The measured oneway loss is 5.8%. The system is currently delivering an
output power of about 150 MW; this power level is still
increasing as the injector accelerating structures continue to
process, and is expected to reach about 200 MW.

5. Future Possibilities for Pulse Compression
Several possibilities exist for improving pulse
compression systems beyond SLED-II. First of all, the
intrinsic inefficiency of a SLED-II system translates to a 3040 MW increase in ac wall plug power for a 1 TeV collider.
The Binary Pulse Compression (BPC) scheme, which
compresses by a factor of R=2n, is inherently 100% efficient,
but unfortunately needs a total delay line length of (R-1)TP,
where Tp is the output pulse length . This can be compared to
a length Tp for a SLED-II system.
Two ways have been suggested for reducing the delay line
length for a BPC system. In the DLDS (Delay Line
Distribution System) scheme proposed at KEK, the rf is sent
up-stream toward the gun for one-half of the delay, and the
transit time of the returning beam provides the other half. This
reduces the length of delay line pipe by about a factor of two
(see [1] and [8] for more details on DLDS). A second method
being considered for reducing delay line length is to replace the
lines by a chain of N coupled resonators, where N is of the
order 3 to 10. Larger values of N will give a flatter pulse and
greater pulse shape efficiency. For a delay of one microsecond,
a Q on the order of 106 is required for good transmission
efficiency. This can be achieved in a TEonm-mode cavity on the
order of 1.5 m long, but because of the high mode density
coupling to parasitic modes is a problem. Active R&D on
such loaded delay lines is underway at SLAC and elsewhere.
Use of an active device to switch the effective reflection
coefficient of the irises at the entrance to the delay lines can
improve the efficiency and power gain of a SLED-II system.
Such a switch, based on changing the conductivity of a silicon
wafer with a laser beam, is under investigation at SLAC [13].

6. Limitations on Klystron Power
If all dimensions of an accelerating structure are scaled in
proportion to the rf wavelength X, the energy stored per unit
length varies as Um~G2Ar, where G is the accelerating gradient.

Therefore, assuming a fixed repetition rate and ratio of pulse multibeam klystron having common rf cavities but separate
length to filling time, the gradient and the total machine PPM-focused beam tubes has indeed been proposed [14].
energy can be increased in direct proportion to the rf frequency Klystrons using a sheet beam, essentially equivalent to many
while maintaining a fixed active structure length and ac power. round beams in parallel, are also capable (in simulations) of
It is interesting to note that the gradient for capture of an producing 150 MW at 34 Ghz with good efficiency [15].
electron at rest (dark current capture threshold) is also
As discussed in Sec. 3, gyroklystrons are capable of
proportional to frequency (G,^ 1.605 MV/X). Operational producing high power at high frequency. At the University of
difficulties, such as the interference of dark current with beam Maryland, a coaxial-circuit gyroklystron frequency doubled to
position monitoring, can also be expected to scale with Glh. 34 Ghz has been designed which produces an power output of
While the dark current capture threshold does not impose an
150 MW at a simulated efficiency of 42% [16]. A single-stage
absolute limit on accelerating gradient, it is dangerous to depressed collector can increase this to 56%.
assume it can be exceeded by too wide a margin. Values of Gth
Another annular-beam device capable of delivering high
are listed in Table I for the various collider designs.
power output at high frequencies is the ubitron FEL proposed
The accelerators listed in Table I were not designed with by McDermott et al. [17]. Using a TEOI -mode coaxial cavity
any particular frequency scaling law in mind. However, there with PPM focusing, it produces a simulated output power of
is a consistant trend toward higher gradients at higher 250 MW at 11.4 Ghz with an efficiency of 50%.
frequencies. If the unloaded gradients for the 500 GeV c m .
References
designs (not listed) are plotted vs. frequency, they fall roughly
on a straight line parallel to and 35% above the line Glh-co. If
A number of papers relevant to high power rf sources and
we extrapolate this trend to 34 Ghz (12 times SLC), we obtain pulse compression systems for linacs were presented at the
an unloaded gradient of 250 MV/m. This frequency and recent meeting on Pulsed RF Sources for Linear Colliders
gradient can serve as the basis for a 5 TeV linear collider (RF96), April 8-12, 1996, Shonan Village Center, Hayama,
design with a reasonable length (= 30 km of active structure) Japan. In the following, a reference to RF96 indicates a paper
and ac power (= 250 MW).
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The peak rf power required per meter of structure length
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Ghz microwave source.
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improvements). To obtain an overall rf system efficiency of [7] G. Dolbilov, "Development Status of Wide Aperture 14 Ghz VLEPP
50%, a klystron with an efficiency in the range 65-70% is Klystron with Distributed Suppression of Parasitic Modes". RF96.
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[9] E. Kozyrev et al., "Performance of High Power 7 Ghz Magnicon
need to be in the range 0.3—0.6. Assuming a beam voltage of Amplifier",
Panicle Accelerators, in press.
500 kV, the maximum output power will be in the range 3 5 - [10] S. Gold, O. Nezhevenko and B. Hafizi, "Design of a High Power
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Thermionic Magnicon Amplifier at 11.4 Ghz", Naval Research Laboratory
Another limitation on klystron power depends on the Report NRL/MR/6790-96-7857.
acceptable cathode loading per square centimeter, IA , the [II] W. Lawson et al., "Initial Operation of a 100 MW X-Band
Gyroklystron for Collider Applications", paper MOP62. this conference.
maximum area convergence ratio Ac (dictated by the gun
[12] S. G. Tantawi et al., "The Next Linear Collider Test Accelerator's RF
optics) and the need for good coupling to the beam in the rf Pulse Compression and Transmission Systems", presented at EPAC'96 Sitge
gaps (maximum beam radius =JJ8). Putting these factors Spain, June 1996; also SLAC-PUB-7247.
together, the maximum output power is PssriV^Ac-TC [13] S. G. Tantawi et al.. "Active Radio Frequency Pulse Compression Using
(Aj^.The maximum area convergence is limited by the beam Switched Resonant Delay Lines", Nuclear Instr. Meth. 370(1996), p. 297.
perveance: Ac= 150/K:ro [14]. For IA = 8A/cm2, a beam voltage [14] R. Phillips, private communication.
[15] D.U.L. Yu, J. S. Kim and P. B. Wilson, "Design of a High Power Sheet
of 500 kV and a microperveance in the range 0.3-0.6, the Beam
Klystron", Fifth Advanced Accelerator Concepts Workshop, Port
maximum klystron power is in the range 180-40 MW at 34 Jefferson, NY, (AIP Conference Proceedings 279. 1993), p.85.
Ghz.
[16] Girish Saraph. private communication.

7. RF Sources for 34 Ghz
In the previous section it was found that efficiency and
cathode loading and area convergence considerations limited the
power of a conventional klystron to about 40 MW at 34 Ghz.
Four such beams packaged together in the same vacuum
envelope could produce the desired 150 MW.
Such a
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[17] D. B. McDermott et al., "Periodic Permanent Magnet Focusing of an
Annular Electron Beam and its Application to a 250 MW Ubitron FEL";
submitted to Physics of Plasmas (1995).

ROLE OF LASERS IN LINEAR ACCELERATORS
Swapan Chattopadhyay
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Accelerator and Fusion Research Division
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Abstract
technique. Current research is focused on further increase of
While time-dependent electromagnetic fields using peak power (multiple Joules of energy in sub 100 fs pulse
microwave technology have been exploited for decades in length) as well as increasing the repetition rate beyond 1 Hz
acceleration and manipulation of charged particle beams, to a kHz and beyond. This latter aspect of high repetition rate
modern lasers stand poised to be exploited for these purposes as well as the phase, amplitude and jitter control of T3 lasers
with great promise. The advent of compact sub-picosecond is very relevant for particle accelerators. Fortunately, we
terawatt lasers has renewed the interest in phenomena that benefit from the laser developments driven by the demands
involve scattering or collective interaction of lasers with for coherent control needed for research in fields such as
relativistic particles for various purposes such as diagnostics ultrafast phenomena in solids, chemistry of liquid and gas
and control of beams, ultra-high gradient particle acceleration, phases and many biological studies.
laser-driven high brightness particle sources, etc. We will
These intense lasers are well-known to have high electric
give examples of laser-linac interaction already in use or and magnetic fields. Investigations are under way throughout
being contemplated in such areas as TeV-scale gamma- the world to explore possibilities to exploit such intrinsic
gamma colliders, laser monitoring of beams, laser injectors ultrahigh electromagnetic fields by coupling these lasers
and prospects for laser acceleration of particles.
appropriately to a particle beam for net longitudinal
acceleration and for other beam manipulations [2-3]. Such
I. Introduction
coupling can be produced in free space in presence of suitable
boundaries and apertures; or in free space without boundaries
The microwave technology at frequencies up to tens of via nonlinear higher order mechanisms and in presence of
GHz has been the work horse for particle accelerators since magnetic fields; or via direct coupling to a suitable
World War I and II. Powerful radio frequency (rf) macroscopic medium like a plasma. However, just as in
electromagnetic energy sources — such as tetrodes and today's microwave technology involving beam manipulation
klystrons, with a great deal of flexibility in amplitude, phase over fractions of 'mms' in time-scales of 'picoseconds' at
and frequency control — have been the drivers of particle frequencies of 'GHz', one would have to invent techniques and
storage and acceleration in circular and linear accelerators. learn to manipulate and control signals and particles at
Along with such versatile power sources came the necessity optical wavelengths of 'microns', in time-scales of
to control and manipulate particle beams via rf 'femtoseconds' and at frequencies of 'THz' in order to take
electromagnetic fields to a high degree of precision. The rf advantage of today's lasers.
and beam feedback systems, bunch-rotating and Landau if
Lasers can be scattered off a relativistic electron beam
cavities, etc. — all have been employed successfully to and the frequency up-shifted photons can be used directly for
benefit collider operation. As the science and technology of rf various scientific applications. One such use of lasers in
sources and devices progressed, the demands on the spectral linear accelerators is in the realm of colliders where a linear
purity of rf components for accelerator applications rose y-y
or photon-photon collider provides an attractive
precipitously. This has been so in order to assure a high complement to high energy TeV scale electron-positron
degree of stability and control of the beam.
collisions. This is discussed in Section II. The intrinsic
Progress in technology allows us today to contemplate coherent transverse focal volume of a laser is typically much
going beyond the GHz microwave rf technology to mm-wave smaller than that of a particle beam. Thus lasers could act as
and even THz radiation sources and eventually to the state-of- ideal microprobes of particle beam phase space for purposes
the-art short pulse high power compact lasers. Many of these of diagnostics. This is discussed in Section III. One particular
technologies are ready to be exploited in charged particle aspect that makes lasers unique is their ultrashort pulse
handling devices. In this article, we will restrict ourselves to duration (100 fs or shorter) which makes time-resolved
various possibilities with lasers only, and even that as it measurements of emittance over short beam slices possible.
applies to possibilities with linear accelerators alone, leaving The intrinsic high field of lasers allow us to contemplate
untouched the multitude of possibilities with storage rings their use in particle acceleration and various beam
and circular colliders.
manipulations. This is discussed in Section IV. Finally the
The development of compact high power, short pulse, tunability and short pulse nature together with the ability to
efficient lasers is a fast moving technology [1]. Peak powers synchronize lasers to sub-ps level make them ideal drivers for
well above multiple terawatts have been demonstrated and particle injectors to linear accelerators. Various possibilities
routinely used in the so-called Table Top Terawatt (T*) solid are under investigation and are reported in Section V. Section
state lasers, based on the Chirped Pulse Amplification (CPA) VI concludes with an outlook.
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II. Photon-Photon Colliders
The LEP and the SLC have been successful in doing
precise spectroscopy of the W* and Z°. However, we
understand the technical and fiscal constraints of large circular
lepton colliders owing to limits imposed by the synchrotron
radiation. Hence, there is increasing interest world-wide in
TeV scale linear colliders involving electrons and positrons.
Such colliders are seen as complementing the multi-ten TeV
hadron colliders of the future, such as the LHC.
It has also been recognized that in order to maximize the
reach to accessible high energy physics frontier, it is
important and reasonable to explore the technical possibility
of at least two interaction points (IPs) at these colliders: one
for normal electron-positron collisions and a second one for
collisions of hard photons on hard photons, electrons on hard
photons and electrons on electrons. This second IP is
commonly referred to as the Gamma-Gamma Collider arm of
a linear collider — a term dubbed after an international
workshop on the topic in Berkeley in 1994 [4]. High energy
photons i.e. gamma rays for these collisions are most
effectively produced via Compton backscattering of focused
laser beams by the high energy electron beams of the linear
collider. The high energy photon beams are then brought into
collision with opposing electron or photon beams. Since one
does not need positrons for the Compton conversion, the
possibility of electron-electron collision exist as well. With
suitable laser and electron beam parameters, a luminosity of
electron-photon and photon-photon collisions comparable to
that of the electron-positron collisions can be achieved. In
addition, the polarization of the high energy photons can be
controlled via polarization of the laser and the electron
beams. With high luminosity and variable polarization, the
photon-photon and electron-photon collisions at TeV
energies will significantly enhance the discovery potential
and analytic power of a TeV linear collider complex.
Yet another important reason to consider photon-photon
collisions is the limitations imposed by radiative effects of
the macroscopic beam electromagnetic fields. Charged
particles get bent severely by the macroscopic
electromagnetic field of the opposing colliding beam, leading
to copious emission of what is known as 'beamstrahlung'
photons, characterized by the T parameter — a classical
measure of average radiated photon energy in units of beam
particle energy. The effect also leads to a large energy spread,
a B , in the colliding beams. If the number of particles per
colliding bunch is too large, the beamstrahlung photons can
produce coherent
pairs,
causing
concern
about
electromagnetic and hadronic backgrounds in the detector.
Typically, the conventional wisdom in collider design is to
stay below T-0.3 limit in order not to be limited by the
radiative effects. However, as one reaches up to higher
energies of 5 TeV in the center-of-mass and beyond with
luminosities above 10" cnT 2 s'', conventional choices for the
radiative effects lead to unrealistic values for critical collider
parameters e.g. a total site power well above a gigawatt, etc.
We are thus forced to consider colliders with radiative
parameters in the unconventional regime of Y»0.3 and large
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O B . The "y-y" collisions (instead of direct e V collisions)
via Compton conversion offer an alternative paradigm to
collider physics, with no limitation from beamstrahlung or
coherent pair production. The issues to be addressed are rather
different: the development of suitable laser technology, the
feasibility of the laser-beam and yy interaction point
geometry and the complementarily of the physics.
A preliminary but rapidly evolving conception of such a
composite and integrated linear collider complex is being
considered by the international linear collider community at
present and is shown in Figure 1 [5]. The required laser peak
powers — about a Joule in a picosecond or a 100 mJ in 100
femtoseconds — have already been achieved in today's stateof-the-art T 3 lasers. And there is significant promise of
enhanced repetition rate operation of these lasers to match the
particle beam collision
frequency for luminosity
considerations. Investigations on both conventional lasers
and Free Electron Lasers (FELs) towards this goal are
underway at present [5].
Final Focus

Beam Dunp

Advanced P«wer

ComjTessnr

Polarized
c-beam

Fig. I A linear collider configuration with electron-positron,
photon-photon, electron-photon, and electron-electron
collisions.

III. Lasers as Micro-probes
The TeV-scale electron-positron -gamma linear colliders
envisioned today would require beam spot sizes of
nanometers at the final focus of the collisions. For
controlling the collisions and maintaining the luminosity, it
is critical that one is able to measure and monitor such ultrasmall spot sizes. Lasers have already been employed in this
task successfully at the SLC at SLAC [6].
The principle of small spot-size measurement at the
SLC is illustrated in Figure 2 (a) below. An interference
fringe or standing wave pattern is created by direct and
reflected near-infrared laser beams orthogonal to the electron
beam. The relativistic electron beam is scanned across the
waist of the fringe pattern. The pattern created by the
Compton-scattered photons at a detector along the beam's

forward direction has intensity oscillations as a function of
beam position during scanning, as shown in Figure 2 (b) for
the SLC. The result contains information about the beam
size, resulting in a measure spot size of 70 nm!
Nd:YAG

longitudinal electron beam dimensions have been obtained by
measuring the intensity of the x-ray beam, while scanning
the laser beam across the electron beam in space and time
(Figure 3 (b)). The electron beam divergence or transverse
momentum distribution has been obtained through intensity
and size measurement, followed by a deconvolution of spatial
and spectral characteristics of the scattered x-ray beam, thus
completing the full transverse phase-space characterization of
the electron-beam in steps of femtoseconds over its entire
20 ps duration.
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Fig.3 (a) and (b) Thomson scattering phase-space diagnostic
set-up (a) and phosphor image of scattered x-rays (b).
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Fig. 2 (a) and (b) Final spot size measurement at the SLC via
Compton Scattering across laser interference frignes.

IV. Laser-Plasma Acceleration

While monitoring and control of beam spot sizes are
important, the longitudinally time-resolved measurement of
beam phase-space characteristics are even more critical.
Development of this kind of techniques will become
increasingly necessary for diagnosing electron bunches in
future accelerators. Since the transverse coherence volume of
lasers is typically much smaller than that of a particle beam,
the laser beam can act as an optical microprobe of a finite
region of the beam transverse phase space and with the advent
of femtosecond lasers, all this can be achieved in a timeresolved manner over femtosecond slices of many samples of
a beam.
X-rays produced by Thomson scattering of a short
terawatt laser pulse (40 mJ, 100 fs long) off a 50 MeV
electron beam at 90° have already been shown to be an
effective diagnostic to measure transverse and longitudinal
density distribution of the electron beam with subpicosecond
time resolution at the Beam Test Facility at LBNL [7]. Nearinfrared (800 nm) laser pulses, were focused onto the electron
beam waist, generating x-rays in the forward direction with
energies up to 30 keV (Figure 3 (a)). The transverse and

It is well known that lasers have inherently high electric
and magnetic fields, that can potentially be harnessed for
compact ultra-high gradient linear accelerators. There exists
the possibility of acceleration via lasers in free space in
presence of suitable boundaries or via nonlinear higher order
mechanisms or via direct coupling of lasers to a plasma-like
medium [2-3]. Among experimental results to date on laserdriven acceleration of electrons in a plasma, the UK (RAL)
experiment is the most recent (1996). It has demonstrated the
highest gradient (100 GV/m) and produced beam-like
properties in the accelerated electrons with 10 7 electrons @
40 MeV ±10% with a normalized emittance of eN<5n mmmrad[8].
I would like to remind the readers of two important
aspects that will critically determine the future of laser
acceleration schemes. First, just as today's microwaves from
klystrons are suitably guided by linac waveguide structures
without diffraction for efficient coupling to a charged particle
beam, we will have to learn how to focus strongly (in order
to achieve high electric field intensities) and simultaneously
guide short pulse high energy lasers over long macroscopic
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distances of cms without diffraction in order to use them for
particle acceleration. Second, one would have to master the
relative amplitude, phase and frequency control of lasers
similar to that exhibited by today's rf control level, but scaled
to laser frequencies.
An artist's impression of a staged and modular laser
wakefield accelerator, compared and contrasted to its presentday microwave linac analog, is depicted in Figure 4 [9]. Such
a scheme depends on the success of propagating and guiding
intense laser pulses in hollow plasma channels at high power
densities of the order of 1018 W/cm2 over several hundred
Rayleigh lengths. I would like to mention here the important
results obtained at Maryland [10], where lasers focussed to
1014 Watts/cm2, have been propagated up to 70 Rayleigh
lengths. Much progress has also been made in the context of
pulse train generation and control in today's table-top terawatt
lasers, thanks to applications in coherent wavepacket control
for studies in chemistry. One has the capability today of
tailoring a sequences of up to eight or ten pulses, varying in
strength, phase and width from a short pulse laser.
RF rrferenE clock

Fig. 4 Conventional microwave linac (a) with klystrons and
metallic waveguides vs. conceptual laser-plasma linac (b)
with lasers and plasma guides.
A state-of-the-art T3 - laser with improved repetition rate
(10TW, 300 fs, 10 kHz) will provide 3 J of laser energy per
pulse at a wavelength of 1 (i.m. If one aims at a 1 meter stage
with energy gain of 10 GeV, one needs a plasma 1 meter
long, with a density of 1017 cm"' accommodating 300
Rayleigh lengths. The accelerating wakefield wavelength will
be 100 \im, the channel radius 30 |^m, the acceleration
gradient of 10 GV/m, with channel density variation of a
50% from center to the edge. In this scenario, one laser
creates the necessary plasma acceleration structure via
guiding, the other creates the wakefield for acceleration.
The required plasma channels need further study in order
to overcome diffraction and to decouple the transverse
gradient from that of the accelerating wake. Many similarities
exist between linac structures and hollow plasma guides.
These need to be quantified and better understood.

Synchronization of laser and electron pulse from stage-tostage in Figure 4 demands sub-ps laser synchronization
scheme. There are various injection and synchronization
schemes under study at present as mentioned in Section V.
Should the guiding, staging and controllability issues be
worked out, there is hope that wakefields excited in plasmas
by a suitably shaped laser pulse will have the necessary
characteristics for particle acceleration to ultrahigh energies,
based on rather reliable simulations available today [11].
V. Laser Injectors
Lasers are beginning to play a crucial role in injectors of
high quality (i.e. low emittance and high phase-space
brightness) electron beams to linear accelerators. RF
photoinjectors, where electrons packed tightly in phase-space
are produced from a photocathode surface properly embedded
in a high electromagnetic field inside a radio frequency cavity
and subjected to short pulse laser irradiation for photoemission, have been under intensive development in the past
decade. Normalized particle beam emittances close to 1 n
mm-mrad have been achieved. .Such optically switched rf
photoinjectors are optimal candidates as injectors for FELs
and future colliders based on metallic traveling waveguide
linear accelerators. The promise and R&D of rf
photoinjectors is described elsewhere in detail [12].
As we have discussed before, some of the high gradient
acceleration concepts using lasers as drivers envision using a
high density (10'4-1018 cm"3) plasma as an accelerating
structure over the short time duration of a picosecond or so
[2-3]. For possible future high gradient linear accelerators
based on laser-driven plasmas, it is probably more natural to
consider a photoinjector that is based on a plasma, rather than
on a rf cavity made up of conducting metallic structures.
Thus emerges the concept of LILAC — Laser Injected Laser
Accelerator, proposed by D. Umstadter [13]. In LILAC, one
laser pulse drives a wakefield in the plasma and another ejects
and injects background plasma electrons, thus employing an
all-optical synchronized injection and acceleration (Figure 5).
In laboratory experiments, a terawatt-peak-power laser beam
was focused into a gas jet and an electron plasma wave was
observed to create and accelerate a naturally collimated beam
of electrons in a 10 fs slice to relativistic energies (up to 10^
electrons, with an energy distribution maximizing at a MeV
and a physical (unnormalized) total geometric transverse
emittance of I n mm-mrad and electric field gradient of
2GV/cm)[13].
Yet another laser-based, ultra-cold optical injector
scheme is based on interaction of subcyclic optical pulses
with a thin plasma film (10 nm in thickness) [14]. The
resulting chirp introduced in the electron phase space of the
plasma distribution leads to a compressed ultracold electron
bunch with a potential normalized emittance of 10""1 n mmmrad in a bunch shorter than a nm. It is important to note
however that such a short bunch will radiate coherently (N2
radiation) in soft x-ray and longer wavelengths.
Finally, Pellegrini [15] has proposed a FEL solution to
the injection into a plasma-based accelerator. Such
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accelerators typically demand an injector pulse as long as a
tenth of the plasma wake wavelength and a normalized
emittance less than 1 71 mm-mrad for focussing into an
optical channel. The scheme is based on using the same laser
to drive the plasma accelerator and to seed a FEL modulation
into the injected beam from a rf photoinjector. The FEL,
thus phase-locked to the plasma wave will provide both
longitudinal and transverse focusing and a train of
synchronized bunches.
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Abstract
This talk treats of three main topics, namely:
I) the status of the Superconducting Linac ALPI;
II) the strategies put into action in order to push up the
resonator performances;
HI) the design and prototype work directed to the construction
of a new positive ion injector for our Linac.
Since the beginning of 1995 several beams have been
successfully accelerated with the ALPI Linac injected by the
XTTJ-Tandem, especially in the medium-light mass region using
Pb-plated and Nb-coated resonators.
The machine, wanned up several times since 1993, does not
exhibit significant Q-degradation at high field. The difficulty of
transferring the high Q-performances of the Nb based resonators
from test bench conditions into the machine environment is
discussed with some detail. The most challenging work now
under way in Legnaro is the construction of two Superconducting
RFQ's which will boost the velocity of the ions produced by an
ECR source and pre-accelerated through a 350 kV platform from
beta 0.01 up to beta 0.035. The design work and the key choices
of the manufacturing process will be presented.

Introduction
In 1989, after a couple of years of preliminary R&D in RF
superconductivity, a long term project, named ALPI was initiated
at the Laboratori Nazionali di Legnaro ( LNL ) aiming at
extending the nuclear physics activities grown in the eighties
around the 16 MV XTU tandem. The goal of the programme was
to design and construct, through the development of the
necessary expertise, heavy ion machines based on
superconducting technologies which would allow to reach and
overcome the nucleus-nucleus interaction barrier of any stable
beam-target nuclear system.
Following the pioneering work at ANL [l](Argonne, USA),
SUNY at Stony Brook [2](New York, USA), Weizmann
Institute of Science [3]( Rehovot, Israel) and later at Seattle[4],
we decided to construct and install a superconducting linac based
on a large number (initially 93) of independently phased lead
plated Quarter Wave Resonators (QWR's), thus boosting the
energies of the XTU tandem beams up to 20 MeV/A (for sulphur
isotopes)[5].
The availability of a 16 MV tandem with single and double
stripping capability makes the use of a superconducting linac as
a post accelerator extremely effective, allowing high intensities
(10^-30 pnA) onto the target for medium-light beams like e.g.
sulphur, chlorine and nickel and a reliable use of medium-heavy
ions up to iodine with intensities of few pnA.
A positive ion CW-mode injector for ALPI linac has been
designed in order to produce heavy ion beams of convenient
energy and intensity. Beside improving the performance of the
LNL accelerator complex for the light and medium heavy ion
species, the new machine will allow to produce and accelerate
also isotopes which are either rare or inadequate for typical
tandem negative ion sources (see fig. 1. and fig. 2).
The new injector, named PIAVE [6], includes a 14.4 GHz ECR
source installed on a high voltage platform (350 kV), two
80 MHz superconducting RFQ's and two ALPI-like cryostats
containing 8 bulk niobium 80 MHz QWR's. The particular
configuration of LNL accelerator complex ( XTU tandem,
PIAVE and ALPI) will then allow to feed two out of the three

experimental halls with completely independent beams at the
same time bringing, in the near future, the total amount of
available beam time over 6000 hours per year.

Experience with ALPI
Although the machine is prepared to host up to 93 QWR's, our
present operating experience is limited to forty-eight 160 MHz
accelerating cavities and three out of the five buncher stations[7].
Two more cryostats housing "medium (3" type resonators
(P=0.11) are ready for the installation.
The whole linac was meant, originally to consist only of lead
plated QWR's. The development of bulk Nb (P=0.055) and Nb
sputtered (p"=0.14) QWR's reduced the number of cavities needed
to reach the design performances of the linac to 74.
The "low |3" section (p*=0.055) of the machine already in an
advanced stage of construction was delayed because of unexpected
problems connected with the resonator unlocking induced by
pressure fluctuations in the liquid helium reservoir of the
cryostats. We believe the problems to be now fixed(see later on).
According to the experiment requirements, the accelerated ion
species cover the mass range between 30 and 90 with specific
energies up to 13.4 MeV/A. The corresponding maximum
accelerating voltage reached by the linac is 20.5 MeV/q with an
average resonator gradient of 2.65 MV/m. The beam intensity
onto the target in most cases ranges between 1 and 3 pnA (up to
5 pnA on the case of 32S).
The majority of the experiments was devoted to the
spectroscopy of very exotic nuclear states by means of the 4K
multi-array detector named GASP, which needs a quasi-dc time
structure of the beam. Only in few cases the beam was injected
with a 5 MHz prebunched structure obtained with the
doubledrift double-frequency buncher (5-*-10 MHz), chopper and phase
detector assembly[8]. In those cases where neutrons and y-rays
were discriminated through time of flight techniques, a direct
measurement of the dark current between pulses less than 10'4
with respect to the bunched portion of the beam was obtained.
In our experience the quasi-dc operation mode (160 MHz
bunching) even proved to speed up the setting up of the machine,
to require no interventions on accelerator components for days
and to preserve the usual transmission and final quality of the
beam. In fact once the resonators of the low energy leg of the
machine are correctly phased, the particles outside the separatrix
are mainly lost in the internal "U-bend".
In routine operation about 30% of the dc-beam injected in the
machine is transported to the target. This average value results
from the bunching efficiency (45%) and the total transmission of
the machine including injection and extraction lines (70%).
The periodicity adopted for our machine (triplet-cryostatdiagnostics-cryostat) which allows us to monitor the beam every
two cryostats, has been found very effective for the setting up of
the periodical focussing Therefore we are confident to routinely
reach 90% transmission, as demonstrated in some cases with
sulphur and nickel beams.
The availability of beams for experiments strongly depends on
the reliability of the cryogenic system. In the last eighteen
months, in fact, 19% of the scheduled beam time was lost
because of faults of the screw-compressors and damages of "cold
box" turbines caused by power failures in occasion of strong
storms. Faults occurring to other linac subsystems (pulsing,
diagnostics) caused another 6% of machine shutdowns.
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Fig. 1. Layout of the ALP I accelerator complex
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peak surface electrical fields, facilitates the coating processes
(lead plating and Nb sputtering), simplifies the construction of
bulk niobium resonators and makes either seamless (by
drilling a copper rod) or vacuum brazed OFHC copper cavities
feasible[10](seefig. 3.).
2. Fixing up of a recipe for electroplating with a reduced number
of process steps. Electroplating is a low cost treatment which
can be used as a first approach in the development of new
superconducting structures which exhibit
complicate
geometries.
3. Transfer of CERN experience in the sputtering process from
the 350 MHz e-cavities to the QWR's. This ambitious goal
was originally conceived as a long term program aiming at the
upgrading of the Lead plated resonators.
4. Improving of the manufacturing technologies of bulk niobium
QWR's.

CoulomD Interaction Darner
Tandem (T) alone
gas (T)-foil (T)
gas(T)-foll (linoc input)
New injector (high intensity)
New injector (nigh energy)

10

5

Lead plated resonators
Fig. 2. Performances of the ALPI complex in the configurations
XTU-tandem (15MV)-ALPI and new injector(8MV)-ALPI. Two
stripping configurations are considered when using the
tandem as injector: gas(T)-foil(T) (both inside the tandem)
and gas(T)-foil(outside the tandem). For the new injector
(high energy curve) stripping is done before injecting ALPI.
For comparison the performances of the XTU tandem alone
(16 MV) are also plotted. The figures on the plots indicate
beam intensities onto the target.

Expertise on Superconducting QWR's at LNL
In 1987, at the beginning of our experience, we decided to
develop two gap resonators, geometrically simple, very stable
against mechanical vibrations and suitable to cover the ion
velocity range of interest for experiments.
Within the R&D program we defined the following priorities:
1. Feasibility studies and tests ( dynamics and electrodynamics
investigations ) of QWR's in which the straight inner
conductor ends in a hemisphere [9]. This geometry reduces

Our experience in lead plated resonators is supported by the
high number (120)of successful plating cycles performed so far
and by the sixty working resonators produced for the linac [11].
The good reliability and reproducibility of the plating process
allowed us to restrict the laboratory quality test during the mass
production to only 15% of the total number of resonators in
preparation. Normally these resonators do not suffer from severe
multipacting.
In the last two years the machine was warmed up three times
forcing us to recondition it from scratch. In the worst case
(cryostat opening) the cure of the multipacting did not take
longer than 6 hours per cavity following twelve hours of baking
of the resonators at 350 K with the cryostat shields at 6OV7O K.
Through the assistance of a semiautomatic computer control
procedure the whole linac multipacting conditioning was
performed in about 60 hours.
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prototyping work which allowed us to fix a reliable recipe for the
sputtering process [14]. The guidelines of the prototyping work
were:
1. Optimization of the resonator copper base avoiding sharp
comers in the internal surfaces and any hole in the outer
conductor with the exception of the beam ports. Coupler and
pick-up antennas were moved to the tuning plate placed at the
bottom of the resonators.
2. Careful design of the Nb cathode in order to get a uniform
deposition rate in every area of the resonator with particular
attention to the high current zone.
3. Fixing up of the polishing of the OFHC copper substrate and
its best vacuum conditions before sputtering.
4. Definition of the cathode preparation ("cathode training").
5. Fixing up of the multiple stages sputtering procedure.
The best results on test bench show high Q performances
(2xlO9) at low field level and accelerating gradients of 6.9 MV/m
at 7 W of dissipated power (see fig. 4).

80 MHz; p =0.055 ,BuftNt

1 60MHz;

p= on
Lead plated

160MHz;
P - 0.14
Nb sputtered

0"

T
* *

Fig. 3. Three different QWR's installed in the linac
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Keeping the linac resonators at 300 K either in high vacuum
(range 10'7mbar) or in dry Nitrogen overpressure (1200 mbar)
does not affect the multipacting conditioning time. On the
contrary a wrong procedure in wanning up of the resonators can
strongly influence the multipacting phenomenon in the
subsequent conditioning. The cavities must be steadily kept at a
higher temperature than the cryostat shielding. If the shield
temperatures, due to cryogenics faults, drifts over 120 K with the
resonators still at a temperature close to 4.5 K, the whole
multipacting conditioning has to be repeated.
Field emission is cured in the machine by using the following
complementary methods: "gentle" RF power processing both in
high vacuum and controlled He gas atmosphere (4-i-5 10'5 mbar)
and the usual RF high power processing by means of 1 kW RF
amplifiers. While the later method is manually applied to single
resonators exhibiting severe electron loading, "gentle" RF
processing is managed by the RF control program, pulsing the
100 W amplifier output signal for a duration of 400 ns with a
duty cycle of 20%.
The results of such field emission treatment are very
encouraging. After every wanning up of the machine the
previous Q-performances were promptly recovered for all the
resonators.
The accelerating field at 7 W dissipated power was improving
with time through subsequent conditioning stages, from the
initial average value of 2.4 MV/m to the present 2.7 MV/m.
More in details, 62% of the resonators exceeds the average field
value of 2.6 MV/m, 27% of them exhibits a value in the range
2-i-2.6 MV/m and the remaining 11% shows values slightly
lower than 2 MV/m.
Lead-tin plated resonators have been preferred in some
laboratories because of their stability against oxidation and
hydrossidation processes which makes even air storage possible
[12]. As an alternative, since approximately same BCS losses are
expected for both lead and lead-tin coatings, we pursued the goal
of making lead films oxygen and humidity resistant through
passivation processes [13].
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Fig. 4. The best Q performances reached at LNL on bench test with
the different QWR's installed in the linac.
These resonators are nearly multipacting free (1+2 hours of
conditioning is enough) and with clean assembly conditions they
exhibit weak field emission. When field emission appears too
strong a rinsing with high pressure (200 bar) de-ionized water is
sufficient to reduce the x-ray emission at the usual level.
The resonators installed in the accelerator sustain accelerating
fields in excess of 4 MV/m at 7 W of dissipated power. It should
be noticed that such resonators were produced with an anomalous
sputtering process (at floating bias voltage), and suffered from
vacuum leaks and dust contamination during installation [15].

Bulk-Nb QWR's

Prototypes of QWR's with 0=0.055 (f=80 MHz), P=0.11
(f=160MHz) and P=0,165 (f=240 MHz) have been developed in
these years at LNL [16]. Extensive bench tests showed the
excellent Q-performance of such cavities (Q(, in excess of 109 )
which sustain accelerating fields of 5 MV/m with a power
dissipation of 1 W (see fig. 4).
The 80 MHz resonators were chosen for the "low-p" section of
the linac and for the high velocity part of the new injector (P>
0.035). The weight of such 1 m long resonators is very close to
that of the B=0.11, f=160 MHz copper bases allowing the use,
for the cryostats, of the same basic design as in the medium and
high P sections of the machine.
QW-Niobium sputtered resonators
When the 80 MHz resonator is working inside a normally
noisy environment, its amplitude and phase are easily locked up
In June 1995, the first cryostat housing four Nb coated QWR's to field levels of 6 MV/m within the usual self excited loop
produced via DC biased diode sputtering was installed in the configuration by widening the resonant bandwidth (resonator
machine. This represented the final goal of a very intense overcoupling). On the contrary, if the pressure in the liquid
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helium reservoir of the cryostat feeding the resonator, is
oscillating, as in our case, by ±50 mbar, this locking method is
not longer efficiently applicable, because of frequency drifts up to
50 Hz. These drifts are normally in the range of 1+2 Hz per
minute and can be recovered within a window of few Hz by
means of a computer program which, in response to the phase
error signal, drives the fine tuning mechanism.
In order to respond essentially to the excitation of the 42 Hz
mechanical resonant mode of the cavity, a fast tuner (an
externally controlled reactance VCX) is going to be used in
combination with the slow tuner. The fast tuner consists of an
inductive coupler connected by means of a 50ft coaxial line to a
variable capacitance located outside the cryostat. The system is
designed in such a way that a tuning range of 400 Hz MV2 m'2
(i.e. 25 Hz at 4 MV/m accelerating field, which appear to be
more than needed in our case) can be obtained with only 1 W
dissipated by the tuner at 4.2 K, and about 8 W dissipated at 100
K. The advantage of having easy access to the electronic
components is clear, as well as the fact that relatively low power
lines and feed-throughs are needed.
Furthermore, in order to lower the Q of the 42 Hz mechanical
resonance, minor and simple mechanical modifications, mainly
involving the flange holding the resonator, are still under
development.

The new injector PIAVE
The energy plots as function of the beam mass number
(see fig. 2) well illustrates the specific function of the new
injector in the ALPI complex:
l.It makes acceleration of heavy nuclei (A>130) feasible.
2. It increases the beam intensity onto target by a factor 10 or
more for medium-heavy and medium-light nuclei. For heavy
beams intensities are estimated to be around some pnA.
3. It extends the use of ALPI to the rare and costly isotopes.
The new injector preserves the CW operation mode of the
ALPI linac and the beam qualities typical of the tandem
accelerators.
The crucial requirement of high beam quality is already fulfilled
at Argonne National Laboratory where a superconducting linac
capable of accelerating very slow ions (P=0.009) is in full
operation since few years [17].
The novelty of our design consists in employing for the first
acceleration stage (0.009<p<0.035) two superconducting RFQ's
resonating at 80 MHz following the original idea of I. BenZvi
[18]. The rest of the acceleration up to p=0.045 is provided by
eight 80 MHz bulk Niobium QWR's (Popl=0.05) housed in two
cryostats.
The layout of PIAVE injector is shown in fig 4
The beam, produced by a 14.4 GHz ECR source standing on a
350 kV high voltage platform [19] is analyzed and transported to
the new injector through a matching line which contains an
achromatic "U-bend" vertically tilted by 20 deg. The beam
emerging from the pre-accelerating column is, in fact, 5 m
higher and horizontally displaced by 1.8 m with respect to the
new injector beam axis.
The longitudinal phase space matching at the SRFQ input is
met by means of a room temperature double drift and double
frequency ( 8O-J-16O MHz) buncher operating at moderate voltage
(V<4 kV) with an efficiency close to 60%. To increase the pulse
to pulse time interval to 200 ns for time-of-flight experiments
and isomeric nuclear state investigations, a 5 MHz buncher is
foreseen on the high voltage platform downstream the source
extraction voltage.
Dowstream the RFQ transverse focussing in the QWR
accelerating section is accomplished with two quadrupole
doublets to compensate for the strong RF defocussing forces

active at these low p values. Then the beam enters the linac
through an achromatic "L-bend" of the ALPI type and the
longitudinal matching is obtained with two room temperature
bunchers placed in the beam waists before and after the "L-bend".
The design parameters of the RFQ's are presented in table 1.
The frequency is fixed at 80 MHz which seems the best
compromise between beam dynamics and resonator size
requirements.
The major constraints for the RFQ design, dictated by the
superconducting nature of the cavities, are: the maximum electric
surface field Es (25 MV/m) and the maximum stored energy U (5
J). This last value is imposed by the RF power needed to keep
the resonator locked within the required frequency window of ±10
Hz.
Due to the high costs of a superconducting structure and
associated cryostat, big emphasis was given to the maximization
of the average acceleration Ea; this was pursued bunching the
beam outside the SRFQ's and keeping the modulation factor m,
kR0 (average aperture over modulation wavelength) and intervane
voltage V relatively large [20].
Once fixed kR0, and limited m in a certain range, with the
reported condition on U and Es both Ro and resonator length are
determined according to p. Since both V and /?„ are proportional
to P, problems in the RFQ design are soon met as p approaches
values around 0.035. This velocity is high enough to accelerate
with QWR's.
The longitudinal emittance growth during the first stage of
acceleration and the transverse mismatch between the to
resonators are kept under control constructing a rather long first
RFQ, with moderate values of Rn and V, and a shorter second
one with higher Ro, V and Ea values. This configuration allows
to shape the first 22 cells of SRFQ 1 as an adiabatic bunch
compressor where the synchronous phase 9, decreases linearly
from -40 deg down to -18 deg. At the same time the modulation
is increased with a law which preserves the specified acceptance.
In the second RFQ 9, is kept constant at -8 deg and both
transverse and longitudinal emittances are well within
specifications.
The vane shaped four-rods resonators [21] are going to be
fabricated in high RRR (250) Nb and will be fully immersed in a
liquid He-bath at 4.2 K. Electrodes and stems are hollow
structures which allow the liquid-He to get in close contact with
all the current loaded surfaces of the resonator. Three mm thick
Nb walls are well suited to dissipate the power losses estimated
with M.A.F.I.A. code (magnetic field <300 Gauss). The present
resonator design comes out from the results of extensive
M.A.F.I.A. simulations combined with detailed investigation on
the mechanical stability of the resonator made with the I.D.E.A.Scode.1
Our aim was, in fact, to push the frequency of the lowest
vibration mode as high as possible (f>130Hz) and to try to
avoid any environmental perturbation exciting it. In this way we
keep the resonator locked in the usual self excited loop scheme
by enlarging the bandwidth up to 20 Hz. Any slow frequency
drift is corrected by a slow tuner driven by a feedback mechanism
which acts in response to the phase error signal.
The SRFQ's are designed to be realized in bulk niobium sheets
e-b welded. The problems related to theirs construction are
presently tackled with the realization of a stainless steel model.
The aim of the prototype construction is to check the required
jigs, the rough tuning procedure, the welding feasibility and the
mechanical stability of the structure, compared with the
computer simulations.
1

1DEAS-S Finite Element Modeling, Structural Dynamics Research
Corporation, 2000 Eastman Drive, Milford.OHIO 45150. USA
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ECR & KV Platform

Fig. 5. The technical layout of the new injector PIAVE
Table I SRFQ's parameter list'
Radio Frequency
Input Energy
Output Energy

41.2

Average acceleration

2.16

80
578

MHz

keV/u

keV/u
MV/m
MV/m
G

(£=.0094)
(P=.O352)

[8] A. Facco et al., Proc. 3rd Europ. Particle Accel. Conf., Berlin
1992, eds H. Henke, H. Homemayer and Ch. Petit-Jean-Genas
(Edition Frontieres, Gif-sur-Yivette) p. 1507.
[9] I. BenZvi et al., Proc. of the 2nd Europ. Particle Accel. Conf.,
Nice, 1990, eds P. Marin, P. Mandrillon, Edition Frontieres,
p. 1103.

[10] R. Pengo et al., Nucl. Inst. and Meth. A238 (1993) 242
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Max. Surface E field*
[11]G. Fortuna et al., Nucl. Inst. and Meth. A238 (1993) 236 and
295
references therein.
Max. surface B field
[12]U.
Trinks, P. Schiitz, Proc. of the 6th Workshop on rf
<4
J
Max. stored energy/RFQ
Superconductivity CEBAF ed. R. M. Sundelin (1993) vol. 1 p.
Acceptance
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167.
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Abstract
The state of the art of superconducting radio frequency structures for particle acceleration is shown, with special reference
to the suitability of the available technology for high current
linear accelerators. It will be demonstrated that the basic requirements for these applications can be met today and the
limitations will be discussed.

1.

Introduction

The pioneering work for the application of superconducting (SC) radio frequency (RF) accelerating structures in
accelerators was done at Stanford with an electron recirculating
machine [1]. Since then many projects have been realized and
have shown the feasibility of SC RF. Prime examples were
apart from the mentioned machine, the heavy ion accelerators
at Argonne [2] and at Saclay [3]. Many of these machines have
worked for several years and have paved the way for a wider use
of SC RF in high energy accelerators. For electron acceleration, SC structures were used for S-DALINAC [4] and in the
past years SC cavities have been successfully installed and
used in large electron storage rings in the TRISTAN collider
at KEK [5], and HERA [6] at DESY. The two biggest SC
installations today are the recirculating electron accelerator
CEBAF [7] with 169 m, and LEP2 with presently 245 m of
active length installed. LEP upgrading will be completed in
1998 with 272 SC cavities covering an active length of 462
m, and giving nominally 2.7 GV.
In the past the main arguments for using SC cavities
were the low RF losses, allowing a "cheap" RF installation.
This is exploited particularly for heavy ion accelerators.
SC RF allows higher gradients to be achieved at reasonable RF power than normal conducting (NC) structures. This
was first used in TRISTAN, then HERA, CEBAF and now in
LEP. The upgrade of LEP with additional copper cavities is
not possible merely because of space and prohibitive electricity
cost, not to mention the large transverse impedance, which
would severely limit the current.
The high gradient application is being intensely explored
for large number production by TESLA[8], where 20 km of
SC structures running at 25 MV/tn will be required.
Recently new applications emerged for high current storage rings. One example is the upgrade of CESR [9], where
SC cavities allow the transverse impedance to be kept minimal
due to the small number of cavities with a large beam aperture,
running at high gradient of up to 10 MV/m. Work is also
going on at KEK for KEKB [10], where beam currents above 1
A are planned. A single cell cavity has been tested up to 11.7
MV/m.

The high stored energy in SC cavities is exploited in several applications: The extreme of beam loading is being studied for CLIC, where the high stored energy of SC resonators is
used to accelerate the very intense bunches of the drive beam,
about 50 % of the stored energy is taken by each pulse [11].
The acceleration system for LHC [12] with its circulating proton beam of 0.5 A, is based on SC cavities, mainly for reasons of stored energy.
A new field is presently being studied with growing interest: The use of SC cavities in high current linear accelerators for neutron sources, nuclear waste transmutation, accelerator driven reactors, etc. in the 1-1.5 GeV range [13-16].
This paper summarizes the state of the art in superconducting
structures, especially results obtained in series production, and
performance in accelerator operation. It will be shown that
many components required for high intensity linacs are already
available and limitations will be discussed.
2.
2.1.

Basics of RF superconductivity in accelerators
Losses

A very important feature of RF superconductivity is the
fact that even in the superconducting state, the surface resistance does not vanish. The unloaded Q-value Qo of any cavity
is proportional to 1/R, ,where R, is the surface resistance of
the material. R, of SC cavities is given by [17]:
Rs=-

(1)

where T is the operating temperature,/the RF frequency,
Tc the critical temperature (for Nb 9.2 K, for Pb 7.2 K) and A
is a material dependent constant which is about 2.5*10'24 for
Nb. For frequencies below 10 GHz a is near 1.85.
The first part is given by the BCS theory, the second
part, the residual resistance RKES depends on the state of the
surface, material impurities, etc.
The operating temperature has to be chosen as a function
of frequency and acceptable cryogenic losses. As (1) shows, the
BCS part of Rs increases with frequency, therefore a lower operating temperature is desirable for high frequencies. This has
to be weighed against the efficiency of cryogenic cooling
plants. For the 12 kW plants at LEP a power factor of 225 W
at room temperature per W at 4.5 K has been measured [18],
for 1.8 K operation 1 kW per W can be expected [19]. For
LEP2 cavities at 352 MHz, 4.5K operation is adequate,
CEBAF cavities operating at 1.5 GHz are cooled to 2K. Usable Q-values at nominal fields are typically 1-5*10* for Nb
cavities, for Pb they are about a factor 10 lower.
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2.2. Limitations
The theoretical limitation of accelerating field, given by
the critical magnetic field strength is 50 MV/m for typical Nb
high beta structures and 30 MV/m for quarter wave resonators
[20]. In practice other factors limit the performance below
these values:
Q-degradations leading to increased power deposition into
the He can be caused by: trapped magnetic fields , surface defects and contaminations, local hot spots, which might even
lead to a quench.
As an example, a curve of unloaded Qo as a function of
accelerating field measured on a sputter coated Cu/Nb LEP
cavity is shown in fig 1.

Fig 2: X/4 resonator and "kli resonators developed for
low beta, high current structures. From [22-23].
For the International Fusion Materials Irradiation Facility
(EFMIF) deuteron acceleration modules for 125 mA from 8 to
40 MeV (beta 0.06 to 0.14) are being studied using X/2 resonators [14].
Quarter wave structures operating at ATLAS provide gradients of up to 6 MV/m for low beta.
All these devices have only been operated with low RF
power. For a beam current of 100 mA, a synchronous phase
of 20 degrees from the crest, the above mentioned resonator
would transfer 118 kW per structure to the beam, a value
which is well within the reach of power couplers today. High
power operation and vibration problems still need to be studied.

I
O

342.12

E« [MV/m)

Fig. 1.: Example of the unloaded Q-value of a LEP
cavity as function of accelerating field Ea.

4.
The design parameters for LEP are a 0,-value of 3.4*10*
at the nominal accelerating field of 6 MV/m. The drop in Q in
this case at 7.5 MV/m is attributed to the onset of field emission. The operating field is chosen below this field with some
safety margin. Many cavities produced show no such field
emission up to above 8 MV/m.

3. Low beta

High beta structures

4.1. Structures
All high beta accelerators being conceived today make use
of the elliptical cell shape as shown in fig 3 in the case of
LEP, with small modifications.

structures

This is a very busy field of research and development. A
comprehensive review is given by [21]. Modem applications
mainly concentrate on coaxial resonators of the quarter- or halfwave length type with the beam passing on a diameter. So
far, most work was directed towards applications with very low
(|iA) beam currents. In Argonne resonators were developed for
high current (80 mA), high brightness ion beams, which went
as far as cold RF testing of the resonators. In a half wave
resonator made for a beta of 0.12, accelerating fields of 18
MV/m were achieved in cw operation at 355 MHz, (with some
electron loading). The energy gain was 1.26 MV. Other prototype resonators for this purpose were developed and tested, a
quarter wave resonator at 400 MHz and a "spoke resonator"
operating at 850 MHz. Two examples are shown in fig. 2.

2410 frm tctit langth

Fig 3: Structure of LEP SC cavities for beta = 1
Usually several cells are coupled together via the beam
aperture and operated in rc-mode. This structure type is chosen
because it is basically free of multipactor. The number of
cells per cavity varies: for the CESR upgrading single cells
(500 MHz) are chosen, the LEP2 (352 MHz) and HERA (500
MHz) cavities have 4 cells, TRISTAN uses 5 cells (500
MHz). Tuning is always done by elastic longitudinal deformation.
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For lower beta acceleration development is going on in
Wuppertal for [13], where the same elliptical shape is being
studied for acceleration of particles in the range of beta from
0.37 to 0.91. These cavities have 5 cells of 1/2*0*X. length, a
design field of 10 MV/m and a frequency of 700 MHz. Their
r/Q values have been calculated to vary from 86 to 539
Q/cavity. A detailed mechanical design is still to be done, and
the multipacting properties need to be checked. Similar work
is being done in Los Alamos [15].
4.2

Performance in large scale applications

5.2.

Power couplers

One of the most critical and limiting items for high current applications is the power coupler. For cavities running at
6 MV/m, a beam of 100 mA requires about 560 kW/m to be
transferred to the beam (synchronous phase assumed 20 deg).
All couplers in operation for high power transfer are built either as coaxial lines with capacitive coupling to the cavities or
as waveguide coupler in the case of CESR. The vacuum seal
is done via brazed ceramic windows, some designs use a cold
and a warm window.

Large scale experience only exists with structures for
beta=l. The operational parameters used in accelerators are:
5.2.1. Coaxial couplers: The CERN design is
TRISTAN: 32 5-cell cavities are installed (508 MHz), shown in fig 4.
max. average gradient in operation: 4.7 MV/m, typical operatCoaxial lines are prone to multipactor [25], which can
ing gradient: 3-3.8 MV/m
usually be conditioned. Experience at CERN showed, howHERA: 16 4-cell cavities installed (500 MHz), usable ever, that after some time of operation multipactor reappeared,
gradient > 4 MV/m, power limited to < 100 kW/cavity,
which was attributed to retypically running at 2.6 MV/m presently.
condensed gas (couplers bridge
CEBAF: 338 5-cell cavities, (1500 MHz), total active
the full temperature range from
length 169m, gradient > 5 MV/m average, wide distribution of
the cavities to room temperacavity performance with peak of distribution at 7 MV/m, some
ture). Applying a positive DC
cavities go as high as 14 MV/m
bias voltage of +2500 V to the
LEP2: Presently 144 4-cell cavities installed, (352
inner conductor permanently
MHz), total active length presently 245 m, operating gradient:
suppressed multipactor. The
5.5-6 MV/m. All 272 cavities will be installed by 1998.
design value for this coupler is
a power transfer of 120 kW
SC RF technology in large scale accelerator applications
under
matched conditions. It
is very well established today.
has been tested on a cold cavity
up to 200 kW cw transferred
5. Technology
power, limited only by field
Fig.
4:
CERN
power
coupler
emission in the test cavity, and
5.1. Cavities and cryostats
conditions have been reached in
High beta cavities are made of sheet material, half shells cold tests, which correspond to 450 kW of transferred power
are spun and electron beam welded together. Two technologies [26].
exist: solid Nb and Nb sputtered in a thin film onto a copper
substrate. The latter was developed at CERN and is being
5.2.2. Waveguide couplers: The design developed
successfully used for the series production of LEP2 cavities, at Cornell uses ceramic discs in the waveguide as vacuum seal,
where so far over 1000 m2 of superconducting surface have the coupling is done directly from the waveguide to the cut-off
been produced. For low beta structures solid Nb and Nb tube on the cavity. This window has been tested in warm tests
bonded to copper via various methods are widely used, some up to 250 kW traveling wave and 125 kW standing wave
laboratories use lead coated copper. The welding of Nb or Cu power, in a beam test with a cold cavity a maximum of 155
is usually done with electron bombardment. The cleaning and kW was transferred to the beam.
assembly procedures are very delicate. An example is given in
[24]. The cavities are usually immersed in a bath of liquid He. 5.3. Higher Order Mode (HOM) couplers
All exposure of the internal surface to air has to be done in a
dust free environment, in a clean room of typically class 100
Superconducting structures have high Q values also for
or better, which requires an appreciable technological effort, the modes excited by the beam. They can harm beam stability
considering that LEP 4-cavity modules are 12 m long. For and they can reach amplitudes above breakdown field due to the
space and cryogenic economy several cavities are housed in one long memory of the cavities. The effects of these modes on
common cryostat, in TRISTAN and HERA there are two, in high intensity beams, especially their influence on beam halo
LEP four, for CEBAF, ESS and TESLA eight cavities per still needs to be studied. All storage rings are equipped with
cryostat are used.
higher order mode couplers, which are usually built as antenThe technology is very well developed for series produc- nas with an incorporated high pass filter rejecting the fundation; LEP cavities are bought from industry fully assembled mental frequency component. At TRISTAN they work with
beam currents of 4*4.5 mA, giving HOM power of 200
and are accepted according to their RF specifications.
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W/coupler, the LEP HOM couplers have been tested on a cold
cavity at 640 MHz up to 0.85 kW per coupler. For CESR
upgrade presently a 5 kW design is being developed, which
was tested with beam on a SC cavity up to 2 kW.
6.
6.1.

Advantages of SC cavities for high currents
Big aperture

In NC structures shunt impedance is an important design
criterion, leading to small beam apertures. For SC cavities
this is less important because of the much higher Q-values.
The apertures therefore can be made bigger. In the example of
LEP the aperture for the Cu cavities is 100 mm, for the SC
cavities 241 mm.
This leads to a much reduced transverse impedance, which
scales as the third power of the transverse dimensions. Therefore the problems of beam break up are reduced, the wake fields
are smaller, and the alignment tolerances are less tight.
Large apertures help to reduce beam loss, which is a very
stringent condition in high current proton accelerators because
of material activation, less than 1 nA/m/GeV are permitted
[14]
6.2.

High gradient, efficiency, and stored energy

SC technology has been shown to work at high gradients
in large scale applications. The 144 LEP cavities are running
reliably near 6 MV/m at beam currents of 5 to 5.5 mA.
CEBAF cavities presently are usable on average up to
7.0 MV/m.
High gradients lower the total impedance, and shorten the
accelerator length. With cavities used in LEP, the gradient per
m of accelerator length including cold to warm transitions,
pumps, bellows, etc. is:
for the Cu system (accelerating cavities only):
for the SC system: 3.4 MV

0.9 MV

This can be improved by combining more cavities in one
cryostat.
For structure cost, it turns out, taking the example of
LEP equipment, that the price per MV is about the same for
NC and SC RF including the cryogenic investment for a large
system.
The RF installation is however much reduced. In LEP
two 1 MW klystrons in the Cu system provide 38 MV, in the
SC system 160 MV. The transfer to the beam with 14 mA
total current is 0.46 MW in the Cu case, 2 MW in the SC
case.
10 mA
100 mA
8
1
k
W
/
M
V
2
17kW/MV
Cu system
18kW/MV
154 kW / MV
SC system
Table 1: Wall plug power calculated for LEP2 parameters
(352 MHz)

Proton linacs are under discussion with 1.0 GeV energy
and 100 mA beam current. This beam power of 100 MW
makes the problem of efficient power transfer into the beam a
prime issue. Using numbers from LEP give the wall plug
powers shown in table 1 for 10 mA and 100 mA total current
for the NC and the SC systems.
This is under the following assumptions:
stable phase angle:
20 deg.
ace. gradient Cu cavities:
2.35 MV/m
ace. gradient SC cavities:
6 MV/m
cryogenic efficiency:
225 W/W
waveguide losses:
5%
klystron efficiency:
65 %
static losses of cryostat
(incl. warm gas return):
180 W/four-cavity module
For the 100 mA case, the RF power per 4-cell LEP cavity is 940 kW, which could be handled with 2 or 4 couplers
per cavity. This is for beta=l structures, but the arguments are
valid for lower beta structures. The actual parameters such as
number of cells per cavity and RF frequency have to be optimized.
For pulsed operation the advantage of SC cavities becomes smaller, because the cavity filling time may become an
appreciable fraction of the pulse length. The RF power increases accordingly. In the case of ESS this is about 6.3 %,
in [14] 14 % are quoted.
The high gradient leads to higher stored energy in the
cavities. This can be an advantage for smaller beam loading
effects and for efficiency. LHC and the CLIC drive beam facility make use of this.

7.
7.1.

Features specific to SC cavities

Beam loading

SC cavities can not directly replace Cu structures. There
are important differences in beam loading, and especially the
transient behavior in case of RF trips or beam loss needs attention. Because the unloaded Q values are in the order of 109,
the power couplers have to be strongly overcoupled to provide
optimum power transfer to the beam. For LEP cavities the
loaded Q for 50 mA operation would be QL=4.5 *105. This
leads to big reflections in case of current fluctuations and
strong beam loading effects. In case of RF trips, the peak
reflected power is 4 times the forward power without beam for
a given voltage. In case of a beam loss, the power arriving at
the power coupler would drive the cavities to twice the nominal accelerating field. A fast RF control is therefore required to
avoiddamage.
7.2.

Field oscillations

SC cavities are built like large bellows, and they can mechanically oscillate. The high Q-values make their fields and
phases very sensitive to mechanical vibrations. Experience at
LEP revealed several sources of field oscillations.
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7.2.1.

Oscillations related to cryogenic con-

ditions. Field oscillations up to 40 % peak-peak have been
observed in some cavities, which can be attenuated by changing the Liquid He level or the operating pressure in the He
tank.

7.2.2.

Effects due to Lorentz forces. The SC

cavities deform mechanically due to the forces on the walls
from the electromagnetic fields. The frequency change resulting from this is proportional to the square of the field amplitude.
Lorentz forces can lead to a coupling between electromagnetic energy in the cavities and mechanical oscillations. It
can be shown, that if the cavities are tuned to frequencies below their resonance, the system becomes unstable and starts to
oscillate [27] at a mechanical resonance of the cavity. In LEP
operation this occurs in the presence of beam, because the
tuning system compensates the effect of the beam by detuning
the cavities towards the dangerous direction. This problem is
solved for the time being in LEP by detuning the cavities,
such that at maximum current and maximum field, the cavities
are driven at or near their resonance.
In pulsed applications, Lorentz force detuning causes a
movement of the cavity walls in each RF pulse, which can
continue during the whole length of the pulse. Phasing
schemes have been invented [28] to solve this problem, however, their practical feasibility with several cavities driven in
parallel from the same RF source, needs to be demonstrated.
In LEP the residual field oscillations can still be as high
as 10%, a fast RF feedback on the vector sum is being implemented, to keep the fields of each group of 8 cavities constant.

8.

Challenges of superconducting RF

Quite sophisticated technology, requiring heavy infrastructure and skilled personnel is required for production and
also for maintenance, including cleaning facilities, chemistry,
clean room etc. This and the operation at cryogenic temperatures, makes turn-around time in development long and even
minor repairs can become quite time consuming. Extreme
discipline and professionalism is required. Fast repair, especially of activated material is certainly difficult with techniques
presently available. The e-folding time for decay of activated
Nb is =1 month, as compared to 13 hrs. in Cu.

9.

Conclusion

It has been shown that SC RF structures are available for
reliable operation in accelerators. Nowadays, gradients of
around 6 MV/m have been achieved for high beta applications.
Structures for heavy ion accelerators have been in continuous
use for several years. All the other components required have
been or are being developed for high current circular accelerators: RF power couplers have been used to transfer up to 250
kW via a SC cavity and fields in couplers equivalent of 400
kW power transfer have been achieved, and development is

going on in many laboratories. HOM couplers have been
tested in storage rings up to several kW power.
RF superconductivity bears the potential of substantial
savings in investment, especially infrastructure, and also in
operating cost of the RF system due the higher gradient and
the more efficient power transfer to the beam. The large beam
aperture is advantageous to both reduced beam losses and
transverse impedance.
The know how and the technical infrastructure needed for
development work and follow-up of production are available in
several large laboratories today.
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