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EDITOR'S NOTE

The 1979 Linear Accelerator Conference was held at Gurney's Inn, Montauk, New
York. It was the tenth meeting in this series and was distinctive in several ways.
It was the largest in number of participants (155 plus BNL visitors) and papers
presented. It inaugurated the use of Poster Sessions, with more than half of the
papers presented in this mode. It was the most international in scope, with accel-
erator scientists from the Peoples Republic of China attending for the first time.

The meetings were held over a period of five days, with a break at mid-week to
allow participants to visit Brookhaven National Laboratory. Each conference day
consisted of a 4-hour morning session of oral presentations, a 2-hour period after
lunch during which poster papers were displayed but not manned, followed by a 2-hour
period during which authors were present at the poster papers, and a post-dinner
evening session for oral presentations. This format seemed to work well and allowed
sufficient mid-day time for informal discussions.

These Proceedings form the record of the Conference. They consist of 91 tech-
nical papers plus the Welcoming Address and Conference Overview. Two of the papers
were contributed for "publication only" because the authors were unable to attend.
All of the remaining papers were given as invited papers, oral papers or poster
presentations. From the large number of abstracts submitted to the Program Committee,
it became clear that only a fraction could be chosen for oral presentation. The
decision was made to join the growing trend toward Poster Sessions to provide an open
forum for discussion, rather than accept the papers for publication only. From com-
ments at the Conference, It seemed that the participants shared this view. An attempt
was made to record the discussions at the poster presentations, by requesting attendees
and authors to write a synopsis of their questions and answers; this proved to be a
total failure. Although the sessions were the scene of lively discussion, not a single
record was submitted for inclusion in the Proceedings. Perhaps in the future,some
clever individual will develop a means of documenting the often illuminating question-
ing that these sessions produce.

The papers are organized into eight sections; the order is not always the same as
at the Conference. This is because the poster papers were deliberately distributed
among the three sessions to provide topics of interest to all at each of the sessions.
For the Proceedings,these have been regrouped according to topic.

All papers were reviewed prior to printing. Changes were made to have the
papers conform to the specified format and to the recommendations of the "Style Manual"
of the American Institute of Physics. In cases in which an appreciable number of
changes were made, or retyping was necessary, the papers were returned for the authors'
approval. In no case was any attempt made to edit technical content.
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without the hard work and dedication of those individuals who really made it happen.
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and the Conference. The audio services were provided by George Walczyk and Denny Klein,
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1979 LINEAR ACCELERATOR CONFERENCE

OVERVIEW OF THE CONFERENCE

George W. Wheeler
Tenple University

Philadelphia, Pennsylvania

This conference is rapidly drawing to its
conclusion,so I will be mercifully brief. In part
for this reason, I will not attempt to summarize
in a few minutes all of the things which you have
been listening to for an entire week. However,
for those who, later on, wish some guidance in
studying the Proceedings, I recommend four invited
papers which will give the flavor and essenre'of
the conference. They are those by Blewett and by
Judd for flavor, and those by Swenson and by
Shreiber for much of the essence. For sov.e years
we have been talking increasingly about the appli-
cations of linacs. This year, the "appli«d"
linacs seem to me to be more exciting and chal-
lenging than the physics machines. However,
almost all of the papers were of high quality,
perhaps higher on average than some of the earlier
conferences.

From among the papers on operating machines,
I was particularly pleased to hear that LAMPF has
now met all of its design criteria and awaits
only a sufficiently powerful target system to op-
erate at full power. As I will point out a little
later on, the linac meson-factory is an old dream
that has, at last-., come true.

From among the papers on new machines, I am
particularly pleased to note the one describing
the 200-HeV proton injector being proposed for
Beij ing, because this signals the first tine
that we have been Joined here by our colleagues
from the People's Republic of China. The first of
these conferences was not in any sense interna-
tional, but the succeeding ones very quickly became
so. We have always had excellent attendance from
Europe and from the USSR and more recently from
Japan, so now it is most fitting to have our
friends from China here, also.

The area of rf superconductivity has had a
painfully slow development but at last seems close
to being incorporated into operating machines. It is
interesting that the major application may be In
heavy-ion linacs rather than in electron llnacs,as
many people expected some years ago.

Real progress In the field comes when the
users demand machines whose parameters exceed the
capability of our present technology. This year,
as always, the users are demanding bigger and big-
ger machines, but it is important to note that now
it is the "applied" machines which are stretching
the technology to new limits. Consider the de-
mands placed upon us by PIGMY, FMIT, HIF and the
possible use of accelerators for nuclear fuel pro-
duction. In the FIGHT effort, ve are being asked
to take a very large, powerful and sophisticated
accelerator, and to put it In a very small and in-
expensive box in order that it may fit Into both
the budget and the space available in a hospital.
This has led the people at LASL to examine a num-
ber of the old truths in an attempt to develop
structures with higher gradients and greater
efficiency. :

The FMIT and HIF devices are siaply dmanding
higher and higher power so that in every respect

we are being forced to extend our technologies to
meet these requirements. One of the results
of these pressures has been the RFQ which is
perhaps the m a t important development that ve
have heard about this week. Calculations and
model tests which have been carried out so far,
suggest that thi6 system can solve some of the
most vexing problems in the low-beta section of
proton linacs. As you know, we have turned and
twisted in all kinds of ways over the years in
attempting to solve these problems.

The permanent magnet quadrupoles which we
have bjen hearing about,will contribute further
to the solution of ths problems of the low-beta
section. But thoss of us who are somewhat conser-
vative will continue to worry about having to give
up the ability to adjust the transverse focusing,
when using devices such as the permanent magnet
quadrupoles or the RFQ structures. But surely ve
will be able to handle thase problems in due time.
As with any radically new design,such as the RFQ,
we are going to have some fun finding out about
all of the possible modes by which the beam can
interact with the structure,and how to deal with
the inevitable instabilities that those inter-
actions will produce. But in order to solve th*se
problems we must build the devices and try them
out.

As I listened to some of the papers on new
projects, I was struck by the following paraphrase:
"Old Linacs never die. They just pass on to some-
body else's project." If you think about it, It's
true, they just won't go away. I want to give you
just two examples: One is the old Harwell 50-MeV
PLA. One of the original proton linacs, it has
now cone back to life to be built Into the new 70-
MeV Rutherford machine. The PLA did not have to
move very far but it has surely changed its pur-
pose a number of times over the years. The other
example touched Be personally,and is the story of
a machine which has travelled very far and wide.
Joe Sheehan told us in his paper on the injector
for the National Synchrotron Light Source,that
there are a couple of sections of linac which were
built at SLAC, then vere sent to a laboratory in
Holland and used there for some years,and new are
back at BNL. It seems that some years ago when I
was with the AEC, it was brought to my attention
that the Dutch were finished with those linac sec-
tions and wished to send them back to the United
States. I thought I had accomplished a great
thing when I talked the AEC.wlth some difficulty .In-
to abandoning the things In place. But in spite
of my best efforts they are back here, anyway.

This conference more than any other has been
dominated by one laboratory. By any measure that
I can think of, the Los Alanos Scientific Labora-
tory has been the outstanding performer here this
week. They have bad about 30 registrants out of
170 attending the Conference. They presented, in
one form or another, about 22 papers. One of
their papers deaervea special mention here be-
cause It represents one of several firsts at this
conference. Last night you both saw and heard that
paper . It Is the first time that a laboratory
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has brought to the Unic Conference a live desonstra
tion of oae of the principles vtxich they are study-
ing. In iv newly created role as art critic for the
conference, I .mast observe that Marianne\s perform-
ance last night was a most convincing demonstration
that art and beauty can be very tightly coupled to
the acceleration business.

I an sure that jou will all agree that it is
perfectly dear that this has been a successful
conference. But why? In the first place, the
material that has been presented here is clearly
significant and is relevant to a nunber of current
programs. In other words, the conference is in-
deed timely. I ramember with some amusement, im-
mediately following one of these conferences sev-
eral years ago, one of our distinguished colleagues
assured us that the linac business was all finished
and thsre would be no need for any more of these
conferences I In Addition to having significant
and timely material well presented, the other
important feature of a good conference is the
instant feedback which occurs between the partici-
pants and the authors of the papers. If it were
not for this feedback we could just as well pub-
lish all of the materials in the first journal
that comes to hand. There was a lot of this feed-
bade this week. You could see it and hear it
all around you. I want to St.ess that the size
and the ambiance of the conference must be con-
ducive to producing it or the conference will
fail. We have been very fortunate this week in
that the management of the conference has treated
us to a very special affair. This is the first of
these conferences that has not been held on a
laboratory site, and you are aware there was some
trepidation about proceeding in the direction of
Guraey's Inn for this conference. I need not
dwell on the pleasure of Gurney'stbut it is clear
that the atmosphere here and the format of the
conference have played an important part in our
success this week. An early and lengthy morning
session followed by a free afternoon worked out
very well. There was adequate time during the
afternoon both for excellent recreation and for
viewing the poster sessions. Then the mercifully
short evening session allowed the time necessary
to get in a reasonable number of presentations.

Finally, I want to end on a historical note.
I have here with me a modest volume which is enti-
tled,"Minutes of A Linear Accelerator Conference,
held at the Brookhaven National jjaboratory in
April, 1961." This was the first of this series of
conferences and you won't be surprised to hear
that it was organized by John Blewett. Twenty
people attended that conference compared with the
170 here this week. So, there has been some
growth in the size of the conference. It is in-
teresting to note that 13 of those people are
still active in some way or another in the accel-
erator field. One of them is dead, and six of
them have moved into other areas. There are six
of us here who attended that conference and, I be-
lieve, have attended every one in between. There
were 17 papers presented orally at the conference
in 1961. The poster sessions had not yet been in-

vented. And for that matter Gurney's hid not been
invented either as far as Linac Conference was
concerned. Of those 17 papers, 4 were on linac
structures, 3 each on beam dynamics and engineer-
ing aspects, 2 each on performance of operating
machines and on power sources and there was one on
ion sources and one on a new proposal, and
finally, one about cyclotrons.

This week we have managed not to talk about
cyclotrons at all! However, I think you will find
the distribution of the other papers not signifi-
cantly different from then to now. It seems
clear to ne that IB years later we are still talk-
ing about exactly the same subjei s that we talked
about then. That is net to imply that we have not
made any progress in those 18 years* because I
think we have made a great deal. There is a scale
factor which is the degree of sophistication with
which we deal with these same problems. There has
been an enormous improvement in the quality of our
techniques and the sophistication of our
calculations.

The first paper in the 1961 Conference was
presented by E.R. Beringer of Yale University. I
am going to take the liberty of reading the first
paragraph.

"The Yale University Pzopcsal is
directed to a proton accelerator with
an output energy of approximately 800
MeV and an output particle current of
0.1 milliampere to 1 milliampere of
average proton current and with a high
duty circle, i.e., of the order of 5%."

The paper goes on to make it clear that the
accelerator under discussion is a linac.

I certainly have found it most gratifying,
personally, and I suspect others here feel the
sane way, to hear at this conference that that
machine, which in fact is IAMPF.has now met all of
its design criteria as stated in Beringer's paper.

The 19S1 paper is the first printed statement
in the U.S. proposing a linac meson-factory. But
it is important' to keep some historical perspec-
tive. This paper, written in 1961, refers to a
design study done at Harwell and started in 1953
by Bill Walkinshaw and others. That design study
proposes a proton linac of sufficient energy to
produce mesons*and of significantly high current.
In fact, the Harwell group proceeded to construct
the first part of that machine, the old 50 MeV -
PLA. Furthermore, they started upon the design of
a 400-MHz klystron which was to be the power
source for the second section of the accelerator.

So the proton linac meson-factory has been a
central theme of these conferences over the past
18 years. Mow as we rove ahead*we are looking at
ever more powerful and exciting machines. And one
of these new machines, I suspect, may similarly be
woven into the fabric of future conferences.
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OPENING REMARKS

G.H. Vineyard, Director
Brookhaven National Laboratory
Associated Universities, Inc.

Upton, L.I., N.Y. 11973

I want to welcome you all to Brookhaven N^tit al Laboratory-East- We plan to annex this
exotic site as soon as we can complete the arrangements and get a bill through Congress. You owe a
great deal to John Blewett who has been appropriately introduced by Phil Livdahl as the Dean of the
Linac Conferences. He and Pierre Grand had a great deal to do with the choice of this site. They
worried that people would think there was a boondoggle involved, and so they leaned over backwards by
scheduling meetings scarting at 8:30 and going throughout the day and most of the night. I think
you1re going to have your heads worked off. I do have to warn you, however, that this Is Che hurricane
season.

Tills Conference is number ten in the series started in 1963 by Dean John Blewett at Brook-
haven. Those were the days when we were planning a 300 to 1C00 GeV accelerator to be built with Soviet
help, an accelerator wiiich never Materialized, but which had at least one good result—it stimulated
this series of conferences to come into being. I hope someday a comprehensive history of the develop-
ment of accelerators is written and when it is, I hope it includes an adequate dlscription of machines
that were conceived but never built. That would be most interesting.

I see that you have a Brookhaven tour scheduled for Wednesday. I hope as many of you as
can will actually come over to the site where we do the work. We do have, as you know, two accelera-
tors under construction: ISABELLE and the National Synchrotron Light Source. All together that in-
volves a total of five synchrotron-type rings and one new linac.

I was reminiscing and recalled that the first linac 1 ever viewed was at MIT in 1945. I was
at the Radiation Laboratory in those days, World War II was beginning to approach its end and people
had begun turning their minds to longer range matters because they knew that a lot of the projects
then in the Laboratory would never actually be completed before the end of the War. George Collins
and, J believa, Ed Purcell and some others, built a curious looking device which kicked around the
Laboratory for awhile and consisted of a piece of serpentine X-band waveguide about a meter in overall
extent on the top of a little tatle. This serpentine was pierced down its axis by a circular pipe and
electrons were meant to go dawn the axis and X-band radiation from a magnetron was sent down the wave-
guide; at the intersection between the serpentine and the pipe, electric fields were supposed to pro-
duce acceleration. It was a simple and elegant idea. I donft recall whether the thing ever actually
worked or not, but It should have worked—it looked good.

As an outsider, really, to the accelerator field, one who looks in upon It frequently, but
not day-to-day, I'm ei^vr^r^ly impressed with the progress that has occurred from those primitive days.
Back in the time I'm speaking of, accelerators were more or less like the famous dancing bear: the
marvel was not how well they worked, but that they worked at all. Now, of course, we do so many
tricks—those of you who are in the field day in and day out, perhaps don't quite appreciate the enor-
mous accumulation of skill—we accelerate electrons and positrons and protons and light ions and heavy
ions, and even charged dust particles if we want. We do gymnastics wonderful to behold with these
particles: We collect, cool, compress, circulate, bend, wiggle, re-inject, transport, focus,
transfer, fill, stack, eject, dump. We bump and stuff and hold, strip and kick, store and handle,
trim and shave, scrape, polarize and deflect, all in microseconds and with high reliability—roost of
the time. It reminds one of a circus aerialist act, or the New York subway system. It's done in
such a routine way that people in the trade think nothing of it, but one has to be enormously impressed
with this virtuosity, this complete technology, which is now in our possession. Of course this has
led to practical uses which are growing all the time. You're going to hear more about that from
John BleweCt in a little while.

I*ve noticed that your program includes a number of very interesting developments indicating
the life that is in the field right now. Such things as rf quadrupole focusing, the production of
much higher currents and new schemes for doing that; new permanent magnets which can be applied to
the accelerator art and produce fields up to five tiroes as high as we are accustomed to expecting from
permanent magnets- Injection at lower energies than people used to think possible (Dean John tells me
that once he proved that you couldn't Inject at such low energies. Well, even the Dean can be wrong).
You will hear of superconductivity applied in all kinds of ways and, of course, of interactions with
lasers, both in the use of accelerated bea>ns to impinge on laser radiation for various purposes, and
the use of lasers to produce acceleration and the use of accelerators to make free electron lasers.
All of these things are among the many exciting developments in this very vigorous field.

I am delighted that so many of you found your way out to this remote end of Long Island and
I am pleased that you will have a little time to look around and visit the beach and historic Montauk
Point and the other sights. You have a busy schedule—I'll not take more of your time except again to
say welcome and have a wonderful conference. Thank you.
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1979 LINEAR ACCELERATOR CONFERENCE

APPLICATIONS OF LINEAR ACCELERATORS*
J.P. Blewett

Brookhaven National Laboratory
Associated Universities, Inc.

Upton, New York 11973

Our first essays into the linear accelera-
tor field were, by present standards, quite ten-
tativs and amateurish. Things have changed and
we are nov? participants in an operation recog-
nized as reallT advanced science and engineering.

For exaaple, I bring to your attention a con-
ference on "Applications of Intense Charged-Par-
ticle Beams" starting in a couple of weeks. To
go to this conference you need two things: some
familiarity with engineering or physics and $510.
It is really not a conference, but a course de-
signed for nsanagers of industrial, and technical
projects. I mention it only to emphasize the
fact that no longer are we long-hairsd scientists
occupied exclusively with subjects primarily
having only academic objectives.

Introduction

The histories of electron linear accelera-
tors and ion linear accelerators diverged from
the start,although the modern histories of both
machines began immediately after the end of World
War 11. Both programs were based on wartime
developments of high powered radio-frequency
sources. But electrons are light as feathers
and are easily made to fly in the electromagnetic
wind inside the rf cavities of a linear accelera-
tor. Protons are more like billiard balls and
heavy ions are like boiling balls and require
considerable pushing of a more specialized type
to get them moving.

The result of all this was that electron
linacs were much more speedily "reduced to prac-
tice" than were ion linacs and, indeed, found
applications early in the 1950's in medical and
engineering fields as well as in high energy
physics.

At this point I digress to note that I shall
pay very little attention to applications of
either electron or proton linacs in the field of
high energy physics. To this audience I think
I can assume that this field is well known.
Briefly, electron linacs from the Stanford Mark
III through the machines at Orsay, SLAC and
Kharkov have made major contributions to high
energy physics including Nobel Prize discoveries
by Bob Hofstadter. Proton linacs have served as
injectors for the high energy synchrotrons at
Brookhaven, Fermilab, Argonne, Berkeley, CERN,
Serpukhov and elsewhere. Only now are other
applications appearing for proton machines. No
heavy ion linacs, to my knowledge, are import-ant
in high-energy studies.
. So much for the moment for high energy phy-

It is interesting to look back forty years
and to appreciate the fact that, although micro-
wave rf sources were not available for use at high
power levels, their possible uses were appreciated
by many forward-looking scientists and engineers.
The best known story is that of Bill Hansen and
the Varian brothers who, in 1937, were exploring
the possibilities of what came to be known as
radar. While they were studying the potentiali-
ties of the klystron, other groups were also in
the field. I mention a couple of cases wir"i
which I was personally acquainted,with the caveat
that there must have been many others. At the
General Electric Company in Schenectady. Chester
Rice had built a primitive magnetron, had re-
ceived echoes from cars in the GE parking lot
and had observed Doppler effects from their
velocities. In the same laboratory, Bill Hahn
and Si Ramo (now the "R" in "1 7) were developing
a "velocity modulation" tube which was essentially
the same as a klystron. My contribution to this
effort was to dissuade Hahn and Ramo from using
the abbreviation "VEMO" for their tube since this
was already the name of a popular deodorant.

The other group > with the same appreciation
of possible use of microwaves in the national de-
fense,was at the Naval Research Laooratory. In
those days—perhaps still for sJ.1 I know—the
Navy was by far the most imaginative and forward-
looking of our military services. In any case,
they were,in 1937>or so.already sponsoring experi-
mental programs on reflection of microwaves from
ships and aircraft.

So there it was, even then,—the germination
process for the microwave power sources that, a
decade later, made linear accelerators possible
and practical.

Electron Linacs

*Work performed under the auspices of the U.S.
Department of Energy.

The first sucessful operation of an electron
linac cam; in 1947,both at Stanford and at the
Telecommunications Research Establishment in
England. Magnetron rf sources developed during
the wartiiue radar effort were the first used to
supply rf power, later to be supplanted by the
klystrons developed at Stanford. Parenthetically,
I note that I had considerable experience with
klystrons during the war. These were little tubes
that you could hold in the palm of your hand and
were used only as local oscillators in radar re-
ceivers. It took an enormous amount of courage,
again post-war at Stanford, to extrapolate these
little devices from milliwatts to megawatts of
output•

With the first post-war success, the Stan-
ford group pushed toward high energy for physics
research. The British, on the other hand, began
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building linacs for cancer therapy. Their first
machine operated In 1952 at Hammersmith Hospital
In London at 8 HeV and has operated for almost
three decades providing treatment for cancer
patients.

The American effort on application of the
electron linear accelerator to cancer therapy
was, in large part.due to a collaboration between
Henry Kaplan of the Stanford Medical Department
and Ed Ginzton of Stanford. Patient treatment by
the machine that resulted from this joint effort
began in 1956. The successes of this effort in-
spired many developments elsewhere and now the
electron linac is by far the favored machine lor
radiation therapy cf cancer.

Medical Applications

For medical applications electron energies
are required up to about 20 MeV. Very severe
requirements are imposed on the machine. First
of all, it must be reliable; it must perform at
the push of a button day and night; treatment
schedules must not be Interrupted by machine
failures. It must have high intensity to hold
down patient exposures. It must be possible to
rotate the source around the patient so that doses
can be concentrated on internal tumors. This is
vastly preferable to rotating the patient since
internal organs move rather surprisingly when one
is turned over.

Other severe restrictions are placed on a
medical machine. These seem to have been met
very satisfactorily by machines now industrially
available. These machines are compact, easy to
operate and pleasing in appearance.

Varlan Associates have pioneered this de-
velopment in the United States. Worthy follow-
ers include the High Voltage Engineering Corpora-
tion and other manufacturers of electrical equip-
ment.

We note in passing that electron linacs have
an enormous advantage over ion linacs in that a
section of the electron machine can fail and the
machine will still work. This is not generally
true of ion machines. Keep this in mind when
you buy your next linac.

At present, almost a thousand electron
linacs are in use is hospitals for cancer ther-
apy. Of almost a million new cancer patients per
year in the United States, about half are treated
with electron linear accelerators.

Radiography

Here, also, electron energies of up to 20
MeV are favored. With the X-rays generated by
electrons of a few million electron-volts, one
can see through almost anything of interest.
This includes big castings, machinery,-pipeline
sections, all sorts of welds, rocket motors and
what have you. Double photographs in which
either the source or the object is moved a short
distance can provide stereo views of the insides
of engines, rotating machines or clocks and can
tell you in a moment why the object malfunctioned.
Stereo X-rays give a picture that cannot be de-
scribed; to tt;ipreciate this technique you must
yourself look at stereo X-rays of an engine or
other complex mechanism. '

Probably the most extensive use of linac-
generated X-ray* in the field of radiography
is In monitoring of welding processes. Here
the X-ray pictures can be used to detect cracks,
incomplete fusion, slag or oxide inclusions, por-
osity or many of the other disasters that occur
when the welder turns his back or when he is
furnished with inadequate materials.

An upper limit to the penetrating power of
million-volt electron generated X-rays is set
by the onset of photon pair-production. This
happens generally in the energy range around
20 MeV; fros this energy upward the penetrating
power of the X-rays goes down. This happens, for
example, in steel, at a depth of about 1.3 inches
which, at this energy, is the depth where the
X-ray intensity has been reduced by a factor of
two.

Other Uses for Electron Linacs

Recently much interest has been evinced for
the possibility that the beam from an electron
linac can be directed back to its input and .sent
through the linac again, emerging with twice its
energy. This possibility has been tested at
several places including Stanford and the Univer-
sity of Illinois. Indeed this process can be
repeated to multiply the linac's energy capability
by several fold.

A possiblity for using the recirculatlng
linac idea is found in the "free electron laser"
in which the beam from an electron linac passes
through achromatic bends, through a magnetic
wiggler (in which transverse magnetic fields
alternate in polarity) and may or may not be re-
turned to be reaccelerated by the linac. In the
course of passage through the wiggler, the elec-
tron beam has interacted with a light beam, the
interaction resulting in transfer of energy from
the electrons tc the light beam. The reasons for
this laser action are beyond the scope of this
lecture but are already generously documented.
High-powered, easily tunable free electron lasers
can have revolutionary uses in photochemistry,
purification processes and Isotope separation.

An electron storage ring, like the ones that
we plan for the National Synchrotron Light Source
here at Brookhaven, can provide the return path
for a wiggler included in one of the straight
sections. We plan to try a free electron laser
in one of our storage rings. It has the beauti-
ful feature that its wavelength can be shifted
over a range of a factor of ten or more merely by
changing the magnetic field in the wiggler, or
by changing the electron energy.

So much for electrons.

Proton Linear Accelerators

Linear acceleration of protons or other ions
has always been a bit of a headache because, even
at energies of several million volts, proton vel- •
ocities are only a fraction of the velocity of
light. Slowing down the field pattern appropri-
ately has continually been a problem. Decently,
however, there have been several breakthroughs
both in the Soviet Union and at Los Alamos and
it seems probable that the "conventional" linear

- 2 -



accelerator aay soon be replaced by a stapler and
auch less expensive machine. When that happens
we shall see proton and ion linecs in many new
applications. I now mention a few with the re-
servation that probably new ideas are appearing
elsewhere in the world about which we have xot
yet heard. Perhaps some will emerge during this
conference.

Medical Applications

Many scientists and medical researchers have
speculated about the advantages of using pi mesons
(pions) for radiation treatment of tumors. They
have the advantage of well defined ranges over
which they do not do much damage, but at the end
of their ranges they experience an annihilation,

. a sort of explosion quite destructive to the
material in which it occurs. In principle this
phenomenon would seem to make pions the ideal
particles for treatment of tumors. Their only
real disadvantage is that they are extremely ex-
pensive to produce.

A leading pioneer in the study of pion ther-
apy is Henry Kaplan, who was for many years Chair-
man of Stanford's Medical Department. Several
years ago we organized a committee to recommend a
pion facility to be built in the Stanford Univer-
sity Hospital; the committee included members
from the Stanford Medical Department, from the
linac group at SLAC, from Los Alamos, from
Varian and from Brookhaven. We studied electron
linac, proton linac and synchrotron sources and
finally came out with a slightly tentative con-
clusion. We recommended that at that time and
in that location the wisest procedure would be
to use an electron linac together with the accel-
erator skills of SLAC, virtually next door. We
submitted a proposal to the National Cancer In-
stitute which, I believe, is still under consid-
eration.

But we qualified our recommendation with the
comment that a proton linear accelerator could
have important advantages—for one thing, pro-
ducing pions with an efficiency 30 or 40 times
higher than is possible with electrons. We con-
demned the proton machine only because it appear-
ed to be much more expensive.

This was taken as an exciting challenge by
the Los Alamos group who came to the discussion
with two special strengths. One was that, in
LAMPF, they already had a proton linac capable
of producing pions in useful quantities. The
second was that a new advanced accelerator devel-
opment group was in the process of organization
udder Che guidance of Ed Knapp and Don Swenson
and an assembly of talent too numerous to list
here.

The Los Alamos team set about exploiting
both capabilities. Under Dr. Kligerman's direc-
tion a pion beam has been extracted from LAMPF
with carefully controlled dimensions and inten-
sity. Something like a hundred patients have
been treated with this beam. This is a slow and
somewhat frustrating experiment; with tumor treat-
ments you are not sure that you have succeeded
for five years or so. But the medical people
associated with the program are encouraged by
the symptoms that they observe. I simply am

ignorant in this field and observe only that the
treatment includes patients with tumors of the •.
brain, head, neck, abdomen and pelvis.. For more
informed information, I must refer you to the Los
Alamos group which is well represented at this
conference.

Simultaneous with the LAMPF experiments has
been a Los Alamos program on development of less
expensive proton linacs. This is a very imagina-
tive program—so imaginative to me that I find
the Tx>s Alamos people doing projects that, for a
long time, I thought were impossible. I think
now that I was wrong; I hope not on absolutely
all points. We shall see. This is the flGMI pro-
ject—standing for "Pion Generator for Medical
Irradiations." It is supported by the National
Cancer Institute. You will hear a good deal more
about it this week.

I shall mention two other medical projects.
The favorite particle for tumor irradiation—at
least measured by the number of papers presented
at nuclear medicine conferences—is the neutron.
The linac injector at the Fermilab is being used
on the side as a neutron source for patient ir-
radiation. Between 300 and 400 patients have
been irradiated with, as I understand, consider-
able success. A proton beam is extracted at an
energy of about 70 MeV and is used to generate
the neutron flux.

We, at Brookhaven, have mounted a program
using our 200 MeV linac to try to localize the
end of the range of a 200 MeV proton. Protons
from the AGS injector linac are injected into
animals—my understanding is that pigs have been
used since they seem to be as similar to people
as is possible—and the proton interaction volume
is indicated by activation of such positron emit-
ters as carbon-11 and oxygen-15.

Isotope Production and Nuclear Chemistry

At Brookhaven and elsewhere proton beams are
extracted from linacs f.ir a number of auxiliary
purposes beside the medical applications just men-
tioned. A favorite is isotope production, mostly
I believe, for medical uses. Essentially
the same beam is also used to produce a copious
neutron beam by stopping the 200 MeV protons in
a copper target. All of this goes on at the bot-
tom of a 30-ft. deep water tank; for many years
I have lived with the fear that eventually the
proton beam will bore a hole through the window
through which it enters the tank. I have never
had the nerve to estimate the eventual depth of
water in the linac tunnel.

The first industrial linac isotope produc-
tion will soon be in progress at the New England
Nuclear Corporation in Massachusetts just north
of Boston. They are building a 45 MeV linac for
this program and are prepared also to build linacs
for sale.

Far-out Schemes Using Protons

A nice idea.that so far has come to nothing ,
was an idea thought up by Maglich, then at Rutgers,
and Macek of Los Alamos,for producing collisions
between mesons, using the LAMPF facility, together
with a storage ring under study there. The idea
was to dump the ring as quickly as possible into
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a target in n magnetic•field shaped so that posi-
tive mesons would precess in one direction around
the target and negative mesons in the other. It
was hoped that enough mesons could be produced
that interactions between them could be observed.
For reasons too complicated for description here,
this scheme became converted into a fusion pro-
ject and the meson program was forgotten.

Another idea that was explored sone years
ago in Canada was the construction of a cw machine
in the 3eV range. Back in the '50's a similar
project had been started at Livernore. the idea
is row being resurrected and we have given it
some study at BNL. The intense neutron beam
generated in some sort of heavy metal target
could be used for a variety of purposes includ-
ing production of reactor fuel. It would be a
mighty machine, requiring something like a
thousand megawatts just to turn it on.

Deuteroa Linacs

The beauty of a deuteron linac is that, by
dissociation of the deuterons in a target, one can
produce a more or less monoenergetic neutron beam.
We shall hear a number of papers at this Confer-
ence about the FMIT, a joint Hanford-Los Alamos
project for production of a 35 MeV deuteron ma-
chine to produce an intense beam of about 15 MeV
neutrons to simulate the neutron flux at the wall
of a fusion reactor using the D-T fusion reaction.
This calls for a flux of about 10l>> neutrons per
square centimeter per second, a flux that will be
produced rather easily by the proposed linac. I
don't mean to intimate that the linac will be
built easily—we shall hear about its problems
later.

Heavy Ion Linear Accelerators

The two pioneering heavy ion linacs that
resulted from the joint efforts of Yale and
Berkeley had distinguished careers and produced
a number of significant discoveries in the field
of heavy ion physics. The present, somewhat un-
likely marriage between the Hilac and the Beva-
tron is something I never thought we should see;
but it seems to be quite successful.

Heavy ion linacs for medical applications
were given thoughtful study in a joint study
between LBJU and the Arizona Medical Center. This
study covered radiation therapy, radiography and
isotope production; it lasted two years, running
until the end of 1977. The conclusions were,
first, that heavy Ions have special advantages
for radiotherapy and, second, that the linac is
not the best way to accelerate them—circular
machines were thought to be more desirable and
economical.

Heavy ions are beginning to be regarded
with favor in the pellet fusion programs at
LBL, Argonne and Brookhaven. They are thought
by their proponents to have notable advantages
over either lasers or electron beams. A clear
picture of how to generate heavy ion beams has
not yet emerged—the three laboratories I just
mentioned all have different schemes. But heavy
Ion linacs to help in the generation of the

required short, intense bursts are very much part
of the study. You can visit our experimental pro-
gram on Wednesday.

Another possible field of use for heavy ion
linacs is as "after burners" for tandem electro-
static machines and they are under study in sever-
al laboratories. Here also there is not agreement
that a linac is the best choice. That picture may
change as we assimilate the developments of the
last few years in basic linac design.

Superconducting Linacs

Although work on superconducting linacs has
been in progress for the better part of two dec-
ades, they have had a somewhat troubled career
and have not yet found many applications. But
• 'tey have their strong supporters. A great deal
of credit aust be given to the unfailing optimism
of Alan Schwettaan at Stanford and it was his
superconducting machine that was used in the
first demonstration of the free electron laser.

Work on superconducting cavities and linacs
is in progress at a number of laboratories here,
in Japan and in Euiope.

Perhaps by the time we are using superconduc-
tivity in accelerator magnets, in ore separation
magnets, in power transmission and in levitated
trains, the superconducting linac will be the
standard particle accelerator. It will be inter-
esting—if we live long enough to see it.



1979 LIHEAR ACCEIJBATCK COCTEBnCg

DESIGN STUDY OF THE BEIJIHG 200 MeV PJCTOH *,S
Shu-Eung Wang, Tzu-Hua Lo, Y l - J i n Chang sod Ylng-Hseng t o

I n s t i t u t e of High Energy Phys i c s , Academia S in lca
B e i j i n g , China

Su—ary

In this paper a brief description of the de-
sign paraaeters of the Beijing 200 HeV Proton
Linear Accelerator (EPL), some essential princi-
ples considered In the design and the three com-
puter programs used are given.

Introduction

The BPL will serve as the injector of the
50 GeV Beijing Proton Synchrotron (BFS). It vill
be used to accelerate H- beams mainly, *nd if the
drcwastance should arise, it could also be used
to accelerate high intensity proton beams for
other applications. We have designed this new
machine with reference to the fundamental struc-
ture and the operating experience of the 200 HeV
linacs at BNL1 and Fermllab2 and the new
50 HeV linac at CERN.3 In certain aspects
we have made some necessary changes, so that it
may better suit our actual conditions and needs.
Fundamental parameters of this machine were com-
puted by means of the three computer programs
prepared in our institute.

In order to adopt some existing rf struc-
tures and devices whose dimensions are determined
by experiments, the resonant frequency of the BPL
was chosen to be 201.25 MHz. 413 the transverse
dimensions of the cavities ere the sane as those
of BNL and Fermilab.

This machine is composed of 9 tanks with a
total of 288 cells in them. Each tank contains
an even number of cells. For the sake of sta- '
blliiing the accelerated fields in i-Iie tanks, we
have decided to use post couplers from tank 2 to
tank 9. The detailed geometry of each tank is
shown in Table 1.

If a booster were to be added to the BPS,
perhaps only the first four tanks would be needed
in BPL.

Design Beam Performance Parameters

Tyj.e of accelerated particles
Input energy
Output energy
Beam intensity

Normalized emittance
Output momentum spread
Cavity resonant frequency
Beam pulse width
Pulse repetition rate (Max.)

H", H+
750 KeV

200.04 MeV
30-50mA for H-
100mA for H+

(6-8)iram-mrad
0.15-0.30Z
201.25 MHz
230ns C O

10 PPS

Improve the characteristics of the beam, we have
adopted a variatlonal synchronous phase law, i.e.,
varying linearly with the number of the cells from
-35° at Che input of the tank I to -25° at the end
of the tank 2 and then keeping a constant value of
-25° through the remaining tanks. We think that 4S

of -35° at the Input of the linac is necessary to
provide a wider longitudinal stable region for
capturing a high Intensity beam with current pos-
sibly more than 100mA.

On the other hand, in order to reduce beam
losses as cuch &s possible, especially in the high
energy region, the rate of decreasing Its I should
be slower than that of the phase (lamping. The
value at -25° is quite safe at the end of the
tank 2 and in the remaining tanks.

Emphasizing the operational reliability of
our machine, we have chosen to use a comparatively
low average electrical field E (see Table 1). At
the entrance of tank 1, E = 1.55 MV/TE was taken.
The rate of rise of E with length in tank 1 was
chosen to be 0.075 MV7in2.

As shown in the calculation of the linear
particle dynamical program, if the effect of
errors is neglected, a 100mA beam which is accel-
erated according to the phase law and the field
law mentioned above will have e momentum spread
of about 0.1Z. The exciting rf power is then
18.89 MH, which is 14Z less as compared with the
constant phase (-32°) linac.

Calculation o'i the Field Configuration

In order to calculate the field configura-
tions, stored energy, power dissipation, shunt
impedance, transit time factors and resoDant con-
ditions, g/L etc., we referred to the method used
at CERN* and have prepared the computer pro-
gram LAC, which first calculates the potential
function U » H*' r in a cell using an analytical-
numerical complex method. Then those electrical
parameters mentioned above- are derived. For some
low energy cells, in the near axis region, where
the variation of the field along the longitudinal
axis is relatively large, we have tried to Improve
the accuracy of calculation by using a more dense
mesh locally.

In our design, we have computed altogether
85 cells with given dimensions and obtained the
factors F - E/E' in the following, which indicate
the self-consistency of the program used:

Choice of the Phase Lew and the Field Law

In order to save rf power, increase the re-
liability of the rf system during operation and

0.9903 < F < 1.0051
0.9850 £ F < 0.9991
0.9921 <_ F <_ 1.0034
0.9912 < F < 1.0037

for 25 cells in tank 1
for 16 cells in tank 2
for 18 cells in tank 3-4
for 26 cells in tank 5-9

It can be seen that these factors are very
close to unity. At the same time, the resonant
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frequenciea calialated kith program L&C for sever-
al model cells agree very well with measured val-
ues. The comparisons between computations and
meaauresents5 are given in Table 2.

Generation of the Drift Tube Table

The length of each accelerator tank can be
roughly estimated by the amount of rf power avail-
able from the source, which did not exceed 5MW for
for 100»A beam current in our case. The length
of the drift tubes, their positions along the
tank and the exact length of each tank are worked
out with program LAD, which is similar to the
GENLIN program.6 Program LAD can be used for
situations in which the transit time factors T
are either modified or not. Furthermore, program
LAD can be used to calculate both the longitudinal
dimensions £or any given E and for that E which
is chosen automatically so that the rate of ac-
celeration (dw/dz • eE • T cos^s) at the input of
the downstream tank Is equal to that at the out-
put of the upstream tank, in order to reduce the
discontinuity in longitudinal motion.

Choice of the Quadrupole Field Law and the Beam
Matching Calculations in Transverse Motion

In the last few years, it has been found
thai: the transverse normalized emittanee blows up
by a factor of 2-3 in tank 1 of most proton
linacs. -."he main re»3on aeeme to be coupling be-
tween longitudinal and transverse notions by non-
linear apace charge forces. The other reasons
are the difficulty in obtaining perfect bean
matching and the effect of the nonlinear external
field forces. Therefore, the selection of the
quadrupole field law should be a compromising
consideration. That is to say, the maximum am-
plitude function of focusing system, Bmax, should
have a bit larger value in tank 1 so as not to
make space charge effects too strong and remain
almost constant along this tank to facilitate
the matching adjustments), For instance, ta^e
6max - 4.7. From tank 2 to tank 9, the fimax
should be made to change continuously with accel-
eration so tv t the matching parameters between
tanks can be adjusted easily. In this way, it is
expected to minimize the growth In transverse
emittance as much as possible. The quadrupole
field law which we have chosen preliminarily is
shown in Fig. 1.

The magnetic gradients and matching para-
meters are computed with program LAM, which in-
cludes linear space charge forces. The trans-
verse dud longitudinal dimensions of the beam are
variable during the process of acceleration.

Parameters such as the transverse envelope
(shown in Fig. 2) and the energy spread of the
beam ware also given by the program LAM.
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Cvrtty Ikaber

Output to.(MeV)
C*Titj Length (n)
CmTity Dia. (•»)
D.T. Dia. (••)
B. H. Bia. (am)
B.H. Cor.Bad. (at
D.T. Cor.Rad. (•>]
HOB.of Unit ce l l s
Call length (as)

G/L
D.T. Length (an)

T
z (wy.)

* ( » / • )

EMax ( ! W / B )

Sjn. Phase

C.«d..power (W)
Space j>t CaT.

Table 1:

1

9.68
7.272
940
180
20-25
5

20
56

60- 210
.21-.30
47-145
67-.81
65»7-
72.9
1.55-

8.3-
9.5
-35*.
-30.3"
0.44
210

2

37.05
18.67
900
160-
30
10
40
60

213-̂ OJ
•19-.33

L73-37S
S7-.82
71.5-
67.3
1.93

11.7-
9.5

-30.2-
-25°
1.30
600

BPL 200-MoV Uoae Drift Tab* Table

3

67.02
17.016
830
160
30
10
40
36

408-533
.29-.36

288-337
.S3-.75
65.I-
62.3
2.45

12.5-
12.7
-25'

2.17
1200

4

93.02
16.170
880
160
30
10
40
28

536-616
.37—41
339-364
•75-.69
62.3-
59.6
2.46

12.7-
13.0
-25*

2.24
1000

5

116.39
15.595
840
160
40
10
50
24

619-678
.36-.39
392^409
.T3-.69

54.8-
52.8
2.31

12.4-
12.6
-25°

2.2$
1000

6

138.25
15.524
840
160
40
10
50
22

681-729
.39-.42
4IO-42I
.69-.65
52.8-
51.6
2.31

12.6-
12.8
^25*

2.39
1000

7

160.24
16.561
840
160

40
10
50
22

731-773
.42-.44
422-431
.65-.61
51.6-
50.6
2.31

12.9-
13.1
-25°

2.69
1000

8

180.20
15.858
840
160
40
10
50
20

775-809
•44-.45
432^438
.61-.58
50.6-
49.6
2.31

13.1-
13.3
-25°

2.62
1000

9

200.04
16.545
840
160

40
10
50
20

811-842
•45-.47
439-445
.J8-.56
49.6-
48.5
2.31

13.4-
23.5
-35*

2.79

Total .
Final

139.220

288

18.89

Table 2: Comparison Betwaen Computation and Measnreaent *

Cavity Suaber

Half Lwigth of CaT. (an)
f (tfeasureaent)OiHs)
f (JX3SI) (Mis)
I (MES3IME3H) (HHz)
t (uc) (m%)

1

3.35
202.47
203.07
203.06
202.47

2

4.039
200.70
201.64
201.16
2CO.V9

3

4.717
198.81
199.59
199.24
198.89

4

5.56-.
200.57
200.24
200.19
199.90

5

6.304
198.94
199.23
199.20
198.96

6

3.5
198.56
200,48
200.38
199.70

7

11.25
200.61
201.36
201.09
200.96

8

26.0
201.32
202.56
202.40
185.91**

* Cavities 1-5 Made by MOBA, Carities 6-8 Hade by SKL
** Maybe the dimensions of this ca.rl.ty uspd in compatation with LAC program are not

actual ones used in aeasureaent at BML.

x.z
(mm) A

ISO60 100 (hi 120 1*0

m m m / ^ ^

5< (0101)

1*0 ISO VTM

•Pig.2 Linearized bea« dynaaics in the Linac tank 1-5,
(a) unmatched beaa uorelopes, (b) aatciied.beaa enrelopes.
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1979 LINEAR ACCELERATOR CONFERENCE

THE PHOTON FACTORY 2.5 GOT INJECTOR ELECTRON LINAC

J. Tanaka, I. Sato, K. Nakahara, S. Anami, S. Fukuda, K. Mat£.i»oto, T. Shldara and A. Enoaoco
National Laboratory for High Energy Physics

Oho-machi, Tsukuba-gira, Ibaraki-ken, 300-32, Japan

The KEK Photon Factory was financed from the
1978 fiscal year, and the prelect will be com-
pleted at the end of the 1981 fiscal year. The
accelerator of this facility consists of a 2.5 GeV
Injector electron llnac and a 2.5 GeV storage
ring. The linac will also be used as the elec-
tron and positron injector of the KEK future
project "TRISTAN" and for other purposes. A
prototype accelerator unit .which is composed of
four 2 m long accelerator guides, a supporting
girder and waveguide system, klystron modulator
and other components of the linac,was completed at
the end of March 1979 and is now under test.

The general picture of injector design, the
status of construction and the results of tests
are reported in detail.

Introduction

The Photon Factory (P.F.) is a dedicated
facility at KEK for the production of Synchrotron
Orbital Radiation (SOR). As an intense source of
photons with wavelengths ranging from soft X-rays
op to 0.1 X hard X-rays it will be exceedingly
valuable for research on various photo-induced
phenomena in widely diverse scientific fields:
crystal physics, molecular physics,surface physics,
materials science, chemistry, biology, etc.

In 1977,preliminary planning and preparatory
studies for the P.F. accelerator were begun with
40M yen taken out of KEK's own budget. The
Photon Factory as a KEK facility was later offi-
cially established when in fiscal 1978 the govern-
ment approved the construction of the Photon
Factory. Approximatly 8000M yen was appropriated
for the accelerator (injector linac and storage
ring) and its experimental apparatus with an
additional 8000M yen for buildings and supporting
facilities. The entire construction phase is
targeted for completion in 1981. These facilites
are planned to be constructed on the west side of
KEK's grounds. The 2.5 GeV injector linac housing
is sited running south to north to allow connec-
tion in the future with project TRISTAN. The
2.5 GeV storage ring building is located at the
injector-end in the northwest part of the site.
The overall layout of the facility is shown in
Fig. 1. Groundbreaking ceremonies for the in-
jector tunnel were conducted in Feb. 1978.

The Photon Factory accelerator is composed of
a 2.5 GeV linac and a 2.5 GeV storage ring. The
ring will serve as a dedicated machine for "SOR"
experiments with 6 channels Including one for hard
X-rays produced by a wiggler.

An electron linac was chosen for the injector
not only because it can easily inject an intense
beam into the storage ring, but also because it
provides great flexibility; various energy beams,
400 tfeV, 1 GeV etc.,can be extracted for injection

into lower energy storage rings dedicated for soft
X—ray studies, lithography and so forth. It will
also be capable of-producing very short (pico-
second range) single pulses of light, and,of
course,eventually it ean serve as the electron-
positron injector for TRISTAN.

Fig.I Overall layout of the KEK facility

General Picture of the Einac

The injector housing is a long slender two-
storied building of about 500 m length, a view of
the cross-section is shown in Fig. 2. The two
stories are separated by a 2.5 m concrete floor
for radiation shielding. The first floor is an
underground tunnel housing the accelerator guides,
the second floor is the klystron gallery housing
the rf power supplies.

The linac was designed to be able to accel-
erate electron beam currents of 50 nk to energies
of 2.5 GeV with the application of 840 megawatts
of pulsed power from 40 klystrons fed to 160
accelerator guides. The relation between beam
energy and current as a function of rt power was
calculated,as shown in Fig. 3.

The general paraaeters of the linac and the
storage ring are shown in Table 1.
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Fig.2 Cross-section of the linac building

3.5

2.rV

Fig. 3

100 200 300 400

BEAM CURRENT (nA)

Relation between beam energy and current
as function of rf power

A conventional disk loaded traveling wave
type accelerator guide was chosen in order to
facilitate manufacturing, operation and main-
tenance, as well as to be able to complete the
linac within a limited budget, with a limited
staff and short scheduled construction period. As
the linac is an injector, an Energy Compression
System (E.C.S.) is added downstream of the linac

to iaprove both the stability and spread
of beam energy. In addition to ordinary micro-
second pulse beams, a single bunch beam can also be
accelerated.

The .inac is divided into five sectors and
each sector is composed of eight acceleration
units. One acceleration unit consists of four 2 m
long accelerator guides mounted on a cylindrical
supporting girder, one klystron and high power
waveguide system. All the various power supplies,
including the 42 klystron modulators,are installed
in modular standard unit cabinets, constructed of
panels.

Table 1
General Parameters of the 2.5 GeV Ljnac

Energy (50 mA loaded) 2.5 GeV
Peak current 50 mA
Beam pulse width > 1 lis
Repetition rate 50 pps
Eenrgy spread(without E.C.S.)<0.5 %
Energy spread(with E.C.S.) 0.1 %
Normalized emittance

Short pulse operation
peak current
Pulse width

Single bunch operation
Max charge
Bunch width

<10 cm»mrad

<500 mA
2 ns, 10 n:

1 nc
16 ps

Accelerator guide (main accelerator)
Type of structure

Frequency
Type of Mode
Length of acceleration guide
Total number of £uide
Attenuation parameter
Length of acceleration unit
(Composed of 4 ace. guides)
Number of Ace. unit
Number of Sector

RF power
Peak power per klystron
Number of klystrons
(Including of Inj. and E.C.S.
RF pulse width
Freq. of master osc.

Injection system
Gun voltage
Type of Gun
Gun pulse width
Dut put Energy
Number of Ace. guides

E.C.S,
Magnetic field
Accep. phase angle
Number of Ace. guides

5 types TO
Quasi-C.G.
2856 MHz
2/3TI
1.9 o
160
0.5V). 6
9.6 m

40
5

30 MJ
42

.)
3 Vs
476 MHi

-100 kV
Triode
2 ns i*2 ps
30 HeV
2

1.6 T
30°
4

General Parameter of the Storage Rinf>

Energy

Intensity
tean radius
Radius of curvature
Betatron number vx

Vy
Bending aagp.et f i^ld

2.5 GeV(iaax
3 GeV)
500 mA
29.77 m
8.66 w
6.25
5.25
9.6 kG(nax
12 kG)
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Length of bending magnet
Aperture
Length of quadrupole magnet
RF frequency
Harmonic number
Synchrotron radiation loss

Radiated power
RF voltage
Synchronous phase
Average pressure
Expected storage lifetime

Acceleration Unit

1.85 m
70 x 120 >•
0.5 •
500 MBz
312
400keV/turn
(w/o wiggler)
208 kW
2.1 MT
10-9
10 Torr
5 hrs

vithln ±2.5*. A panoramatic photograph of the
prototype acceleration unit is shown In Fig. 5.

An acceleration unit consists of 4 accel-
erator guides mounted on a cylindrical supporting
girder, vacuum manifolds and cooling water piping,
A high power klystron and waveguide feeder system
is stv «n In Fig. 4

Hybrid power divider

"•Accelerator guide

^Cooling pip*

Fig.4 Acceleration unit

The accelerator guide structure was designed
to have a quasi-constant gradient; the disk hole
diameters decrease linearly along the length to
facilitate manufacturing many accelerator guides.
However, in order to reduce beam blowup diffi-
culties, five different structures (Types A-£)
will be prepared for the accelerator guides.

A prototype acceleration unit was built in
order to get basic data on both the structure'and
electrical characteristics of the accelerator
guide and waveguide feeder system, and to check the
alignment of the long supporting girder and the
conductance of the vacuum duct system. The unit
was completed at the end of March of this year.
As a result of cold test measurements, the maximum
phase shifts of respective accelerator guides were

Fig.5 Prototype acceleration unit

The accelerator guides are made by means of
an electro-plating method. In order to manu-
facture many accelerator guides in a limited
period, automatic lathes, a measuring system and
electroplating plant were prepared.

Recent improvements in machining were re-
alized to automate the final precision machining
of the accelerator guide parts. In this process,
disks and cylinders are machined by special
diamond bit lathes. The surface roughness of the
finish is less than 0.1 u and the over all dimen-
sional accuracy of the disks and cylinders is
within ±2 y.

The precision in machining is accomplished by
reducing rotational vibrations of the lathe
spindle as a result of using hydraulic bearings.

The machined disks and cylinders are then
stacked alternately <,n a stacking jig and the
assembly is compressed to a specified pressure
with a long aandrel put through the center holes.

Fig. 6 Cross-section of the accelerator guide
waveguide coupler
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The asseably Is copper plated on the outside in an
R-l copper plating bath forming a solid tube of
6 m of deposited copper. Improvements in the R-l
copper plating process enabled a uniform, smooth
and high speed deposition of the copper layer.

Accslerator guide waveguide couplers are of
the cavity type. The coupler has two adjusting
mechanisms as shown in Fig. 6; one of them makes
the coupler field symmetrical with the beam axis
and the other is for tuning of the coupler cavity.
The adjusting mechanisms facilitate the final
tuning of the couplers connected to the accel- '
rator guides.

In each acceleration unit, output power from
the klystron is split and fed into 4 accelerator
guides. The phase lengths of the 4 branch wave-
guide feeds from the klystron to the 4 accelerator
guides are made precisely equal by precision
machining and electron beam welding. Consequently,
the feed system needs no high power phase shifters.

RF Power Source

The design principle for the entire power
source is based not only on obtaining reliable and
stable operation but also on facilitating main-
tenance and reducing cost.

The rf system is composed of four main
stages: the master oscillator, the main booster,
the sub-boosters and the main klystrons, as shown
in the block diagram of Fig. 7.

Power monitor

T* Ti T̂  "TT =571
Multiplier "
Reference signal for phasing

'•••*| Isolator. Phase-shifter Attenuator.

Sub-booster (10 kW pulse)

T5 "P "P V !•
Isolator. Phase-shifter.
Attenuator.
Higti power klystron (30 Hi pulse)

Accelerator Section

Fig. 7 Block diagram of the rf power system

Almost all of the rf components have already
been specified and some prototypes have been
completed and are under test. The preliminary
tests of the klystron modulator were successful;
in particular the puls&-to-pulse amplitude varia-
tion was less than 0.1 Z for a 3 Z variation of
the ac input voltage. Fig. 8 shows the pulse
shape under those conditions.

Recently, super power klystrons with specifi-
cations similar to the SLAC XK-5 klystron have
been developed commercially to operate with
reasonable efficiency and costs. A prototype
klystron for more than 30 MJ was purchased to test
with a special focusing permanent magnet. The

magnetic material used is Alnico 9 which was made
by the zone-melting method. This material has
such a strong magnstic field that the amount of
magnetic metal needed decreases by approximately
one half in comparison with Alnico 8. The klys-
tron's characteristics as an rf power source are
under examination.

Fig.8 Output pulse shape of the klystron modulator
50 kV/div 1 ts/div

Control System

The basic design of the control system is
based on local distributed processors inter-
connected into a network by a high speed communi-
cation loop. The entire control network is
composed of a main loop for controlling the 6
accelerator subsystems, and two external loops
communicating with the storage ring control
center, radiation and personnel protection system,
and with the environmental control plants. The
accelerator subsystems control the injector, 5
regular sections.and the final energy compression
section. As shown in Fig. 9, each subsystem-
control station on the main loop has several
subloops at the middle level, and branch loops at
the lowest level. Klystron modulator controllers,
vacuum equipment controllers, etc. form the nodes
for the subloops.

5 S s s s s

S : SUBSYSTEM CONTROL

B : BRANCH CONTROL

T : TERMINAL

E : EXTERNAL STATION

lliiil null mull

Fig.9 Block diagram of the control system
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DISCUSSION

E.A. Knapp, LASL: For a given length accelerator
tunnel it is possible to reduce the Tf power re-
quirements by more than a factor of two using
modern standing wave accelerator cavities. Is the
saving you achieve using the technology already
understood by MLtshubishi Industries more important
than the power saving or the length reduction
possible?

Tanaka: Yes, because we have to construct the
linac in a limited time.
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1979 LINEAR ACCELERATOR CONFERENCE

THE LINAC FOR THE NATIONAL SYNCHROTRON LIGHT SOURCE*

K. Batchelor, J. Bittner, T. Dickinson, V. Racaniello, and J. Sheehan

National Synchrotron Light Source
Brookhaven National Laboratory, Upton, NY 11973

The nominally 100-MeV electron linear ac-
celerator to be used as an injector for the
booster synchrotron of the National Synchrotron
Light Source is described. The machine utilizes a
combination of V3rian and SLAC accelerating guides1*2

and is interfaced by means of a microprocessor-
based Intel Multibus® system, to the Data General
central control computer. Provision for emit-
tance and momentum measurement is provided in the
transport line between the linac and the booster
synchrotron.

Introduction

The National Synchrotron Light Source, now
under construction at Brookhaven National Labora-
tory, (Figc 1) will consist of two electron stor-
age rings to provide intense sources of synchro-
tron light In the vacuum-ultraviolet and soft
x-ray wavelengths. The electrons will be injected
from a linac at about 100 MeV into a slow-cycling
booster ring for acceleration to 750 MeV. A 750-
MeV storage ring will be used to generate light in
the ultraviolet and visible regions between 10 8
and 10* A. A larger storage ring will acceler-
ate electrons from 750 MeV to about 2.5 GeV for
generation of x-rays at wavelengths between 0.2 X
and 10 A.

Both storage rings will require multiple
cycles of linac or booster injection in order to
accumulate sufficient stored beam current.

The linac system is shown in schematic form
in Fig. 2. It consists of * pulsed 100 kv elec-
tron gun and 3 iris-loaded cavities operating at
2856 MHz. One klystron will power the first
cavity at 12 megawatts and a second klystron will
provide a total of 20 KW to cavities 2 and 3 via a
power splitter. The linac parameters are shown in
Table 1.

The electron gun, buncher section and first
cavity were formerly used as an injector at the
Cornell University 10-GeV electron synchrotron.
Cavities 2 and 3 were used at EVA, Amsterdam and
are of SLAC design. The klystron, modulator, and
waveguide systems were from BNL rf bean separator
systems. All of the original hardware was manu-
factured in the early 1960's.

TABLE 1.

e" LINEAR ACCELERATOR INJECTOR

Accelerator type
Frequency (at 39°C)
Pulse repetition rate
Number of accelerating
sections

Rf power source

Nominal output beam parameters
Energy
Momentum spread, Ap/p
Emittance
Design beam current
Beam modulation frequency
Chopped beam modulation

frequency

S band, 2n/3 mode
2855.7 MHz
1 pps

2 klystrons
(21 MW/unit)

100 MeV
+ 0.2Z
2 x 10~5 m-rad
20 mA
52.88 MHz

10.576 MHz

*Work supported by U.S. Department of Energy under
contract No. EYU-76-02-0016.

The assembly of the linac has been in two distinct
phases:

(1) Assembly and testing of the original
components,

(2) Redesign and modification of equipment
for the new facility.

The cavities were installed In a temporary shield-
ed enclosure and powered by existing circuitry to
evaluate the major components and spares. This
also allowed early testing of prototype beam diag-
nostic equipment. Figure 3 is a schematic showing
the equipment layout in the test area.

The second phase is well underway and con-
sists of the following:

(1) Repackaging the existing Varian gun/
modulator into two separate units.
The repackaged gun is shown in Fig. 4.

(2) Rebuilding the modulator portion (see
Fig. 5) to reduce electromagnetic
noise and provide otable pulsing at
low repetition rates under the control
of a microprocessor system.

(3) Building or rebuilding all focusing
and correction magnet systems for
solid-state digital control.

(4) Rf iwdulator rebuilding to elinlnate
many vacuum tube circuits and to re-
duce pulsing noise.

(5) Redesign of low level rf and timing
distribution system.
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(6) Development of bean diagnostic equip-
ment.

(7) Development of hardware and software
for automatic operation from c central
computer using many sî ali microproces-
sor systems

The linac will be operated at one pps with
a 20-aA, 1 psec pulse. Because the average power
Is very low and the interpulse period Is long, all
of the gun and rf modulator circuits will be modi-
fied to resistive charging. The linac beam will
be modulated via beam deflector plates In the gun-
to-linac transport system, at the single bunch
revolution frequency of the booster synchrotron,
(10.576 MHz), in order to improve the rf capture
in the booster. The linac is only required to
operate for short periods of tine during injection
and may be dormant for many hours at a time. This
will place severe demands on the stability of the
system in order to avoid a warm-up and adjustment
period for each injection sequence.

Controls

A microprocessor control system using Intel
Multibus* hardware performs all of the local con-
trol and monitor functions as well as closing sev-
eral critical servo-loops. It also allows all
machine parameters that affect the beam perfor-
mance to be digitally stored at the local device
and free the central computer from doing real-time
corrections.

A separate microprocessor will be used for:
each klystron systev, the gun modulator, the
vacuum system, timing, beam diagnostics, and mag-
net systems. Each is connected by a high-speed
serial asynchronous link to the central computer
system. -*

Beam Diagnostics

Beam diagnostic equipment consists of de-
vices for measv-ir-; beam current, position and
energy. All tiire types of measurements are digi-
tized and may i • . 3d to servo the beam to a given
condition. TJi<- requires noise-free and drift-
free monitors.

These measurements are carried out in the
transport system between the linac and the booster
synchrotron. This line nay be divided into three
separate functional regions. The first section
serves to transport the bean to the first dipole
bending magnet. It contains a quadrupole focus-
Ing triplet; secondary emission nonitors are lo-
cated in this line for emittance measurement.
Next, there Is a momentum recoabining system which
is cosprised of two dipole bending magnets and a
center quadrupole next to which is placed a mov-
able and variable slit for noicentum selection (at
the point of maximum dispersion). Tape-wound
toroidal current transformers before and after the
silt Monitor the fractional transmission through

it. The third section of line contains 5 quadru-
poles for aatching the linac beam to the booster.
A viewing screen is provided for a final visual
check of the profile before injection into the
booster. Electron beam current is measured be-
tween linac tanks and at various places along the
transport system by tape—wound toroidal beam cur-
rent transformers.
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SCHEMATIC OF THE LINAC RF SYSTEM AND CAVITIES
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Fig. 1 National Synchrotron Light Source site layout

Fig. 2 Schematic of the linac rf system and cavities
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THE UNILAC UPGRADING PROGRAM
N. Angert, D. Bonne, J. Klabunde, H. Trautmann
GSI, Gesellschaft -fur Schwerionenforschung robH

Darmstadt, Fed. Rep. of Germany

At the present time ions of the heaviest ele-
ments can be accelerated with the Unilac up to
specific energies of 8.5 !"leV/u with stripping in
gas and up to 10 fleV/u with a foil stripper. Using
a second foil stripper in front of ;.he single-gap
cavity structure 12.S MeV/u can be reached. By
adding two Alvarez tanks, the energy will be in-
creased for the different operation modes to 14.5,
16.0 and 20 MeV/u respectively. Details of this
energy increase project are described, whicn is to
be realized fcy the end of 1S81. Part of the up-
grading program is also the modification of the
Unilac for multi-ion beam operation and the con-
struction of a new high-current injector.

Introduction

After four years of experiments with the
Unilac two beam energy domains have developed
which are mainly used for the experimental activ-
ities. One is the range from 4.5 to about 6 PleV/u.
The other is the high energy regime from 8 MeV/u
upwards, with a tendency to shift to the highest
available energies. By using a second foil strip-
per at 5.9 MeV/u in front of the single-gap cavity
structure experiments at even above the design
energies hove been done1 up to 13 FleWu with Kr.
The experimental requirements for higher energies
have been one reason to thinK about an energy in-
crease of the Unilac. T!,e other was that, there
are plans to build a synchrotron for relativistic
heavy ions with the Unilac as injector. The output
energy of such a synchrotron depends on the ener-
gy of the injected bsam. In order to reach 10GeV/u
for uranium with the synchrotron concept which is
being considered, an injection energy of 40 MeV/u
will be necessary. Since this energy seems to be
a very attractive extension for a lot of running
research activities, a linao structure perpen-
dicularly arranged to the existing Unilac was the
favourite injector design for a long time, This
linac2 should accelerate the beam from 5.9 MeV/u
to some 40 HeV/u for the synchrotron, with the
possibility of transporting the beam back to the
Unilac axis for further acceleration with the
single-gap cavity structure for the existing ex-
perimental hall. This solution would efen offer
to introduce a further accelerating structure on
the way back to get about 100 MeV/u beams at in-
tensities of 10** pps. Of course, other "booster"-
concepts have been investigated too. All with the
drawback that costs and personnel requirements are
out of the running budget. When investigating the
low energy capabilities of the synchrotron in
connection with a new high current injector at
the Unilac3/ it turned out that it can also de-
liver high intensities in the range aetw&sn 10
and 140 MeV/u, namely 1011 pps for the heaviest

elements, and even more for lighter ones, if an un-
strippeo 1.4 HeV/u-beam is injected from the Unilac.
On the other hand a decrease of the input energy to
20 MeV/u would lower the maximum output energy of
the synchrotron to 8.8 GeV/u for uranium.

Concept of Energy Increase

In an early layout phase of the
linac building, space was preserved at the end of
the machine tunnel for an eventual future energy
extension. At that time, a third group of single-
gap cavities was envisaged, topping the maximum
energy by an additional 2.5 MeV/u. The considera-
tion of a third Alvarez tank instead was discarded
at that time due to an overly complex rebunching
scheme, which was felt necessary to provide the
beam micro-structure restored in the whole energy
span. This requirement is by far less vigorous
now because tne energy spread of the beam is
lower by a factor of 5, in respect to the design
assumptions, and the extension of the energy range
by Alvarez cavities now seems to be a viable choice
and a cheaper approach too.

In the meantime, however, the remaining space
at the end of the tunnel is used up for different
functions: a time-of-flight path for energy deter-
mination, a semiconductor counter device for the
inspection of satellite energy peaks, a 13° beam
deflection into a special beam line, a debuncher
and a collimator system. Last, but not least, a good
portion of the straight beam line in the tunnel
is an inherent element of the beam splitting sys-
tem. Those features have to be abandoned in favour
of the machine extension by two more Alvarez cavi-
ties. A few features can be reinstalled in the
downstream beam lines in the experimental area.
This is almost certain for the time-of-flight path
and the rebuncher, and it is under study concern-
ing the beam splitting system, which tends to con-
flict with a kicker magnet of the synchrotron in-
jection beam line. None of the target stations of
the present experimental hall have to be moved.

Figure 1 shows the existing and the
proposed future high energy end of the Unilac. The
two additional Alvarez tanks number III and IV are
of the same length and rf parameters as the ex-
isting ones. The stable phase was reduced to 25°
and the g/L ratio was chosen to tune the cell
frequency, keeping the diamBter of each cavity
cylindrical. [This was not the case in the origi-
nal design.) The described extension of the ma-
chine results in an energy increase by 5.5 MeV/u.
If one considers an additional foil stripper at
the entrance of the single-gap cavity section, a
final energy of 20 MeV should be attained for the
heaviest elements. The energy graphs for different
stripper options and lighter projectile mass numbsrs
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Al l * Allb single gap cavities

The LW1UC Poststripper and the tunnel end

above: as existing

below: after a future addition of two more
Alvarez tanks and after moving the
single gap cavities into the exp. area

Fig. 1

are shown in Fig. 2. The additional intensity lrss
by the second stripper is only a factor of 2/ when
the well established multi-charge acceleration
mode is used in the Alvarez section.
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F i g . 2 Spec, energy versus mass number after
extension of the Unllac by two more
Alvarez tanks

Rf System

A frequency jump by a factor of two was
briefly considered for the new Alvarez tanks. How-
ever, the design of a new rf amplifier systam was
felt to be inhibitive. But changes.have largely

been applied to the nrachanical engineering details
of the additional tanKs, wMch will be reported sep-
arately1*.

For the extension of the rf amplifier system,
space reserves equivalent to thc~e available in the
machine tunnel could not be found. The original
free space in the rf gallery is presently occupied
by an indispensable test bench for the Alvarez tube
testing program and for 5 additional rebuncher
amplifiers. Alternate solutions in remote building
areas are considered to be too inconvenient for
maintenance and trouble-shooting activities. It is
therefore envisaged to use the existing four final
amplifier installations to power four cavities, in-
stead of only two which is presently the case.
This implies the success of the amplifier improve-
ment program, aiming at a pulse power of.1.6 MW per
amplifier unit. A reduction in duty factor from
25% to 15% is unavoidable for the heaviest ions and
gas stripping, however, because the existing anode
power supplies have to be reused. Figure 3 shows the
existing rf system above and the proposed new con-
figuration below. Each cavity is powered by its own
amplifier chain. Two coupling loops per cavity will
be maintained; thBy are fed via a power-dividing
network. Both halves of tank two have to be unified
by eliminating the rebuncher cell. The physical
location of the amplifier stages and the downgoing
power lines will remain unchanged; space is avail-
able in the tunnel basement -for the downstream
propagation of the power lines, A new feature will
be the proposed installation of a rf line switch-
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yard, by which the output port of the test bench
amplifier can be branched to each of the 4 cavities
in casB of a severe amplifier breakdovm.

The amplifiers of the single-gap cavity sec-
tion also remain in their present location. Extend-
ed rf cables will be routed downstream in the
tunnel basement.

Modification of the rf system
for the UNILAC Alvarez section

F i g . 3

Modifications of Seam Transport

The upgrading of the Unilac requires the
change of the existing beam transfer system between
accelerator and experimental area. The beam
splitting system has to be reconstructed for space
reasons. Figure 4 shows a schematic layout of the
modified configuration. A pair of steering magnets
provides for corrections of beam position followed
by a quadrupole lens after which the beam is
either bent to the X- or Z-yard by a switching-
magnet, through two septum magnets and a C-magnet,
or is transported straight to the Y-yard. The
switching magnet can be operated either dc or
pulsed. This allows the delivery of parasitie
beams by both tine -sharing and beam-splitting
modes of operation of this system.

z-tnmch

S

CM

steerer
quadrupole-lens
kicker magnet
(h) horizontal x̂-bronch
lv) vertical to synchrotron

septum magnet
C-magnet

Fig. 4 Beam switch-yard at the end
of the extended Unilac

The beam to the synchrotron is deflected downwards
by an additional Kicker magnet in front of the Y-
yard to the beam transfer line to the synchrotron
which will be installed in the basement of the
experimental hall.

The existing beam transport system to and in
the experimental area is designed for a maximum
magnetic rigidity of 4.4 Tm. Hence it can trans-
port beams of U 2 " ions with an energy of up to
11.0 MeV/u. Therefore, when using a gas stripper
for the heaviest masses, one cannot transport the
highest energies obtainable with the upgraded
Unilac. But the beam transfer line to the synchro-
tron will be designed for a higher magnetic rigid-
ity in order to use the higher intensities which
are possible with a gas stripper in the whole
energy range.

Bean Parameters

At the exit of the accelerator the energy
resolution will be 1 - 2 x 10"3 and the bunch width
200 - 400 ps for high energies. Output energy is
attainable in the range between 3.0 ffeV/u and
maximum. If variation is required around 3.8 PieV/u,
special care must bs taken in tuning the pre-
bunchers and Alvarez tanK I in order not to exceed
an energy spread of 3 x 'Q~3. which is the limit
for the proper refacusing of the bunches into the
single-gap cavity section. For this matching a
rebuncher cell is foreseen between Alvarez tanK II
and III. The bunch structure of the other inter-
mediate Alvarez energies, i.e. 5.9, 8.5 and 11.3
MeV/u can be matched to the single-gap cavities
without additional rebunching provisions.

For the target stations Z3 through Z5,and X?
through XO (see Fig. 1),the usual bunch focus of
S SOD ps can be expected. The helix cavities in
the Z and X branch will be used instead of the
abandoned rebuncher at the tunnel end. For maximum
energies, the required rebuncher voltage of 1 IW
may eventually set a limitation. For all inter-
mediate Alvarez energies., one particularly selected
single-gap cavity may serve as a rebuncher, re-
storing a time focus at the other target stations
not mentioned above.

Multi-Ion Acceleration

If the Unilac should be simultaneously used
both as an accelerator for low energy experiments
(< 20 MeV/u) and as an injector for the heavy ion
synchrotron, there should be as little interference
between thnse two functions as possible. Ideally,
one sh !J be able to choose isotope and energy
for these two purposes independently. For each
accelerating cycle of the synchrotron it is neces-
sary to change the operating parameters of the
Unilac for the acceleration of the appropriate ion
during one macro-pulse. Basic requirements for this
are first, that the two injectors simultaneously
deliver different ion species, second, that the
accelerating rf fields can be switched from one
pulse to another to accelerate different charga-to-
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mass ratios, and third, that the focusing chan-
nels can be fast-adjusted.

The existing 320 M preaccelerstors allow for
alternating injection of different ion species into

Unilac by Just pulsing the already laminated
.2.5°-9witching magnet. Provision Is also made for
a fast change of amplitude and phase of the rf-
fields. But there are no pulsed focusing or
steering elements installed at the Unilac. From
this fact result severe limitations for a present
multi-ion operation. Only ion spacies with not too
different atomic numbers could be accelerated
simultaneously. This is mainly due to the fact that
the mass-to-charge ratio after the stripper depends
on the atomic number of the Ions. Tabln 1 shows,for
ion species which are injected into the Unilac with
a mass-over-charge ratio near to A/? = 22, the
corresponding values after stripping in gas at
1.4 MeV/u.

Prestripner
Ion

2°Ne1 +

>.0Ar2+

<t6Ti2+

6SCu3+

8*Kr*+

107Ag5+

132Xe6+

l 5*Sm 7 +

208pb9+

209Bi9+
238U11+

20

20

23

21,7

21

21,1

22

22

23,1

23,2

21,6

Poststripper
Ion A/C

(Gas Stripper)

2°Ne 7 +

•.oA r io+ •

t*6T113+

65Cu15+

8fKr17+

107Ag19+

1 3 2 X e 2 1 +

15^23+

208pb26+

209Bi26+

238y28+

2 , 8

4

3,5

4 , 3

4 , 9

5,6

6,2

6,7

8 ,0

6 , 0

8,5

Table 1: Mass-to-charge ratio (A/5) for different
ion species in the prestripper and
poststripper section of the Unilac

Besides a complete redesign of the stripper
section with the charge-analyzing system, about
25 focusing and steering elements must be nre-
pared for pulsed operation. The corresponding mod-
ifications of the control systems have to be done
In parallel to achieve an independent tuning for
different ion beams.

This multi-ion program will be supplemented
by a third injector, which will be designed for a
low duty cycle and high peaK currents3. Thus one
can both preserve the very important redundancy
for the existing injectors and increase the

intensities for injection into a synchrotron by
about three orders of magnitude for the heaviest
elements.

Schedule and Cost

The aforedescribed measures leading to the
desired energy increase and the outlined recon-
figuration of the beam distribution system in the
experimental hall are lined up in an ambitious
time schedule. One reason for that is the already
existing demand for beams of energies in excess
of 10 MeV/u. One other substantial reason is en-
forced by manpower limitations. The energy in-
crease should be completed when the multi-particle
modification and the high-intensity Injector pro-
ject are due to start in order to meet the synchro-
tron commissioning schedule. Component procurement
of the Alvarez tanks and rf power lines should be
completed at the end of 19B0. Installation in the
tunnel will require a 4-month shut-down period,
until beam operation can be resumed end of 1961.
It is likely to occur that the new generation of
rf amplifiers are not yet operational at that
date, which means a slip of half a year in the
time schedule for the availability of the energy
increment for the heaviest elements.

The cost for the energy increase project is
estimated to roughly MDM 4.7. The expenses for
prototype activ .ties for rf and hardware are al-
ready in the authorized budget for 1979 and 1960.
The estimated manpower effort, mostly from inter-
nal resources, totals up to 44 man-years.

The pulsing of focusing and steering elements
for the multi-ion acceleration can be partly done
in the frame of an already started improvement
program for the magnet power supplies. Also the
changes in the beam diagnostic and control system
will not cost too much so that it can be realized
with the yearly budget within a.iother two years
till end of 1983. All other reconstruction, for
instance, a new strlppsr section and a third in-
jector, depend on funding of the synchrotron.
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Discussion

Knapp, LASL: I didn't understand how the 140 MeV
per nucleon energy range, shown in the figure,
is achieved.

Angert: It is given by the tuning range of the
synchrotron rf cavities.
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Introduction

The Fusion Materials Irradiation Test fFMIT)
Facility will be built at Hanfosd, Washington,
and operated by the Hanford Engineering
Development Laboratory (HEDL), which is managed
by the Westinghouse Corporation. The function
of the FMIT facility is to produce 14-HeV
neutrons to develop critical materials for
fusion reactor*. The total estimated cost of
the entire facility is $105 million.

The neutron generator consists of a linear
deuteron accelerator that injects 35-MeV deu-
terons into a flowing lithium blanket and pro-
duces 14-KeV neutron3 by a stripping process.
The Los Alamos Scientific Laboratory CASH is
responsible for the design and ultimate perform-
ance of the accelerator. The design activities
will be performed by a team of LASL and HEDL
engineers working at Los Alamos under the tech-
nical supervision of IASL. The accelerator com-
ponents will be manufactured by D. S. industry.
The HEDL will be responsible for the installa-
tion while LASL will be responsible for the
final commissioning of the accelerator. This
paper presents an overview of the accelerator.

Design Choices

Because of the length of the irradiation
testing period, perhaps several years, the
facility must operate essentially as a neutron
factory with high reliability and high avail-
ability. Thes'i requirements guided the design
philosophy for the accelerator.! Because
experience has shown that the reliability of ion
sources and high-voltage accelerating columns is
inversely proportional to the operating voltage,
a system that operates at a modest voltage is an
attractive option. Often this option is not
viable because of the design difficulties of the
first drift tube. A recent proposal in the
USSR2 for a novel low-energy accelerating
structure, which we call the Radio-Frequency
Quadruple (RFQ), allows the possibility of
designing a low-voltage injector system that can
be matched to a conventional drift-tube linac
accelerator. The FMIT design consists of a
100-fc-eV injector, an RFQ structure, and a
conventional linac. A 5-MeV prototype accel-
erator is being built at IASL to develop and to
certify these design concepts for the FMIT
accelerator.

An 80-MHz operating frequency was chosen for
FMIT to minimize the size of the components,
while staying within the availability of reli-
able rf power components and svsteas. An aver-
age accelerating gradient of 1 NeV per meter was
selected to stay within the Kilpatrick Criterion
and to ninimize the length of the linac. Cer-
tain other mechanical design features were dic-
tated by the need for "bands on" or mechanically
assisted maintenance that will be required over
the ?0-vear life of this facility.

Table I shows the principal specifications
for the accelerator.

TABLE I

ACCELERATOR SPECIFICATIONS

Particle

Duty Factor

Frequency

Output Energies

Maximum Bean Current

Average Energy Gain

Injector Energy

Low-6 Accelerator (RFQJ Output

Number of Linac Tanks

Number of Drift Tubes

Inner Diameter of Linac Tanks

Length of Linac Tanks

Total Length of Accelerator

Total rf Power

Operating Pressure

System Layout

Deuterons

100%

80 MHz

20 MeV ana

35 MeV

100 mA

1 MeV/m

100 keV

2 MeV

2.

72

2.48 m and

2.40 m

32 m

42.7 m

•5.35 IB

1.33 x 10"4 Pa

*Work performed under the auspices of the tr. S.
Department of Energy.

Figure 1 shows the general layout of the
accelerator. The injector introduces a 100-mA
beam of deuterons into the RFQ that captures,
bunches, and accelerates the beam to 2 MeV. The
drift-tube linac consists of two rf cavities that
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rig. 1. The MIT accelerator.

accelerate the beam to a maximum of 35 MeV. The
second cavity can be unexcited and can be used
to transport the 20-MeV beam from the first
cavity to the High-Energy Beam Transport (HEBT)
system Energy Dispersion Cavity (EDC). The pur-
pose of the EDC is to spread the energy of the
almost monoenergetic 35-MeV or 20-MeV beam for
proper operation of the target. The straight
portion of the HEBT transports the beam to a
switching magnet that directs the beam to either
of the two identical targets by a periodic
system of bending magnets. The final magnets
focus the beam to a 1-cm by 3-cm spon on the
target. The system also includes a pulsed duty
beam stop for tune-up of the machine.

The FMIT injector3 being developed uses a
cusp-field ion source based on a Culham Lab
design.4 The ion source is a water-cooled
cylindrical anode with 30 ceramic bar magnets
arranged axially around the outside of the anode
wall to generate a periodic cusp magnetic field
inside the anode. The filament mounting plate
is installed at the top end of the chamber
opposite the extractor. The cusp field prevents
the electrons from moving directly to the anode
and increases their lifetime in the chamber,
thus significantly increasing the efficiency of
the source. The 100-kV extractor is a single-
gap accelerating column with molybdenum elec-
trodes. A model of this injector has been
tested with very satisfying results. The gas
efficiency is over 40%. The source is very
quiet and stable and the filament life is
expected to be over 350 hours.

Radio-Frequency Quadrupole

The BFQ serves two functions: converts the
DC beam from the injector into a bunched beam
acceptable to a drift-tube linac, and then
accelerates the beam to the energy required for
injection into the first drift tube. A vigorous
program is underway at LASL to develop an RFQ
system for FMIT.*> The RFQ consists of four
periodically modulated bars in an rf cavity

driven in a TE210 mod*. This structure estab-
lishes a quadrupole focusing field so that off-
axis particles experience focusing In one plan*
and defocuslng in the other, and vice versa on
alternate rf half-cycles. The result is a
strong focusing system that will transport the
beam without acceleration along -the axis.
Longitudinal acceleration occurs because of the
radial modulations on the vanes, which produce
longitudinal field components In the fringing
field. The periodicity of the modulation is
varied as the particle energy increases, to
keep the particle tn phase with the rf electric
field.

A number of cold models have been success-
fully evaluated with bead-pull techniques. The
z/Q is satisfactory and methods for coupling
radio frequency into the cavitv have been
developed. The design and the construction of a
425-MHz proof-of-principle test are underway
with experiments scheduled to begin by Januarv
1980. Simultaneously, design studies have begun
for an 80-MHz RFQ prototype system that is
scheduled for evaluation In 1981.

Linac

The Linac is being designed^ for a nearly
maximum shunt impedance (ZT21 consistent with
the Kilpatrick Criterion to minimize the rf
power requirements. The average value of IT2

in both tanks is more than 37 Mft/a. The inner
diameter of each tank is about 245 cm. The 2-
to 20-MeV tank is about 18 m lonq and the second
tank is about 15 m long. The intertank spacer
between the two tanks is one beta-'.ambda in
length (54.3 cm at 20 MeV). The tanks will be
fabricated of 2.5-cm-thiek copper-clad steel
surrounded bv a continuous steel shell -jacket
for longitudinal counterflow flood cooling.

Although the linac will be desiqned for
minimum beam spill, it is recognized that some
spill is inevitable and it is assumed to be
3 uA/m plus some "hot spots.' This will lead
to activation levels that preclude anvone
entering the tanks after the linac has been put
into operation. A design concept used on the
CKRM Linac was adopted for the FMIT Linac. The
FMIT svsten;7 uses girder stronqbacks supported
by the tank stiffening rings, as shown in
Fig. 2. Eleven girders are required, each one
about 3 m long. A girder will weigh about
3000 kg and will support from 3 to 15 drift
tube3. The drift tubes will be installed and
aligned on the girders in an alignment dock.
After installation In the tanks the various
girders will be aligned with each other.

The shape of the drift tubes was optimized
using the SOPERFISH code. The drift-tube noses
are tapered but still meet the Kilpatrick
Criterion with a maximum surface field stress of
10.5 MV/m while minimizing the amount of rf
power required. Because the FMIT is continuous
duty, the drift-tube faces are water cooled by
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Fig. 2. The drift-tube linac.

an independent cooling system. Bach drift tube
incorporates a quadrupole magnet that is also
independently cooled.

The final component in t;he linac is the
Energy Dispersion Cavity (EDC), which is requir-
ed to spread the energy of the linac by plus and
minus 750 keV so that the energy will be deposit-
ed at various depths in the lichium target. The
EDC is a simple ca^acitively loaded TMQ10 resona-
tor that: has a gap about equal fco the last gap
in the linac and a diameter equal to the linac
tank. It is driven slig}itj,y off the 80-MHz
resonance so that the resultant beat is only a
few megahertz.

High-Energy Beam Transport

The HEBT system8 is designed to transport
the 3.5-MK, 100-mA continuous deuteron beam from
the linac to either of two targets. The EEBT
must transport a beam with a total possible geo-
metric eaittance of 66.51T cm-mrad onnormalized
with a total energy spread of 1.5 MeV.

Figure 3 shows the layout of the HJSBT. The
first section of the HEBT is an extension of the
periodic quadrupole section similar to the quad-
rupoles inside the linac. This section is used
bo install beam diagnostics instruments required
for accelerator operation. The quadrupole
matching section is required to match the beam
to the bending system. The periodic bending
system consists of four identical bending mag-
nets with the angle of bend of the second and
fourth magnets reversed. A mirror image of this
system transports the bean to the second test
cell. Vertical focusing is provided by the
downstream edge angle of each magnet such that
the phase shift of the cell is 90° in both
planes with equal cell lengths in both planes.
The remaining magnets in the transport system
steer the beam and finally focus it to a 1-cm by
3-cm spot on the target.

Pig. 3. The FMIT HEBT svstem.

The entire HEBT will be suspended from the
ceiling to line up with the 10-foot beam center
line in the linac. This suspension system will
allow easy access to the HEBT for maintenance.

Radio-Frequency Svstem

The FMIT rf system" Is designed to deliver
a maximum of about 9 MW of rf power. The present
design requires 3.5 MH for the beam plus about
1.9 MW for copper losses. The final amplifiers
will operate at about two-thirds of their maxi-
mum ratings. A block diagram of the rf system
is shown in Fig. 4. The 80 MHz is generated by
a crystal oscillator and flows through the low-
power signal amplifiers to the high-power ampli-
fiers. Phase and amplitude control is done at
the low-power amplifier level. The high-power
amplifiers, which will be designed and con-
structed bv a commercial vendor, will each use a
single EIMAC 8973 tetrode as the final amplifier
tube. This tube has been evaluated at over
500 kW at 80 MHz and it appears quite satis-
factory for this application. The system uses
multiple drives in all tanks and it is designed
so that the accelerator can operate for a
limited time with one rf module out of service
in each tank.

The Prototype

A prototype of the first 5-MeV section of
the accelerator will be built and evaluated at
LASL to confirm the design choices in this part
of the FMIT accelerator. The prototype will
consist of a 100-keV iniector, an RFQ low-beta
accelerator, the first girder of drift tubes in
a short linac tank, and an EDC. All these com-
ponents, with the exception of the short tank,
will be exa> tly prototypical of the MIT accel-
erator parts. Four prototypical rf modules will
be used to supply the rf power for the RFQ and
the Iiinac; a special unit will power the EOC.
The control system and the vacuum system will be
equivalent to those in the FMIT system. The
prototype injector will begin operating in early
1980 and beam through the entire prototype
system is scheduled for early 1982.
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Design Status and Schedule

A conceptual design of the complete FHIT
- accelerator has been completed and approved.
Preliminary design has begun with emphaBis on
the design and procurement of the prototype
system. Completion of the design of the entire
accelerator system is scheduled for mid-1981.
Accelerator installation will begin in the fall
of 1982 with check-out beginning about a year
later. The entire facility is scheduled to
begin operating in September 1984.
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A HIGH-ENERGY BEAM TRANSPORT SYSTEM*

K.E. Melson,t J.A. Farrell, D..J. Liska, P. Meadsf+

Accelerator Technology Division
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

The High-Energy Beaa Transport (HEBT) systam
for the Fusion Materials Irradiation Test (EMIT)
Facility is to be installed at the Ranford
Engineering Development Laboratory (REDL) at
Richland, Washington. The linear accelerator
must transport a large emittance, high-current,
high-power, continuous-duty deuteron beam with a
large energy spread either to a lithium target
or a bean stop.1 A periodic quadrupole and
bending-aagnet system provides the bean trans-
port and focusing on target with snail beam
aberrations. A special rf cavity Mill spread
the energy in the bean so that the Bragg Peak is
distributed within the lithiun target. Opera-
tion of the rf control systea, the Energy
Dispersion Cavity (EDC), and the bean transport
magnet will be tested on ths beam stop during
accelerator turn-on. Characterizing the beam will
require extensions of beaa diagnostic techniques
and noninterceptive sensors. Provisions are
being aade in the facility for suspending the
transport system from overhead supports using a
cluster systea to siaplify maintenance and
alignment techniques.

Introduction

The HEBT system (Fig. 1) contains four sub-
systems: the EDC, the beaa transport optics and
other beam-line components, a beam spreader (a
quad doublet). a beaa stop, and the HEBT
support systea. The EDC must create a large
energy spread in the beam delivered to the
target. The beam optics must transport a large
eaittance, 100-aA deuteron beaa with large
energy spread at either 20 or 35 MeV to one of
the two lithium targets or to a beaa stop. The
lithium target requires an incident 1-ca by 3-ca
FNHM Gaussian spot whereas the beaa stop requires
a 16-in diameter circular spot. The beam
spreader and beaa stop have been provided for
tune-up using a pulsed beaa. A minimum 2.1-m
(7-ft) clearance aust be maintained between the
support structure and the HEBT hardware to allow
component maintenance.

The Periodic Beaa Transport System

The primary design consideration in the beaa
transport systea is minimization of beaa

spill to prevent unacceptably high activation of
components. The use of a magnetic transport
sysiiem with an acceptance equal to or greater
than the maximum possible output emi^tance of
the accelerator is the best way to ac-omplish
thi'9 minimization of beaa spill; however, care
roust be taken so excessively large apertures do
i.ot drive the magnet costs too high. Magnet
apertures are minimized with a properly matched
bean in a periodic systea. Although such
systems often appear to be complicated at first
glance, thev are invariably cheaper to build
because of the smaller aperture requirements,
relaxed tolerances, shared power supplies, and
aany identical components.

The simplest method of transporting the beam
the relatively short distance to the first
bending magnet is to extend the periodic struc-
ture of the linac. The quadrupoles are slightly
weakened to compensate for the lack of rf
defocusing. A matched beaa in the accelerator
will, therefore, be nearly matched in this
section. The periodic quad structure offers the
advantage that diagnostics in this section can
give the operator an indication of the bean
conditions inside the machine because of the
nearly identical focusing structure.

The bending magnet system is also peri-
odic, consisting of four identical magnets with
the angles of bend of the second and fourth
aagnets reversed. Vertical focusing is provided
by the downstream edge angle of each magnet.
The edge angles are adjusted so that the phase
shift of a single-bend cell is 90° in both
planes. The calculations were done using the
computer code, TRANSPORT.2 This arrangement
is achromatic because any systea composed of
n identical cells of phase shift ]i such that
nji « 360° is automatically achroaattc and
all second-order geometric aberrations are also
zero. Second-order chromatic aberrations can be

FMIT HEBT

*WOrk performed under the auspices of the 0. S.
Department of Energy.
TWestinghouac/Hanford Engineering Development
Laboratory employee working at the Los Alamos
Scientific Laboratory.
+t Wm.M. Broback s Associates, Berkeley, CA.

Fig. 1. The FMIT HKBT.
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corrected easily with the introduction of sex-
tupoles3 but this is unnecessary in the
present case,

The bending magnet apertures remain quite
••tall because there are no quadrupolca in the
region of high dispersion. All four bending-
•agnets can be run in series on a single power
supply. A airror image of the bend system
provides the transport to the second target cell.

The quadrupole array following the linac is
Matched to the bending-nsgnet system using a
scheme devised by K. L. Brown.4 The required
Matching conditions are determined from the
transform Matrix, R, of a single cell. The
Courant-Snyder parameters are

R22>

1 (R11 " R22>

"x " 2 sinxy ' a n d

12
Mx " sin ux

with similar equations for the yr-plane. The
matching system is constructed by placing a
matching quadrupole ,Q1, midway between waists
of the periodic quadrupole system (where 8X » R ,
OJJ « -Oy) and a second quadrupole, 02,
at the corresponding location in the bending-
magnet system. Two fixed-strength quadrupoles
are added to complete the matching system, vhich
has a 90° phase shift in both planes from the
center of Ql to the center of Q2. This proce-
dure essentially decouples the two matching
conditions, with Ql controlling f! (in both
planes) and Q2 controlling a at the match
point, which is at the center of Q2. The drifts
at each end of the matching system were varied
slightly to compensate for the fact that a quad-
rupole does not behave quite like a thin lens
with Fx - -Fy.

Transport from the last bending magnet to
the target can be accomplished in a number of
ways. The last four quadrupoles are adjuster) to
obtain the desired spot size at the target. The
large energy spread and the potentially large
emittance coupled with the relatively small
(1-cm vertical spot required at the target)
require that chromatic and third-order geometric
aberrations be considered. Calculations were
made using the computer code TOOTLE5 with
modifications to include the bimodal momentum
distribution. The results indicated that,
depending on the emittance, it may be impossible
to achieve the desired spot size if the last
quadrupoles are too far from the target unless
the aberrations are corrected. Correction of
the aberrations could be done with sextupoles
and octupoles but a much simpler procedure is to
place the last quadrupcle close to the target
(within 50 CM) in which case the aberrations are
negligible.

Other Systems

Energy Dispersion Cavity

The EDC is a special rf cavity at the end of
the linac that operates at a frequency slightly
different from the 80 MHz of the accelerator
itself, so that the energy dispersion is a
"beat* of a few MHz. The cavity is a T*OiO
resonator that has a gap about equal to the last
gap of the drift-tube linac. The EDC is
amplitude controlled but not phase controlled.
Frequency control is not critical. The current
design creates a +750-keV spread in beam energy
with a dispersion profile that is a strong
function of the inherent linac dispersion and a
weak function of beat frequency. Positioning
the cavity at the end of the lxnac permits its
use for either beam-line branch.

Beam Stop

A beam spreader aid a beam stop have been
provided for initial tune-up purposes using an
H2

+ beam In a.pulsed mode or a very low,
steady state current of deuterons. Because the
fill time of the linac tanks is under 2 ms,
10-«s culse widths can be used to exercise ade-
quately the operation of the rf control system,
the set points of the drift-tube quads in the
linac, and the HEBT up to the first bending
magnet. The short pulse widths allow low duty-
factor operation at full peak power, which
greatly simplifies the design, construction, ami
expected lifetime of the beam stop. The beam
stop sill utilize the calorimeter principle and
resembles the Lawrence Berkeley Laboratory
designs, which consist of two thick an! angled
copper plates joined at the apex.'

Beam Diagnostics

Monitoring the progress of the transported
beam will require noninterceptive sensors such
as current transformers, magnetic position
monitors, inductive pickups, and spill
detectors. The information and feedback from
these sensors Must be processed through the
control system and then returned to beam-
handling elements with sufficient speed and
sensitivity to correct out-of-bounds conditions
with minimal spill of the deuteron beam. The
feasibility of providing profiles of the density
distribution within the beam by viewing (and
digitizing) the light emitted from recombination
processes of ionized residual gases in the beam
tube is being studied. Three such optical
profiles may be converted to a two-dimensional
density plot and three or four such density
plots from differing transport conditions may be
reconstructed to give emittance information.

Further requirements for the diagnostics
system include measurement of longitudinal
phase, and verification of the required energy
spread on target. The shape of the beam spot on
target must be well defined because it is the
source both of 3.5 m of lithium target heating
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ana of the product neutrons. These aeasureaents
must be made reliably in the presence of quite
intense neutron fields.

Bean-line Suspension System

The facility is being designed to allow the
transport system to be suspended from overhead
supports to facilitate mechanized Maintenance of
activated components. The transport support
system is a grid of I-beams supported by the
walls of the building. Alternate methods are
being studied for attaching the beam-line com-
ponents to the support system and a variety of
mounts have been proposed. The mounting stand
will give all degrees of freedom of movement to
the element to allow for its proper alignment.
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STATUS OF THE VARIABLE FREQUENCY HEAVY ION LINAC, RILAC
M. Odera, Y. Chiba and T. Kambara

Riken Institute (The Institute of Physical and Chemical Research)
Wako-shi, Saitama 35.1 Japan

Table I

A variable frequency heavy Ion linac is under
construction at the Institute of Physical and Chem-
ical Research (IPCR). The linac operates in TI-3II
and TT-TI modes and Its acceleration frequency can be
set between 17 and 45 MHz, The raxinum energies
of ions are 4 MeV/amu for light ions and 0*8 MeV.amu
for heavy ions. The characteristics of the linac
and the present status of the construction are
reported in this paper. A plan for an energy
booster of the linac Is described.

Introduction

RILAC under construction is a -n-mode variable
frequency heavy ion linac. It realizes efficient
acceleration of a variety of ions by choosing the
acceleration frequency according to the charge-
to-mass ratios. Therefore the design of the
resonators differs from that of fixed-frequency
linacs. It consists of six quarter-wavelength
resonators excited by six rf amplifiers separate-
ly . The acceleration frequency can be set between
17 and 45 MHz. The construction work was started
in 1975, and the installation of major equipment
'"»as been more than 90% completed.

In parallel with the installation work,
several preparatory tests of individual elements
of the linac, such as rf excitation of the cavity,
beam acceleration by the injector, and a check of
the injection beam line optics, were perforn<ed.
Remaining installation, work, such as the wiring
of the control system,will be finished this
year.

In this paper, mechanical and electrical
characteristics of Lhe linac, status and scnedule
of the construction work and a future project
of the accelerator facility will be described.

Accelerator Outline

Figure 1 shows a layout of the facility.
Figure 2 is a photograph of the acceleraCor taken
in the linac vault in June. The cavities have
unusual shapes, as illustrated in Fig. 3, to meet
the requirements of frequency variability and
mechanical rigidity at the same time. Each of six
rf amplifiers has two long stubs for impedance
matching at the outpuf stage. Owing to the stubs,
the housing of the amplifier is very tall.

The injector terminal with a volun?2 of 4x4
x2.5 cubic meters is shown in Fig.4. Maximum
acceleration voltage of the injector is 500 kV.

An example of energies of ions are listed in
Table I, Those energies can be obtained without
any charge stripping procedures. If it is necessa-
ry to save rf power, a charge stripper can be
inserted between the fourth and the fifth cav-
ities, then the charge-to-mass ratio of Che ions
increases by a factor of three, which cuts the rf
pcrfer dissipation in the following cavities by
an" order of magnitude.

Ten experimental sites are provided in three
shielded rooms. Research proposals submitted co .• »r
many fields nuclear physics, atomic physics,
solid state physics, radiation chemistry and
biology. Requests for particle species, beam
intensity and beam quality are varied. There

Ion

12C3+

2 0Ne 4 +

4 0Ar 7 +

84 R r8 +

132Xe9+

238 10+

m/q

4

5

5.7

10.5

14.7

23.8

Accelerating RF
freq. Voltage
(MHz) (MV)

45

39

39

31

25.5

20

16.5

16.5

18

20

20

20

Energy
(HeV/n)

4

3.1

3.0

1.9

1.36

0.84

is no plan of simultaneous multiple beams at
present. The linac can be operated in a CW mode for
most beams and. If a pulsed bear* is desired,
it can be produced by a chopper in the injection
beam line.

Resonators

As shown In Fig.3, the cavity is a quarter-
wavelength coaxial resonator. It is made of copper
-clad steei except for drift tubes. The resonant
frequency of the cavities ranges from 17 to 60
MHz, but the ui iformity of the acceleration volt-
age across eac'i drift tube gap was found guaran-
teed only up to 45 MHz. Coarse frequency tuning
is made by a movauje shorting device, fine tuning
by a large capacity c. jipensator and very fine
tuning by a small capacity compensator. The posi-
tion of the shorting device is preset according
to the velocity of the ions. The large compensator
is used to accommodate the thermal tuning drift and
the small one is coupled with a tuning error de-
tector which automatically keeps resonance.

Figure 5 shows the frequency span and Q-values
measured for some cavities. The distribution of
the accelerating voltage and its frequency depend-
ence were reported at the 1976 Linac Conference.2

Two turbomolecular pumps (2-'iO0 Jl/s and 5000 H/s)
are used in the vacuum system o£ each cavity and a
final pressure of 3*1G~7 Torr has been achieved.
In order to keep the vacuum clean, only welded
bellows are allowed to introduce mechanical
motion into the cavity.

Drift Tubes

Every second drift tube is electrically con-
nected to the outer conductor of the cavity. The
drift tubes have outer diameters of 160 nnn and
contain quadrupole magnets. They are supported
by a hollow beam of squa ~:j cross-section .
Electric current and coolant are ftd to the quad-
rupole magnets through the inside of the beam. The
drift tube shell is made of oxygen-free copper,
electron beam-welded.

Alignments of the magnetic axis of the
quadrupole magnets were measured by the hot-wire
method.-**4 Accuracy of the alignment is within
0.1 mm.
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Two types of coils are used for the quadru-
pole cagnctti : tape coil type and qtiadrant
stacked type. The maTt-fnnm power consumption of
a quadrupol? magnet is 600 W at 7 kG/cm for pole
tip distance of 23 nm. The smallest beam aperture
is 20 no.

The other drift tubes attached to the inner
conductor of the cavity are made of solid copper
and water-cooled. The outer diameter of them is
100 - 160 nun and no quadrupole magnets axe set
in them. Figure 6 is the view of the drift tube
array seen from a cavity window.

.Radio-Frequency System

Figure 7 is a block diagram of the amplifier
system. The first amplifier was constructed and
tested from 17 to 40 MHz with a water-cooled
resistive load and then fron 20 to 30 MHz with
the first cavity coupled through a feeder,in Janu-
ary 1979. The first: rf system drove the cavity
through the multipnstoring region within two hours
after the start-up and about 80% of designed volt-
age was achieved a few days later. For the ampli-
fier test, a temporary plate power supply and
cooling sysiiin vere used, which were then removed
and replaced by permanent units in the spring of
1979. The remaining five anrplifiers and power
supplies were rnanufactured by vendors with some
modifications found necessary by the power test
of the first unit. The installation of the ampli-
fiers and related power supplies began in April
and was finished in August. The power feeders are
scheduled to be installed in September and will be
completed in the middle of October 1979.

The rf tuning, phase and amplitude in each
unit are controlled locally by hard-wired feed-
back circuitry. The positions of Che shorting
device, cat acities and stubs are preset by the
control system computer at the beginning
of each machine time - The reference values of

• the phase and amplitude are given by the computer.
The hardware for automatic feedback and inter-
face to the computer system are now under
fabrication.

Control System

The control system uses a minicomputer
HP2171A and the IEEE-48S Interface Bus (GP-IB).
As the interface between the accelerator and
the computer, four data stations are installed
in the linac vault and one in the control room.
Those in the linac vault are connected to the
computer by a serial data link and GP-IB.
A control console with two CRT's is used for the
man-machine interface.

The installation of the control system
started in June and will end in October 1979.
Figure 8 shows a block diagram of the control sys-
tem.

Beam Test

At present, acceleration tests of the
injector and studies of the in.ie.-ti.on beam line
optics are performed using singly charged ions
of Ht N» and Ar. An axial extraction PIG
ion source installed in the injector terminal

is used for the tests. A side extraction:PIG ion
source to produce multiply charged ions will be
usable from next spring. Beam acceleration tests
with the first rf system were started in September
using N*+ ions.

Schedule of Construction
and Operatiop

Those remaining items of the liwc to be.
installed and debugged before starting accelera-
tion tests are the control system,beam buncher,
beam attenuator and beam monitoring devices. At
present, it is supposed that minimum conditions
to begin acceleration tests will be satisfied at
the end of October 1979. Acceleration tests are
planned to continue until spring 1980 3nd then
use of the facility for research will begin.

Plan for Future Extension
of the Facility

Since the energies of heavier elements(A=50)
art Insufficient for the study of nuclear
reactions, an^energy booster for RILAC is
being proposed. Our intention is to build a
separated sector cyclotron as a post-stripper
accelerator and to amplify the energy of ions by
a factor of roughly twenty. Figure 9 is a layout
of the proposed facility and Table II gives
tentative characteristics of the cyclotron. The
parameters of the RF systems of both machines can
be well synchronized owing to the frequency
variability of the linac. If approved, the
facility will be a powerful tool for multi-
disciplinary research.

Table II

Characteristics of proposed cyclotron

,,37+
Maximum Energy for U
Maximum Energy for C , NeA

Number of Sectors

Sector Angle

Injection Beam Radius

Extraction Beam radius

Number of Dees

Peak Voltage

RF Frequency

Number of Harmonic Acceleration

15 HeV/a

80 MeV/n 4
(120 MeV/n)

4

50°

78 cm

338 cm

2

250 kV

17-45 MHz
* *

4 , 6 , 8, 12

* $xi AVF cyclotron used as an inj ector for
light ions.
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Fig.l. Layout of the RILAC facility.

Fis.2. RILAC seen from upstream side.

Cross Section A—B

JPmm

Fig.4. High-voltage terminal of the injector.
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1.0M 2.000 3.000

Position of shorting device

Fig.5. Characteristics of resonators.

Fig.3. Resonator schematics.
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Fig.6. Drift-tube array.

200 kW power supply i
for N3-1 arr*p. }

other Block Diagram of RF System
units

Measurement
Conkol -

Signal
CoreStionw

/Magnet PS.
RF Device

>HV Source

Fig.8 . Control system.

FfOmLNAC

Fig.7. Block diagram of the power amplifier. Fig.9. Proposed facility layout.
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1979 LINEAR ACCELERATOR CONFERENCE

ACCELERATING STRUCTURE PARAMETERS OF THE iffiW ENGLAND .NUCLEAR CORP. PROTON LINAC

D. Comastra
Hew England Kuclear Corp.
N. Billerica, Mass. 01862

The design parameters of the Hew England Nuclear
(HEN) 45-HeV Linac are presented. Emphasis is
given to the omall drift tube geometry used in
conjunction vith permanent magnet drift tube
quadrupoles. Single cell and multi-cell rf cavity
computations, as well as raultiparticle dynamics
results are discussed.

Linac Geometry

Preliminary design plans for a proton linac at NEW
called for conventional electromagnetic quadru-
poles for radial focusing at the low energy
(0.75 MeV - 5 MeV) section of the accelerator.
These electromagnets were tc be followed by per-
manent magnet quads at higher energies, where
gradient requirements are lower. The accelerating
structure dimensions were to be similar to other
facilities (BIIL, CERU, LASL).1

In September of 1978 it became apparent that a new
permanent magnet design, being developed by
K. Halbaeh2 of LBL and R. Holsinger3,7' of NEW
would allow the construction of magnets of
sufficient strength to provide focusing for the
entire linac. Since the outer diameter of magnets
of this type with V10 Kg pole tip field is 7 cm,
drift tube sizes approaching this value could
conceivably be used. It was decided to investi-
gate a geometry with a drift tube diameter of one
half the conventional dimension of 18 cm. Several
advantages are inherent in a design employing
small permanent, magnet quads. Primarily, they
allow a geometry which has a shunt impedance
higher than standard geometries, thereby offering
the possibility of reduced power requirements.
Secondly, engineering problems associated with
drift tube quad power and cooling are eliminated.
Also, drift tube length manufacturing tolerances
are eased, since a deviation from design length
has less effect on frequency than larger drift
tubes.

The first step in geometry evaluation was to esti-
mate the tank diameter required for 9 cm drift
tubes and reasonable values of gap length to cell
length ratios (g/L). This was done using data by
Wilkins.5 Single-cell geometries vere then -.
computer modeled using the program SUPERFISH,
which calculates resonant frequencies, fields,
stem effects, power requirements and dynamics
coefficients (T» S, etc.) for the unit cell. Gap
lengths were adjusted to achieve resonance at the
design value of 201.25 MHz. Given the average
axial field (E o), che synchronous phase ($ s), and
the dynamics coefficients from SUPERFISH, sub-
routine GEULIN of the program PARMILA7 inter-
polates parameters of each cell in the linac and
calculates exact cell dimensions, power require-
ments and the total number of cells. Several
different geometries were evaluated in this
manner.

For the linac section from injection (780 keV) to
5 MeV, a 110 cm diameter cavity was found to
offer high shunt impedance, reasonably high values
of the transit time factor and low drift tube

surface fields. A geometry change at 5 MeV was
dictated by a decreasing transit time factor (T),
due to the increasing g/L values required to main-
tain resonance. For a design of this type which
utilizes small drift tub^s snd larger tank dia-
meters, g/L values have to increase more rapidly
than in more familiar geometries.

At 5 MeV a cavity diameter change to 106 cm allowed
g/L to be reduced to 0.216 which increased T to
0.85. This diameter is used to 22 MeV, where again
low T values require a change in geometry to main-
tain structure efficiency.

The overall design (Fig. 1) achieves an estimated
15 - 20% savings in rf power in addition to trie
power savings from the use cf permanent magneta.

Transition Regions

Unlike most previous linacs, where cavities of
different diameter are separate, the IJEIJ linac
will have one tank of three different diameters
(110, 106, and 102 cm). The changes in diameter
are made rather abruptly at "transition regions"
which were extensively modeled with SUPERFISH
(Fig. 2). These multi-cftll computations showed
that the effect on the axial electric field was
very small. Specifically, the diameter change
at cell 28 perturbed cell 26 and cell 30 less
than 1%. Average axial E-fields at cell 27
(increased) and cell 29 (decreased) were changed
by ^2.5%. When these perturbations were modeled
with the dynamics program and compared with flat
E-field dynamics data, no significant differences
in longitudinal phase space plots were observed.

Dynamics Parameters

General Design Principles

Because the linac will be used to accelerate high
average currents, basic dynamics considerations
have centered around minimizing the possiblity of
beam loss in the structure. A small average beam
size and large transverse acceptancr dictated
high quadrupole gradients in a +-+- (N=l) con-
figuration.

Also, we have attempted to match the beam longi-
tudinally as well as transversely to minimize the
emittance and beam size growth through coupling
effects due to space charge forces.

Quadrupole Groups

As mentioned previously, transverse focusing will
be provided, by Samarium-Cobalt permanent magnets.
The first of three magnet groups has the highest
gradient readily achievable consistent with the
drift tube geometry. Bore-size increases at 5 and
22 MeV decrease the radial space available for
magnet material and therefore significantly
decrease the quad gradient. To reduce the serious-
ness of mis-matches between sections, magnet
lengths are increased (in half-inch increments) at
these points. In this manner the quad focusing
"strength" (effective length x gradient) is kept
more nearly constant. The operating points on the
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familiar stability diagram^ (.zero space charge)
are shown in Fig. 3. Single particle radial and
longitudinal oscillations (Fig. M as well as
multiparticle, sero space charge, horizontal and
vertical profiles (Fig. 5) were used in selecting
the final quadrupole group parameters.

The central position on the stability diagram of
the group I magnets suggests a high value for
the transverse acceptance, PARMILA computations
indicate a value of approximately 50ir cm-mr for
the transverse phase space (space charge forces
neglected) area.

Chasman^ and BatehelorlO have investigated the
parameters associated with matching in 6-D phase
.space assuming a uniformly charged ellipsoid.
Using the formulation presented in that work, a
computer programll was vritten to find the matched
team input parameters (average beam size and
energy spread), given an initial phase spread and
transverse emittance. This data was then used to
estimate transverse ana longitudinal beam Para-
meters (alpha, beta, AW) when a more realistic
beam (non-uniform charge distribution) was input
into PARMILA. Emittances and beam profiles were
then plotted (Fig. 6). Once we had determined
the matched beam parameters in this manner with
this somewhat idealized beam (ellipsoidal in
longitudinal as well as radial phase space), the
next step was to attempt to approximate the Aij>-AW
phas.e space ellipse with the launcher (CERK design
harmonic type). Because the effective voltage
required for a well matched beam is known, the
dynamics program was used to find the buncher-
linac distance which effectively populated a
specified phase spread of 27°. With buncher
voltages of 27 KV and 10.8 KV on the 200 MHz and
U00 MHz bunchers, respectively, this distance
was found to be 125 cm. Figures 7 and 8 show
50 mA beam profiles with a bunched beam input.
Capture efficiency is calculated to be ̂ 85%.
Those particles outside the longitudinal acceptance
are lost before 5 MeV and therefore should not be
a significant source of induced radioactivity.

The low energy beam transport (LEBT) focusing will
be provided by three <iuad triplets before the
buncher and four quad singlets after the buncher.
Program TRACE-^ has been used extensively in
modeling LEBT, especially that section after the
buncher which is used for transverse matching
into the linac Figure 9 shows an example of
TRACE output in this beam line section.

Conclusion

Extensive computer analysis of the accelerator is
nearly complete. Simulation of particle dynamics
and computer modeling of the accelerating struc-
ture indicate that the small drift tube geometry
and high gradient permanent magnet focusing will
give NEN a linac capable of efficiently accelerat-
ing high average beam currents.
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Parameter

Cavity Length

Cavity Diameter

Input Energy

Output Energy-

No, of Cells

Cavity EF Power (Approx.)

Synchronous Phase

Axial Transit Time Factor (T)

Average Axial Field (E \

Peak Surface Fieia

Average Shunt Impedance (Z)

Drift Tube Diameter (.d)

Bore Hole Diameter (iffl)

Upper Profile Radius (r)

Lower Profile Radius (x. )
he

Stem Diameter

Gap/Cell Length (g/L)

Quadrupole Length

Quadrupole Gradient

Unit

M

M

MeV

MeV

m
Deg.

MV/M

MV/M

MV/M

cm

cm

cm

cm

cm

cm

Kg/cm

Cavity Section: X_

2.85

1.10

0.78

!i.97

27

0.25

-30

O.65S-.7U5

2.30

11.0-9.1

78.0

9.0

2.0

2.0

0.5

2.86

0.2U2-.352

3.81

8.80

2_

10.20

1.06

U.97

21.95

1*3

0.79

-26

O.85O-.75O

2.30

13.6-12.1

88.6

9.0

2.50

2.0

0.5

3.13

O.2lf-.365

5.08

6.00

3

lU.60

1.02

21.95

U5.3U

38

1.16

-26

O.83li-.721

2.30

IU.5-II4.I4

86.9

9-0

3.0

2.0

0.5

3.18

0.283-.376

7-62

3.80

Fig, 1 Geometry and Dynamics Parameters

PROS. NAME = CELL TRAN CYCLE HO. = 3

Fig. 2 Transition Begion SUPERFISH Output
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3 •
LINAC EFFICIENCY and BEAM QUALITIES in p, d, 2 He and 2He ACCELERATION

JP. Auclair, PA. Chamouard, JL. Lemaire,
Laboratoire National Saturne

C.E.N. Saclay, France

Rejigs of d̂ utftron (d) and two helium iso-
topes izRe and 2He

 + > acceleration with the
20 MeV SATURNE proton linac injector, operated
in the 26X mode are presented. Included are dis-
cussions of operation of the ion source, low
energy beam transport transparency, longitudinal
and transverse matching to the linac, linac effi-
ciency, consequences for the high energy beam
transport tuning and the best achievements.

Introduction

The 20-MeV Alvarez linear accelerator
was designed to accelerate protons. Over the
years experimenters expressed interest for
heavy ions such as deuterons and helium. Accel-
eration of these ions has been achieved with
the present linac. As krown, acceleration
is possible for Ions having a charge-to-mass
ratio e = z/A = «- provided they enter the linac at

the right velocity and keep in synchronism with
the accelerating phase. As a consequence, the
linac has to be run in the 2BX-mode . ' Tne
final kinetic energy is 5 MeV/A which is 10 MeV

3 "t
for deuterons, 15 MeV for 2He, 20 MeV for 2He.
Good optical qualities of the accelerated ion
beams were the main goal so the output current
was intentionally reduced but the best perform-
ances stand respectively at 63%, 32% and 20%
efficiencies for p, d, and ',He.

Injector System of Saturne 2

The injector layout is shown in Fig. 1. It
shall be briefly described below.

The ion source is a duoplasmatron type
housed with the accelerating column inside a
pressurized preaccelerator. It delivers single
charge state ions accelerated up tr 800 kV,
during a beam pulse of 400-iis duration . at
a repetition rate of 1 Hz, for normal operation.

Since the low energy beam transport has been
redesigned for a better transverse matching to
the linac.higher beam brightness has bean
achieved . A single buncher at the fundamer-
*- 1 frequency is installed for matching in the
-ongitudinal phase space.

The design synchronous phase of the 200-MHz
linear accelerator is 45° for the initial gaps,
tapered to 25° for the final gaps. At the very
end of the linac the mean energy of the beam is
made to vary by 3% through the use of a 200-MHz
ramping cavity to deal with the injection
method.

The high energy beam transport is an entirely
new design" which is a strong focusing system made
of triplet quadrupoles and separated achromatic
sections allowing easier setup of the line. In
addition to the usual beam diagnostic system a
debuncher was installed which is not only sufficient
for reducing energy spread but for stabilizing of
the mean energy during the pulse.

(IAIN RING

PREINJECTOR
BUNCHER

LINAC

ACHRO 3
Fig. 1 Saturne injector.
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Preinjector
and Low Energy Beam Transport Operation

Ion Production - Intensity Limitation

The operating mode of the preaccelerator
produces single charge state ions (the duo-

plasmatron source gives H / D , 2He
 ar"3 jHe ' '

therefore one has to use a stripper for He oflera-
r.ion. It is made of carbon foils of IC-pg/cm
tnickness, mounted on a rotating frame. A set of
14 foils will allow approximately 240 hours of
running. Swj.LJ.iing between different species Lakes
a few hours depending upon the type of iniuresid-
ual radiation.different focusing and n.tolerating
voltages). The measured stripper efficiency for
both helium isotopes is 50%.

Let W. be the kinetic energy of an ion beam
entering the linac

Deuterons

Cal. Obs. Sc';i? .<..; Ciper. Scalin;- Opr.

Preaccel.
Volt.(kV)

Output Cur. _,
VBI (;iA)VBI

750

50

790

18

375 375 562.5 600

25 37.5 17

Table 2

Einittance Measurement

The beam intensity is measured with either
Faraday Cup current monitors (graphite plate
biased by a resistor) or current transformers.
Also used are aluminum oxide flags coated with
CrO2 to observe both size and shape of the beam,
the beam image being displayed on a TV monitor.

B. is the same for all heavy ions- As mentioned

above, Bp
h where

h is the number of rf periods needed when an ion
travels from one gap of the linac to the next one
(h = 2 in the 2BX mode). Therefore accelerating

2
voltages and electrostatic lenses scale as 1/eh
while magnetic fields scale as 1/eh. Space charge
however scales as 1/eh The preinjector and the
LEBT line have been designed to deliver 100 mA
of protons at 750 kV

Table 1 gives the expected values which
correspond to the scaling and the operational
results for protons ana deuterons.

Preaccelerator
Voltage (kV)

Output Current
VBI (mA)

Protons
Design

1000

100

Obs.

750

40

Deuterons
Calc.

375

25

Obs.

375

25

Table 1

The corresponding results for d, .He and

,He are given in able 2. The accelerating v ilt-
ages as far as helium isotopes are concerned are
higher than the scaled values due to the energy
loss through the stripper carbon foil. It is in

good agreement with — = 2.10 HeV/g/cm which
is about the same for the two species.

The emittance is measured in the following
way : the beam is mujked by a graphite plate in
which cylindrical holes are horizontaly spaced,
defining elementary beam pencils. The analysis
of angles is made by a collector containing 48
copper strips deposited on an aliiraini'jm-oxide
plate. This measurement is performed 6 times
in the same pulse using an analog device' and
the results are displayed with the aid of a micro-
processor. Figure 2 shows a typical display
(collector spectrum and emittance contour for
different thresholds).

250

200

150 \-

Jiii I

a) collector display
10.00
8.00

4.00 h

S 0.00
E -2.00 (-

-400 [
-600 I-
-800

-10.00
~-\6 -12 -8 0

mm
12 16

b) emittance contour for different
thresholds

Fig. 2 750 keV emittance measurement
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Thi precision of the measurements is about
20Z which Is rather bad for an absolute value of
the emlttance but good enough to control the qual-
ity of the beam coming out of the ion source and
emittance growth through the linac. However
it has a great advantage of being very fast and
giving the shape of the emittance 6 times in any
single pulse.which permits quicker investigation
of ion source behavior. Experimental results
are given in Table 3 for different ions.

3 + 4 +
protons deuterons He He

beam
intensity (mA)

normalized emit-
tance for 90% &
80% of the peak
distribution
(mm.mrad)

2.0
1.6

25

0.8
0.5

15

0.8
0.5

16

1.5
1.0

L cos (2hir/L)dz

ce l l

Table 3

Ez d z

cell

The most severe limitation appears to take
place in the first cells where the transit-time
factor is as low as 3 times that for 3X operation.
This leads to very high gap voltage requirements
which ara beyond the possibilities of the linac
and sparking is most likely to occur.

Before givine the experimental results, it
is worthwhile to establish the equation for the
longitudinal acceptance. For the phase it is of
the order of Aifi i< 30 , taking into account the

former considerations about transit time factor
and maximum acceptable rf field. Then the energy
acceptance becomes :

Linac Operation

Theoretical Aspect

The fundamental relationship is the energy

gain per cell. The following approximation was

used:

AW,.

where E. is the mean accelerating field, L the
h

cell length and T the transit-time factor

corresponding to the harmonic number h.

A AW , AW
P P

Along the accelerator AW. - .n n
being the energy gain by a proton in the normal
operation mode. According to this, the final
energy will be

h n p

Once the energy gain is fixed, it turns out
that the following equation has to be satisfied
in order to get acceleration.

E = 1 /Ep Tpcos (j)p
h Eh t COS 1

with T.

Actually the calculations used the
correct relation for the transit-time far or
because it is a crucial parameter and errors can
rapidly grow too large.

where f (<j> ) = (j) cos

Experimental Results

- s i n <f>.

The linac acceptance in energy and phase
was measured first for protons using the usual
flattened field in the f3X-mode in order to have a
reference, then for deuterons and ''^He2* using

the maximum power available and the calculated
tilted field (Fig. 3).

UlCUUTID RF FIELJ} FOR EXUTERa DFENATKn

Fig. 3 Tilted rf f ie ld in 2BA-mode
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The experiment consisted of measuring the
ratio of injected and accelerated ion current of
a non-bunched beam as a function of injection
energy, using downstream and upstream current
transformers. Different tilted fields were
tried, to deal with the previous remarks and to
keep the transverse stability of the beam.
Consequently, the focusing quadrupole laws had
to be modified, and we had to find out a compro-
mise between the required tilt and the maximum
power available for the quadrupoles. Table 4
gives the compared results.

fRT-fJClHS

\

V\

XMUWOL ui

IWO Ll«:

BCITID L IC:

c ^ sm K i, •

FMS£ LIRIT i ^ - O

( H M T I K tf FIEU)

•V"^-— „-*.

Input C.T. (raA)

AWh (keV) measured

Aw =
K

A*.

Output C.T. (mA)

Linac efficiency

Energy spread (keV) -125

25

±90

100

±80

13.5

52%

) --125

15

±25

38

±7

4 .5

30%

±85

13

±50

39

±11

2 .5

19%

±110

17

±80

42

±15

3.5

21%

±140

i.62" + 30"

Table 4

" Measured with a peppar-pot of 10% transpar-
ency. Therefore the increasing is due to
longitudinal space charge effects.

t Beam current leaving the pepper-pot was too
small to measure.

Proton results are in good agreement with
the expected values in normal operation but as
far as heavy ions are concerned it is clear that
the rather small phase acceptance (<j> ^ 13°) does
not fit with the energy acceptance results. The
first conclusion is in agreement with Ref. 2
but we did not observe what they pointed out
about the choice of the preaccelerator voltage.""
Looking at Fig. 4 where we have drawn the
stable boundary defined by the rf field
and dotted line representing a possible rf field
taking into account an error margin, one sees
that instabilities are likely to happen for cell 1
and further downstream for cells 37 to 45. There-
fore losses should occur,but unfortunately we did
not pursue the theoretical computation.

In our case, changing the preaccelerator
voltage did not increase linac efficiency for
deuterons like they suggested.

Fig. 4 Operating tilted rf field

High Energy Beam Transport Operation

fleam Optics - Beam Diagnostics

The transport line is made of 4 separated
achromatic sections which can be theoretically
set up independently. The elementary cell
is composed of 2 bending magnets and a focusing
quadrupole, the latter being movable to cope with
space charge mismatching. Transverse focusing is
achieved with triplet quadrupoles which bind the
achromatic sections together. The last achromatic
section includes an electrostatic deflector
(B = 50 kv/cm) whose septum is a stainless steel
foil of 0.5 mm thickness) and an additional
quadrupole to perform both matching to the main
ring and final achromatism. This strong focusing
system is then easy to tune step-by-step and
allows one to save time. Steering magnets are
provided to properly center the beam through che
line • All magnetic elements are computer
controlled and computer aided operation is
essential for different particles.

The beam diagnostic elements are located all
along the line . It was decided to measure beam
current and position in two different v/s in
order to improve reliability and co-'.dence. They
are very similar to the ones described previously
for the LEBT.

A 39 - bending magnet, inserted between
achromatic section 2 and 3, allows momentum spread
measurements with and without debuncher. This
measurement has the disadvantage of being destruc-
tive . A graphite slit samples a beam of 0.5 mm
width ; the resolution of the detector is
25 keV for protons.

Emittance measurements are performed at the
end of the linac using a method similar to
that in LEBT. The acquisition electronics
are identical for all detector devices, and
allow 6 measurements in the pulse duration. Both
momentum spread and emittance measurements are
analyzed and displayed by the central MITRA-125
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Momentum Spread and Emlttance Experimental Results certainly due to a smaller beam intensity.

Momentum spread is measured after a drift
length of about 10 m allowing longitudinal space
charge effects to occur if they are present.
Usually results are taken at 80% of the peak value
(Fig. 5) and are given in Table 4. There is a
constant AW/A ^38 keV for deuterons and helium in
rather good agreement with theory which shows
that linac behavior is the same for these particles.

In addition, it is clear from the measure-
ments with the pepper-pot, that longitudinal space
charge affects momenturn spread even for deuterons.
Unfortunately for He ions, the net current
leaving the diluter was too small. The approxi-
mate factor of 2 measurement of momentum spread
increase is also in agreement with theory and can
be reduced to a more acceptable value by running
the debuncher (±50 keV for protons and less than
±12 keV, which is thr present resolution of the
collector, for deuterons). The improvements of
injected intensity and injection stability were
straightforward.

' I I I ,

Ililh
mil,

illii
III! ,

> , l l l l l ,1 ,
10

Fig. 5

20 30 40

Momentum spread and ramped
energy display

3 gave low-energy bea
e . Correction for

beam emittance for
and 5HeT . Correction for multiple scatter-

ing leads to larger values for the emittance.
It was evaluatedjUSing the following formula

2H"for zHe et

2+

Table 5

2+

a (LEBT)

(mra-mrad)

a (KEBT)

(mm-mrad)

90%

80%

90%

80%

2

1

5
2

.6

.5

0.8

0.5

2.7

1.5

2.

2.

5

2.

6

3

3

2

2
.9

.4

-
_

Fig. 6 Emittance versus accelerated
current

1-20

-20 -
temps 2 temps 4 temps 6 ~

-10 10 -10 10 -10
mm

10

Fig. 7 HEBT emittance measurements at
3 different times in the same pulse

r ISMeV
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rad
where p is the mean momentum

L is the foil Jhickness
L . * 50 g/cm radiation length for carbon

The corresponding results are given in Table 5
where low and high energy beam emittances are
compared, while emittance values versus acceler-
ated current are plotted in Fig. 6. The trans-
verse emittance growth is then seen to be about
a factor of 2 for protons, which is a normal result
according to theory, and 3 for deuterons. For He,
net emittance growth is not observed, which is

Conclusion

The final goal is to inject the maximum
intensity of good quality beam into the main ring.
Optimized proton beam led to 9.3 x 10 injected
particles using the debuncher. Also obtained was
2 x 10 deuterons, and 1.3 x 10 | H e » without
the debuncher, which was not yet running. We expect
1.6 x 10 of jjHe . Making use of the debuncher,
which has been recently put into operation, we
should obtain a gain of 257. for these 3 species,
merely by extrapolating the proton results.
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DISCUSSION

R.W. Hamn, LASL: What are the electron beam
current and energy for the results that you have
given? Are these the same current and voltage for
the results at the 1979 Particle Accelerator Con-
ference?

Lemaire: Yes, 250 mA, 4 kV.

D. Bohne. GSI: The intensity figures you gave us,
are they relevant for the output of the synchrotron
or during the injection pulse?

Lemaire: They apply to the injection pulse.

E. Parker, ANL: What was the deuteron polariza-
tion?

Lemaire; The results have been obtained just a few
days ago and I do not have the value yet.
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LIMITATIONS AND IMPROVEMENTS OF HEAVY ION ACCELERATION WITH A 20-MEV PROTON LINAC

JP. Auclair , PA. Chamouard, JL. Lenaire
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C.E.N. Saclay, France

CRYEBIS wi l l be the next heavy ion source to
be i n s t a l l e d in the 20-KeV proton l i nac in jec to r
for the strong focusing synchrotron SATURNE 12.
The p o s s i b i l i t i e s offered in running the l inac in
the 2f3.V-mode and the l imi t a t ions to accelerate
heavy ions character ized by e < 0.5 (wheree= z/A)
were s tudied . Other proposed improvements to
increase the efficiency of this injector are
described.

Introduction

'.arly in 1980 a new preinjector terminal
having a heavy ion source will be put into opera-
ation. The new ion source, using cryogenic
techniques and high electron-beam density is able
to yield either polarized particles (protons and
deuterons) or completely stripped heavy ions, up
to iron. It is intended to run the 20-MeV Alvarez
linac in the 28^-mode, as was done for deuterium
and helium,1 but the efficiency is lower since e
is less than 0.5. Several improvements, such as
increasing the linac duty factor, modifying the
first cells of the existing linac, or increasing
the trapping efficiency, are discussed.

The CRYEBIS Source

The ion source2 (Fig. 1) is essentially
constructed of a cryogenic solenoid and an elec-
tron gun, delivering a high-density electron beam
(j •> 1000 A/cm ). The potential is defined by a
set of cylindrical electrostatic electrodes. The
potential distribution is shown in Fig. 2a during
the containment time, where the ions are trapped
by the radial space charge potential of the
electrons, and the longitudinal potential well.
They are completely stripped step-by-step. During
this process the positive charge f i l l s up the
radial potential of electrons. Ions are theu
ext,._cted by the potential configuration of Fig.
2b. At this time their energy is about 5 keV/A.

?Ae patents!^iong txij,

Fig. 1 CRYEBIS ion source

Ions are transported to the accelerating column
through the very low-energy beam transport system
(VLEBI) and accelerated to the nominal energy of
187.5 keV/A before being injected into the linac
(Fig. 3)

Ceffiodc Blrc'rad&s

I |

\ I

Beam characteristics ar°:

Max. no. Ions: N± = 10 /Z

Extraction Pulse Width: 50-300 usec

Transverse •Emittance:
(normalized)

Energy Spread:

5 x 10 m-rad

<: ± 50 eV

The containment Lime depends upon ion species
but is typically of the order of 10 ms allowing
the source to operate at 10 Hz.

Fig. 3 New injector system
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Llnac Behavior for Ions with c < 0.5

The linac will operate in the 2BX-mode, where
the ion velocity is half that of protons in the
normal fU-roode. Thus ions travel through one unit-
cell in two rf cycles, and the energy gain per gap
and per nuclei is:

AW./A = z e E L T cos

where z, E, L, T and $. represent the charge state,
mean accelerating flela, cell length,transit-time
factor and synchronous phase, respectively.

The injection energy is 375 keV for deuterons
having e = 0.5, but for ueavier ions e may be less
than 0.5 and to satisfy the velocity requirement
the accelerating column raust be set at a higher
voltage according to the formula:

v. vd / e

This is shown in Fig. 4.

soof

I

Fig. 5 Stable phase versus e

Energy acceptances were calculated using the
following formula:

AW±/A
cos 4> - sin

(<£ cos if - sin

Trapping efficiences for different e values
were computed, using the existing buncher and
optimizing its rf field requirement. It was found
that this buncher was too far from the linac
entrance and cannot completely fill the energy
acceptance (Fig. 6). Table 1 gives the final
efficiencies versus e.

Fig. 4 Preaccelerator voltage requirements
versus c

Taking deuteron acceleration as reference,
fixes the harmonic number h, accelerating field
and transit-time factor, which are identical for
any heavy ion. It turns out that the following
relationship must be satisfied:

e. cos A. = Ej cos i>, i •+ any ion
1 l a a

d -* deuteron

This means that the phase acceptance depends upon
the charge-to-mass ratio and sets a lower limit for
£.. Thus, linac efficiency i decrease with small e
values. Specifically, with £ = 0.5 and * , = 31°,

d d
the experimental results give a measured energy
acceptance of ± 10 keV/A. The lowest acceptable
e. , equal to 0.428, corresponds to the smallest
pftase acceptance, 41. = 0, for zero longitudinal
acceptance (Fig. 5).
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Fig. 6 Bunching schemes with the present
buncher



Possible Improvements

It is clear that the linac was not designed
for the purpose of accelerating heavy ions in the
2fU-mode. As already seen, the longitudinal accep-
tance is small due to the low transit-time factor
in the first cells,and the buneher position is not
correct for particles other than protons. It is
proposed f irs t , to put a second 200-MHz buncher
operating at low rf level, which, together with
the existing buncher, will provide a much better
trapping efficiency; second, to install either a
diaphragm inside the linac cavity to increase the
longitudinal acceptance, or to operate the present
linac at the higher duty cycle allowed by the
10-Hz repetition rate of the CRYEBIS source.

Trapping Efficiency

The deuteron case in which the existing bun-
cher is used was found to lead to an underbunched
beam. As shown in Fig. 6, the efficiency is only
30%. By decreasing the bore radius, one should
get a better transit-time factor (0.15 instead of
0.05), but the efficiency only increases to 552.
A more flexible solution is to set up a second
200-MHz buncher located at a distance L = 4 m
from the existing one and phase-locked to i t . The
respective voltages are optimized to give the best
bunching efficiency. Figure 7 shows that such
longitudinal matching leads to 80% efficiency for
e = 0.5. A great advantage of this system^ i s that
i t Is easily tuned for particles having e less than
0.5, where the efficiency decreases 1j 70% (Fig. 8).
The solution,which would completely f i l l the energy
acceptance.requires a buncher located much closer
to the Unac,and a higher rf field. The first is
unfortunately not achievable due to lack of space.
Figure 9 shows the bunch incompletely filling the
bucket, as described above.

Fig. 7 Bunching scheme with two bunchers

.( o-iS <>*•

Fig. 8 Trapping efficiency versus e

flW (c.)

Fig. 9 Longitudinal matching with 2
bunchers

Modification of the First Cells

The solution of turning off a few accelera-
ting gaps by installing a diaphragm in the cavity
has already been investigated." A serious draw-
back in the present case is that the preaccelera-
tor would have to be operated at a different vol-
tage than that for which it was designed.

An alternative is to add an accelerating
cavity before entering the linac. The cavity
would accelerate the ion beam to the synchronous
energy corresponding to cell number 10. The most
serious problem is to match the beam longitudi-
nally between the two cavities because the drift
is about 4 m and debunchinj will occur.
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Instead of turning off the first 10 cells,
it might be possible to modify them mechanically.
This means that these drift tubes must be rede-
signed and replaced by a new optimized structure
operating in either BX- or 28X-mode. This possi-
bility should enable the linac to accelerate ions
with e as low as 0.35.

Higher Linac Duty Cycle

A third possible means of increasing tivj
total number of injected heavy ions to the main
ring is to accumulate several linac pulses. The
repetition rate of the accelerator is 1 ms. The
possibility was studied of accumulating 5 pulses
of 100-MS duration spaced in time by 5 ms. The
improvement is a straightforward factor of 5. As
mentioned previously, the CRYEBIS source is able
to operate at this repetition rate.

This, • l be achieved without major modifica-
tion of the injection system. Additional coils
in the main ring magnets will provide the required
6. for stacking and usual injection process will
be used for each pulse. The only hardware improve-
ment is to increase the power of the high voltage
supplies feedinf the rf generator in order to
maintain the same rf accelerating field en each
pulse.
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PLANS FOR H" ACCELERATION IK THE AG3 LINAC*
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Introduction

Since its commissioning in 1970, the 200 MeV
Linac at the Brookhaven AGS has been capable of
producing peak proton beam current of greater than
100 mA with pulse lengths up to 300 usec at a re-
petition rate of 10 pulses/second. The linac typ-
ically runs at 5 pulses per second, providing a
60 mA pulse of 120 ysec duration every 1.6 - 2.4
seconds for conventional mulciturn injection into
the AGS. The intervening pulses of length up to
300 ysec are used by the radio-isotope production,
chemistry and medical facilities. Preparations
are now being made to inject and accelerate H
ions in order to implement charge exchange injec-
tion into the AGS. xhis paper describes the as-
pects of this work leading to an H~ beam at 200
MeV.

The use of an H~ beam for charge exchange in-
jection is standard practice now at the Argonne
ZGS1 and in the Fermilab Booster.2 In this method
of injection, the H~ beam trajectory is overlapped
with the proton closed orbit in the circular
machine. A thin stripper foil located at the over-
lap point removes the electrons yielding a source
of prctons on the closed orbit. This irreversible
process allows tnultiturn injection into the same
phase space (with some small dilution from mul-
tiple scattering in the foil) without violation of
Liouville's Theorem. The use of charge exchange
injection was first suggested for the AGS in 1972,3

in particular, as a means to higher intensities.
The successful implementation of the method at the
Ferrcilab Booster has been a principal motivation
for the renewal of interest in its use at the AGS.
The use of an H~ beam is expected to show advan-
tages both for the linac operation and for the
injection process. The lower beam current (20-30
mA) will give less loading of the rf cavities in
the linac, which is expected to significantly in-
crease the mean lifetime of the RCA 7835 triodes.
The efficiency of charge exchange injection is
very high (> 98%), in contrast to the low effi-
ciency (20-30%) of conventional H+ multiturn in-
jection. Substantial reductions in radiation
damage and activation of equipment are expected.
Finally, improvements in injected beam quality
and flexibility in the injection process are con-
sidered desirable in preparation for ISABELI.l

An H source assembly and its associated in-
strumentation is now under construction and will
be installed in the existing second 750 keV" ter-
minal at the AGS linac. A second low energy

transport line (LEBT2) will be built and other
minor modifications will be made to permit the
acceleration of the H beam. In the following
sections, the motivation for the conversion to
negative ions will be discussed in more detail
and then the various development and conversion
tasks will be described. Finally, a comment on
the current status of the project and a summary
of future plans will be given.

Motivation

The present system of H injection into the
AGS, which involves stacking multiple turns in
transverse phase space, results in a circulating
beam after injection with an emittance more than
5 times larger than the linac beam for 1013 pro-
tons accelerated. The use of charge exchange H~
injection will allow more flexibility in the in-
jection process by permitting the filling from a
small fraction up to the full horizontal aperture
of the machine. In principle, a considerably
brighter beam is possible ac injection. Whether
increased brightness can be preserved through cap-
ture and acceleration depends on intensity re-
lated space charge tune shifts. At intensities
of 3 x 1012 required for ISABELLE injection, a
brighter beam with more flexible injection con-
trol is a reasonable expectation.

The use of highly reliable carbon stripper
foils like those developed at Fermilab* should
provide better than 982 injection efficiency. In
contrast, the present system of H injection is
limited by injection losses of 70-80%. These
losses occur in the straight section between the
A and B superperiods on the inflector system and
during the multiturn stacking process. Figure 1
shows the output of the AGS ring radiation moni-
tor5 during the injection period. A major goal
of the conversion to charge exchange injection is
to remedy this fituation. A substantial reduction
in personnel radiation exposure during maintenance

J

Work done under the auspices of the U.S.
Department of Energy. Fig. 1. Radiation monitor output during injection.
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and a decrease in the radiation damage to equip-
ment in the injection area are anticipated.

While only minor adjustments to the linac rf
will be required, the reduced beam loading is ex-
pected to be of significant benefit. At lower
beam current it is possible to reduce tho filanent
current of the RCA 7835 power amplifiers, which
should significantly extend the tube lifetime. To
obtain an estimate of this effect, tests using the
H+ beam were performed on Tank 2, a typical tank
in terms of filament current. First, the filament
current was adjusted to the minimum value which
would sustain operation at 60 mA of beam current.
Then, the current from the linac was reduced to
30 mA by adjusting the ion source and the filament
current was again set at the minimum vslue for
acceptable operation. The difference was only
2.25Z, but when filament current is plotted versus
emission lifetime6 (Fig. 2), such a change is seen
to correspond to a doubling of the tube life.
Since lack of filament emission is the dominant
mode of 7835 tube failure in the BNL linac, it is
believed that the rate of tube replacement can be
substantially reduced, resulting in direct cost
savings and less downtime.
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Fig. 2. RCA 7835 tube life vs filament current.

Preinjector

Exter ve research and development of H ion
sources has occurred during the last decade.
Fermilab has developed and now routinely runs with
a high current magnetron-type H source, in an
application essentially identical to that proposed
for the AGS. The development of the Fermilab sys-
tem benefited from related work at Novosibirsk,
Los Alamos,9 Argonnelc and by tht Neutral Beams
Group at Brookhaven.11 Upon review of the require-
ments for the AGS preinjector, it was apparent
that the Fermilab source design was well suited

for the Brookhaven project. In addition to the
advantage of commonality between the two labora-
tories with respect to comparisons of test and
operation results, it has been possible to acquire
two of several magnetron subassemblies recently
fabricated at "ermilab.

The H~ source will be installed in the second
preinjector pit which <-nntains the Phillips Cock-
croft-Walton generator from th<> original BNL 50
MeV linac. The Fermilab source design includes_a
90° bending magnet to transport the extracted H
beam away from the source and to prevent cesium
from entering the transport system. To accommo-
date the rather large transverse dimension of this
arrangement, it has been necessary to adapt the
design to the BNL high gradient column, which
was designed with air insulation on the outside,
requiring long support cones tor the electrodes.
The AGS H~ source will be mounted on the rear
flange of the column as shown in Fig. 3; in rhis
arrangement the 40-50 mA beam must be transported
at 18-20 keV between the bending magnet and the
first electrode of the column. The Fermilab de-
sign of the 90° combined-function bending magnet
has a gradient index equal to 1.0 to focus the
beam transverse to the bend plane. The BNL sys-
tem includes, as shown, two pulsed quadrupole
magnets which will contain the beam in the re-en-
trant portion of the column. The design of this
system has bean carried out using the program
TRANSPORT, including linear space charge effects.
Preliminary beam size measurements taken follow-
ing the 90 magnet at Fermilab13 have been used
to constrain the output beam conditions in d cal-
culation using the Fermilab geometry. It has been
concluded that the beam inside the bending magnet
is more than 90% space-charge neutralized by posi-
tive ions during normal operation. Initial beam
parameters deduced from this study have been used
in the design of the BNL transport system. The
gradient index of the BNL bending magnet has been
increased to 1.35 to provide the proper coupling
to the quadrupole characteristics. Figure 4
shows the approximate beam size assuming substan-
tial neutralization throughout the region.

Recent work by Sherman and Allison, at Los
Alamos,'^ has shown that significant aberrations
occur in a similar bending magnet geometry, es-
pecially in the transverse phase plane. The
eiuthors suggest that a non-zero sextupole term
can reduce these aberrations which arise because
of fringe field and finite pole effects. This
technique has also been used in the design of the
magnets for the National Synchrotron Light Source
(NSLS) at Brookhaven.15 A sextupole coefficient
chosen to minimize the Y-Y1 aberrations has been
included in the BNL pole tip design for the H~
source bend magnet.

A pulsed quadrupole doublet has been acquired
from the BNL Neutral Beams Group.16 The pole-tip
diameter is 7.6 cm, with a typical maximum field
of 1.5 kG. To allow the power supplies to be re-
ferenced to ground, the beam is shielded from the
magnet by a quartz sleeve and inner extraction
tube, as shown in Fig. 3. The extraction tube,
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Fig. 4. 20 keV beam size profile in preinjector
transport system (calculated).

along with the told box and bend magnet pole-tips
will follow the pulsed 18-20 kV extraction poten-
tial.

The Fermilab source operates with a beam
pulse width of 60 ysec duration at repetition
rate of 15 Hz. Since the source operation re-
quires approximately the same duty factor, the BNL
source which will run at 5 Hz needs a discharge
pulse approximately 200 Msec long. The discharge
pulser, with adjustable amplitude and timing char-
acteristics, is an SCR switched pulse-forming net-
work (PFN) of 1 2 impedance and 300 V peak voltage.
Modification of the Fermilab design has incorpor-
ated SCR's better suited to the BNL pulse width
which has a maximum of 300 ysec.

A high voltage extractor electrode is used
to pull the H~ ions from the magnetron plasma.
Tests at Fermilab have indicated that this elec-
trode must be pulsed to avcid breakdown below the
normal 18 kV operating level. The Fermilab design
has again served as a starting point for the BNL
extraction pulser. In particular, a thyratron has
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been added to the circuit to rapidly cut off the
extraction pulse. This is triggered by the "stor>"
pulse and will be used in place of a chopper for
fast beam turn-off. The extractor HV power supply
must be remotely adjustable, as must the starting
time and pulse width.

Two independently controllable pulsed power
supplies are required for the nuadrupole doublet.
The standard linac quad pulser would have been
electrically compatible with the quadrupole, but
physical space requirements in the terminal made
this impractical. A simple compact pulser has
been built using a Darlington power transistor
linearly discharging a capacitor bank of 139,200
pf. By using a feedback circuit the pulse has
been kept constant to within 0.1% for more than 1
msec at 250 A. The risetime is determined by the
L/R of the quad and pulser and is about 2 msec.
The final unit housing two such pulsers has been
built into a chassis 9 in. high which fits into a
standard 19 in. relay rack. These units each have
remotely adjustable amplitude and common start-
trigger and pulse-width settings.

Locating the H~ source in Pit II requires a
translating achromatic bend to transfer the beam
into the input line to the linac. While the beam
intensity is significantly lower for operation
with an H source, it is still sufficient to cause
a significant droop in dome potential during a
long pulse. At the Pit II terminal a 50-mA beam
experiences an 18.5-keV energy change over the
course of a 200 psec pulse. This corresponds to
a momentum spread of 1.25% which would cause large
beam excursions in the dispersive section of the
beam line." Thus, a bouncer is required even for
the relatively small extracted beam currents in-
volved. For the recharge current required and
the charging impedance available for Pit II, a
bouncer of only 40-kV range will be sufficient.
The extractor pulser for the H+ duoplasmatron pre-
sently in use in Pit I can deliver the correct
negative pulse with these characteristics. With
this bouncer it should be possible to hold the
momentum spread during the pulse to less than 0.1%.

Other required supporting subsystems include
the 90° bending magnet power supply (remotely ad-
justable) and the -30° freon chiller for the cold
box. Heaters are required for the cesium boiler,
valve and transfer tube, of which only a fine ad-
justment of the boiler heater will be remotely
controlled. In addition, there are several read-
backs needed for thermocouples and vacuum gauges
in the dome.

Controls

A total of 9 timing signals and 8 analog re-
ference voltages must be sent to the dome controls
from the ground station. Readback of 14 analog
signals and approximately 16 digital status bits
from hardware supporting the H~ source is also
necessary. To handle this quantity of data it
was clear that a multiplexing scheme was needed
to keep the number of optical links reasonable.

Following the lead of Shea and Goodwin,17 a
control and coMMinication system based upon a
microprocessor has been developed. The hardware
was chosen to be compatible with that of the
National Synchrotron Light Source now under con-
struction at BNL to make use of much of their sys-
tem software.18 This has allowed programs to be
assembled on the AGS PDP-10 and directly down-
loaded into random access memory (RAM).

The system configuration is shown in Fig. 5.
The processor is an 8080 packaged as an Intel/
National 80/204 single board computer, utilizing
the Multibus configuration and protocols. This
board contains a UART (Universal Asynchronous
Receiver/Transmitter) and 6 kilobytes of RAM.
The Intel monitor, modified to permit communica-
tion through the 8080 to the PDP-10 and download-
ing of assembled programs, resides in 3K of the
4K Programmable Read Only Memory (PROM) on the
board. The UART on this board is connected to a
CRT terminal, in the case of the ground station,
which serves as the normal operator interface.
In the dome unit an optional terminal can be con-
nected to this interface for local control.

An Intel/National 116 board is used to pro-
vide additional memory and the auxiliary UART.
This UART may be connected to the PDP-10 for
direct downloading of data or programs, or to the
optical link for communication across the high
voltage interface. This board is presently pop-
ulated with only 4K of a possible 16K of RAM
needed to store the control and display programs
and data.

Analog reference voltages for control of the
programmable power supplies are provided from com-
mercial digital-to-analog (DAC) cards which are
compatible with the Multibus. An 8-channel, 12-
bit unit made by Data Translation Corporation is
presently being used. Two such cards are required
for the ground station.

The readback of analog data is also by means
of a commercial multibus compatible card manufac-
tured by Burr Brown Research Corporation. This
unit handles 32 channels of 12-bit data as memory
mapped I/O. Sample and hold circuits precede the
inputs where needed.

A special card utilizing Intel 8253 counter/
timer chips is being designed to provide the
nece: 3ary triggers and pulses for both the dome
and ground station hardware. Synchronization
between the two stations will be provided by a
separate optical link, which can also be used to
reset the dome microprocessor.

Commercial receivers and transmitters are
used for the optical links. These have been in
service for some years on the existing ion source
and will be continued for the H~ source. The
units are connected via a 25-m quartz-fiber
optic cable. This length allows the ground sta-
tion units to be located outside the pit, provid-
ing greater safety against arcdown danage. The
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Fig. 5. Block diagram of H~ preinjector control system.

data communication between the UART's will be as
7-bit ASCII code at a rate of 19.2 kilobaud. This
should allow a complete refresh of data within the
200 msec inter-pulse period; however, this is not
required. Data exchange between thB two micro-
processors will be as a character-by-character
handshake of reference data from the ground sta-
tion and readbacks from the dome station.

As can be seen, the two stations are similar
in configuration with the ground station having a
greater number of DAC cards to control the LEBT2
quadrupoles. The software will, however, be dif-
ferent. It will be possible to load the ground
station programs into the dome when local control
is required from that location.

The ground station software presents a multi-
page format to the operator. Input is by keyboard
cursor control and numeric keys. The operator can
make as many entries as desired before transmit-
ting the input data as a group to the c strolled
elements.

Readback data is averaged over 8 beam pulses
for display purposes. This is done local to the
data^taking processor, with the display being up-
dated upon data transmittal.

In addition to the computer-controlled hard-
ware, local hard-wired logic will be utilized
where system protection is required. This will
typically be used during turn-on or turn-off se-
quences or when out-of-tolerance conditions indi-
cate a danger to the hardware.

During the development and testing stages,
this control system will be operated locally at
the ground station. When actual acceleration in
the iinac begins, the ground station microproces-
sor will be interfaced to the PDP-10 so that it
may be controlled from the AGS Control Room as a
part of the accelerator system.

Low Energy Transport and Linac

After acceleration to 750 keV the H" beam
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muse be transported into conjunction with the pre-
sent Low Energy Beam Transport (LEBT) line before
input to the linac. Floor pads for a second beam
line were provided as part of the original build-
ing design. This line crosses from Pit II at 60°
to intercept the beam line from Pit I just before
the dual bunchers. A design study has been made,
using the version of TRANSPORT which includes lin-
earized space charge forces, for net un-neutralized
beam currents up to 50 mA with a 60% filling fac-
tor. Immediately following the high gradient col-
umn are two pulsed quadrupole triplets of the BNL
LEBT design. 9 These magnets will be used to
match the beam from the column to the existing
LEBT1 line. The 10 m section between the two 60°
dc bending magnets is designed to be achromatic.
Small air-cooled dc quadrupoles will be used in
this section.

A destructive emittance measuring device is
located just after the intersection of LEBT2 with
LEBT1 to facilitate the matching. In this proced-
ure th>~ horizontal emittance of tile H beam is
made similar in orientation to the vertical emit-
tance of the present H beam so that polarity re-
versal of all quadrupoles downstream of the inter-
section is not necessary. It is expected, how-
ever, that some fine-tuning of the linac quadru-
poles may be needed since the present tune was
designed for a beam current of 100 mA. Readjust-
ment of filament currents will be made on the rf
amplifiers to optimize tube performance at the
lower beam current. In addition to the standard
beam transformers and emittance monitors, LEBT2
instrumentation must include means of measuring
the beam profile or position because of the dis-
persive nature of the beam line. The choice of
monitor for this purpose has not been made.
Existing instrumentation in the linac will be up-
graded and interfaced to the computer system
where this has not yet been done. The beam trans-
formers and low energy emittance monitors are al-
ready capable of bipolar operation, but the SEM
profile monitors and the 200 MeV emittance de-
vices will require modification in this respect.

Looking Ahead

The fabrication of the source assembly and
instrumentation necessary to begin bench tests,
including emittance measurements, is nearly com-
plete. In early October,1979,studies of source
operation characteristics over as wide a range of
parameters as possible will begin. Full computer-
controlled emittance measurements will be made at
the output of the subsystem consisting of source
and 90° bending magnet in order to accurately
determine the extent and importance of the space
charge neutralization of the beam. The influence
of variation of the gas flow and cesium supply
will be made with both Fermilab and BNL bending-
magnet pole-tip designs so that direct compari-
sons with the results of the TRANSPORT design
study can be made. These tests should be invalu-
able, since the quadrupole doublet system can
only be meaningfully tested in the full preinjec-
tor.

The full instrumentation of Pit II is ex-
pected to be coapleted by the beginning of 1980,
so that complete preinjector tests can be carried
out during the tint quarter of the year. Much
of the work on the LEBT2 construction will paral-
lel f'nat effort, with completion expected by early
sprang. No substantial impedlnent is then anti-
cipated to achieving a 200 HeV H~ beam shortly
thereafter.
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RF LINAC-POMPKD USERS*
W. E. Stein, T. R. Loree, C. A. Brau, and S. D. Rockwood

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Excitation of gas lasers by a snail enit-
tance beam of electrons from an rf linear accel-
erator has been proposed.1 Potential advan-
tages of pumping with a linac rather than a fast
transverse discharge include higher average
power, higher repetition rate and significantly
improved reliability. In addition, electron
beaa pumping should provide improved efficiency
and a lower capital cost when compared with
discharge pumped lasers.

An experiment to tsst this concept is in
progress at the Los Alamos Scientific Laboratory
(IASL). A 4-MeV side-coupled, standing-wave
linear accelerator is being used to provide a
pulsed electron current of 2 A with a 1-ps
duration. The electron beam, focused to a
5-mm <3ia spot, is confined in the high-pressure
gas KIO atm) by a superconducting solenoid with
a central magnetic field cf 3 T (30 kG).

Experimental studies include: fluorescence
of various rare-gas halide mixtures as a func-
tion of pressure; transport of the electron bean
through the gas; and the optimum configuration
of the electron beam, magnetic field and the
laser cavity.

Introduction

Electron beams have been used in recent
years to pump high-pressure rare-gas halide
lasers. Although axial pumping has been
used,2 in most cases these lasers are pumped
by an electron beam directed transversely to the
laser axis.3 in the latter arrangement, elec-
trons are produced in vacuum from a cold cathode
and accelerated by a pulsed potential of the
order of 0.2 to 2 M7, which is formed by a Marx
or L-C generator. The electrons enter the high-
pressure gas through a thin metallic foil that
is usually supported by a mesh or a plate con-
taining closely spaced holes. Usual electron
beam characteristics are: current density of
5 to 500 A/cm2 over the cathode area, total
current of 5 to 50 kA and a pulse duration of
about 50 ns to 1 vs. Typically only a small
fraction (a few percent) of the electron beam
energy is deposited in the gas; the remainder of
the energy is absorbed either in the walls of
the laser or more importantly in the foil and
support. The difficulty in cooling the large
area foil and support is the principal limita-
tion of this arrangement in attaining high
average power. Reliability at high repetition
rates is also seriously hampered by the
capability of available spark-gap switches.

•Work performed under the auspices of the V. S.
Department of Energy.

Axlal.lv pumping by a smaller diameter
electron bean confined to the laser axis by a
solenoidal magnetic field alleviates the limita-
tion caused by foil and structure heating. How-
ever, axial beams produced by Marx or L-C gener-
ators generally have a kinetic energv that is
too low to effectively pump the high-pressure
gas, and they are still limited in reliability
and repetition rate by spark gap capability.

Linac-Pumped Laser

To avoid the above limitations, we pro-
posed to pump these exciner la.ers axially with
an electron-beam from a microwave linear elec-
tron accelerator. Pumping with a linac electron
beam has these potential advantages over conven-
tional methods: higher average power, higher
repetition rate and improved reliability. In
addition, this arrangement should provide a
laser with improved efficiency and lower capital
cost when compared with conventional electron
beam or discharge lasers. A schematic indi-
cating the expected efficiencies and
repetition rate of such a laser is shown in
Fig. 1.

Table I qives the projected ultimate per-
formance for transverse discharge lasers com-
pared with the desired performance of the linac
pumped lasers.

Table II shows the near-term expected per-
formance for laboratory models. In each case
the linac-pumped lasers are expected to be
considerably more reliable.

TABLE I
PROJECTED-KrF LASER PERFORMANCE

Average Power (kW)
Pulse Repetition
Frequency (Hz)

Energy/Pulse (J)
Efficiency (%)
Capital Cost (S/watt)

Transverse
Discharge

16
4

4
1.5
150

Linac
Electron Beam

10
10

1
2

250

100
100

1
2

100

TABLE II
NEAR-TERM KrF LABORATORY PERFORMANCE

Average Power (H)
Pulse Repetition
Frequency (Hz)

Energy/Pulse (J)

Transve :se
Discharqe

40
200

0.2

Linac
Electron Beam

60
300

0.2
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~K>% H I *

F i g . 1 . Schematic o f microwave-pumped l a s e r .

F i g . 2 . The LASL 4-MeV e l e c t r o n l i n a c .

Exper iment

An experiment to test this excimer laser
concept is in progress at IASL. An electron
beam from a small microwave linear accelerator
is being used to axially excite a high-pressure
«: ' arm) rare-gas halide mixture in a high-
pressure cell. The accelerator, which is a
side-coupled, standing-wave type, can deliver a
p 3ed 4-Mev electron beam with 2-A peak
current for 1-ys duration at a 50-Hi repeti-
tion rate. Modifications are in progress to
increase the pulse repetition rate to 300 Hz.
The injector tank, prebuncher, accelerator and
quadrupole steering and focusing magnet (from
right to left) are shown in Fig. 2.

The electron beam, which is focused to a
5-nm dia. spot, emerges from the end of the beam
pipe into the air through a 0.1-ma thick stain-
less Ateel foil. The beam then traverses about
3 mm of air and enters the high-pressure gas
cell through a similar foil.

A superconducting solenoid with a central
magnetic field of 3 T (30 kG) confines the beam
to a region close to the axis of the gas cell.
Otherwise, nuclear scattering of the electrons
in the foils and gas would cause the beam to
diverge and spread rapidly.

For laser application, the electron beam
must be Injected off axis and at a small angle
with respect to the solenoid an<* laser axis.
This is necessary to avoid the upstream optical
•irror that forms part of the laser oscillator.
Particle trajectory calculations,ignoring foil
and gas scatter ing,have been performed to find a
geometry in which the beam is injected into the
Isser cavity around the edge of a 25-raa dia.
mirror that is coaxial with the magnet axis and
forms one end of the optical cavity. The cal-
culated trajectory for a promising case is shown
in Figs. 3-7. In this case, the electron beam
was injected 8 mm above the magnet centerline
and at an angle of 12 mrad (0.7 deg). The foils
and mirror are at -0.34 m with respect to the
magnet center. This case has been tested exper-
imentally. The results for an electron beam
with finite size, divergence and scattering are
in reasonable qualitative agreement with the
calculated trajectories.

The fluorescent output of a number of
xenon fluoride and krypton fluoride gas mixtures
was studied prior to attempting laser action.
A schematic of the apparatus is shown in
Fig. 8. The electron beam entered from the
left, passing through a pair of foils in tht gas
cell. The electrons were confined to a
1-cm dia. cylinder on the cell axis bv the mag-
netic field of 3.0 T. The current out of the
accelerator was 2 A, giving current densities in
the gas cf the same order. The light out of the
cell was turned by a mirror to allow adequate
radiation shielding of the fast photodiode, and
was optically filtered to allow only the lasinq
wavelength f248 n* for KrF, 350 nm for XeF) to
be detected. Checks for background contribu-
tions gave null results in all sensible
permutations of conditions.

The resulting data are shown in Fig. 9.
The fluorescence output (on an arbitrary scale)
is derived from the peak voltage of the photo-
diode signal divided by the measured beam
current for each pulse, with appropriate correc-
tions for filter transmissions and wavelength
response of the photodiode. The curves repre-
sent the best output obtained for each family of
gas mixtures. As the light output was not
strongly affected by small variations in the
mix, the specific proportions (see caption) are
not believed to be critical.

It is desirable to use a high-pressure
gas, because this will increase the bean energy
deposited in the laser. This criterion makes
the neon diluent superior in every regard (save
for the cost) for both xenon fluoride and
krypton fluoride. The choice between these
exciners for the best lasing candidate is not as
clear, because the lasing depends on many
factors. The narrower linewidth of xenon
fluoride may make tt competitive in spite of the
greater light output of krypton.
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R-Z PLOT

0.0

Fig. 3. Isometric view of calculated electron
beam injection into superconducting magnet.
Distances in meters. The magnet axis is
colinear with the z-axis, and the magnet extends
from -0.165 to +0.165 m .

0.1

X-Z PLOT

-0.5

-1.0 -0.6 a*) -0.2 0.0 0.2

Fig. 4. The X-Z calculated electron trajectory.

1-Z PLOT

0.2

-0.2

-1.0 -0.6 ««) -0.2 0.0 0.2

Pig. 5. The Y-Z calculated electron trajectory.

0.10

0.0

-0.05
-1.0

Pig. 6. The R-Z calculated electron trajectory.

X-Y PLOT
0.02

0.01

£0.0

-0.01

-0.02 -0.01 0.01 0.02

Fig. 7. The K-Y end view of calculated electron
trajectory.

^MAGNET

- EXCIMER MIX

TO SCOPE

Fig. 8. Schematic of the apparatus used for
fluorescence measurements. The electron beam
enters the high-pressure excimer mix cell from
the left, and photons exit the cell through a
quartz window, W. The light is turned by
mirror, M, filtered of all but the lasing wave-
length by filter F, which falls on the fast
photodiode PD. The photodiode is shielded from
radiation by lead bricks, Pb.
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LASL ELECTRON LINAC WORKSHOP

W. E. Stein
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 8754S

An electron linac design workshop was held
at the Los Alamos Scientific Laboratory (LASL)
on July 12 and 13, 1979. The primary purpose of
this workshop was to address the problems of
attaining high single-pulse electron currents
O20C A) and concurrently maintaining good
energy dispersion «1%) and minimal beam emit-
tance. Present and future applications of
intense single micropulses include detector-
response measurements, chemical photolysis and
high-energy physics experiments. For the free
electron laser application, a train of many
(~104) intense micropulses is required.

The workshop began with a brief review of
existing accelerators capable of producing high
current in a single micropulse. Next, future
requirements and plans were discussed briefly.
Most of the workshop covered presentations and
discussions on electron injectors, space charge,
energy compression and single-bunch bean loading.

Introduction

In the recent past electron accelerators
have been developed that are capable of
delivering an intense single micropulse with
about 30-ps duration. These pulses with peak
currents of about 100 A have been used in
measurements of the time response of detectors
of nuclear radiation and in chemical photolysis
studies. Recently, new applications of intense
single-electron bunches have developed. A
single-pulse capability on the Stanford Linear
Accelerator Center (SLAC) linac is desired for
high-energy nuclear physics experiments and a
long train of intense micropulses separated by a
few rf cycles is required in the development of
a high-power free electron laser at LASL.

An electron linac design workshop was held
at LASL to study the possibility of improving
the performance of present accelerators and to
determine the ultimate performance to be
expected from future machines. The workshop was
organized as a small, informal meeting with the
tine divided nearly equally between presentation
and discussion of the various pertinent sub-
jects. The participants, who are actively
working in this area, were: N. Norris and L.
Deteh, EGsG, Santa Barbara; G. Mavrogenes,
Argonne National Laboratory (ANL); R. Miller snd
R. Koontz, SLAC; G. Saxon, Daresbury; S. Penner,
National Bureau of Standards (MBS);
W. Gallagher, Boiler & Gallagher; J. Haimson,

*Work performed under the auspices of the tj. S.
Department of Energy.

Haimson Research; T. Smith, High-Enerqv phvsics
Laboratory (HEPL). Prom LASL: R. Cooper,
T. Bovd, K. Crandall, R. Hamm, E. Knapp,
S. Schriber, and D. Swenson.

An abbreviated agenda indicating the topics
covered is: Existing High-Current Linacs,
Future High-Current Linacs, Electron Iniector,
Space Charge, Single-Bunch Beam Loading, Energy
Compression.

A reasonably detailed report of this meeting
is in preparation. At this time, I will cover
what I consider to be the highlights of this
workshop.

Present Performance and Future Requirements

Experimenters have recently requested
shorter, more intense single micropulses for the
detector response and chemical photolysis
studies. Single bunches of 5 x 10^" electrons
per pulse (8 nC/p) are contemplated for future
high-energy physics experiments at SLAC.

A comparison between present linac perfor-
mance and desired future capability for the
free-eleetrcn laser application is given in
Table I.

Clearly the emphasis in a new assign will be
on emit tance and the number of micropi'lses while
maintaining existing peak current and energy
spread.

Single-Bunch Beam Loading

Beam loading in an accelerator by a single
micropulse was a topic of much discussion.
Electrons traversing an accelerator gap radiate
rf power into the fundamental mode and a number
of higher spatial modes. Even though the fields
induced bv this radiated power de.?ay rapidly
(a few ps), the electrons in the latter part of

the micropulse experience a lower acceleration.
Thun the earlier electrons have a highar energy
than the latter electrons in the same bunch. A
less accurate, but more transparent, approach to
single-pulse loading is to consider the stored
energy available to the electrons in the micro-
pulse. Earlier electrons extract some of the
stored energy from the cavities and the finerqy
cannot be replaced in time for use by the latter
••lectrons. This gives rise to a decreasing
electron energy during the micropulse. Roger
Miller described experimental work done pre-
viously at SLAC and the theoretical modai analy-
sis by E. Keil.i Expsrimentally, the average
decrease in energy for a micropulse containing
5 x 108 electrons in SLAC was about 50 MeV.
Calculations by P. Wilson2 using the modal
analysis are in fair agreement with the
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TABLE I

LINAC PERFCBMAHCE AND REQOIREMEHTS

Electron Energy (MeV)
Electron Energy Spread
Peak Current (ft)
Charge per pulse (nC)
Hicropulse Length (ps)
Emittance (mrad-mm)
Intense vi-pulses

ARGONNE LINAC
PERFORMANCE

20
~1
100 to 400
3 to 12
30
to be measured
single

FREE ELECTROS USER
REQUIREMENTS

20 to 100
+1
25 to 250
1 to 10
>10
3ir to 0.27T
Train, 10 to 50 y>s

long or cw

experiment. For tb*> proposed charge per micro-
pulss of 5 x 1010 electrons at SLAC the energy
spread from this effect is expected to be about
7 GeV.

Compensation for this energy spread in the
lower energy accelerators (ANL and EGSG linacs)
is accomplished by proper phasing of the second
accelerating section with respect to the first.
For proper phase closure the electron pulse is
injected into the second section ahead of the
peak of the rf field. Thus the earlier, higher-
energy electrons in the pulse experience a
smaller electric field than the latter, lower-
energy electrons. The excellent energy spectrum
(<1%) for a 12-nc pulse from the ANL linac
demonstrates the viability of phase closure.
Without proper phasing of the second accelerator
section a 5% energy spread would have been
expected for a 12 nC per pul e. It was noted
that an adequate phase spread is required to
accomplish this energy compression.

Space Charge

Both longitudinal and transverse effects of
space charge were presented by S. Penner. In
the latter case, the equations of motion in the
transverse direction were described. These
equations included the electric and magnetic
forces between the particles in the beam as well
as external focusing forces.

A transverse beam instability caused by non-
linear space charge forces was predicted. The
considerations were based on previous work on
the stability of intense beams by L. J. Laslett
and Lloyd Smith3 and numerical simulations cf

I. Haber.* Estimates of the maximum electron
current that can be transported without emit-
tance growth was given as

I (Ampere) <5.2BYer^z,
where Bz is the axial magnetic field in
kilogauss and % is the normalized emittance
in units of milliradian-centimeters. Based on
this prediction, the injector for the Argonne
linac (25 A at 135 keV) is at the maximum limit
when the beam is bunched to about 70 degrees.
At higher injection energy, larger currents
would be allowed.

The subject of injecting at higher electron
energies was presented by J. Haimson. The
advantages of these techniques were stressed and
the excellent performance of accelerators using
high-energy injection was described.

I wish to thank the participants for a very
interesting and lively workshop.
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HIGH-CURRENT HEAVY-ION LINACS AS IGNITERS FOR COMMERCIAL-SCALE INERTIAL-FUSION POWER PLANTS*

David L. Judd
Lawrence Berkeley Laboratory, University of California

Berkeley, California, 94720

Introduction

For ovar a quarter century, the hope of pro-
ducing commercial electric power by magnetically
confined fusion has stimulated research and de-
velopment projects at an increasing scale, in this
country and abroad. The size and complexity of the
required reactor vessel and its equipment appear
to have been increasing, as w« î ave gained know-
ledge about the problems, while, the goal has re-
treated, still seeming to be a quarter century away.
There is no proof that the program will converge,
but even granted convergence there remains the con-
cern that operation and maintenance of such compli-
cated systems may be uneconomic or impractical.

Over a decade ago it was proposed, as a part
of the Plowshare Program ("beat your swords into
plowshares"), that large-scale power could be pro-
duced by reducing the problem to one previously
solved: the detonation of fusion bombs. Such ex-
plosions could be contained in large cavities dug
deep in the earth, and their heat energ'/ transported
to the surface; a few tens of megatons (high explo-
sive equivalent) per year could produce a thousand
megawatts of electric power. This plan has a good
chance of being feasible but today might displease
reviewers of its environmental impact statement.

A more acceptable form of this concept was
then put forward; "miniaturize it!" One ton per
second, or a tenth of a ton, ten times a second,
would provide heat for the same 1000 MWe plant, and
Such explosions could be contained in man-made
"boilers" on the earth's surface. The science and
technology of larger thermonuclear explosions are
well understood and provide a basis for calcula-
tions of ignition requirements foi such small
"pellet" targets, whose inertia cor;ains the fuel
during its burn.

For several years the inertial fusion program
was based on development of high power pulsed
laser systems and was known as laser fusion. The
search for a "brand-x laser" continues, but since
1976 some small effort has been spent on the study
of high-energy heavy-ion beams as igniters. In
three successive annual workshops, about a hundred
experts in accelerators and related fields h3ve
examined the technical feasibility of accelerator
systems to provide the needed energy, power, and
density of energy deposition; the results have been
encouraging. The topic is appropriate to this con-
ference because, although initially it appeared
that synchrotrons might serve best as the main
drivers, it now seems that the two most promising

* Work supported by the U.S. Department of Energy.

typ^s of accelerators for this purpose are linacs.
This presentation will: (1) state the fusion
pellet target requirements and the demands they
place on heavy-ion linac igniter systems; (2)
indicate why high-energy heavy-ion beams are suit-
able, and why linacs appear capable of meeting the
requirements; (3) outline some of the character-
istics of conceptual linac system designs now
under study; and (4) describe some of the problems
that are not yet solved. Pellets, reactor vessels,
other components of a future power plant, or econ-
omic issues will not be discussed. The most com-
plete and convenient sources of technical informa-
tion on the "heavy-ion fusion" accelerator system
studies are the reports of the workshops1"3 men-
tioned above. A good general account, together
with an interesting economic analysis, has been
prepared by Herrmannsfeldt.1'

Pellet Target Requirements

Since 1976, the accelerator designers have
been working rfith target parameters in the follow-
ing ranges:

Energy supplied: 1-10 megajoule
Peak power: 100-600 terawatt (1 TW = 10 1 2 watt)
Duration of peak-power pulse: (T) 6-10 nanosec
Pulse shape: About 40% of the energy in a rising

precursor of duration about 5 T
Specific energy deposition: 20-30 roegajoule/gram

of heavy stopping
material

Irradiated spots: number ̂ 2 , each of
radium >_ 1 mm.

From the beginning attention has been focused on
power plants (nominal 1000 MWe) rather than on
"scientific break-even" or other demonstration
experiments. The requirements have been taken as:

Reactor vessel radius: 5-10 m
Repetition rate: 1-10 Hz
Efficiency (mains to beam): >10%
Reliability: 80%
Lifetime: 20-30 years

The cost of 1000 MW fossil-fuel or fission power
plant today is about one billion dollars, which
might serve as a plausible order-of-magnitude of
allowable cost.

Why High-Energy Heavy Ions?

For a relatively small number of irradiated
spots, the requirements above lead to a particle
range within an order of magnitude of 1 g/cm2.
From the range-enargy relations, it is found that
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for light ions (<? g., protons) the ion energy re-
quired is of ordc 10 MeV and the current of the
order of 10 million anperes. Similar energies and
currents are needed for electrons, which however
have ill-defined range. Acceleration and reliable
repetitive transport of millions of amperes over
many meters to millimeter spots is far beyond
present technological capability. In contrast, for
heavy ions (A ̂  200) in a low charge state (q) the
energy and current are about 10 GeV and 10 thousand
amperes. The space charge repulsion in a kilo-
ampere beam of such ions does not spoil the spot
size.

The capabilities of an existing mature and
versatile accelerator technology that are relevant
to this new task, include experience with circulat-
ing beams having kinetic energies in the megajoule
range; with long complex systems (the appropriate
length .unit is the kilometer); with small beam spots
at ten-meter distances; with relevant repetition
rates; with reliable systems having long working
life; and with a variety of heavy-ion sources and
accelerators. In addition, the world's accelerator
builders have succeeded in constructing their
machines within their budgets and schedules and in
making them work.

At first sight the requirement for "current
multiplication" from the 50 milliamperes one might
expect from an ion source to 5 kiloamperes at the
target might seem a formidable obstacle. However,
many mechanisms for multiplication are available.
These include acceleration at constant bunch length,
multi-turn injection and single-turn extraction
from accumulator (storage) rings, longitudinal
bunch compression, large-aperture sources, and
"funnel-loading" of rf linacs. From these, several
multiplicative factors of 10 to 100 each are avail-
able.

Present Conceptual Designs

Work on such accelerator systems has proceeded,
at low levels, primarily at the Argonne and Brook-
haven National Laboratories and the Lawrence Berk-
eley Laboratory. There has been neither time,
money, nor manpower to develop detailed designs.
Initially, considerable effort went into the study
of synchrotrons £is the main drivers; because the
structure is traversed so many times by each ion,
theie appeared to be a cost advantage over any
single-pass linac structure. However, during the
study the trend in final ion kinetic energy was
downward and the synchrotron injection energy needed
to accomodate space charge went upward, leaving a
smaller energy range for synchrotron acceleration.
Further, the long residence time of an ion in the
system will lead to loss, even in a perfect vacuum,
by ior.-ion charge-state-changing interactions be-
tween beam ions. Therefore attention has been
focused on rf linacs and Induction linacs during
the past year.

RF Linac Systems

These systems start with a multiplicity of ion
sources feeding short, low-frequency, low-energy

linacs in parallel, whose output beams are combined
by pairs, having bunches in tandem filling alter-
nate "burkets" of half as many second-stage linacs
at twice the rf frequency. Following acceleration,
the merging by pairs is repeated into linacs with
redoubled rf frequency, continuing until finally
all the bunches enter a single main lii.ac in which
most of the kinetic energy is gained. Use of such
a "linac tree" is called funnel loading. For
illustration Table I shows a few numbers for con-
ceptual designs presented by Young e_t al^.5 and
Maschke.6 In these designs the ion charge state
is raised by stripping at an appropriate low
energy; the electric current in the desired charge
state does not change importantly.

Table I

Young et al., Case 23 (A = 200, qi n = 1,
T i n j = 1.8 tfeV)

Stage 1
Current/linac (mA) 25
Freq (MHz) 5
T o u t (MeV) 14
q 1
Number of linacs 16

2
50
10
115

3
8

3
100
20
930

3
4

4
200
40

7000
3
2

5
400
80

20,000
3
1

Manschke (A =

Stage
Current/linac

(mA)
Frcq (MHz)

Tout <MeV)
q
No. of linacs

238,

1

20
2
6
1
8

qin =

2

40
4
13
1+2
4

1,

3

80
8
30
2
2

Tinj =

4

160
48
120
2
1

0.5 MeV)

5

160
96
480
2
1

6

160
192

20,000
2
1

After reaching -ull energy the linac beam is
debunched and successively fills a number of stor-
age rings by multi-turn injection. Various schemes,
sometimes employing intermediate rings, are used to
allow filling both transverse phase spaces in the
final rings. After filling, the beam in each is
collected into a single bunch (or perhaps two),
starting gently but then suddenly forced by very
high voltage on the rf system to start an implosive
longitudinal (azimuthal) compression, during which
many normally unstable resonances are crossed too
quickly to lose beam. (A demonstration of this
process has beer, conducted in the AGS at Brookhaven.)
The imploding bunches from all the rings are ex-
tracted at orice and carried to the reactor vessel by
transport lines hich also contain pulse-gap ele-
ments like those in an induction linac, but with
steeply ramped pulses that produce even more power-
ful longitudinal bunch implosion. Just outside the
reactor wall, each line ends in a final focusing
quadrupole lens system, which converges the beam
bunch to a small spot on the target, just at the
distance at which the implosion is being checked
by longitudinal space charge and kin&tic pressure
of the ions.

Linear accelerator designers may have interest
in many features of such systems, including: (1)
the need to match longitudinal phase space ellipse
axis ratios at frequency jumps, to avoid phase
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space dilutions; (2) consideration of the possible
utilization of the newer low-velocity linac struc-
tures, as compared to the WiderSe, as elements of
the "tree"; (3) the need to identify engineering
and cost factors leading to optimum structures and
parameters in the main rf linac; (4) the problems
of beam loading, because it is desired to put a
very large fraction of the rf power into the beam;
and (5) the need to debunch the rf beam to dc with
minimal phase space dilution.

Induction Linac Systems

This type of accelerator is less well known to
workers at high energy laboratories, because thus
far it has been used only for electrons up to 30
MeV. However, it is very well suited to direct
acceleration of currents of many thousands of am-
peres in very short pulses of from a few micro-
seconds down toward the nanosecond range, providing
an obviously good match to the pellet target re-
quirements. It consists of a linear array of
singly-pulsed nonresonant structures having annular
gaps across which the accelerating fields appear.
The pulsing sequence is synchronized so that a
field is present at a gap only when the beam bunch
is passing through,such that the particles experi-
ence a sequence of essentially dc fields. The
technology is relatively simple and is well under-
stood. The energy for each module is stored in
capacitors and switched by triggered spark gaps.
The desired pulse r'uration corresponds to the time
needed to saturate the magnetic material with which
a module is loaded; this may be iron for pulses of
0.2 to 2 raicrosec and ferrite, or ferritic glass,
down to about 10 nanosec, below which no loading is
needed and a radial line geometry is suitable. An
important property is that the efficiency of energy
transfer to the beam may be very high. Practical
experience covers currents to 5000 A, gap voltages
to 500 kV, and path-averaged fields up to a 1 MV/ji.
A machine with 550 modules has been operated at
360 Hz for several years with high quality pulse
reproducibility.

Such an accelerator has the unique potential
of providing a single-pass straight-through system
from injector to target without need of storage
rings. This simplicity is very attractive, avoid-
ing loss ai>ii dilution in multi-turn injection,
extraction, and the other beam manipulations. Be-
cause the ion residence time is so short, vacuum
requirements are nominal and charge-changing inter-
action loss is negligible.

In adapting the induction linac to nonrelativ-
istic ions, a new advantage appears; the pulses
may be slightly ramped so as to decrease the field
seen by ions at the bunch front relative to those
at the rear, thereby gradually compressing the
bunch during acceleration. Therefore, determining
the bunch length as a function of distance along
the linac becomes a part of the design problem
which greatly complicates the task of finding an
economic optimum. At one extreme, a very short
bunch has higher current which requires a stronger
quadrupole focusing for transverse containment,
leaving a smaller fraction of the space for

accelerating elements and resulting in a longer
system. The basic parameter of an induction linac
is volts-seconds per module (or per meter), in
contrast with volts per gap (or per meter) in an
rf linac; thus,at the other extreme,a very long
bunch will experience lower fields, resulting
again in a longer system. Cost factors and elec-
trical and mechanical design features enter sig-
nificantly into determination of optimum varia-
tions of several parameters along the linac. In
addition, new questions regarding longitudinal
dynamics, particularly space charge and other
effects near bunch ends, must be studied. Longi-
tudinal emittance requirements indicate that per-
haps only a fraction of one longitudinal "phase
oscillation" should take place during acceleration.

The accelerating modules become undesirably
bulky for pulse durations more than a few micro-
seconds, so the injected current must be several
tens of amperes and a novel injector is required.
Large-aperture surface-ionization sources, fol-
lowed by a few long non-resonant pulsed drift
tubes, are being built and tested and other
options are being considered to meet this need.
After acceleration to full energy the beam passes
through a steeply-ramped pulse-gap buncher sec-
tion (like that mentioned above for beams from
the rings of a rf linac system) to provide the
final iaplosive longitudinal conpression, which
continues to the target. The beam is then ex-
panded transversely to bring the energy per unit
area below the spallation limit on septum edges,
and passes through beam-splitting elements which
divide it transversely into a number of beamlets,
each led to its own final focusing-lens system at
the reactor vessel.

In this country, induction linacs for elec-
trons have been built and used at both the
Lawrence Berkeley and Lawrence Livermore Labora-
tories and at the National Bureau of Standards.
The work on heavy-ion induction linacs for iner-
tial fusion is being done at Berkeley. For illus-
tration, some parameters of one of the preliminary
(i.e., not fully optimized) conceptual designs
developed by Keefe e_t jl. for a 160 TW system
using A = 238, and presented at the 1978 workshop7

are shown in Table II.

The mean accelerating field in the main part
is of order 1 MV/m and its length is of order 5 km.
The design of such a system is dominated by the
maximum allowable tune shift due to beam current
in the quadrupole transverse focusing system
along the linac. The results of extensive theor-
etical analysis and computer simulation are in
agreement that a tune depression from 60° per
period (unloaded) to 24° covers a range safe
against transverse instabilities. Detailed infor-
mation on the design procedure and the computer
program being used in conducting it can be found
in Reference 8.

Some Ongoing Research and Development Topics

It see;,is a general property of high current
accelerators that a substantial part of the
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Component

Surface-ionization source

Pulsed drift tube
Pulsed drift tube
Pulsed drift tube

Low-voltage induction modules

Iron-core induction modules

Ferritic glass induction modules

Buncher (+ 1 MV/m rauped pulses)

Beam spli t ter (4x4 = 16 beamlets)

Table

T t (Mel')out

2

6
13

200

8,000

II

Current(A)

4

6

60

800

19,000

19,000

19,000

problems arise at the very low energy end. Work
on ion sources is proceeding at a l l three Labora-
tories mentioned above; progress, both on exten-
sions of conventional types and on large-aperture
high-current sources, has been very significant.
Some of this work is being reviewed at this con-
ference by Clark.

The very low velocities of heavy ions in the
megavolt range produced by typical high-voltage
columns require special low-velocity accelerating
sections. The Wideroe system and the long pulsed
drift tubes mentioned above are not the only con-
tenders. Some newer developments are being re-
viewed by Swenson9 at this conference. Subdivision
of the beam at low energy has been considered by
Herrmannsfeldt,10 Gabor lenses are being studici at
Brookhaven,'' and Maschke has put forward >-he
MEQALAC concept,12 a highly subdivided array of
small beams focused by electrostatic quadrupoles.

The chromatic and third-order geometric
aberrations of final-focusing quadrupole lens sys-
tems p]-.ce serious limitations on system perfor-
mance. Substantial efforts are under way to exam-
ine the degree to which correction of these
aberrations is practical. A clear review of this
work has been given by Garren.13

Further analytic work and computer simulations
are needed to obtain a complete picture of longi-
tudinal dynamics, especially near bunch ends, in
the induction linac.

The necessity to satisfy the six-dimensional
phase space constraint (with allowance for inevit-
able dilutions of phase space density) arising
from Liouville's theorem has presented difficulty
to a l l those who have constructed system design
examples. This constraint turns out to be uncom-
fortably tight under realistic assumptions of
performance of system components and on dilutions
one might expect during various beam manipulations.
It was shown'"* for rf linac systems that the "ideal
available dilution factor" by which the 6-D phase
space density may be diluted without failing to
meet target requirements can be expressed as the
product of factors depending on the target

1,600

8,000

34,000 total

Pulse lenRtli(usec)

40

4

0.3

0.15

0.03

0.007

requirements, parameters having upper bounds in
principle or for practical reasons, and a linac
"figure of merit". Details must be sought in the
paper, but the expected actual dilutions come
close to the available factor, or exceed it, for
some system designs. One must emphasize the im-
portance of avoiding or minimizing dilutions at
every stage, and also to state the strong need
to maximize the linac figure of merit, which is

in which Ij, mean electric current,, exi_ transverse
normalized emittance, EJILB longitudinal emittance
(eV-sec) per bucket, and FLU the frequency with
which bunches emerge from the linac. Note that in
the funnel loading describe f earlier the ratio 1\J
fLB is ideally a constant if 1L is the current in
a single branch at any stage; also, electric
current is approximately conserved during stripping
to increase the charge state. Therefore the fig-
ure of merit may be evaluated (with allowance fcr
dilutions) at the first stage. I/(ex)

2 Is of
course a measure of source brightness.

Finally it should be mentioned that only the
first approximations of the final longitudinal
implosive process (which ail systems require) have
been studied;15,16 possible instabilities and
other details remain to be investigated.
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Discussion

R. Mobley, BSL: We have what we term strong focus-
ing, which was magnetic perpendicular forces in-
vented by Courant, Lewis, Synder at Brookhavan in
1950 or thereabout. Ttie fringe field focusing that
you get from electrostatic effects in the Icngitud-
inal multiple beams and the annular rings ate edge
focusing effects similar to that of Pierce type
electrodes, but we have restricted our considera-
tions of strong electrostatic focusing to perpen-
dicular (radial) electric fields, either electro-
static quadrupoles or Gabor lenses. That is a
distinction that we should continue to make. What
do you call strong focusing? If the main field
component pushes die particles towards the axis,
I consider that stronger than that of a percentage
of the fringe field giving it a little shove that
way.

p Judd: I agree with your desire to sort out our
- fferent kinds of focusing and give them clear

labels. My reference to the work by Hernannsfeldt,
which Is southing rather different froa what you
people are diing, was to indicate th*t people are
thinking of ill kinds of aethods of dealing with
these very low beta systems. Not that anyone holds
any particular brief for them or even for Che way
I characterized them.

P. Meads. Brobech Associates: T. wonder If anybody
has looked into the Russian proposal of Dytmikov
et al., about 20 years ago, of using opposing
electrostatic quadrupoles to correct the chromatic
aberration which you mentioned.

P. Judd: The problem I was alluding to occurs at
beta of about one half at a final er.srgy of about
10-20 GeV for heavy ions in a charged state 2,3,4,6,
perhaps, and it is my impression that nobody
really wants Co use electrostatic focusing under
those conditions.
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Summary

In this invited paper the new CERN 50-MeV
linac will be described from several aspects in-
cluding the general project background, a coopar -
ative treatment of services, components and phe-
nomena along the beam, and some details cf systems
and techniques with empha&is on new approaches.
A comprehensive list of references is included
and a review of present status and performance.

Introduction

To introduce this general paper on the CERN
50-HeV linac we briefly enumerate the main sources
of detailed information on the machine design.
Starting with the general technical solutions pro-
posed in the Project Study1 (1973), several as-
pects of the machine design and parameters were
updated and a status report2 made at the 1976
Linac Conference, with full accounts of the RF
structure design , the beam optics'*, the control
system5 and of measurement topics concerning the
double drift harmonic buncher (DDHB)6 and emit-
tance7. At the 1979 US National Accelerator Con-
ference (San Francisco), a summary of the linac
design was presented with emphasis on experimen-
tal results at 0.75 MeV and 10 MeV, and on the
first experience with 50-MeV operation for ma-
chine studies and then as the injector to the
CERN accelerator complex8.

In this conference many of the gaps can be
filled, for example, by papers on the mechanical
design , on the preinjector fast HT level control
(bouncer)10, the RF system11 and the 50-rieV beam
measurement system12 with other papers on calibra-
tion13, beam optics11*, HT formation15 and a new
ion source16. Many topics have also been treated
in internal repons, often in more detail and
appealing to a more specialized public.

Linacs used as injectors to large accelerator
complexes must be conservatively designed and
basically reliable, and these aspects do not nor-
mally lead to entirely novel solutions. In par-
ticular, at CERN the new linac was designed to
replace the injector linac which had passed
through several improvement programs since 1959,
until its electrical and mechanical design and
building limitations had been reached1 . Never-
theless, if lacking in stability and peak current,
this aging machine achieved less than 1% down-
time in recent years; so the first aims for the
new linac were to displace the intensity limita-
tion to one of the subsequent synchrotrons * and
yet keep comparable long-term reliability if pos-
sible in the changeover period as well. However
there are features in the design of all systems
which represent distinct advances in linac tech-
nology as will be detailed in the following sec-
tions.
The Project: History, Resources and Milestones

In May 1973,a study group was set up to make
a project proposal concerning the upgrading or

replacement of the 50-MeV linac injector to the
CERN accelerator complex (booster synchrotron,
the CERN 28-GeV PS and the Intersecting Storage
Rings) which was in the process.of being extended
to 300 GeV by the SPS. The required improvement
in intensity and quality (Table 1) was such that
with experience gained on the 3-HeV experimental
acceleratorJ',!o on cavity calculations, low
energy beam dynamics with space charge, measure-
ments of high brilliance beams and on a thorough-
ly tested mechanical engineering approach, one
already had the basis for an improved design,
Accelerator design programs using linearized
space charge forces for computing low energy
beam transport (including bunching) and for de-
fining focusing and matching in the linac proper
were also available21 and a double buncher scheme
had been proposed22. In addition it had already
been decided to develop a computer system based
on PDP 11/45 computers for the linac, PS booster,
and CERN PS combined control system. Thus the
project proposal, presented and approved in
October 19731, was in several important technical
aspects more final and confident than one would
expect ="fter fcur months study (Table 2). By com-
parison, it was more difficult to arrive at the
resources and time scale predictions.

Table 1. Beam Specification (Debunched)

50.0 MeV
50 mA to 150 mA
200
2 pps
<8TT mm mrad (90% of bean/
±150 keV (90% of beam)

Energy
Current
Pulse duration
Repetition rate
Normalised emittance
Energy spread

Table 2. Linac Parameters (as constructed)

Pre-accelerator
Duoplasmatron ion source 1-300 mA
High gradient, two gap column W«750 keV

750 key (lev energy) beam transport (LEBT)

Transverse matching 18 quadrupoles (4 triplets)
Matching with bunchers 2 at 202.56 MHz

1 at 405.12 MHz

Linear accelerator

3 Alvarez tanks (202.56 MHz) with post couplers
Focusing (FD) 131 quadrupoles (in drift-tubes)
Synchronous Phase -35° to -25° (Tank 1) then -25°

50 MeV (High energy) Beam Transport (HEBT)

Junction with existing line after 54 m(two bends)
Transverse matching 14 quadrupoles
Debunchers 2 at 202.56 MHz, 1 at 405.12 MHz
Beam Measurements in 3 phase planes

The net final result was that the linac was
built and achieved its specified beam within its
budget (23 MSF). The amount of mechanical engi-
neering effort available, in particular at the
start of the project was, however, not enough to
keep within the original four-year schedule. From



another point of view, it is evident that the
extra year for tests and the installation of an-
cillary apparatus contributed considerably to the
very short delay between first acceleration to
50 MeV and reliable operation as an injector.

In Table 3 the final material costs are quoted
by accelerator system while the in-house effort
was 165 my. In Table A, some key dates of the
project realization are listed.

Table 3.

Preaccelerator
LEBT
Structure
RF
Controls
HEBT
Bldg and Installations
Total material
Hired labor (about 65 my)
Total expenditure

MSFr.
2.0
0.9
3.7
2.6
3.7
2.1
5.0
20.0
3.0

This corresponds within a small margin to the
original estimate of 21.3 MSFr. in 1973 prices,
up-dated by the yearly index.

Table A

Project approved Oct. 73
Excavation started Dec. 73
Preinj. + Controls area ready Mar. 75
Building complete Dec. 75
1st 750 keV beam Dec. 75
LEBT Dec. 76
Tank 1 ready Apr. 77
1st 10 MeV beam May 77
150 mA at 10 MeV Sep. 77
Tank 3 ready Mar. 78
Tank 2 ready Aug. 78
1st 50 MeV beam 6 Sept 78
Design current (150 mA) at-

tained 5 Oct. 78
1st test with booster 7 Oct. 78
Routine Operation Dec. 78

An Overview of the Linac

Building and Machine Layout (Fig. 1)

The new linac was sited as closely as possible
to the original linac within the limitations of
existing buildings and the site topology. These
limitations and the decision to separate the an-
cillary electronics, radio-frequency power sources
and focusing power supplies from the accelera-
tor led to a building section (Fig. 1) where
accelerator tunnel, equipment room, and the air-
conditioning plant are sited one on top of the
other. To reduce tunnel costs the minimum accep-
table cross-section was chosen; for an operating
machine it is comfortably large but was very res-
tricting vertically during installation. Other
implications of the building position and design
concerned the shape of the Faraday Cage and
length of beam transfer lines (39 mlonger than
for old linac). The control room and its asso-
ciated data room (housing the computers) vere
built in the corner of the existing South Hall.

Alignment Using External Pgference Axes

The CERN PS orbit level, 433.66 m (above sea
level) determines the linac beam axis height. A
reference axis for preinjector, LEBT and accele-
rating cavities is parallel to but offset 0.6 n
vertically and 0.3mhorizontally relative to the
beam axis and is defined by four massive steel
"monuments" situated near the two ends of the
accelerating structure and the intertanks (Fig. 1).

Consider the low energy beam transport (LEBT
Fig. 2) where each section is provided with a pair
of targets and a (spirit) level reference face
prealigned in the workshop to the physical or
magnetic axis. With a raicroalignment telescope
supported by a monument (on the offset axis) one
can align elements to 0.15 mn (relatively) and
0.25 mm(abu)lutely) by adjustable tables to which
the sections are bolted. Note that the last
LEBT section is aligned to and supported from the
first linac tank by a large diameter buncher
(energy corrector, B3); similarly the first LEBT
section and the preinjector column make one mechan-
ical unit.

For the preinjector and linac tank alignment
the same concept (as for the LEBT) is followed,
i.e. easy adjustment and quick positional check.
The relative alignments of tanks, girders and
drift tubes are dealt with in other papers at
this conference*.

To be compatible with the PS injection and
ejection lines the high energy beam transport
(HEBT) elements use an alignment reference line
0.5mvertically above the beam axis.

The Vacuum System

Throughout the linac, the vacuum system is
based on turbomolecular pumping stations for ini-
tial pisrping (or heavy gas load) with ion pumps
for permanent high vacuum operation. Metal joints
are used throughout with aluminium wire joints
preferred in the LEBT and structure, diamond sec-
tion aluminium joints ir. the HEBT. Clean assembly
conditions consistent with the ion pumps and all-
metal system were adopted with strict avoidance
of organic matter in the preinjector and LEBT
regions to minimize contamination of the high
gradient HT column.

The particular pumping requirements of each
region (defined by sector valves) are satisfied
as follows:

a) for the preinjector two 1500 Is turbomolec-
ular pumps cope with the continuous hydrogen load
and achieve a pressure (one pump) of 5 x 1O~5 Torr.
The accelerating column and LEBT are connected
only by the low conductance beam tube (20 ls~D
through the "gun" assembly (Fig. 2). Further
pumping at the entrance to the LEBT is provided
by two 400 ls"l diode ion pumps.

b) The LEBT has a turbomolecular pumping station
(450 ls~l turbrpurap and 10 ls~l backing pump) and
a 400 ls"l tr»ode ion pump for the DDHB region,
supplemented recently by the 200 ls~l ion pump
(Fig. 2). With ion pumps alone the operating
pressure is <1 x 10"° Torr.
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c) For the accelerating structure, Fig. 3, there
are two 450 ls~l turbomolecular pumping stations
per tank and one 1000 ls~l triode ion pump per
structure section (total 10). This allows rf
conditioning with turbopumps alone and pump-down
to 2 x 10-6Torr in <2 hour* «ft«r bfing at atmos-
pheric pressure. Ultimate pressure is 2 x 10-'Torr.

Focusing

Throughout the linac, quadrupoles of the BNL
physical design23 are used with some modifications
in manufacturing techniques and different dimen-
sions for 1EBT singlets and triplet I.

Magnetic fiel] tests were made on individual
quadrupole magnets using a long coil field inte-
gration technique2* to find the harmonic content
of the field, the magnetic centre, the angular
position of field symmetry planes relative to a
keyway in the magnet yoke,and the important cali-
bration for operation, /(field gradient) dz as
function of exciting current. To obtain precise
results when iron proximity effects are important,
measurements were made on realistic assemblies of
two or three triplet elements. Each of the 125
drift tube quadrupoles was calibrated just before
installation of the support girders in the cavi-
ties13 to obtain absolute and comparative results,
including effects of the copper drift tube shell
and stainless steel bore tube. At normal oper-
ating fields the departure from linearity is
>0.57. only for Types I, II and III (i.e. up to
5 MeV) while throughout the drift tube linac and
within a quadrupole type, a constant relation
gives sufficient accuracy to set the quadrupole
field by the supply current.

The power supplies operate on the principle
of a resonance circuit (IX) producing a half sine
wave (2 ms long) which is clipped by a parallel
transistor bank working in a feed-back circuit
to give a precisely controlled flat top of >200ys
with stability ±2 x 10 during the pulse,and pulse-
to pulse25. As the switching elements (thyris-
tors) are rated at 1.0 kV, any increase in pulser
current near this limit is made by increasing Che
capacitor bank (stored energy) am? adjusting the
triggering delay time.

With 160 quadrupole elements to power, the
pulsers represent a considerable investment and
control problem, so one connects magnets in series
where possible within beam optics and pulser-load
limitations. Thus, in the LEBT one has two pulsers
per quadrupole triplet, in Tank I the first six-
teen quadrupoles are powered individually,and
where possible the others are in series pairs,
while in the other tanks most quadrupoles are
connected three to a pulsar. The HEBT system
(14 Type VII quadrupoles up to BH3) is not period-
ic so only one pairing was practical,and finally
a total of 90 power supplies was required.

Bunching, Acceleration and Debunching.

K'ere we compare design) operation and associated
hardware of the elements which affect the lon-
gitudinal motion. One has drift tube structures
throughout and far the purposes of comparison
the simple (non-relativistic) formula applies to
the longitudinal action of any gap :

AW - eV .T cos*

with V fe the peak voltage on a gap, W the kinetic
energy? <f> the RF phaue of proton arrival (relati-
ve to positive maximum) and T the transit time
factor , which is a function of gap geometry and
energy.

For acceleration one generally has cosij>»0.80
to 0.90 whereas bunchers and debunchers normally
give no net energy gain to the mean proton of a
bunch i.e. cos$"0. Radial defocusing is also
important both at low energies and for bunchers,
but its reduction with grids was not considered
justifiable.

Structure Design. For each rf structure one
aims to minimize the power for the required
AWej,»eV ĵ T, but with heavy beam loading, tran-
sient level and phase problems, severe aperture
requirements, need to house focusing elements and
need to maintain mechanical simplicity, the final
solutions are inevitably compromises. The cavity
dimensions, losses and dynamics coefficients (e.g.
T) were computed using the program CLASL26 for
the three bunchers and the linac (128 unit cells).
Generally,to ease fabrication and surface finish
problems,we could accept 25Z more rf power losses
than for perfect copper (representing <105! of
total power including beam loading).

The bunchers havp moderate requirements in
AW (<35 keV) so the mechanical and dynamics
contraints strongly influence the design. For
the 202.56 MHz bunchers the chosen asymmetric
design (half a unit cell) has a gap of 13 mm,aper-
ture diameters 20 mm and 25 mn (for B1 and B3 re-
spectively) giving acceptable values of T (0,71,
O.60). The half drift tube can house a quadrupole
or beam transformer (d«180 mm) and the cavity diam-
eter (700 mm) leads to an efficient rf design
within mechanical constraints of incorporation in
the Tank I input cover (B3). For the 405.12 MHz
case (B2) the symmetric design gives the specified
separation between the double drift harmonic bun-
cher (DDHB) gaps. The beam dictated an aperture
diameter of 18 «m(gap-10 ian)which gives T-0.36;
the variation in T with radius across a well ad-
ji.'ited proton beam could help longitudinal
matching27. To first order, the energy modulation
of an unbunched beam (in DDHB) causes no real or
reactive beam loading. All bunchers were made
from mild steel, copper-plated to 15 V, with alum-
inun wire joints for vacuum and rf contact.

The 202.56 MHz accelerating cavity geometries
are dictated by the size of drift tubes (contain-
ing quadrupoles), need to maintain 0.2<g/L<0.35
(high value of T), acceptable shunt impedance and
the computed dynamics, which determines individual
cell lengths3. The tank (cavity) lengths are
mainly determined Vy the rf amplifier arrangement
(one amplifier and feed loop for 10 MeV accelera-
tion). The cavity diameters 0.94 m, 0.90 n, and
0.86 m,respectively,keep T high and rf losses near
their minimum. Further design details are given
eluewhere' (also under Accelerating Structure).

For the debunchers, the peak energy changes of
1400 keV at 202.56 MHz make a high shunt impedance
desirable. The large beam apertures cause

- 68 -



problems due to reduction of T and penetration
of the electric field into the beam tube es-
pecially at 405.12 MHz (DB14).

Field Calibration. Several methods are avail-
able:
a) Effective field as a function of input power
comes from cavity calculations (normalized by
measured Q).
b) Field on the axis (hence T and tilt) by pertur-
bation methods13.
c) Observations on longitudinal dynamics at nomi-
nal rf level and comparison with computed predic-
tions13.

With methods a) and c) the cavity field is
measured by the monitoring loops which couple to
H, at the cavity wall.

For adjustment of buncher rf levels method a)
is sufficient but b) has been used to confirm sym-
metry of field in the asymetric bunchers while c)
has been applied to the DDHB using a fast probe6

and also by reference to the 10 MeV beam charac-
teristics. For debunchers c) is applicable in
the longitudinal measurement line (DB12) by beam
energy change versus phase shift.

Multipactoring. This problem in the initial
powering of all rf cavities is discussed here by
reference to the linac cavities. Ideally one needs
a clean vacuum (<10~5 Torr), temperature control
of cavities, correct input match, variable feeder
line length and control o' the rf pulse rise time.
Even so ionization pumps and ionization gauges
directly on the tanks had to be switched off to
obtain the initial erratic acceptance of power
with a glow discharge (observed near the feed
loops) and much evolution of gas from copper
surfaces. After some hours (<12 hours) of steady
improvement/power was eventually accepted up to
20% above nominal level on all pulses with ion
pumps on, quadrupoles pulsing and rf amplifiers
on slowest rise time. This process only takes
a significant time when first powering a cavity.

In the single-gap cavities, the conditioning
was sometimes lengthy with more apparent depend-
ence on surface cleanliness and on relative
timing of adjacent cavities (supposedly producing
ions or electrons). However, during scheduled
operation,the number of bad pulses one ascribes
to multipactoring is negligible.

Evolution of the Beam along the Linac

To complement the two comprehensive approaches
to beam optics1"21*, this section describes the
beam qualitatively as it passes from preinjector
to booster input. In Fig. 5 we give in one trans-
verse plane and in the longitudinal plane, beam
envelopes (2 x rms size in mm and in deg.)assuming
computed results (modified by measurements where
possible) with time (ns) as abscissa. The virtual
longitudinal aperture is half the estimated bucket
width. Note that the rms envelope representation
is relevant for beam transport with space charge
but it can seriously underestimate the bean limits
if there are lorig tails on the density distribu-
tions.

Generally, this plot brings out the similari-
ties between X.EBT and HEBTi both transversely

(envelopes and lens separations))and longitudinal-
ly, (transition from continuous to bunched beam
and vice-versa). The preinjector which repre-
sents only 20 ns of acceleration at 6 MeV n~l is
designed to take the dense beam rapidly through a
difficult space charge region. In the first part
of the LE3T,an essentially round unbunched beam
is contained by A quadrupole triplets, limited
proportionally in diameter and angle (apertures
API and AP2) and steered (ST1 to ST4) to the DDHB.
The bunching system performs a six-dimensional
matching to the linac input with 6 quadrupoles
and 3 bunchers compressing 802 of the beam into an
ellipsoid of mean diameter 7 mm and length 10 mn.
In the linac the +- focusing system starting with
V»30° maintains a very small beats size, even with
transverse emittance growth of 2.3 due to the
compensatory reduction in the space charge effect
and resulting increase of u, an effect enhanced
also by the growth in longitudinal emittance (x 5
measured). In HEBT there is rapid transverse
growth to match the longer period of the
focusing, while longitudinally, both energy spread
and space charge act to increase the bunch length.
Other features of the HEBT are an achromatic sec-
tion between BH2 and BH3, and the use of debun-
chers to shape the energy spectrum.

Users Facilities on the Control System

Users have access over two maxiconsoles, two
midiconsoles and two analog consoles in the con-
trol room, plus one mobile midiconsole in the
equipment gallery. The midiconsoles each have
four "knobs", one "access" card reader, a numeric
keyboard, a touch panel for parameter and task sel-
ections and a color TV monitor. The latter dis-
plays any four beam transformers plus any four
parameters (Fig. 6), where, given access, the op-
erator can act, either by a "knob" or by the nu-
meric keyboard. Synoptic displays ate used for
groups of parameters, e.g. the LEBT (Fig. 7) or
the vacuum system (Fig. 8) where a valve or pump
can be selected via the touch nanel and acted on,
registering as a visible status change on the
display. The maxicoasole has additional facili-
ties: a 611* storage scope, a video terminal, and
a touch panel for measurement tasks. The analog
console allows one to select and "hook" a param-
eter to any of four traces on two scopes or to a
waveform digitizer which can "freeze1' or, if
necessary, store the display.

A powerful feature is the List Processor which
takes any parameter name list and sends a matching
list of values from a disk file, e.g. for setting
tank quadrupoles. Value files can be prepared for
different conditions, and later be activated by a
touch panel or by a surveyor task.

One can, using only parameter names, write ap-
plication programs inBRSIC-11, FORTRAN 4+ or
PASCAL, e.g. CORLIN (inBASIC), corrects the off-
set between desired and actual currents from the
quadrupole pulsers, whereas TRACE, (in FORTRAN )
predicts, from user input values, LEBT beam en-
velopes and emittances on the 611 storage scope.
BASIC has also been convenient for log programs
and ad-hoc programs where on-line debugging is
essential2".

•Tektronix
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Particular Design Features

Preinjector

HT Equipment. The high-voltage generator (Cock-
croft-Walton) and associated electronics, electron-
ics platfom and the original beam-loading com-
pensation were bought from Haefcly, Basle. For
maintenance reasons an open Cockcroft-Walton was
chosen. It operates at S kHz with maximum output
850 kV and 4 mA DC and is connected to the electron-
ics platform by a 5-Mfl damping resistor. A three-
stage isolation transformer rated ac 7 kVA (14 kVA
at reduced voltage) supplies power to the electron-
ics platform. The insulation is rated at 300 kV
per stage with 2500-Hfi resistors incorporated to
ensure equal potential distribution. The original
beam-loading condensation (bouncer), a compact two -
tube arrangement housed in an oil-filled tank, has
been replaced for maintenance and reliability rea-
sons by an open (air-insulated) structure. This
new bouncer uses only one tube, has a wider band
width and shows better reliability than the pre-
view system10.

Ion Source. The original duo-plasmatron ion
source of the old linac''9 was already modified
some years ago17. For the reduced diameter of the
accelerating column anode in the new linac,this
source had to be made smaller, mainly by cutting
away superfluous parts and redesigning the magnet
coilv with most of the inner parts inter-changeable
with the old source. Arnco iron parts are nickel -
plated, to provide corrosion protection. Another
improvement was the replacement of the old oil-
cooling system by a circuit using distilled water
with 30% ethanol as corrosion inhibitor with a
fluid-to-air heat exchanger on the electronics
platform. The oil was a potentially serious hydro-
carbon contamination risk for the column and the
oxide cathode during source changes, compared to
the relatively volatile water-ethanol mixture. In
addition, one has less flow and circuit pressure
for equivalent cooling.

The arc pulser consists of a delay line(defin-
ing the maximum pulse length) with a large series
resistance to supply constant current to the
source. Pulse length reduction is achieved by
thyristors short-circuiting the arc when triggered.

Accelerating Column. The 750 kV accelerating
column (built by HVEC) is a modified version of
the CERN 500 kV design30 with 19 sections (instead
of 14), of the same diameter, which necessitated a
reduction in anode and source diameters and larger
radii on the central inner shielding rings. Both
gap and gradient have increased from 43 kV cm"1

across 11.7 cm to 58 kV cm"1 across 12.9 cm and
there is an intermediate electrode (as in the old
linac) to improve voltage holding and focusing.
The total capacity associated with the column is
2.6 nF of which 1.5 nF is connected via a 2 k$i
damping resistor to the bouncer. The dissipation
of the stored energy (during column breakdown) has
not caused observable damage. The cathode requires
-4-kV bias to avoid frequent breakdown and high
radiation levels, although this potential only
forms a barrier agaiRs": bacV—streaming electrons at
the edge of the cathode hole.

The column is a structure made of ceramic

rings glued together with epoxy resin and
supported like a cantilever at the cathode end.
With the coluan fully loaded and not under vacuum,
the epor.y rfc»in bond has a safety factor of 20
proved both by tests am! by calculations (epoxy
r«sin tensile strength "\. 10N/an2). Nevertheless,
for safety reasons, at the anode end a force is
ade'ed (rope and counterweight) minimizing the
bending noment along the column. Inside the ca-
thode is tl:e "gun", a tubular vacuum-tight struc-
ture containing the first magnetic triplet (Tl),
beam transformer (IM2), steering magnets ST1) and
an electron trap. This assembly is bolted onto
the column making ooe mechanical unit for support,
alignment and vacuum 'see Fig. 2).

Performance. The soiree geometry was optimized
experimentally by adjusting its longitudinal po-
sition and the expansion-cup shape, but the re-
quired snail Gaussian-type eoittances seemed un-
avoidably associated with rather noisy pulse
shap»s at normal operating beam currents > 250 mA
(and vice versa). One initially adjusts the opera-
ting parameters such as hydrogen fl"v: arc current
and cathode current by reference to outpt-i current,
pulse shape and emittance (measured at EM2). Mea-
surements made over several months show that beam
characteristics are stable and can be set to
values stored in the control computer. Source
lifetime, determined by cathode emission and anode
erosion, is > 1 year in normal operation.

After a source change the conditioning of the
evacuated column to 750 kV takes ">- 1 hour when
done automatically15. In typical operation the HT
breakdown rate is i I/day. As this sometimes
disturbs the source-computer interface, the source
parameters are reset automatically.

LEBT

The LEBT has been designed to transport the
preinjector beam, to shape it and to match it in
both transverse and longitudinal planes (6 dimen-
sions) to the linac input. Functionally it con-
sists of a long unbunched beam section which pro-
vides an essentially round beam about 10 mm diam-
eter at DDMB, and a bunching section which per-
forms the matching to the linac via six quadru-
poles and three bunchers.

Mechanical Engineering and Components. The
main objectives in the mechanical concept of the
LEBT were an easy and rapid alignment without
disturbing tne vacuum, a clean vacuum and the
possibility to put diagnostic equipment in any of
several foreseen places.

The part of the LEBT installed in the column
cathode has been described above. Between the col-
umn output and DDHB, the LEBT is a classical beam
line with five independent units mounted on indi-
vidual supports and connected by flexible vacuum
chambers. The bunching section, the last and most
important part of the LEBT, is extremely crowded
and forms one mechanical unit for alignment and
support via its main element, a large diameter
buncher (B3) which is bolted on and aligned to the
first linac tank (see Fig. 2).

The diagnostic equipment, defining apertures
(API, AP2) and beam stoppers use tantalum plates
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which have a good resistance to beam damage. Never-
theless under certain focusing conditions the pro-
ton beam could eventually burn a hole through the
stopper which forms part of the radiation safety
interlock chain. Thus the stoppers have a safety
device, an additional plate, which, if pierced by
the beam develops an air leak and switches off the
linac. More details of vacuum and alignment are
given under corresponding headings.

Beam Optics27. The figure of merit for the
LEBT/Lin-ic beam optics is the measured (as pre-
viously computed) trapping efficiency of 802 which
allows the design beam current at 50 MeV, ISO mA,
to be obtained with< 200 mA injected into the
linac (̂  250 mA from the source). The position of
bunchers was studied for beam currents between 50
and 250 mA and the optimum distances for trapping
efficiency, bunching voltages and acceptable geo-
metry determined. Tha distances from Bl(202.56 MHz),
B2 (405.12 KHz) and B3 (202.56 Miz) to the first
linac gap are 101 cm, 86 cm and 16 cm, respectively
(see Fig. 2). Note that for the highest currents
the computed trapping remains > 80% in spite of
severe linac input conditions (e.g., mean beam
diameter - 7 mm), which would ?11G^ US to provide
more output current if necessary. In the bunching
region on"? has sufficient quadrupoles to keep the
beam well inside the 45 mm diameter aperture and
to match it to the linac input.

Practical Aspects of Beam Matching. One needs
a round axial beam at the input of the DDHB,
< 10 mm diameter, limited proportionally in angle
and diameter so as to have equal vertical and hori-
zontal emittances. Thus one has to adjust the four
triplets, the steering magnets (ST1 to ST4) and
the apertures (API and AP2) with reference to beam
currents (IM3, IM4 and IM5) and emittance measure-
ments at EM2 and EM3 (Fig. 2). On-line computer
programs are available to derive quadrupole set-
tings using the measured rms values as input data
and steering settings, using mean beam positions.
This procedure is even more necessary for adjust-
ment of the bunching region quadrupoles to match
to the linac acceptance. As noted above (bunching,
field calibration) buncher amplitudes are set to
computed values. Solutions for several beam condi-
tions can be stored on the linac computer and
parameters set by pressing one or more touch
buttons.

Operation and Performance. An important aspect
of the LEBT operation is the reproducibility and
no further fine adjustment of parameters is re-
quired after setting-up. There is good transmission
through the LEBT as an unlimited beam has de-
creased by only 15% (probably heavier particles)
at the DDHB and there are no further losses to the
linac input. The performance of the LEBT has ful-
filled its design predictions in handling all beam
conditions without reaching limitations in element
position or strength. No down-time has yet been
ascribed to LEBT malfunction.

Accelerating Structure

Many of the construction techniques first tried
at CERN on the 3 MeV accelerator*9>20 were suit-
able for the 50 MeV accelerator structure^ e.g.,
copper-clad steel fabrication, aluminium wire

joints for rf and vacuum, and demountable drift
tube support girders. The rf and beam duty cycle
are < 10~3 and as the proton beam takes t 70% of
the RF power there is less reason for fanatical
attention to cavity losses. All components except
bu]k tuner are demountable from outside the cavity
while the intertanks are combined with end half
cells into a demountable unit and the three tanks
form a single vacuum system (Fig. 3). Before
installing the girders in the cavity one has com-
plete accessibility for mounting the drift tubes
and for adjusting their relative alignment.

Cavities. The accelerating structure (Fig. 3)
is divided into three tanks accelerating from 0.75
to 10.4 MeV.then to 30.5 MeViand 50.0 MeV>respec-
tively. The tanks are subdivided into a total of
10 sections with lengths varying between 3.16 m
and 3.54 m (average 3.29 m) and dictated by posi-
tions of rf feed-loops (at L/4 and 3L/4 in the
long tanks) and gaps. Copper"clad steel (15 mm
steel + 2 mm copper) was used for the .fabrication,
with welded inserts to extend the copper to the
circular joints between tank sections aid to the
rectangular girder slot. The departure from cir-
cular section introduced by this slot produces a
resonant frequency decrease (300 kHz) which is
less than the support stem frequency perturbation
(in Tanks II and III) ; normally the bulk
tuners introduce as much frequency perturbation.
For fabrication simplicity the smaller holes were
left unlined thus slightly increasing the rf
losses. To assess the copper surface quality and
the circular aluminium joints, rf measurements
were made on Tank I without drift tubes, giving
i- 80% of theoretical Q.

Drift Tubes. The cylindrical part of the drift
tube body is an alignment reference surface, so
one ensures accurate concentricity of the quadru-
pole magnetic axis by a close fit of the quadru-
pole yoke in the drift tube. It is closed by elec-
tron beam welding of the end cap(s) to the body
ana to the stainless steel bore tube. Water
cooling is made via the stainless steel inner
support stere which fits closely in the drift tube
body. In addition to the standard dimensional
checks on assembly, the flatness of the Tank I
drift tube front faces and the shape of the Tanks
II and III radiused profiles were checked by pre-
cise and quick capacitive methods.

Rf Feed Loops (Fig. 9). Two important criter-
ia in the design were (a) large and predictable
coupling variation with minimum .movement and (b)
minimum field perturbation. This leads to an
eccentric line (outer diameter = 127 mm) near the
cavity (which reduces coupling due to cavity field
penetration), then a step up to the 230 mm co-
axial line in which ;he PTFE ("Teflon") rf to vac-
u'm window is mounted at about \/2 from the short
circuit at the cavity. The five loops installed
perform reliably and give the specified coupling
variation ?. • 1 to 6 = 4, for a movement of 30 mm.

Bulk luner (Fig. 3). This fixed tuner corrects
the gross errors in frequency and field distribu-
tion so that in particular the final cavity re-
sonant, frequency falls in the piston tuner range.
It is made in "T" sections ^ 1 m long with the top
of the "T" demountable so one can selectively
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place Che sections to make the first-order field
and frequency corrections.

Piston Tuners. Of ten tuners mounted (one per
structure section) only two per tank are used for
automatic tuning as less than ± 5 kHz range is
necessary at the correct cooling water tempera-
ture (20 °C) compared with ± 30 kHz available. A
gap >o 1 mm was left between the tuner and the cavi-
ty wall in preference to installing a possibly un-
reliable sliding RF contact.

Post Couplers. To stabilize the fijld one post
coupler is mounted per two drift tubes in Tanks I
and II and one per drift tube in Tank III. The
fields were set up by perturbation measurements1^
first by using variable penetration aluminum
couplers, and then the final copper post couplers
to produce greatly improved field stability in all
tanks. For Tank I, where the accelerating field
increases linearly with distance,the post penetra-
tion can be varied (in situ) by ± 5 mm and the
orientation by ± 5°. In the other tanks the cou-
plers are made to the fixed lengths predicted by
the variable aluminium ones.

Rf Monitoring Loops. There are 34 pyrex
thimbles mounted along the structure, allowing
access to the HA field. Half of the* available lo-
cations have unshielded matched loops (*v 15 nnn̂ )
which are adjusted by rotation to give a signal
40 dB relative to the tank input power. This is
ample for all monitoring, frequency, rf level and
phase control purposes.

Operational Reliability. There have bean no
failures on the structure which have required sig-
nificant time for repairs since it came into ser-
vice. A recent check has shown that there has been
no decrease in cavity Q factors since installation.

High Energy Beam Transport (HEBT)

The 50-MeV beam line joins the old linac1. to
the booster line at the bending magnet BH3 (see
Fig. 4). This layout allows injection of the new
linac beam either directly into the PS or into the
booster. In the latter (normal) case one can use
the old emittance line to check the matching of
the beam to the booster, and the spectrometer line
to adjust the three dehuncher cavities for the
required energy spectrum.

Focusing, Steering and Debunching. In the first
part of the HEBT (before BH2), there is ample fo-
cusing (8 quadrupoles) to prepare the beam for the
more critical achromatic part between (and inclu-
ding) bending magnets BH2 and BH3 (6 quadrupoles).
Initially the beam is measured at the output of
Che Linac in the three phase planes which gives
sufficient data for input to TRANSPORT. This pro-
gram whj.ch can be run- interactively with the CDC
computers, gives results for quadrupole settings
which can be used unmodified up to BH3 and there-
after the matching is made empirically by observa-
tion in the old single pulse emittance system and
adjustment of 6 DC quadrupoles.

The beam steering is also critical, with 5
pulsed steering magnets adjusted systematically by
reference to 8 magnetic beam position pickups to
e .sure > 95% transmission.

Ideally the firsf debuncher, DB11, adjusts the
bunch length for best conditions at DB13 and DB14
(405.12 MHz) but one can often satisfy booster
energy spread requirements with one (202.56 MHz)
debuncher. However, for a recently-studied hollow
distribution, DB14 is essential (see below).

Phase Plant Measurements'2. With the two new
measureme' ̂  lines at the linac output»one can
treat (one measurement per second) the horizontal
are! vertical planes and the longitudinal plane
respectively. The data from the battery of collec-
tors are treated and displayed similarly in all
planes except for -he units (mm, mrad) transvers-
ally, and (degreer, keV) longitudinally.

The Control System Design Features^»3*

The control system is based on two DEC PDP
11/45 computers, each having 128!c of core memory,
in a back-up scheme. The control room consoles are
all interfaced to seven CAMAC crates on a parallel
branch. Each computer has access over a "branch
mixer" to each crate and to a common Data Base of
64k of core memory, which contains status and
description of each parameter and which interfaces
to a special CAMAC module. Two 2.5 MHz serial
CAMAC loops are also driven from the patallel
CAMAC. One loop crosses the high voltage of the
preinjector via infrared optical links to control
the ion source parameters at 750 kV. The other
loop links 14 CAMAC crates in the equipment gallery.

The system solves the mapping between a param-
eter name list to the CAMAC addresses, and may
perform several CAMAC operations to achieve the
desired result. All CAMAC activity related to pro-
cess parameters is synchronized to the linac cycle
(500 ms minimum). All system software, and some
critical programs, are, for maximum speed, in
MACRO-11 assembler language.

There are 900 individual parameters in the
system, and about 1700 status bits for the surveil-
lance task to handle. When a change in status or a
parameter out-of-limits is detected, an alarm mes-
sage gives the name of L.ie process synoptic on
which a flashing a m w indicates the offending
parameter.

Due to the proximity of the preinjector,
breakdown of the EHT occasionally blocks the com-
puter. Normally the linac continues to function
due to the local buffering of all command values.
However.it is planned to install a "watch-dog"
which will automatically reboot the computer if a
blockage occurs. The MTBF of the computers was
around 1200 hrs last year and still improving. The
384 CAMAC modules have a MTBF of 370 hrs. Serial
CAMAC for the process has proven successful, with
easier debugging than on the parallel CAMAC.

User acceptance of the control system has been
very positive and several outside laboratories
have shown interest in installing similar systems.

Rf System11

An independent rf chain fed from a common phase
stable reference line is associated with each of
the three bunchers, three tanks and four debunch-
ers. Each chain comprises fast amplitude and
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phase servo-mechanisms acting at low level, and a
slow-cavity tuning servo. The control elements for
phase (hybrids with varicaps) and for amplitude
(PIN-diode attenuators) act on the low-level side
of each chain; their structure is therefore the
same throughout the whole rf system, with varying
output of standard power amplifiers:
- 2 buncher chains with 35 kW available rf power
- 3 debuncher chains (110 kW available)
- 3 linac cavity chains with a total of 5 output
amplifiers of 2.5 MM (2.2 MW required for 150 mA
beam).

Simple and reliable FFN-circuits together with
a highly efficient charging circuit based on
low-loss current-limiting chokes provide the
40 kV pulsed plate supply; PTH 170 triodes, a
water-cooled version of the former PTH 470 are
used in the final and drive stages.

- 2 second-harmonic stages of 25 kW each at 405.12
MHz feed the harmonic buncher and debuncher(DB14).

For a bunched beam in cavities operated near to
zero crossing (cos<J)=0), the phase and level control
have to cope with a large reactive load as well as
resistive loads from the cavity and varying iu-
phase beam components (e.g. in the third buncher
and debunchers).

Performance

As already reported8, the new CERN linac has
met, practically from start, all the specifica-
tions including the maximum ouput current of 150 mft.
Usually, running conditions are set according to
demands from the first downstream accelerator
(booster); the present operational beam charac-
teristics are given in the following table:

Table 5 - Beam Characteristics

Symbol

I

Ein

EOut

*•£ out

W

AI
I

Description, Units

Intensity QUA]

750 keV emit. { J ™ ,.
(V mm mrad]

50 MeV emit., 90% of I
[it mm mrad]

50 MeV long. emit.,
90% of I, [IT MeV degree]

Energy spread at "old
meas. lines" [keV]

Beam intensity ripple
at 50 MeV [%]

Value

125

40
50

15

7

on
request

±4

The transverse output etnittance is considerably
smaller than the specified one (25n mm mrad for
100 mA), in spite of an emittance increase factor
in the linac of « 2.5 (see Fig. 10). No specifica-
tion was given for the longitudinal emittance,
hence operating conditions are optimized for other
parameters, leaving E. to increase in the linac by
a factor i* 5. On the contrary, precise requests
concerning AW are given for the booster and the
Tiew debunching system can form a variety of energy

distributions. Apart from "normal" distributions
(see Fig. lla), "hollow" distributions can be
achieved by special combinations of the 3 de-
buncher settings32 (see Fig. lib).

Operation

The operation of the new CERN linac is consid-
erably simplified by the possibilities offered on
the control system. Essentially, one distinguishes
between starting up and running the machine.

Start-up. The starting-up procedure is as
follows:
1) Automatic formation of HT15.
2) Setting of "groups" of parameters to reference

values stored on disk; at present, touch but-
tons are allocated to ion source, LEBT,linac and
HEBT focusing, rf (amplitudes and phases) LEBT

steering and HEBT steering, respectively.
3) Control of beam intensities along the acceler-

ator and emittance measurements at 50 MeV.
4) Log of all machine parameters.

Running. No permanent operator is needed in
the linac control room. At present, the state of
the machine is quickly obtained via process synop-
tics e.g. Fig. 7. In future, a "watch-dog" program
should ease the control even more by indicating
parameters which go out of the sF*cified ra .ge.

Reliability

The reliability of all systems has been good.
For the first two complete runs (each > 1000 hours)
the downtime was 1.1% and 0.97.. A large fraction
of this can be attributed to the inexperience of
the operators and to a few "teething problems".
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DISCUSSION

D. J. Llska. LASL: What was your reason for using
aluminum seals throughout the machine?

Warner; They are cheap; the cavities do not need
baking out and the force to deform them is small.
Copper needs more (factor of 5) sealing force.

K. Mlttag, Karlsruhe: How do the actual quadrupole
settings used now correspond to those at the design
stage - are they the same or did you change them?

Warner: We set them initially to u •= 30° throughout
the linac at one stage, but now u is set slightly
lower. As I pointed out, if we have an emittance
growth, the u will go up as you go along the linac
because the space charge effect is decreasing. But
we calculate quadrupole gradients with a program
which h^s no emittance growth in it (normally).

K Mittag: If you had used permanent quadrupoles
to !>egin with, would the machine performance be
as good now as it is?

Warner: We made a special attempt to bridge across
the place where quadrupole sizes change and I am
not sure you can do this with permanent magnet
quadrupoles. I do not know whether you can design
a permanent quadruple system to cover a large range
of accelerated currents. In face, we lower the
gradients for working at 50 mA or with a pencil
beam. Even If permanent quadrupoles would have
been available, I believe we still would have chosen
quadrupoles which could be varied over the complete
gradient range.

C. Curtis, FNAL: Starting with your design settirgs
for the quads, ha- e you then tried empirically
various settings of the quads for the same beam
current to see what happened to the quality of the
beam?

Warnar: We have the facility of adjusting the end
quadrupoles (up or down) and the rest of the quad-
rupoles follow accordir. gly. This program is in
FORTRAN. Now,the results are not very clear; there
is a very broad optimum. I can give you an example.
Where we varied the Tank II and III quadrupoles
from 50% to 125% of normal operating level and
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looked at the output beam position. It moved
around, but the current only started to fall at
about 605 of the normal operating level. So, you
certainly could not use the beam current as a
criterion for setting the quadrupoles.

Curtis:
tint'?

Did you measure the ealttances ac that

Warner: The emittances looked all right over a
vide range, but this particular experiment was not
aimed at measuring beam quality. We have not really
investigated the beam quality as a function of the
quadrupole law.

D. Hagerman, LASL: At LAMPF it has been essential
to have the ability to reduce the quadirupole
strength systematically so we can see what is
going on inside a tank. It is a very tedious
procedure, but I do not think we could have man-
aged that machine without that technique being
available. Therefore permanent quadrupole magnets
would have been a bad choice.

S. Ohpuma, FNAL: Is the observed transverse emit-
tance growth of 2 to 2.5 in agreement with the mis-
type numerical calculation and, if so, what is the
main cause of the emlttance growth?

Warner: Our design predictions gave less t r ans -
verse emittance growth but we made a l l our ca l -
culations with a larger Input emlttance (SO* m«-
nrad) compared to measured valtxs of SOir-mm mrad.
I believe we may have ouch less than that ins tan-
taneously because we measure the integrated e n i t -
tance over 10 ysec. The longitudinal growth is
also much higher than we calculate . To sat isfy
the booster synchrotron we are more concerned with
the transvers emlttance, but i t i s well within
the acceptable level as we inject a much smaller
emittance than was intended.

S. Otinuma: Do you think you have gained a lot by
having a fancy beam shaping system in the longi-
tudinal phase space?

Warner: Yes. We insis ted in the paper on the
figure of merit being over 802 trapping, but the
original aim was also to have the bean matched
in longitudinal phase space at injection into the
linac and we believe we have th is a l so . We have
not yet had much time for measurements but we wi l l
be able to do some more measurements in 1980.

L-CMJ

Fig. 1 Hew Linac Building
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Fig. 2 Preinjector and LEBT
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r-on AlaraoH S c i e n t i f i c Laboratory

U'« Alawis, Hew Mexico 87544

Summary.

LAMPF now opcraten reliably producing 500 uA
of H+ beam and n few uA of II" beam or 10 nA of
polarized H" beam. Beam loan in the accelerator
Is quite acceptable at tliese currents. Tills level
of performance has been achieved through rsolutlon
of a wide variety of accelerator problems and a
continuous evolution of the experimental areas.
The future of the faci l i ty is promising both in
Cerma of the exist ing experimental programs and
the opportunities for s ignif icant fac i l i ty improve-
ment projects;.

Introduction

The Los Alamos Meson Physics Facility**
(LAMPF) accelerator has matured In the sense that
i t runs rel iably at significant currents and
apparently can fu l f i l l a l l of the expectations of
i t s designers and builders. In addition to the
high-current beam a low-current H~ beam is simul-
taneously produced. This combined operation saMs-
fies the needs of a very broad research program.
It has taken more than seven years, af ter the
f i r s t full-energy beam, to reach th is level of
performance. This rather lengthy time scale has
many different causes including complexity of the
accelerator , unprecedented beam currents , need ror
production operation pre-empting time for acceler-
ator development, lack of adequate tes t dumps for
high-current beams, and budgetary problems. None-
theless , th is machine has served the needs of the
research program very well for several years In
addition to being a major step in the a r t of
accelerator technology.

General descriptions of this accelerator are
given in several s o u r c e s , ' . 2 . 3 Briefly, the
machine simultaneously produces R+ and H" beams
at a maximum energy of 800 MeV. The H+ ion source
is duoplasmatron. The H" ions are provided from
ei ther a duoplasmatron charge-exchange source or a
Lamb shi f t polarized source. Each source has i t s
own Cockcroft-Walton machine to accelerate the ions
to the 750 keV injection energy. Acceleration5

from 750 keV to 100 MeV i s accomplished in a d r i f t -
tube accelerator that i s post coupled above 5 MeV;
this operates at an rf frequency of 201.25 MHz.
From 300 to 800 MeV a side-coupled accelerator i s
used operating a t 805 MHz. The overall length of

* Work performed under the auspices of the
Department of Energy.

** The formal name i s the Clinton P. Anderson
Meson Physics Faci l i ty located a t Los Alamos,
New Mexico, U.S.A.

the accelerator i'» '.780 vs. Peak rf power required
is about 50 MW. The r?.ncroscopic bean duty factor
Is 7.5% with 120 nacrosicopic pulses/;;. The i!+

beam in the high-Intensity bean and Is used p r i -
marily for meson production. The H~ beams are low
intensi ty and used for .? -'ariety of nucleon-nucleon
or nucleon-nucleus research program.

Progress in Beam Quality

A simple measure of our progress in beam
quality is shown in Figure 1 which displays the
re la t ive beam induced activation (normalized to
production current) oi" the high-energy portir.i of
the accelerator as a function of H"̂  production
current. The beam induced activation has been
averaged over many locations and long periods of
time so i t is a trend Indicator rather than a
measure of tl e quality of any par t icular beam.

100 100 SOO 400

PRODUCTION CURRENT 0M)

Fig. 1 A short history of accelerator activation
and LAMPF average production beam current.
Activation is the average of 67 separate
measurements in the side-coupled linac
between 240 and 800 MeV; each measurement
is at a limiting aperture. The dates are
a few weeks, after start of production
operation at that current.
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If Che cmlttancc of the bcaa increased with current
and Che accelerator acceptance was unchanged during
the period described by this figure, the activation
would have Increased faster than the current In-
creased. Instead, this neasure of beam loss drop-
ped nearly a factor of 40 while the current, was
increased a factor of 13. This lnproved perfor-
mance is the result of both reduced beam eatttance
at Injection and inproved acceptance of the accel-
erator.

The improvenents in the eroittance of the H*
bean at injection have resulted from a variety of
geometry and field changes in the source. In gen-
eral, apertures are now smaller, hydrogen pressure
and arc current are higher, and the extraction
field has been modified from the original Pierce
geometry. The result of these changes is that the
emittance of an 8 niA beam is now about the same as
that of a 2 mA beam a few years ago.

Improving the acceptance of the accelerator
has been an iterative process since tin: first op-
eration of the machine. One of the perplexing
aspects of this developntent work has been the
difficulty in determining,at any particular stage
of development»the dominant cause of beam spill.
This difficulty is caused in part by the very
achromatic beam transport of the accelerator which
can transport off-energy beam a long distance
before it hits the wall of the accelerator and is
detected by a spill monitor. For example, beam
spill at that location in the accelerator corres-
ponding to, for example, a beam energy of 365 MeV
can be caused by any one or combination of the
following: (a) improper adjustment or operation of
any of the 24 rf amplifier accelerator structure
subsystems upstream of this point, (b) some defect
in injector operation or adjustment, (c) poor
steering causing the beam to strike the wall at
this './cation or be accelerated improperly at some
upstream location, and (d) misadjustroent of some
quadrupole focusing element causing a large radial
excursion in the beam envelope at this point. Any-
one of thes'e difficulties can be masked by some
other compensating defect for that particular spill
location; yet, when two things are wrong the over-
all machine acceptance is reduced even though some
localized spill is improved. This extremely com-
plex set of inter-relationships has been partially
unraveled by many different development projects,
nearly all of wl.tch required a significant effort
in computer simulation of the beam in the acceler-
ator. In addition, reliability and repiroducibility
of machine parameters has been greatly improved by
diligent attention to the quality and performance
of accelerator components. Some specific problem
areas that have received attention are:

1. Comprehensive studies searching for the optimum
longitudinal tune of the machine (i.e., optimum
phase and amplitude values for the accelerating
field) have been done. This problem has required
development of very accurate techniques for measure-
ment of beam properties since all accurate phase and
amplitude setpoints are derived from observed
effects of the field on the beam.

2. By using a conbinatilon of the beam as an indi-
cator of misalignments and the best available sur-
veying techniques,, the rviclilne has been systemati-
cally realigned.

3. The long (tl2 m) 750 keV transport lines con-
necting the injectors to the accelerator are
troublesome since the beans have varying degrees
of space charge neutralization along the transport
system. Much of Che tuning done in these lines is
still very pragmatic in nature.

A, The genera] problen of matching simultaneously
both Hi* and H" beams, is one of the major limita-
tions in machine performance. These beams have
different emittances and intensities at injection,
hence, space-charge forces are different. Further,
in the 100-HeV transition region,'.'here die beams
are spatially separated,not enough degrees of
freedom are available to satisfactorily match \ioth
beams Into the side-coupled linac.

A more quantitative measure of the degree of
perfection of our present beams is that at 500 uA
I!+ production current the beam lost between 70 and
800 Me'' ranges from a few parts in 5000 to 2 parts
in 500 v<th the typical value of 1 part in 1000.
The off-energy portion of this beam that is lost
in the switchyard is significantly less than 1
part in 10,000. Mien an H" beam of 3 to 5 pA is
accelerated simultaneously with the 500 IJA H"*" beam,
spill is increased in a minor way at a few loca-
tions.

Accelerator Tuneup

The procedures for complete tuneup are now
very well understood with only a few exceptions
associated with radial beam matching and optimiza-
tion of drift-tube linac performance. Assuming
that all equipment is operational and no major
increase in beam current is planned something like
three shifts are necessary for a complete tuneup.
Six to nine shifts are usually scheduled for this
activity at the start of a cycle since we continue
to make changes in the ion sources or current on a
cycle-by-cycle basis.

The reproducibility and stability of the equip-
ment is now good enough so that a complete retune
is required only three to five times a year. This
reproducibility was strengthened significantly by
the development of redundant methods of measuring
and systematic monitoring of the most important
accelerator parameters. By using all the informa-
tion available, it is practical and routine to re-
produce a sat-sfactory beam in short order even
though one or more setpoints have been lost due to
equipment failures. The control computer of
course is essential in any tune-up operation.*

* The main control computer can be turned off
during production without losing beam or any
element of beam protection. Operation, of rrie
smaller computer is required at all times to
maintain integrity of beam protection devices
in the experimental area*
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Some idea of Che complexity of the tuncup can
be gained fron the brief lintlng of tlie norc it^ior-
t.tnt tuning algorithm or measurer»nt techniques
given below. Nearly all r*.-a:iuremi.*ncn art proce«Hed
through the computer ulifcfr crnn»f»rrc» the rinta Into
uone eanily understood forn.

Transverwe Tuning

1. Knit Inner measurement.'/' provide beam size,
orientation, cenlroid f>o.*;ition, and centroid angu-
lar Information Clint If, used <n Input to matching
and iiteorlnf! programs HO that Che beam i;j properly
ffjcuacd and littered into the accelerator.

2. Wire scanner.1) provide beam position and fjize
inforra.it Ion i'-sed for iiteerin;; and check of rail la 1
witch. Beam position can also be measured by a
nonintc-rcepc inn system.

3. Experimental area beam profile measurements are
marie with harpu or wire scanners.7

4. Experimental area main beam-line magnets are
net up using a computer algorithm that cycles the
magnets to selected field strengths.

1. Drift-tube accelerator phase and amplitude
st'tpointa are determined from phase-scan measure-
ments that are compared with computer simulations.
These measurements also include a differential
phase scan to measure phase width of the beam en-
tering the side-cc 'ed llnac.

2. A beam energy measurement using a time-of-
flight method based on rf measurement techniques
in combination with a detailed simulation of the
side-coupled linac is used to determine phase and
amplitude setpoints between 100 and 800 MeV. This
is the only fully automated closed-loop tuning
algorithm presently in use.

3. Energy width and low-energy components of the
beam are measured in the switchyard where the beam
transports provide energy dispersion. These
measurements are particularly valuable in eluci-
dating minor errors in the longitudinal tune.

Display Programs

1. A wide variety of computer displays are in use
that present accelerator and beam parameters in a
variety of formats. Graphical displays are par-
ticularly valuable when evaluating machine per-
formance .

2. All important parameters are monitored; signif-
icant changes in value are automatically called to
the attention of the operator.

Protection Methods

1. The usual sort of hardwired "run-permit" system
controls personnel access and requires that the
necessary equipment be "on" before beam can be
turned on.

2. A "fist-protect" syatem'1 switches off bean on
B M> i.n tlmt scale in the event of malfunction of
an rf an^lificr, excessive bean loss, etc.

3. Bean trJinsalKsion 1» continuously nonliored by
radiation dcteccoru and differential current-
neasuring devices. These turn off the r.achine
automatically if lori<j exceeds a predeterained
value.

Bean Availability and Machine Reliability

During KY W ) (Oct. 1978-Sept. 1973), pro-
duction bean was scheduled for nearly 4600 h and
long-rcrm average bean availability was typically
in excess of 807.. Of course, bean availability
ha'J wide variation?; fron day-to-day. Difficulties
that cause extended off periods (4 to 24 h) are
infrequent; during the past year this level of
difficulty has been caused by ion-source problems,
control computer problems, major power outages, or
some vacuum or rf-system fault in the drift-tube
accelerator. Off periods ranging from a few min-
utes to 4 h are more frequent and are caused by
minor vacuum failures, tube faults, or minor fail-
ure of some sub-system.

The availability of the experimental area
plays an important role in overall beam avail-
ability; some of iSs particular problems are dis-
cussed below. Unfortunately, when a major experi-
mental area problem arises its repair is frequently
a matter of weeks which causes a major shift in
schedules. Sensible definitions of beam availa-
bility in that circumstance are lacking. During
FY 1979,we had one such incident that occurred
between production cycles and caused a delay of
the next production cycle for about two months.

Use of the facility is scheduled in terms
of production cycles that have recently ranged in
length from 8 to 15 weeks. In each pi-oduction
cycle, maintenance days (24 h total beam inter-
ruption) are scheduled on alternate weeks. Short
development periods (12 h) are also scheduled on
alternate weeks. Longer development periods are
scheduled at midcycle and before and after each
cycle. During the cycle, each week has on the
average 132 h of production beam scheduled.

During the design of LAMPF, electron tube
lifetime was a major concern and it was thought
that this would be a strongly limiting factor on
beam availability. Happily this has not been the
case. Our latest information on tube lifetime is
given in Table I for some of the more important
tubes. The klystron information should be sta-
tistically sound due to the large amount of oper-
ating experience. In all cases, the data clearly
displays' a very satisfactory range of tube life.

The Experimental Areas

Successful operation and development of the
accelerator is strongly dependent on the viability
of the experimental areas. In turn, success of
the entire facility depends on the vitality of the
experimental program. It is inappropriate in this
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paper to ilitjcurn; the experimental pro^ran but some
description nust be made of the experimental areas.

• Hit rioiit important features of the experimental
arc-aŝ  are those that permit simultaneous perfor-
mance of 10 to 12 experiments. The H~ low-intfcnsity
bean is easily split into as nany as three bears by
change of charge state in thin foils; these beans
are used either for direct interaction studies and/
or for production of neutron beans.

Hie H* bean provides nesons in six secondary
bean channels, is used for isotope production, and
provides neutrinos fron the beam stop. The bean
passes sequentially through three t.-jr̂ ets, finally
coming to rest in the beam stop. Tine sharing is
ur-u to provide H beam to a pulsed neutron facil-
ity. A high-resolution (50 keV) proton spectrometer
and a high-resolutIon plon spectrometer (150 keV)
are permanently installed. Two of the meson chan-
nels provide bean to multiple caves ;;ivlng great
freedom In scheduling use of these particular beams.

The overall utility of the II" beams will be
increased when the time-shared dual-energy opera-
tion starts next spring. Increased flexibility in
the use of the polarized beaniE will be provided
when installation of spin-rotation equipment in the
switchyard Is completed this winter.

Tile high-intensity H+ beam (500 uA average
current s 400 kW beam power) must be very accurately
controlled In position and size to avoid damage to
targets, beam pipes or windows; this control re-
quires accurate measurement of beam properties and
continued monitoring of beam transmission. The
target cells are difficult engineering problems.
The level of induced activity is so high that they
can only be serviced with remot •; handling tech-
niques. The heat load from the uri;ets is signif-
icant and all components in the vicinity of the
targets or beam stop are subject to higii levels of
radiation damage. Progress to higher current will
be paced by the ability of the experimental area
to accept increased beam power.

Future Development Work

The proceeding paragraphs support the position
that nearly all of the original expectations for
the performance of LAMPF have been fulfilled. The
major step yet to be made is that of routine produc-
tion at the 1 raA level. This level of operation is
nearly in hand from the accelerator. Duty-factor
tests in late August 1979 showed that 9% duty-
factor operation Is practical without major retro-
fitting. Recent beam tests at peak currents of 13
mA show satisfactory beam quality,so an average
current from the accelerator of 1 mA is within
reach. However, operation at 1 mA average current
may well uncover major problems in the experimental
area which thus far has seen a maximum average
current of only 670 uA.

Other improvements in the facility are mainly
in response to the requirements of the experimental
program. In the spring of 1980, a time-sharing
nv chod of providing a lower energy H~ beam will be

TuheTyrr
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Triode ri amplifier
Serie* modulator
Switch tube
Klystron rf amplifier
Klvntronrf amplifier

ElHTiMK*
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0.27
1.7
1.4
0.3
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12 '
10
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frO
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•At the time of writing, LAMJ'F had on line two 78.X1 tubes that had been
in UM-:<u kh.

"'ITieRe high-voltage switch tubes require reprocewinR every 2to 'i kh-

in operation. This will provide an li" beam of
energy, as needed, between 400 and 800 while an H+

beam of fiOO MeV is produced. A more sophisticated
method of dual-energy operation has been explored
and is reported in a separate paper at this con-
ference. '10

Similarly, there is a strong demand for higher
intensity polarized beams. The present source
should be operating In late 1980 at the 30 nA levei
using known technology. If the atomic beam sources
prove practical,one of these devices will be in-
stalled in a few years.

Further in the future, a 100 uA average-current
proton storage ring11 is to be filled from LAMPF.
This will use a high-intensity H" beam that will
necessitate major changes in the H" injector and
transport, the transition region, and the switch-
yard. Changes In the transition region will be
made first since they will upgrade the present dual-
beam operation significantly.
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introduetion

hi the last Linear Accelerator Conference

heid .U Chalk River, Kenneth Hatchelor; reported

on the first five yesrs o! operations of tlie USL

.:i)i)->fcV Hr.Jie. Tl\is paper describes the recent

nudiftcaiior.H Co the isachlnr and its; continued op-

erational status.

'Hie lin.ic continued to run :r. :i very reliable

runner: lls-. 1 uhews tii.it the rel iabi lit;- ha:i

risen to iy. of the SLheduled operating '. i i->- "i

approximately 6,000 hrs/yuar. Machine downtime

has stabilized t:o an awraftt of 250 liru//ear over

the past three years. This lov figure has been

accomplished even though the iinac buildlnj! is

canned only during normal worklnj; hours. After

the nurnni wor'i.driy p. r i -.»rj, *t'i-r A: S uper.it'!'.'!*, v.i'j

are rraotc from the linac buildinR, muHt diaRnosc

and rectify the fault, or in more complex failures,

call in linac personnel.

The linac continues to run .it 5 pps, with
short runs at 6.7 pps for the r.'hemistry line; the
normal ACS requirement is 1 pulse/2.4 sec. The
repetition rate was reduced from 10 pps at the
beginning of 1976 due to a series of 6O-kV power
supply transformer and 12-inch transmission line
failures. Running at the lower repetition rate
has reduced these failures considerably and al-
though the average current delivered to the BLIP
facility was reduced, Che total current/year has
actually Increased. The linac average monthly
output current for the past three years is shown
in Fig. 2; it can be seen that we now run with a
peak intensity of about 60 mA. Prior to September
1978> we had run long periods in excess of 70 mA
and at rimes, 80 mA; however, alter running in
this manner, we noticed a marked decrease in the
life of our RCA 7835 power triodes. (This is dis-
cussed later.) The output current of the linac
was, therefore, reduced to 60 roA which is suffi-
cient for the ACS to run at 1 x 1 0 1 3 protons/
pulse.

System Performance

Rf System

A year-by-year breakdown of system failure
is shown in Fig. 3. It can be seen that although
the rf system accounts for 50% of the linac down-
time, the actual hours of downtime have fallen to
an average of 120 hrs/year. Approximately half
of this time are minor faults of less than one

LIN'AC OPERATIONAL PERFORMANCE

Work performed under the auspices of the U.S.

Department of Energy.

2-

OPf.fiATING
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L
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Fig. 1

Linac Beam Current 1977-79 (220i;s,5pps)

Fig. 2
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hour, «uo!i an tuning, *-'tc. On the whole* tht rf
fcy»t*a* perform very w « H and It 2* difficult to
pick out tin area vhUlk could ftlgrilf It.antly reduce
the rlovnllaw- further.

(.on Al«arj« ha* r«c«-ntly experltnced a aisllar
fault.

Leaking oil on lh« Cockcroft-W'alicn generator

• rack led to th* dl»cov«ry of •'< badly burnt i•ap.ifl-

tor. Fig. A. Thla {allure In thought to be due to

SYSTEM DOWNTIME vs. FISCAL YEAR

sou

* 00

3 0 0

a

o
X

2 0 0

t o o

a

1

\ _̂J *" ~ ••

• • • i

co
e

i •

PRE-INJ.

r—J VM15C.
1 - • •

Fig. 3

Vacuunt Svstem

The vacuum system, which was the second
major contributor to downtime, now only accounts
for approximately 20 hrs/year. This improv nt
is mainly due to the changes in tank monito.
probes and BLIP transport line, described by Ken
Batchelor at the last Linac Conference, and also
due to the long radiation monitoring system2 that
inhibits the beam, if the radiation at any point
along the machine exceeds a pre-set limit, i.e.,
it keeps the machine honest.

Preinlector

Problems with the ion source and the bouncer
account for most of the approximately 65 hrs/year
of downtime attributed to the preinjector. We
went through a period when the source filament
life steadily declined and they had to ba run at
increasingly higher currents to obtain a discharge.
Finally after changing the complete source, it
was discovered that the source had a minute freon
leak. This leak, although difficult to find <10~e

mmtig scale) was sufficient to poison the filament-

Fly,. 4. Uartfgud Cockcroft-Walton capacitor.

the f.ict that Llicso capacitors h.ive painted nount-
l«H flanges onto which corona shields are clipped.
The paint is non-conduct Svt? and arcing through the
pnint tiua to the ac component between the flange
and shield lias occurred. It socras that this arc-
Ing also occurred from the top of the corona
shield through the glaus-epoxy case to the capa-
citor sufficient to burn a large area of the case.
Flexible connecting straps have now been connected
from the mounting flanges to the corona shields
to prevent this fron recurring.

More recently, several small vacuum leaks
were found around one of the ceramic spacer joints
of the high gradient column. These were filled by
an epoxy bead applied around the joint while the
column was under vacuum. The high voltage was
applied two days later and no difficulty was
found in conditioning the column.

Miscellaneous Systems

The final 50 hrs/year of downtime is due to
the remaining control, quadrupole, water systems
etc.; no significant reduction in t'lis downtime
is likely.

Machine Modifications and Improvements

Radio Frequency Interference

An off-site complaint of TV reception inter-
ference initiated an investigation into the rf
radiation from the linac building. The building
which houses the rf system is approximately 500
ft long and is clad in aluminum. Field strength
measurements outside this building confirmed two
radiation lobes of sufficient strength to cause
TV interference. Measurements inside the build-
ing indicated that the main rf leakage areas were '
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the grid-Input »Hdlng «ection of thu ?835 power

»f>liil*r, itt grid cooling hone and liur BGA

driver cart. These in»lde «»«»ure»«nts, however,

were well belotr the Federal lin.it ai 2 >«/-'•

»tec»l braid was placed over the grid cooling hose

and «rt»l "cop hats" were pltced over the input

section* of the 7835 c3vltle». Kir,. *>. ThiB re-

•ulled in a 22 db decreaH* In the radiation levels

our»ld<; the building.

Fig. 5. 7835 power amplifier with RFI shielded

input section.

The RCA driver cart is now the major source

of RFI. This cart houses a 4616 driver stage with

its'two 7651 pre-driver stages. In its present

form this is very difficult to shield. However,

due to the age of the 7651 amplifier cavities and

the cost of maintaining them, the first pre-driver

stage will be replaced by a 350 W solid-state amp-

lifier stage. This will free up spare units for

the second stage and also allow us to remodel the

driver cart to allow for RFI shielding.

7835 Tube Life

As has been stated earlier, the linac beam
output has been reduced to 60 mA because of the
reduction in tube life. At BNL we have accumu-
lated in excess of 500.000 hours of 7835 tube op-
eration. Froa rhis operational experience, to-
gether with data supplied by RCA, we are able to
predict reasonably well the expected filament life
of an 7835 tube at BNL. Here we run the filament
curient just above the emission limiting point
that will give the required power output condi-
tions. This power requirement and, therefore,
filament current is determined by the accelerating
tank powered and the beam accelerated. The large
difference in accelerating power requirement shows
up a large difference in tube life; this Is shown
in Fig. 6 where tube life for a number of tubes
is plotted against the plate power required. The
scatter on the graph is due to incomplete records
of llnac beam levels and some movement of tubes to

. f t • * • «;

Fig. 6

different tanks; however, the trend Is quite clear.

Measurements of lh« necessary filament current for

various linac beam currents were made on tank ill

which IK typical of moat of the linac tanks. Cal-

culated filament temperatures lor these currents

arc supplied by RCA: a"<J using chese temperatures^

life expectancy was obtained from a i.urve by Ayer.

These results are plotted In Fig. 7 and are in

good agreement with our actual experience.

RCA 7635 EMISSION LIFE vs.

J 0 r

LINAC BEAM CURRENT FOR ATYPICAL
B.N.L. RE STATION

'011.6600 A.

\tJr. 6700A,

It. 69 0 0

SO 30 4 0 SO 60
LINAC BEAM CURRENT (mA,)

Fig. 7
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Rf Phase Control Syscea

The low level phase control system" utilizes
a number of phase shifters to bring the phase of
the rf inputs to the phase servo to within its con-
trol range of ±35°. These phase shifters are also
used in the phase monitoring systems. Initially
these phase shifters were mechanically adjusted
with a phase range of 180°. Because of this Un-
ited phase range and also because of mechanical
problems, these phase shifters were replaced by
electronically controlled units having a phase
range in excess of 36C°. Similar 180° units are
now being installed as the controlling element,
together with a new control amplifier card, to re-
place the old phase servo control. By separating
the rf signals and control, we have a more stable
system with a greater phase range an* faster servo
tiisa than the cid systen.

Rf Phase Shifter Design

These phase shifters use the same principles
used at the P.L.A. at the Rutherford Laboratory.5

However, this phase shifter uses strip-line tech-
niques that enable a very compact unit to be aade
with a large phase range. The 180 units are con-
posed of a 3 db, 90° strip-line coupler with va-
ractor diodes on control ports 2 and 4. The phase
change for this type of coupler is equal to the
angular change in reflection coefficient at each
of the control ports. The varactor diodes used
(BB-105A) give a 90° angular change at 200 MHz for
a bias change of 0 to 10 V. However, this angular
change is increased to 180° at the control port by
the use of an intermediate high impedance trans-
mission line of suitable length. With the low di-
electric constant strip line board used, the re-
quired strip width of this intermediate line
would be impractically thin. This was overcome
by spiralling the line and removing the ground
plane on either side of it.

printed on one board. The characteristics of
these shifters are shown in Table I.

180 Phase Shifter - (D28-ILE-695)

Control Voltage
Phase Shift
VSWR
Insertion Loss

0 thru 10 Volts
0 thru 210°
1 thru 1.2
0.2 thru 0.6 db

TABLE I

Preinjector

As mentioned in the last conference, the old
Phillips set has been installed in the second pre-
injector pit. It has run satisfactorily and the
Heavy Ion Fusion Group6 has accelerated both pro-
tons and Xenon using a standard BNL duoplasmatron
ion source. After completion of that prograa,
thfc Linac Group is now preparing the preinjector
to accelerate an H~ beam.

Machine Users

Brookhaven Linac Isotope Producer (BLIP)

As mentioned earlier, the average beam current
to BLIP was reduced at the beginning of 1976 to
increase the reliability of the linac operation.
This increase in reliability has made up for the
low beam current as is shown in Fig. &. The total

JAN. fO. M/». AM.

Fig.. 8

intergrated beam for 1977 and 1978 was 315 mA
hours and 280 aA hours compared with 133 aA hours
and 177 mA fcours for the previous two years. This
is reflected in a production of 34,820 iiiCi of
Xenon-127 in 1978,compared to 5,640 mCi in 1976.
This production rate will, however, be somewhat
less in the future due to reducing the peak cur-
rent of the linac to 60 mA.

Chemistry Linac Irradiation Facility (CLIF)

Since the last conference, this beam facility
has been renamed, "The Medium Energy Intense Neu-
tron (MEIN) Facility". The MEIN facility produces
an intense, energetic bean of neutrons by stopping
the 200-MeV proton beam of the linac in a water-
cooled copper bean stop. Yields of neutron-defi-
cient isotopes in the product element relative to
the desired neutron-rich isotopes can be suppres-
sed by factors of 10 to 100 through the use of
these energetic neutrons instead of using protons.
Characterization of the decays of new neutron-
rich nuclei is thus made possible in spite ot
their generally short half-lives. Decay scheme
information and atomic mass measurements from
these studies are useful when applied as checks
of current theoretical models for the behavior of
nuclei far from stability. It is in this manner

that the discovery of
October 1977.*

Os was reported in

Brookhaven Proton Bio-Medical Facility

Medical applications of the linac are being
developed is a spur beam dedicated to this pur-
pose ("The Brookh&ven Proton Bio-Medical
Facility").

Three avenues havu been pursued to date.
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Visualization of the proton beam interaction vol-
uma by aeans of In vivo activation of positron
emitters, Oxygen-15 with two minute half-life and
Carbon-11 with 20 minute half-life, has been dem-
onstrated.9 An extension of this technique offers
exciting possibilities for quality control in par-
ticle beam therapy.

The second application, presently in the
planning stage, is "radio-surgery", using the pro-
ton bean for ablation of intra-crani^l benign tu-
mors. TJiis approach uses multiple beams with dif-
ferent entrance sites, with the Bragg peaks from
each beam overlapping at the target volume. This
technique produces a nearly ideal concentration
of dose at the tumor, while sparing nearby criti-
cal organs.

The third application currently being devel-
oped is the study of the transport, from a locally
irradiated volume, of the positron emitters pro-
duced by the beam interaction in tissue. The
Oxygen-15 generated is principally bound in water
molecules. This labeled water Is removed fron
the beam interaction region by means of perfusion.
Information is thus available concerning regional
blood flow. The carbon isotope appears to offer
similar data about local metabolism. This facil-
ity is the only one with a positron camera on-line
with a penetrating particle beam.

Conclusions

During the past three years the 200 MeV-lin-
ear accelerator has continued to operate at a
high level of performance and reliability. The
linac output beam current has been limited to 60
mA in order to obtain the maximum rf power tube
life without compromising the output performance
of the AGS. Despite a reduction in pulse repeti-
tion rate, total beam current to the BLIP facility
has increased to an average of 300 mA hrs/year.
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19Y9 LINEAR ACCELERATOR CONFERENCE

THE RUTHERFORD LABORATCKT 70-HaV I3MEAR ACCELERATOR

N. 0. West
Rutherford Laboratory

Chi]to; , Oxfordshire, England

A 70-MeV proton linear accelerator, originally
built as an injector for the Nimrod proton
synchrotron, is described. The accelerator is
now being modified to serve as the injector for
a new rapid-cycling synchrotron which is being
constructed for a pulsed neutron source facility.

Introduction

The linear accelerator was originally constructed
in the years 1973-76. It was built as a new
injector for the Kimrod 7~GeV proton synchrotron,
to replace the 15-MeV injector, with the object of
increasing the synchrotron beam intensity. The
injector was required to provide a 500 us pulsed
proton beam of 75 raA,at a maximum repetition
frequency of 1 Hz.

Shortly before the construction of the
accelerator was completed>a firm date for the
closure of Nimrod was announced, which made a
change-over to the new injector no longer
worthwhile. In view of a possible future use
for the accelerator, however, work was continued
to complete its construction and to commission
an accelerated beam. The first 70-MeV beam was
produced in May 1976,and operational tests
continued until a shutdown in March 1977-

In June 1977,approval was given for the
construction at the Laboratory of a pulsed
spallation neutron source (SNS). The neutron
source will be based on an 8C0 MeV,high intensity,
rapid-cycling synchrotron with the 70-MeV linear
accelerator used as the injector. Injection will
be by stripping of H"ions and the linear
accelerator is to provide 500 vs, 20 mA pulses of
H'ions at a repetition rate of 50 Hz.

A description of the linear accelerator in its
original form as an injector for Nimrod will be
given, followed by an account of the modifications
which are underway to convert it for use with
the SNS.

The Nimrod Injector

The 70-Mev new injector for Niairod was proposed as
a way of increasing the synchrotron beam intensity
at a minimum cost, by utilizing equipment taken
from the Laboratory's 50-MeV proton linear
accelerator (PLA) which had been closed down in
1969. With the addition of another cavity to
raise the energy to 70-MeV, it was hoped to gain a
factor of five in the space-charge limited
intensity at injection.

A layout of the accelerator is shown in Fig.l.
T'.e accelerator is houses in a new building

alongside the existing 15-MeV injector, with the
70-MeV beam taken via a short tvinnel through the
synchrotron earth shielding and then tc a
straight section in the magnet ring. The
building is divided into a 200-m 2 F«raday screened
room for the pre-tnjector, a 350-n linac
equipment area and a 250-m 2 shielded enclosure of
concrete blocks containing the accelerating
cavities. The cavities are supported on a steel
framework above a basement, which provides the
height necessary to accommodate the rf amplifiers
and vacuum pumps.

The Pre-injector

The ion source, which has been described in
detail elsewhere 1, is a compact duoplasmatron
with a 20-ram diaraeter expansion cup. Typical
performance figures are given below.

Extraction gap
Extraction volts
Arc Current
Beam Current
- at source exit
- at 665 keV

(nrn)
(kv)
(A)

(mA)
(mA)

On

21.
30
35

200
-

test rig

3 18.3
5C
50

600
-

On

12.
18
3**

-
210

Column

5 12.5

-
125

The accelerating column, also described elsewhere?
was designed for an energy of 665 keV and a target
value of beam current of 200 ziA. It is constructed
from a stack of 16 titanium electrodes, bonded to
pyrex spacer rings by PVA adhesive, and enclosed
in an outer glass-fibre reinforcsd epoxy resin
vessel pressurized with 5F 6. To ensure reliable
operation<the column is designed for twe modest
value of accelerating gradient of 1-5 kv/mra. flt
this gradient it is possible to include a large
value of reservoir capacity in the high voltage
supply without the danger of voltage decondition-
ing in the event of a spark-over. It is also
about the lowest value at which a 200-mA bean can
be satisfactorily accelerated to 665 keV and
matched to the input of a practical beam
transport line. The column is evacuated by
turbo-molecular pump.

A view of the pre-injector high voltage equipment
is shown in Fig.2. The high voltage supply is a
Haefely generator, rated at 750 kv, which charges
a 0.01 uF storage capacitor. The capacitor limits
the voltage drop due to a beam pulse to 10 kv
which in turn is compensated by a bouncer
stabilizer circuit connected to the low voltage
terminal of the capacitor. The bouncer employs a
transformer coupled control tube which takes its
error signal t'rom a special capacitive potential
divider. By suppressing the bouncer between
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pulses,the operating voltage is determined by
the fundamental d.c. stability of the high
voltage supply. The stabilizer has a frequency
response of 500 kHz and at full pulse loading
provides stabilization to within 0.4 kv.

The 665-keV Beam Transport Line

A beam line containing three quadrupole magnet
triplets connects the pre-injector to the first
tank of the linac. The first triplet is mounted
inside the vacuum system of the pre-injector
column in order to capture the emerging beam
before it diverges too far, while the final
triplet is mounted 9S close as possible to the
linac to achieve the short characteristic length
matched beam parameters, required at the input to
the first accelerating gap. The first two
triplets have element lengths of 100/200/100-mn,
apertures of 30 mm and provide maximum gradients
of 5 T/m. Corresponding figures for the third trip-
let are 80/160/80-na, 60-mn aperture and 17 T/m.

A single fundamental frequency bunchsr cavity is
used in the beam line for longitudinal matching.
The buncher drift distance is 300 inn and the peak
proton energy change is 23 keV. The cavity, which
is of the half wavelength coaxial line design,
is fed with rf power from an adjustable coupling
loop in the first linac tank.

The Linear Accelerator

The accelerator is divided into four separate
cavities, the parameters of which are given
below. A view of the accelerator cavities is
shown in Fig.3-

Tank No.
Construction

Length, m
Energy out, MeV
No. of cells
DT aperture, mm
Ace rate, MeV/m
Q-theoreticai
- measured Q

Power for <(is=30
-theor loss, MW
-practical incl
75 m* beam
Focusing magnets
-period
-excitation
-gradient, T/m
-length, inches

1
Cu clad
steel
7.15
9.91
56

20-25
0.84-1.55
76,100
60,900

0.44

1.24

FDFD
Pulsed
85-29 7
1.0-2.75

2 3
Vac vessel
S Cu
D.96
30. 44
41
38.1
1.72

70,900
58,600

1.31

3.12

FFDD
DC

.5-6.1
4.5-6.0

liner
11.24
49.71
27

38.1
1.71 )

56,800
39,700

1.40

3.45

FFDD
DC
4.6
9.0

it
Cu clad
steel
12.11
70.44
24
30

.77-1.66
66,000
55,100

1-51

3-36

FFDD
DC

5.3
7.5

For the design value of accelerated current it
was considered essential to use the FDFD focusing
mode at the input end of the linac. Tank 1 of
the PLA had used grid focusing and although
conversion to quadrupole focusing would have
been possible, because of an unfavourable drift-
tube shape only the FFDD mode could have been
achieved. A new tank was required therefore, and
to save effort it was decided to base this on an
existing design. This was made possible by the

generous supply of information by Fermi lab on the
design of their 200-MeV linac. To adapt the
design to the 70-MeV linac, a new set of unit cell
lengths was interpolated to give an output energy
matching the input to tank 2, and the design was
extrapolated forwards to produce an acceptable
input energy, arbitrarily put at less than 700 keV.
With the exception of minor details the tank and
drift-.ube construction is iuentical to that at
Fermi lab.

Tanks 2 & 3 are taken from the PLA and used with
only minor modi fications. These were originally
built in the late 1950's,and are constructed with
separate sheet copper cavities and outer steel
vacuum vessels. The drift-tubes contain d.c.
powered quadrupole magnets which are limited to
the FFDD operating mode. Tank 4 is another new
tank built to the Fermilab design, including the
use of post couplf-rs, but with the drift-tubes
fitted with d.c. powered quadrupo'25. The
quadrupoles have solid cores and low current
windings, and by operating them in the FFDD mode
the dissipation is sufficiently low to allow them
to be cooled by conduction to the drift-tube body.

In order to save cost, tanks 2 6 3 are still
fitted with the oil diffusion pumps used earlier
on the PLA and tanks I 6 4 are fitted with oil
diffusion pumps which were surplus from elsewhere
on Nimrod. An operating pressure of better than
2 x 10"6 torr can be achieved on all tanks.

The Rf System

The high power rf system3 consists of a common low
power drive-chain which feeds four separate two-
stage amplifiers, one for each tank. The drive-
chain provides four outputs, at a maximum level cf
12 kw each,by means of four adjustable loops
coupled to the anode circuit of the output stage.
The two-stage amplifier comprises an RCA 4616
tetrode operating in grounded cathode followed by
a Thomson-CSF THI16 triode operating in grounded
grid. The circuit for each of these valves uses
tunable coaxial resonators for input and output
circuits, with input and output coupling via
adjustable taps. The RCA 4616 operates at an
output of up to 500 kw and the THUS has been
tested at a maximum output of 4.25 MW into a dummy
load.

Rf power is coupled to each tank by an adjustable
loop situated on the air side of a vacuum window
of cross-linked polystyrene. The power is fed
via a 300-uEi diameter transmission li-.-. •,
polystyrene disk supported, which incorporates a
trombone phase shifter and a calibrated
reflectometer. The tank phase is set by a
trombone phase shifter in the TH116 drive line.

Anode power for the TH1I6 valves is provided by
individual pulse modulators, consisting of a
pulse forming network feeding a 2J:1 step-up
pulse transformer via a CXI 174 deuterium thyratron.
The pulse transformer also supplies the anode of
the RCA 4616 via a series resistor. Stabilization
of the field level in the tank is arranged by
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anode modulation of the RCAil6i6,by controlling
an ML 8786 tetrode placed in shunt with It. This
system has provided satisfactory stabilization
against beam loading up to the full design value
of beam current.

70-MeV Beam Transport Line

Beam transport between the linac and synchrotron
is provided by a line con aining two achromatic
bends and an electrostatic inflector as the final
element. Focusing throughout the beam line is by
triplet quadrupole magnets, of which the end
elements are air-cooled magnets taken from the PLA
and the higher strength center element is a
proprietary water-cooled magnet. The beam
alignment can be adjusted by four steering magnets
located at the linac exit. A debuncher cavity is
installed to reduce the beam energy spread, but
the cavity was also intended to be fast phase
ramped to provide energy modulation of the beam
during the pulse. At the time the injection
project was abandoned/a 100 Jew fast ferrite phase
shifter was under development for this purpose,
power for the debuncher being coupled from tank k
by an adjustable loop.

Beam Monitoring

The pulsed beam current is measured by a system of
\h beam transformers which provides both analogue
pulse and digital panel meter display. The other
main monitoring device is a multiwire beam profile
monitor, consisting of a number of 0.02-ram tungsten
wires at 2-mm spacing which can be inserted into
the beam. The output is available as an
oscilloscope histogram display or can be stored in
a transient recorder for subsequent digital
readout. To prevent melting these can only be
used in the 665-IceV beam with short beam pulses.

The emittance of the 665-keV beam is measured using
a multi-slit plate followed by a traversing slit.
Data taking is semi-automatic but data analysis is
carried out off-line. Other equipment available
includes threshold foils to identify accelerated
from unaccelerated beam,and also a momentum spread
measurement system using a slit bending magnet
and profile monitor.

Control System

An original plan to provide computer control had
to be abandoned because of financial constraints.
The system chosen, however, was one which could be
later adapted to computer control and yet was no
more expensive than a totally hardwired system.
Communication with the machine equipment, from
either the injector control center or the Nimrod
control room, is via a CAMAC system operated by
an autonomously cycling control unit. At either
control point the operator selects the device to
be controlled on a push button selector panel,
which gives contro) of the device parameters at
a central control panel. All controls are of the
push button, on-off or raise-lower, type. Device
selection also switches appropriate parameters
for display on digital panel meters.

Operation

Operating experience with all components of the
pre-injector has been generally very satisfactory,
with the reliable production of a 665-kev beam over
an 18-month period and the achievement of the
design values of pulse current and duty cycle.
As expected, 200 mA has proved to be about the
maximum current obtainable at the output of the
column, and even at this current there is
evidence that the beam is scraping the bore of
the first triplet magnet. Measurements of the
665" keV beam emittance area have yielded:
160-mft beam,90% of current inside 38ir ymr;
100-mA beam,90? of current inside 40;r iimr, 95%
inside 50n ymr and 35% inside a circumscribed
ell ipse of 6671 pmr.

Commissioning of the linac beam commenced with the
first operation of tank I in February 1976.
A' though a IC-MeV beam was established fairly
quickly, operation was severely troubled by a
multipactor problem which caused the loss of 50%
and upwards of all pulses. Following unsuccessful
attempts at conditioning the tank, carbon black
was applied to al! the drift-tube faces. This
produced an improvement, but it was not the
complete success that it had been on the 15 MeV

linac, and only after many weeks of running was it
possible to achieve adequately reliable operation.
Even then, periods of multipactor could still
arise, particularly at the full 1 Hz repetition
rate. A further problem has been the failure of
the quadrupole inside drift-tube number 8.
However, by reversing the polarity of all upstream
magnets-a satisfactory beam acceptance has been
achieved giving, for example, an 80-"* tea™ at

10 MeV for 135 mA at the tank input.

Following operation at 10 Mev,the three remaining
tanks were progressively commissioned, with the
first 70-MeV beam produced in May 1976, and the
75-mA design current obtained by the end of that
year. Operation at the I -Hz repetition rate and
500-US pulse length were separately achieved,but
the accelerator was always operated at less than
the combined full duty cycle because of incomplete
installation of the radiation shielding.
Probably the greatest operating problem
experienced was in setting up the tank phases,
with the aid of the energy threshold foils, and
in maintaining the phase from one operational
period to another. The difficulty was largely
due to phase variations during the rf pulse
which were of a different form for each tank. It
is thought that these may be caused by reactive
loading due to multipactor type discharges at the
operating field level. Another problem was the
collapse of the buncher cavity field with long
beam pulse lengths, thought to be due to
thermionic emission from the grids in the gaps.
This could usually be avoided by careful
focusing of the 665-keV beam.

The emittance of the 70-MeV beam was determined
by measurement of the beam width at a single
profile monitor for a range of settings of an
upstream triplet quadruple magnet. Measuring at
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the 103 signal level, the emittance area for a
50-inA beam was found to be approximately llx par
in both planes. Assuming a gausslan density
distribution this area contains 90$ of the beam
current.

Prior to the linac close down in March 1977,the
performance of tan!; I was examined with the
quadruples re-connected for the FFDD mode, since
this was relevant to its future use. With the
gradients approximately halved, except for the
magnets adjacent to the faulty number 8 which
were empirically optimized, the transmission
factor for the tank was found to be only about
50% compared with the previous value of 60J or
better. Some improvement in this figure can be
expected with the faulty magnet replaced and with
mere careful optimization.

Conversion of the Linac to an Injector
for the SMS

Following the approval given for the SNS project,
work has been underway to modify the linear
accelerator to act as the injector for this new
machine. The main changes are concerned with
the increase in repetition rate to 50 Hz and in
'he change of accelerator beam to H'ions, but
other necessary improvements suggested by the
previous operating experience will also be
carried out. A brief discretion will be given
of the principal changes.

The Building. Because of the anticipated
increase in radiation levels, additional shield-
ing will be installed and all electronics will be
removed from the linac enclosure. Increased room
for equipment will bi. provided by building
extension- to house the water plant and a new
local control center.

Ion Source. An H"ion source of the Penning
surface plasma type is now under development.
This has the basic discharge chamber geometry of
the Dudnikov source, described by Allison1*, and
is fitted with a pulsed gas valve and external
cesium boiler. Operation in the cesium mode, at
an arc current of 100 A and a pulse length of
500 ys,has been maintained for over k0 hours at
the reduced repetition rate of [k Hz. A source
with improved cooling and fitted with a 90°
analysing magnet is about to be tested.

Pre-injector. A new bouncer circuit has been
designed to accommodate the reversal in high
voltage polarity.

Linac Tanks. A change to the FFDD focusing
mode and the design of an improved pulsed power
supply to give shorter pulse rise and decay times,
will allow the quadrupole magnets in tank 1 to be
operated at 50 Hz without overheating. On all
tanks,the diffusion pumps are being replaced by
turbo-molecular pumps and all water-cooling
circuits are being modified to provide the
required increased flow rates.

Rf System. It is believed that the 4616
and THI16 circuits will be satisfactory at the
new duty cycle with only minor modifications.
Four separate low power drive systems will be
built to enable fast phase and amplitude control
to be carried out at low power level. New anode
power supplies now under construction include a
hard valve modulator for tl.e THI 16 which uses
the HL8786 as the series control valve. A
prototype of this modulator has been operated
successfully and has enabled preliminary tests to
be carried out on therf amplifiers at the full
duty cycle.

Controls. The control of the injector will
ba integrated into a computer control system
being designed for the SNS. This uses a central
SEC 4070 computer linked to three similar
peripheral computers, one of which is dedicated
to the injector. A new interpretive control
language called GRACES is being written for the
4070. Much of the injector equipment will have
to be modified to accept digital control.

70-MeV Beam Transport. A new beam line will
make use of the existing design of quadrupole
magnets, many of which will now be operated as
singlets, and a number of ex-Nimrod beam line
dipoles wi!l be used as bending magnets.
Injection into the SNS will involve the use of
orbit bump magnets and a stripper foil. With a
mean beam current of 500 y* from the injector, the
monitoring of beam loss in both the linac and the
beam line is expected to be an important function
of an up-rated beam diagnostic system.

Conclusion. It is anticipated that the
accelerator can be converted to a high duty cycle
injector for the SNS with only minor modifications
to major components such as the d.c. and rf
accelerating structures and the rf system
amplifiers. In other areas, far more extensive
changes are required. Work on most of the areas
of modifications is now in progress. It is
planned to produce a 665 -kev H~ beam in the second
half of 1980 and work on the remainder of the
linac is aimed at a target date for the completion
of the SNS towards the end of 1982.
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DISCUSSION

A. Wadlinger, LASL: why does carbon black help
the multipactoring and how did that idea originate?

West: Carbon black has a secondary emission coeffi-
cient of less than unity. The mechanism of opera-
tion is like a cliff wall with lots of holes in
it. If you throw a ball at the wall, there is a
good chance that it will enter the nearest cave,
bounce around and never come out again, i; I do
not think it is the fact that it is carbon that
matters; I think it is the structure of carbon
black. To make it, you take carbon black, mix it
with alcohol and just paint it on. You get a nice
black surface just like a flame-smoked surface.
It's very crude - it sounds like a terrible thing
to put in a rf cavity; in fact it has no effect
on the rf power, but it really stops multipactoring.

D.A. Swenson. LASL: Did you put post-couplers in
the fourth tank of your new linac, and if so, were
your experiences of tuning the post-couplers sat-
isfactory?

West: We did put post-couplers in; there seems very
little reason to have done so if you remember
that we have three other tanks without any stabil-
ization, but we chose to make it identical to the
PNAL tank. Setting up the post-couplers was
satisfactory - we have not done any tests on the
tank to see how good the stabilization is, but
it's only a 20-MeV tank, so perhaps the problems
are very small anyway.

C. Curtis, FMftL: You mentioned the phase shift
during a beam pulse. Can you speculate on what
causes this - is it associated with your rf tube?

West: We do not think it is the rf cube because
it varies from one tank to another and it is a
function of the tank tuning. I believe it is an
electron resonant discharge somewhere in the struc-
ture of the accelerator cavity at a h£gh level,
multipactor discharge essentially, but well away
*rom the drift tubes. Tanks 2 and 3 have lots cf
pumping slots and there is opportunity for rf to
leak out of these areas. We have the same trouble
in Tank 4 and that is copper-clad steel construc-
tion. I can only assume it is some sort of aiulti-
pactor discharge around the support steins. But
this is speculation - I mean we haven't any direct
experimental evidence as to what is causing it.

R.L. Witkover, BNL: With the high duty factor for
the H~ injection that, you envision, do you foresee
any problems with the stripper foil?

West: So far we have not done any work on stripper
foils, but the Argonne experience would suggest
that a solution should not be too difficult. I
think the life of stripper foils should be all
right providing we can have a suitable mechanism
for replacing them at perhaps fairly frequent
intervals.

J.P. Blewett, BNL: It seems sort of surprising to
me that this multipactoring only happens in England.
Is there an explanation of this?

West: It is not that it only happens in England -
it only happens to me'.

E.ft. Knapp, LASL: What is the schedule of operation
of the SNS, and also of the injector linac?

West: The present construction schedule for the
SNS is that we should have a beam to the neutron
target by the end of 1982; however, that depends
very much on the rate at which we receive funds
and that is something that is adjusted from one
year to another. I would hope to have a beam
from the linac 6 to 12 months before that date.
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Fig. 1 Layout of the 70-MeV accelerator

Fig. 3 View of the linac from tank 1

Fig. 2 The pre-injector high voltage area
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1979 LINEAR ACCELERATOR CONFERENCE

STATUS OF THE KEK INJECTOR LINAC
S. Anami, H. Baba, S. Fukuaoto, K. Ito, T. Kakuyaaa, C. Kubota, Y. Mori, T. Sakaue,

I. Sato, A. Takagi, X. Takenaka, S. Takano and J. Tanaka
National Laboratory for High Energy Physics

Oho, Tsukuba, Ibaraki, 300-32, Japan

In April 1977, the KEK. proton synchrotron
started to run for experiments in high energy
physics. Typical beam intensities of the injector
are currently: 620 mA from the preinjector column
250-mA beam into the linac and 130 nA at the
linac exit at 20 KeV. The rS system was
modified to feed more power into the buncher and
the debuncher. Rf windows, isolators, control
system of the Cockcroft generator and an optical
fiber data transfer system have been developed or
improved. The linac beam of 200 mA has been achiev-
ed by removing grids from the buncher and lowering
the column pressure of the preinjector. Although
beam loading is not completely compensated in the
accelerating field of the tank, the momentum
spectrum of the beam is not seriously affected by
the beam loading.

Introduction

The first beam was accelerated in the KEK
linac to 20 MeV in August of 1974. Its design
goal for intensity was 100 mA and it was
achieved in the early stage of operation. ' In
April 1977, the KEK proton synchrotron started to
run for high energy physics experiments.
Typical beam intensities of the injector are
presently as follows: the column current of the
750-kV preinjector is 620 mA, 250 mA is injected
into the linac and 130 mA is delivered from the
linac. Some modifications have been done to
ensure more stable operation and efforts are
being continued to get a more intense beam of high
quality.

Operation and Modifications

Table 1 shows the total operation time of the
KEK proton synchrotron complex with downtime due
to the accelerator failure from October 1976 to
July 1979. The operation time has increased
steadily and the machine ran 10 or 11 days in
every two weeks in the last period. It should be
noticed that downtime due to the trouble in the
20-MeV beam line was included in the linac failure
until March 1979, whereas it is excluded later.
Troubles of the linac rf were reduced by inprove-
mer<'<. of various power supplies.

OCT.'76 APR.'77

Total Operating Hours
Total % of Ace. Failure

Preinjector
Linac

MAR.'76
1000.6

7.7 %
0.73 %
2.34 %

SEP.'77
1595.4

8.9 X
0.43 %
1.52 %

BLOCK DIAGRAM OP RF SYSTEM

Fig.l Block diagram of rf system.

The rf system has beem modified as shown In
Fig.l. The maximum available power was raised
from 6 kW to 20 kW in the buncher and from 20 kW
to 40 kW in the debuncher • Medium and high power
isolators were developed. They are installed
between an RCA-4616 tube and a TH-516 power tube,
and between the power tube and the linac tank.
They reduce reaction of the power tube to its
driver as well as coupling between two power
tubes in the two-feed system.

New rf windows vere made and put into the
tank. In the old window, a metal ring was brazed
to periphery of a ceramic disk, and a viton 0 -
ring was inserted between the ring and the flange
for vacuum seal. Unfortunately, breakdown had
sometimes occurred on the ceramic surface due to
sharp edges of solder alloy. Thus, brazing Is
avoided in the new one, and vacuum is sealed with
a metal gasket of Al Helicoflex between the
ceramic disk and the flange as shown in Fig.2.
They have worked well for more than a year.

The control system of the Cockcroft-Walton
generator was renovated. It has two modes of
operation: stabilized mode and high impedance

OCT.'77
S

MAR."78
1655.7

5.8 Z
0.14 %
1.46 %

APR."78
/

AUG."78
1706.4

4.5 %
0.28 %
1.34 %

SEP.'78

MAR.'79
2384.1

5.2 %
0.24 %
1.02 %

APR.'79
S

AUG.'79
1760.3

6.5 %
0.24 %
0.40 %

Table 1 System down-times in % of total operating hours.
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Fig.2 Kf window and coupling loop.

mode. In the stabilized mode, the generator has
a feed-back loop with a feed-forward circuit. As
the KEK synchrotron is a cascade machine, 9 beam
pulses are injected into the 12-GeV main ring in
0.5 s, then it begins to accelerate them. Thus,
the preinjector delivers 9 successive beam pulses
in one main ring cycle of 2.5 s. The accelerating
voltage decreases in 9 pulses by beam loading as
shown in Figs.3a and 3b. It is improved by
feed-forward as shown in Fig.3c. When arcing
tends to occur frequently in the accelerating
column, for example, after the column is exposed
to the atmosphere, the high impedance mode is
preferred to reduce damage to the accelerating
electrodes in the column. It uses an unstabilized
power supply which has an adjustable reference
voltage and a comparator. If the difference between
the reference voltage and the output voltage
exceeds a preset limit, the output voltage is
changed by 0.2 kV every 0.1 s or 1 s or according
to an external program.

The high voltage terminal is equipped with a
new optical fiber data transfer system.*

Usually, little conditioning is necessary
for the preinjector as well as for the linac at
the beginning of every run. So far, there are
two long shutdowns a year, and the oxide cathode

c)

Fig.3 Output voltage of Cockcroft-Walton genera-
tor. 9 beam pulses are accelerated suc-
cessively in one main ring cycle.
a) without feed-back loop and feed-forward

pulse.
b) with feed-back loop, without feed-forward

pulse.
c) with feed-back loop and feed-forward

pulses.
Horizontal: 0.1 s/div, Vertical: 1 kV/div.
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Fig.4 Horizontal emittance display at entrance
of linac tank (270-mA beam).
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of the duoplasmatron ion source la replaced by
a nev one during the long •hutdown. An oxide
cathode lasted more than 2300 hours without signs
of deterioration.

The beam emittance is monitored at the en-
trance of the linac tank (Fig.4). The RMS emit-
tance, which is defined by eq.(l), is compared
with the 90 X emittance for the 1-st, 3-rd, 5-th,
7-th and 9-th beam of the 9 beam pulses in Table 2.

1
4[<y - <yy* (1)

The normalized RMS emittance is denoted by e
If the intensity distribution is Gaussian inTloth
directions, then 86 % of the beam is included in
the SMS emittance. Tviss parameters are also
shown In Table 2.

Beam
Ordinal
Number

1

3

5

7

p

E 90%

mm-mrad

2.68

2.70

2.66

2.44

2.75

E rms

mm-mrad

64.0

65.2

62.8

63.5

67.5

rms

mm*mrad

2.56

2.61

2.51

2.54

2.70

3.70

3.68

3.80

3.95

3.60

B

mm
mrad

1.00

1.03

1.00

1.10

1.00

y

mrad
mm

14.7

14.7

15.4

15.1

14.0

Table 2 Vertical 90 % emittance and RMS emittance
for 1-st, 3-rd, 5-th, 7-th and 9-th beam
in 9 beam pulses. Twiss parameters a, 6
and y are shown.

New Intensity Record

When the rf field is raised in the tank, the
linac beam increases rapidly at first, then it
shows saturation as shown in Fig.5. Thus it seems
difficult to increase the linac beam further by
raising the rf level. It was noticed that some
beam loss occurred from the grids of the buncher,
which is a coaxial cavity with two gaps. By remov-
ing the grids, the beam which is injected Into the
linac is increased by about 10 %. It was already
shown that higher pressure cures breakdown in the
high gradient accelerating column. However,
this mode of operation has a drawback of poor
transmission in the 750-keV+beam l^ne. This is
supposed to be caused by H2 or H3 tons produced
in the plasma cup of the ion source.

By lowering the column pressure as shown in
Fig.6, 420-mA beam was injected into the linac and
20-MeV beam of 200 mA was achieved. For such a
high intensity beam of about 5 Us duration, it is
difficult to compensate rf beam loading completely
as shown in Fig.7. It affects the momentum spec-
trum structure in one beam pulse as shown In Fig.8.
The detector has 96 segments for momentum analysis,
while the first channel and the last one are
devoted for the marker. Each channel corresponds

s
3 *+.

WITH BEAM l£ADIHO COMPENSATION

PItEKJHCER : OFF

f- 201.0721 M <

WITHOUT BEAM LOADING COMPENSATION

5.0 6.0 7.0

RP LEVEL ( DIGITAL VOLTMETER )

Fig.5 Tank rf level vs. linac beam intensity.

to 20 keV. The debuncher rf field was kept in
routine operation level and it was very low, be-
cause the beam,with rather broad spectrum,is
favorable for injection into the booster synchro-
tron to achieve an intense circulating beam. Thus,
it seems not to be serious,that the momentum
distribution changes slightly by the rf beam load-
ing in one beam pulse. Figure 9 shows the forward
rf powar into the tank, and the reflected rf
power from the tank. Emittance of 20-Me.V beam
will be measured thoroughly after completion of
the device for routine operation.
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Fig.7 Rf power level in tank (180 mA beam).
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Fig.8 Momentum spectra of 5 ps beam measured
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Fig.9 Rf power to tank (upper) and
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Time scale: 100 us/div.
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STATUS REPORT ON THE UNILAC
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Darmstadt, Fed. Rep. cf Germany

This paper outlines the present operation mode
of the Unlltc, including records of beam availabil-
ity. The bean quality is described in terms of in-
tensity, energy and microstructure. A review of
component performance concentrates on problems
with the injection and rf system. Comments en the
status of the control system are also given.

Introduction

A status report on the start-off1 and.the
early operation period of the Unilac2 was presented
in 1976 and 1377. In those papers references are
given for a machine description. This paper con-
tinues the before mentioned reports, however, the
following subjects are left out here and are re-
ported in separate articles in thnse proceedings:
Energy and bunch measurements^ , the Unilac up-
grading1*, component improvement5, beam optimiza-
tion6. In this paper the operational aspects, how
they appear aftsr nearly four years of routine
service, are described. It is evident, however,
that the most significant progress was made in the
first year. Imperfections, which were left as
problems at that date, still tend to be problems
today.

Machine Operation

The Unilac continues to deliver heavy ion
beams for fundamental research in nuclear physics,
nuclear chemistry, atomic physics and, on a small
scale, for practical applications,too. All 20
target stations in the experimental hall are r:Qw
complete and about 56 proposals for experiments
are presently scheduled for obtaining beam. An
equal number of experiments already were com-
pleted.

The machine is in continuous operation 21
shifts per week. Every fourth week is scheduled
for maintenance, minor modifications and accel-
erator development. This schedule was introduced
in January 1979, subsidizing an earlier schedule
with ons maintenance and one development shift
per week and two B-weeKs shut-down periods per
year. Those long shut-downs for machine altera-
tions are no longer necessary. For the large num-
ber of minor improvements a long shut-down proved
to be less efficient and regularly raised coordi-
native problems. The maintenance weeks now are
planned well ahead and each week is exclusively
devoted *.o one particular activity. Das to in-
creased maintenance efficiency, part of this week
became available for machine developments jointly
with computer program improvements. Interlaced
with the research shifts, a few shifts for accel-

erator experiments are available.

In fjg. 1 a breakdown of the total operation
time in the first half year of 1979 is shown ard j
brief cDiment on the individual columns should be
giver, In general, the pattern has not changed sig-
nificantly during the last two years, contrary
to what one would have expected. The high fraction
of the tune-up time was influenced favorably by
the fact that the individual runs on the average
last three times longer compared to the early sur-
vey experiments. On the Dther hand the beam quality
requirements from the users went up considerably.
Tuning the injection to maximum intensities and to
perfect isotope separation became laborious. The
phasing of bunchers and cavities is much more crit-
ical, if e sharp and stable time focus of the bunch
structure +s essential on the target. A refined
adjustment of the beam center in respect to the
machine axis is required if the beam splitter is
used Some experiments depend on an extremely clean
energy spectrum, which is not a natural feature of
a rf linac. The success in attaining those require-
ments depends on refined diagnostics, human judge-
ment and interaction, which is correlated to the
actual status of the hardware. The specific tune-
up procedure can hardly be automated.

54.1%

tanjeHime

18.1% 17.8%

ftre-n>
unscfeduted
down toe

6 . 7 %

swte j 3.3%

Fig. 1 - Breakdown of Operation Time in the First
Half Year of 1979

The fraction of the unscheduled downtime
equally is of serious concern. Compared to a proton
machine, a heavy ion linac is much more complex
and the frequent parameter changes contribute sig-
nificantly to the amount of fault events. Reviewing
the last two years, the weak points in the hardware
could not yet be eliminated end every gain in
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component reliability was spent by increased per-
formance stress. A histogram of the fault sources
is given in Fig. 2, ihe individual deficiencies
will be described later.

Table I
POSTSTHIPPM MtuGE IHTEKITV

CIKKE 5THTE (PMZICL£S/S> OlEV/ll)

31.7%

D.2% B.9 •/.
12.2'/.

computer

Fig. 2 - Breakdown of Unscheduled Downtime in tfcs
First Half Year of 1979

The column "source replacement" only accounts
for normal and trouble-free source replacement. If
a source turns out to be weak or of unusually short
lifetime, this time loss is included under "un-
scheduled downtime".

The share of accelerator experiments in Fig. 1
seems to ue small, but it is actually not unduly
low, taking into consideration the limited manpower
available for performing and interpretation of
those studies.

Not included in Fig. 1 , is the additionally
available target time provided by the parasitic
beam. This supplementary research time amounts to
about one-third of the main beam time.

If one desires to derive conclusions on the
beam availability following the data of Fig. 1,
only downtime and source replacement are quoted as
missing time. Hence the availability, the ratio
between obtained and attributed beam time amounts
to about 71 %. Bringing up this figure to above
BO % still is a vigorous goal of the Llnilac staff.

Beam Properties

The beam intensity remains to be a marginal
parameter for all heavy ion accelerators operated
so far. Table I lists the optimum values obtained
at the Unilac for a variety of ion and isotope
species. Compared to the data published in 1S772,
intensities of the very heavy ions went up by
about one order of magnitude. This increase could
also have been attained for light ions, but was
not required. There is no hope for further inten-
sity improvements, except for a factor of 2 or 3
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by increasing the injection beam line aperture.The
present situation is characterized as follows: The
optimum intensity values obtained by the source -
although at the expense of source lifetime - just
coincides with the intensity limitations of the
stripping foil and of the target as well.

Figure 3 shows a histogram of the ion species
accelerated in the first half year of 1979 in per-
cent of the obtained target time. During the past
years, the peak shifted continuously from the light
to the very heavy ions, e.g. from Ar to Pb, W and U,
which now are accelerated nearly 60 % of the time.
This trend, whi:^ still goes on steadily, imposes
a high degree of stress on the ion source and most
of the accelerator components, which sometimes have
to be operated beyord their design ratings. The
trend for higher mass numbers, higher intensities
and higher energies cont^^ues to enforce an exhaus-
ting effort in attaining a detent reliability in-
crease on low bid machine components.

Practically all runs require isotoplcally pure
beams, which are regularly provided by the isotope
separation feature of the tow energy beam transport
system. The tune up of a pure 206Pb beam sometimes
is laborious and time consuming if impaired by un-
stable source performance. The use of isotopically
pure primary material in the ion source so far has
been restricted to very few nms,v»ich were dependent
on the ultimate beam intensity. The availability of
thoss enriched elements has become increasingly
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Fig. 3 - Ion Species Accelerated by the UNILAC in
the First Half Year of 1979

The duty factor of the machine is set to 25%
for all ions. In principle it could be increased to
50 \ for medium heavv ions and to 100 % for light
ions. But this was not done for a number of minor
reasons, which could easily be eliminated, if a
higher duty factor would be in heavy demand from
the users.

In the past, the required beam energies were
concentrated in the range betneen 4.5 and 5.9
FleV/u. Half of the runs required many energy changes
in sometimes very close increments, which now can
be quickly adjusted.^ However, there is a firm
trend to higher energies, and the original design
aims have been surpassed by inserting a second
foil stripper at the entrance of the single-gap
cavities. If the charge analysis system in the
first stripper section is bypassed . and if
the multi-charge state mode is chosen in the
Alvarez section, an intensity loss of a factor of
only two is encountered by the second stripper.
The figures for the maximum energies obtained so
far are also listed in Table I. The demand for
still higher energies led to an upgrading program1*,
which is currently underway on a high priority
level.

The excellent energy stability and the small
energy spread of 0.1 % was already reported2 as a
result of an improvement effort on rf amplitude
control loops. Four helix resonators are in serv-
ice in the experimental area to refocus the well
confined bunch structure of the Unilac to even the
most remote target stations, about BO m away from
the machine end. Best values of time focus are
about 0.13 ns, and the tune-up^ is largely computer
aided. The occasionally encountered difficulties
in obtaining a satisfactory energy spread and time
structure could be attributed to ion source in-
stabilities; the interaction mechanism, however,
is not yet understood.

Experiments, investignting stesp exitstlon
functions near the coulomb barrier, are sometimes
fooled by small amounts of satellite energies of
the beam. If this occurred, it was hard to eliminate
these impurities, the sources of which seem to be
numerous, fluctuating and hard to analyze. As a
matter of fact, the generally used semiconductor
counters tend to read more satellite peaks than tfcs
beam actually contains.

The beam splitting system at the end of the
Unilac, described in 1977 as a future development2,
has been in use for two years. It provides a con-
tinuously variable share of the primary beam into
two or three main beara lines of the experimental
area. The second beam initially was considered to
be a "parasitic beam" for check-out of the experi-
mental set-up. The user of this beam did not have
influence on ion species, energy and quality of
the beam. As a matter of fact, this parasitic beam
was even due to be canceled, if the intensity of
the main beam was unsatisfactory. From the stand-
point of the-users community, the beam splitter is
declared an an important success, and the above
mentioned understanding of "parasitic" vanished
in practice since the second beam really is
used for experiments with nearly equivalent prior-
ity. On the average, 3Q % more target hours have
been recorded. The operating crew, however, sug-
gests that this success is not quite real. The
cut-down in tune-up time for the machine by a fac-
tor of two, as a result of increasing experience
and computer based parameter preset, was totally
spent by the extremely refined beam centering pro-
cedure, which is mandatory for avoiding excessive
beam loss on the septum blades. During the run, the
operators must keep track of ion source wear-out
and must continuously ren'iatch the beam in order to
satisfy the extreme beam centering requirement, im-
posed by the splitting device. It was not entirely
clear so far, which particular optical elements
should be included in the correcting procedure,
therefore a computer-based control loop was not
closed at this tine.

The design of a micro-bunch suppressor also
mentioned as a further improvement2 in 1977, was
completed. The specifications are briefly as fol-
lows: Travelling wave deflector, at a phase veloc-
ity v/c = 0.005, to be inserted into the injection
beam line. Total length: 0.7 m, deflection at
± 600 V and 2 cm spacing of the deflection elec-
trodes: 30 rnrad; switching time: 6 ns. Investiga-
tions of commercially available wide band ampli-
fiers and measurements of delay line samples con-
firmed the feasibility of the system. This uni-
versal beam chopper, which equally would have
seived as a convenient tool in particle dynamics
studies , was never built. Because of the in-
creasingly broed application of the beam splitting
system in the last t»-;o years, it was felt unrea-
sonable to shape the time structure of the beam
for the main experiment and make it less useful
at the same time for the parasitic experiment.
Instead of an universal beam chopper in front of
the accelerator, it is now stated as a genei ol rule
that the users should provide dedicated deflectors
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in the high energy beam line, leading to their in-
dividual target set-up. In one case, so far. whare
such a deflector was built, it turned out to be
simple and highly successful.

Hardware Performance

Since a separate report5 is given on achieved
improvements of a few components, this paragraph
will concentrate on operation experiences of most
critical subsystems and will squally outline pro-
posed measures for further reduction of still ex-
isting deficiencies. According to Fig. 3, mostly the
rf and injection system deserve further comnerts.

A few general remarks: The continuing high
fraction of downtime as marked in Fig. 2 seems to
compare unfavorably with other linacs, even with
heavy ion linacs. EVt since there is no unified
accounting scheme among a31 accelerators, the fig-
ures do not entirely bear evidence. Technically it
is clear chat amplifiers anrt power supplies can be
trimmed to operate safely and stably at one partic-
ular set value, as in proton accelerators. How-
ever, it is technically non-comprehensive that am-
plifiers from a supplier X behave much more reli-
ably than those procured from company Y under es-
sentially identical operating circumstances.
Therefore an assessment on the state of the art is
readily available. The operations budget of the
Unilac in the last years would have allowed for
elimination of faulty equipment to some extent,but
in most cases it was not clear whether the equip-
ment was inherently underdesigned, or whether it
could be made to give satisfactory service. For
this analysis, available maintenance time never
sufficed. As a result of ar. excellent collabora-
tion with the users' representative, runs of vari-
ous degrees of difficulty for the linac perform-
ance could mostly be scheduled according to the
operational status of the machine or its particular
subsystems. This situation however,will change in the
future. Plans for a heavy ion synchrotron facility,
for which the Unilac is included as an Injector,
clearly iaply the need for a vigorous reconsider-
ation of the reliability aspect. This is manda-
tory since fewer maintenance people will be
available then for the linac.

Injection

The ion source and electronic equipment
contribute nearly equally to the problems
in the injection system. The duoplasmatron, ear-
lier reported as an alternate source, was aban-
doned completely in favor of the Penning source .
The latter shows much better beam currents for
metal ions and equal properties for gaseous ele-
ments. No drastic progress can be reported for the
source lifetime and there is no meaningful figure
on an aver ge value. Instead, there is a broad
distribution almost from zero to 8 hours,if it
was pushed hard, or to 40 hours, if it was run de-
cently. ThE output intensity runs up slightly
during the first two hours, then drops steadily,
until the intensity becomes intolerably low for
the particular experiment or until a short devel-
ops between anode and sputter electrode. A con-
tinuous monitoring and retuning of the source and
beam matching elements is necessary on a trial

and error basis, furious plasma oscillations,
apparently giving rise to considerable energy
oscillation of the beam, sometimes prevent an ac-
ceptable beam quality in terms of time structure
6 ^ energy spread. Eliminating this behavior is
by trial and error adjustment of source and extrac-
tor parameters, rather than a rationally substantiated

operation. There are good and bad sources, differing
by a factor of 5 in beam intensity, though they are
fabricated or refurbished from precisely identical
pieces and assembled with well controlled clearance
settings. This inconvenient operation behavior was
not previously experienced during the long years of
test bench investigations, because more fundamental
questions had to be pursued. Recent emittancu meas-
urements, performed on the high voltage terminal of
the injector, revealed an incredibly erratic reac-
tion of the emittance shape on incremental varia-
tions of the magnetic field and the extractor posi-
tion. An emittance break-up by a factor of five
can easily occur, accounting prnaably for the above
mentioned intensity discrepancies from source to
source. Taking into account tf-a already laborious
operation of charge state optimization and isotope
selection, it is deemed unreasonable to implement
a sophisticated emittance shaping effort into the
routine procedure for beam tune-up. Instead,an ECR
source is under development and is expected to
replace the PIG source in a few years. This new
source is not supposed to yield much higher bril-
liance figures,but it is a promising candidate for
a stable and a long life device.

In principle, two completely identical injec-
tors are available. It is still the aim to have a
pretuned source on stand-by in the second injector,
if the source in the first one expires. This might
not be advisable, if simple beam quality without
Isotope separation is sufficient. In this case a
source change in the same injector may be effected
in half an hour and easily coordinated with a tar-
get change. But those easy runs are becoming rare.
In the case of ar. ion change, a pretuned stand-by
source certainly will save 3 - 5 hours of tune-up
time. After a completed pretune. with the optimized
beam stopped in front of the switching magnet,
filament and discharge current are run down. The
source then comes right on with the same beam par-
ameters if turned on again. Thus far, frequent
breakdowns in electronic equipment on the source
platform or in the high voltage supply prevented
the success of the envisaged twin Injector concept.
Semiconductor circuitry,in the sophisticated data
transmission chanels and power supply control unitst
are highly susceptible to nearly unavoidable high
voltage transients and discharges. Two injectors
present nearly twice the probability for break
downs and present also the need for nearly twice
the maintenance effort.

A rigorous reconstruction of the injection
beam lines, extending from the DC gap to the
switching magnet is under consideration, elimina-
ting in the future inconvenient acceptance con-
straints imposed by the isotope separator optics.
In the original design the actual source <2mittance
has been underestimated and adequate reserves for a
a less ideal beam centering were not included. Thus,
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an Increase of magnet and lens aperture from the
present 4 to about a cm is planned. This hill
alleviate the presently encountered beam loss of
a factor of 3 and will considerably simplify the
tune-up of the bean through the injection lines.
In addition, this alteration Is indispensable for
the application of a multl mA source for singly
charged Me ions, which is a substantial tool in
future investigations of the longitudinal and
transverse space charge limits of the WiderSe
structure.

Rf-System

ThB Wideroe rf amplifiers, bisilt by a
commercial company specializing in industrial
heat application, continue to operate! as
reliably as communication equipment. Anode and
grid voltages have been increased in order to
obtain the excess power, especially in moojle No.
IV, for the acceleration of U9+ instead of the
design charge state U11+.

Irrespective of an elaborate test bench prog-
ram, the situation of the Alvarez amplifier sys-
tem remains unchanged: The tetrodes in the final
amplifiers become unstable beyond one quarter of
their design power ratings. The implementation of
sophisticated protection circuitry did not inhib-
it tube damage but sBems to shut off the system
too often. If a tube becomes defective, crowbar
firing becomes more frequent even at decreased
power levels. Inspection of the interior structure
of a broken tube does not reveal the fault causes.
It is still believed that parastitic oscil-
lations inside the tube initiate the damage.
Sensing circuits, tuned to 0.7S and 1.2 GHz indi-
cate a coincidence of microwave signals with an
over-current trip-off. A large variety of atten-
uating measures have been applied without con-
clusive success. This activity will be continued
until alternate approaches, which are pursued in
parallel, result in an ultimate solution.
The design aim still remains to obtain 1.6 MW
pulse power at 25 % duty out of one single ampli-
fier. The achievement of this goal is crucial for
the Unilac upgrading program'1, for which the space
for two amplifiers per Alvarez cavity will not be
available. In the meantime nearly two tubes per
stage have to be replaced in one year, and the
useful tubes have to be selected properly.

As a consequence of the rf power shortage in
the Alvcrez section, foil stripping has to be used
for ions heavier than Xe. In case of a high
current run, for instance with a few yA Uranium
beam, foils of 40 ug/cm2 are damaged in less
than one hour. This damage is not visible, nor
does it result in a drastic drop of charge state
abundance. It is mostly a pile up of energy strag-
gling, which inhibits a proper phase space match-
ing after the flight path between stripper and
Alvarez tank I.

The amplifiers for the single-gap cavities
and the re- and debunchers, altogether 30 iden-
tical units, perform nearly acceptably. After the

elimination of several systematic failure mourco»,
the raqulrsd maintenance affort Is atill high: two
technicians Just manage to have on tha average 28
out of the 30 units operational.

The replacement of the rf powar lines for tha
Alvarez and for the single-gap cavity section was
delayed, since a complete rearrangement of the line
routing has to bB effectad anyway for the upgraded
machine. A satisfactory design for the supporting
insulators5 has been found. Meanwhile,the fault rate
drastically decreased.as a result of a yearly line
inspection and replacement of deficient parts.

The suppression of rf leakage Is a lengthy
story of only a partly technical nature, lhe choice
of the Unilac frequencies, 27.12 Mriz for the pre-
strinper and 108.48 MHz for the poststripper, was
based on a recommendation of the German communi-
cation authority. They only lately discovered that
the upper frequency falls into the air navigation
band and drew the attention of the air control
authority to this fact. An avalanche of bureau-
cratic reactions was the result, though this par-
ticular channel is not occupied by the near-by
Frankfurt Airport.

GSI finally was assigned to suppress the
radiation of the 27.12 MHz harmonics "only" to
below the legally admitted level. This turned out
to be an extremely tedious and laborious under-
taking, which took almost three years. About 20
leaks hao to be fixed on the 34 amplifier chains,
each of them having additionally very special
leakage sources. A series of mechanical parts had
to be redesigned and remade. The problem was not
so much the fixing of the leaks, as their
detection-

Magnetic and electric probes, when used for
scanning the metal surfaces and leads, are unable
to discriminate irrelevant leaks from relevant
leaks. This determination can only be made by a
test antenna in the remote field, scanning the
radiation pattern and polarization. Leaks tend to
be quite frequency selective, and leakage gener-
ally is much more intense for higher harmonics
than for the fundamental, for which chokes and
traps already had been designed in the
circuit. This subject gives rise to the ques-
tion about the frequency selection for future
accelerators. So far, there is no optimum choice.
Any fundamental below a few 1D0 ITHz will imply
harmonics, which fall into broadcastirtg bands,
for which the restrictions are more severe than
for the communication bands. In the fsr future,
multiples of 27.12 MHz will be a perfect selection,
because the association of industrial rf heat
equipment manufacturers argue strongly on inter-
national frequency allocation committees in favor
of a cancellation Df limitations for the 27.12 MHz
harmonics out of channels.
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Computer Control

The signa 6 computer facility was upgraded to
its ultimate configuration and capacity and it
no longer is shared with the users taking data.
It is extremely useful for off-line programs sup-
porting accelerator operation and optimization3-*.
It provides convenient and highly instructive in-
formation on the machine status via display
screens in the main control room. The following
data are presently available: all faraday cup and
profile harp signals along the machine,all magnet
currents referenced to the optimized set values,
a pattern of ths beam current along the machine,
derived by nondestructive probes, a read out of
interlock events, charge and isotope sp.'̂ tra of
the injection beam line, charge spectrum after the
stripper, display of source parameters, printout
of energy measurements. On-line programs, which
really aremeantDy the word "computer control",
are limited to a few examples: The run-up of the
source until striking the arc is automated, all
magnet currents can be set as computed values or
as stored data from earl:"sr runs, the beam can
automatically be centered in the injection and at
the high energy end of the machine.

The envisaged superiority of the computer facility,
namely a drastic sj.ving in tune-up time, can not yet
be reported. The use of the computer as an intel-
ligent switchboard and as a convenient display
processor are not considered to be control func-
tions, riainly two reasons prevented the envisaged
saving in set-up time: first, the steadily
changing hardware imperfections of the machine
(disabled elements, misalignments, current off-
sets, non linear reactions of magnet power sup-
plies etc.) are not registered or updated in the
data base. The second reason is the lack of a re-
producible emittance pattern as a start-off basis
for lens current determination. It is possible in
fact, to measure the emittance and to let the
computer evaluate the particle dynamics and set
the beam optical parameters, but this procedure
does not save much in tune-up time.

A general short coming of the existing com-
puter facility with the highly centralized scheme
of one powerful computer and a few small non-self-
sustaining satellites is the slow r-action time,
especially for automated optimization loops. An
improvement of the system software and an in-
creased assignement of control functions to de-
centralized microcomputers is under consideration,
along with a continuous stabilization effort of
hardware components and a more thorough under-
standing of the accelerator behavior.
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Discussion

I. Teng, FNAL: Could you tell us something about
your future development program especially in
connection with heavy ion fusion? I understand
you have a project actually funded for heavy ion
fusion.

Bohne: Compared to the plans here in the States,
ours is a very limited and preliminary undertaking.
We are looking at very particular developments
which we feel we can easily do because they are on
the line which we have to foJ.low for the synchro-
tron project anyway. We have a high intensity
ion source under development, presently deliver-
ing about 60 mA Xenon. We will make accelerator
experiments on the Unilac when the acceptance of
the injection beam line is increased, so we can
do space charge experiments on the Wider6*e,a so-
called low beta structure, to evaluate emittance
growth and space charge thresholds if they exist
with our beam intensities of about 10 raA. A high
intensity low beta structure is under considera-
tion and E.W. MUller will report on this study.
We don't have activities in storage rings or in
final beam transport or anything else.
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1979 LINEAR ACCELERATOR CONFERENCE

STATUS OF THE ARGONKE SUPERCONDUCTING-LINAC HEAVY-ION BOOSTER*

J. Aron, B. Benaroya, L. M. Bolllnger, B. G. Clifft, W. Henning,
K. W. Johnson, J. M. Nixon, P. Markovlch and K. W. Shepard

Argonne National Laboratory
Argonne, Illinois 60439

A superconducting linac is being constructed
to provide an energy booster for heavy ions from
an FN tandem. By late 1980,the linac will con-
sist of 24 independently-phased superconducting
resonators, and will provide an effective
accelerating potential of more than 25 MV. While
the linac is under construction, completed
sections are being used to provide useful beam
for nuclear physics experiments. In the most
recent run with beam (June 1979), an eight-
resonator array provided an effective accelera-
ting potential of 9.3 MV. Operation of a 12 -
resonator array is scheduled to begin in October
1979.

Introduction

This paper reports the status of the Argonne
superconducting heavy-ion linac, which has been
developed to boost the energy of heavy-ion beams

*Work. performed under the auspices of the Office
cf Basic Energy Sciences of the U. S. Department
of Energy.

from an FN tandem accelerator.^>2>3 The intent
of the project has been both to develop super-
conducting rf technology for the acceleration of
heavy ions, and to provide a useful accelerator
for use with the Argonne FN tandem. At this
time all significant development tasks have been
completed. Current funding provides for a linac
of four modular sections, of which two have been
completed *

The physical layout of the accelerator
system is" shown in Fig. 1. The pre-tandem baam-
bunching system and a post-tandem superconducting
buncher are housed in the tandem vault. The
linac and most of the helium refrigeration system
are located in a previously existing target room,
with the linac output going into a small new
target area.

Preserving the good quality of the tandem
beam requires an exceedingly narrow beam pulse
injecting the 'inac. This has been accomplished
with little Joss in the tandem beam intensity by
a two-Ft&ge bunching system. The pre-tandem
buncher is a gridded-gap (room temperature)
driven by a sawtooth-like voltage generated by

Fig. 1. Overall layout of the accelerator system.
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superposing four rf harmonic components. This
system compresses about 80% of the dc tandem
beam into 1 nsec pulses at the tandem output.
The post-tandem buncher is a single superconduct-
ing split-ring resonator which linearly compress-
es these pulses to a width of less than 100 psec
at the linac entrance.

The linac is formed of modular cryostat
sections any one of which can be taken off-line
without disturbing operation of adjacent
sections.1 Figure 2 shows a cross section of a
typical cryostat. Thus the linac consists of an
independently-phased array of superconducting
split-ring resonators, each of which can provide
more than 1 MV of effective accelerating poten-
tial over a range of a factor of two in particle
velocity.5.6.7 Independent phasing allows the
velocity profile of the liujc to be varied over
a wide range, and provides a high degree of
operational flexibility, fusing within the
linac is accomplished wiui; a superconducting
solenoid following every pair of resonators.8

Beam diameter within the linac is typically kept
smaller than 6 mm both to prevent beam impinging
on the superconducting surfaces of the resonators
and to limit radial variation of the energy gain
within the resonators.

The linac target area was constructed in
1977, and installation of the experimental
equipment shown in Fig. 1 will be completed in
1979-80. For initial operation, experiments are
being performed on the zero-degrea beam line.
Later, with the installation of the superconduct-
ing debuncher-rebuncher and the charge selector

INSTRUMENTATION
V/MANIFOLD

magnet, the location of the various experimental
stations will be changed to that shown in Fig. 1.

The modular nature and variable velocity
profile of the linac haire permitted useful
operation with completed sections while construc-
tion continues. Beam acceleration tests began in
June 1978,with two resonators in a six-foot cryo-
stat module, and have continued to the present
array of twelve resonators in tw« twelve-foot
cryostats, scheduled to run wi i beam in October
of this year.

Table I outlines the several runs with
beam. Initial operation revealed a number of
system flaws, and the first three runs were
focused primarily on system development, as has
been discussed elsewhere.3 As is discussed below,
in the last two runs with beam the remaining
significant development tasks have been completed,
and the emphasis has shifted to providing beam
for users.

Linac Systems

The fourth run, in rtarch 1979,was the first
in which beam was provided for users over an
extended period of time. However three signifi-
cant problems remained with linac performance.
Firstly, the resonators provided on-line an
effective accelerating potential of 0.9 MV/resona-
tor, substantially less than the 1.4 MV/resonator
obtained in off-line tests. Secondly, mechanical
vibration of the resonators caused occasional
excursions of rf eigenfrequency beyond the range
of the fast tuning system. The consequent loss

SPLIT-RING
RESONATOR

SUPERCONDUCTING
DIPOLE

4 K SUPPORT
LADDER

77°K HEAT
SHIELD

OUTER VACUUM
HOUSING

ROLLER
ASSEMBLY

Fig. 2. Cross^section of a linac cryostat module. The cryostat disassembles by rolling the
resonator array, together with all cryostat plumbing and electrical leads, out of the vacuum
housing.
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TABLE I

Outline of Linac Beam Tests

Date
Number of Max. Ace.

Duration Resonators Potential Ion Species

June 1978 3 days 2 1.6 MV

Sept. 1978 5 days 5 4.0 MV

Dec. 1978 8 days 6 5.2 MV

March 1979 31 days 8 7.6 MV

June 1979 30 days 8 9.3 MV

,6+

6+

'ifi

14+
'32

14+
32

14+ ,.,12+ ,8+
'S128 '°

of phase control caused output energy variations
which required blanking of either the beam or
data taking for 10-20% of the time, i.e., the
effective duty factor of the linac was 0.8 -
0.9. Thirdly, the linac output energy was found
to vary by a few parts in 10-* over a time period
of several hours.

The' resonator field level was limited by
thermal instability at an rf input power less
than the design level of 4 watts. Following the
fourth run, it was found by radiography that
plastic tubes used to vent helium gas from the
resonator interior were out of position in a way
that would cause a gas bubble to accumulate and
prevent cooling of a critical portion of each
resonator. The tubing was modified with the
result that in the fifth run with beam, the
effective accelerating potential was increased
to 1.2 MV/resonator.

The rf control system was modified to pro-
vide rf damping of mechanical vibration in each
resonator. This was achieved at the cost of
varying the rf amplitude in each resonator at
the frequency of the mechanical motion. In the
system used, an amplitude variation of 2 parts
in 10*, which has a negligable effect on beam
quality, reduced the vibration by 40%. The
system also provides temporarily increased
damping for any resonator that loses phase-lock.
In this condition, the output beam is useless,
so that an increased rf amplitude variation is
i.olerable. The result is that vibration result-
ing from any large mechanical perturbation is
quickly damped out. In the fifth run with beam,
the rf damping system reduced the vibration-
induced loss of phase control to less than 1% of
the time for the eight-resonator array.

Finally, it was found that the slow drift
in linac output energy was correlated with a
change in the liquid nitrogen level in a portion
of the cryostats through which the rf cabling is
run to the resonators. Apparently, the liquid
nitrogen permeates the rf cabling and causes a

slight change in electrical length. Thus varia-
tions in the liquid nitrogen level induce a
slight shift in the resonator rf phase and
amplitude, and in the beam energy gain. Modifi-
cation of the control system to maintain a
constant liquid level eliminated the drift in
output energy.

Linac Operation

More than 1800 hours of beam time have been
logged. The most outstanding operating feature
has been the general reliability of the linac.3,9
While accelerating beam, the linac systems
generally require little or no operator inter-
vention for periods of many hours. Linac down-
time has been small, typically an hour per day.

Beam quality is essentially as expected,
although three factors limit presently available
performance. (l)-The second stripper is tempo-
rarily located upstream of the tandem beam-
analyzing magnet, rather tha.i at the time focus
at the linac entrance; thus energy straggling in
the stripper dominates the output time-energy
spread. (2)-In the temporary linac configuration
used thus far, a six-foot gap exists between two
cryostat modules which produces a significant
time spread of the particle bunch prior to
acceleration through the final cryostat module.
(3)-Also, absence of a debuncher-rebuncher down-
stream of the linac prevents obtaining the full
time or energy resolution capability of the linac
in the experimental areas.

Linac tuning has proven straightforward. At
present this is accomplished by calibrating the
rf phase of each resonator by varying the phase
and observing the output beam energy. In this
procedure, the first resonator is tuned, with all
others off, and then one successively turns on
and tunes each resonator in the chain. At
present tuning is done manually, and requires
several hours. Eventually, the operation will be
fully computer-controlled, and should go very
much more rapidly.
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Future Plans

Planned hardware additions in 1980 include
modifying a six-foot cryostat and constructing
a fourth, twelve-foot cryostat which together
will add twelve resonators to the liiiac ar*ay.
Also a superconducting debuncher-rebuncher is
to be installed downline of the linac.
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DISCUSSION

J. Dick, Cal Tech; Could you describe the changes
you made to increase the performance of the cav-
ities In the accelerator cryostats and could you
quantify the phase and amplitude jitter of the
cavities in the actual accelerator configuration?

Shepard: We initially had some design problems in
the cooling system; these have been cleared up -

it has mostly been î > lamentation. We have had
some epoxy seals which gave us leak trouble. He
h&d some plastic tubing which cracked early on but
minor design changes seeded to have cured these
problems. With respect to phase and amplitude
jitter, the residual phase jitter is less than a
degree peak—to-peak on the resonators. The ampli-
tude control is good to a few parts in 10* at the
present time.

D. Young, FNAL: Could you say a few words about
the stability of 'tws Niobium coating on the
structures, especially with regard to repeated
opening to atmospheric pressure?

Shepard: The thinnest Niobium in the systea is a
16-tension Niobium sheet. Last summer we had a
catastrophic vacuum accident which caused consid-
erable degradation of 4 of the resonators. Other
than that, we've not experienced degradation of
the resonators In operation, either by re-cycling
or by operation of the beam in 1800 hours of beam
time.

J.P. Blewett, BNI: This technique for supressing
vibrations I regard as a very considerable achiev-
raent, but it was not clear to me how you use the
information from the rf to apply mechairical
force to stop the vibration.

Shepard: The rf itself is coupled to the system.
If you turn up the rf amplitude in one of these
resonators, radiation pressure effects shift the
eigen-frequency typically by several kilohertz,,
so that the rf mode and the acoustic modes are
coupled. If you wiggle the rf amplitude at the
resonant frequency of one of the acoustic modes,
you can, for example, stimulate a vibration of
the system. By sensing the vibration by watching
the eigen—frequency of the resonator, you can
detect the presence of a vibration and vary the rf
amplitude in such a way as to damp the vibration
itself. It is very weakly coupled, but the
mechanical Q's are extemely high at these tempera-
tures so the small damping ha9 an appreciable
effect. An electromagnet force is used to damp.

E. Jaeschke, Heidelberg: You mentioned some
helium conditioning you had done in the June runs.
How frequently did you have to do this and were
these special cavities somehow nearer to the nor-
mal conduccing outside world?

Shepard: Of the 8 resonators on-line, I think
two of them would require conditioning perhaps
every 48 hours and another one somewhat less
frequently. The conditioning process itself
requires about an hour to implement and so far we
have found that we are required to do this period-
ically in order to maintain the full accelerating
potential of the machine. It is our dominant
source of downtime, but at the moment it does not
seem to be a serious operating problem. It Is
less troublesome, let's say, than sparking in the
tandem seems to be during operation.

L. Teng,FNAL: Were you able to observe any beam

- 107 -



loading effect or. the phase stability or phase
lagging?

Shepard: Ho, we do not see that, but I should say
that beam loading is a very small term In the rf
losses of the system because of the very low beam
current; it is a fraction of a watt and the domi-
nant rf loss of 100 watts in the tuning system,
I think, just completely blanks that out.

A. Citron. Karlsruhe: With respect to the
question OR beaa loading; in our superconducting
proton linear accelerator with helical structures,
we went up to something like 200 uA and at that
level the rf system feels the beam loading, but
it can still manage.
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OPERATION OF THE HEIDELBERG HEAVY-ION POSTACCELERATOR
H. Ingwersen, E. Jaeschke, R. Repnov, Th. Walcher, B. Huck and B. Rolb

K»x-Planck-Institut fur Kernphysik
Heidelberg, Germany

The 3HV-stage of the Heidelberg Heavy-Ion
Fostaccelerator went into operation in December
1977, and is in the state of full user availability
since May of 1978. The machine uses spiral reson-
ators at room temperature. Ten such resonators
with design velocity Bo - 0.10 at 108.48 lite are
operated either CM at 20 ktf or in a pulsed node
(DF > 0.25) at 80 ktf. Due to the flexibility of
the independent phasing of the 10 resonators pre-
sently in operatioma vide variety of ions be-
tween 12C and 79Br have been accelerated for user
experiments. Acceleration voltages as high as
3.3 MV (CW) and S.5 MV (Pulsad Mode) could be
demonstrated.

An energy resolution of 4E/E< 4 x 10~ allow-
ing rebunched pulse widths of Atpy^ < 70 ps could
be measured, showing the tranden-like beam quality.
The machine is exclusively computer-controlled,a
prerequisite for the operation of the many param-
eters o£ a tandem-postaccelerator-ccmbination.
The overall availability of the postaccelerator
together with the MP Tandem was above 80% of the
scheduled user beam time. The operation of the
3-MV stage is now interrupted for a 4-month
shutdown till the end of 1979>to allow for the
extension of the machine to its full 10 MV (CW)
acceleration voltage by the addition of 20 more
spiral resonators.

The spiral Resonator - Postaccelerator

Development, construction and prototype tests
of the normal conducting spiral resonator of the
Heidelberg-type have been described in Refs. 1
and 2. Figure 1 shows a cut drawing of the struct
ture to summarize the main features of this type
of resonator. The dominant element in the figure.

Cut drawing of the
Heidelberg spiral
resonator. Tank
inner diameter is
35 cm.

labeled (1) , is a A/4 line resonator wound as a
spiral. The leg of the spiral is screwed to the
outer shell of the resonator, while the free end,
the location of the voltage maximum, holds the
drift tube (2) between the two grounded tubes form-
ing the accelerating gaps. Gap width and drift
tube bore are 2 cm each; gap-to-gap distance is
t> = 6 V 2 . Thus the structure has a very wideband
~ o
transit time factor necessary for the desired
high flexibility to accelerate ions of very
different initial velocities and charge-to -
mass ratios from the MP-Tandem. The rf power

is coupled to the resonators by a turnable induc-
tive loop (3) extending into the resonator near the
leg of the spiral. The resonance frequency is
aaintained by a servo loop controlled capacitive
tuning plate (4) . Characteristic parameters of the
resonators are listed in Table I.

Table I. Parameters of the spiral resonators used
in the 3 HV-stage of the Heidelberg
Postaccelerator

Operating frequency (Miz) 108.48
Quality factor Q 3500
Design velocity Bo 0.10
Shuntimpedance Z (}fl/m) 30

Input power N c w (kW) 20

Np (kW (25* duty cycle) 8 0

Effective voltage (4S —20°)
Vcv (HV) 0.33
Ut, (MV) 0.60

Figure 2 is a drawing of a postaccelerator
nodule stacking four spiral resonators. Two reson-
ators always share one cczanori flange carrying the
grounded drift tubes. One operational module
yields a total effective voltage of 1.3 MV (CW) at
a synchronous phase ^ s * 20

D. Each set of four
spiral resonators has an external quadrupole
doublet with a »axii»un field gradient of 3 kG/cm,
45 mm aperture and 15 en length per singlet. A

Fig.2 Accelerator module consisting of four
spiral resonators, quadrupole doublet
and pumping line.

vacuum better than i x 10~7 mbar is maintained by
a cryopump (2 W, 20 K closed-cycle refrigerator)
with an external pumping line arrangement. The
characteristic beam dynamics parameters of such
a setup have been discussed in1'3.

For the first 3 MV-stage of the Heidelberg
booster three accelerator modules were manufac-
tured in the Institute's main workshop in 1977.

The accelerator layout and beam transport
system have been designed to fit the. postacceler-
ator into the present MP-Tandem accelerator
building and to bring the postaccelerated beam
back to the existing experimental area. Details
can be found in Ref.3. Figure 3 shows a photograph
of the linac and the beam transport system.
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Fig.3 View of the 3-MV-stage of the Heidelberg
Postaccelerator. Three modules with Bo*0.10 -
spiral resonators are seen at the right
side, followed by part of the beam transport
system and debuncher (to the left).See Ref. 3.

Rf Generators and Control Electronics.

In the first 3-MV-stage of the booster, 12
commercially available FM broadcast transmitters
with an output power of 20 kW CW are used to feed
the cavities. They are of the same type operated
in the power and beam test in the years 1975-76,
and have proven to be reliable and rugged. For
use as the rf supply of the linac they had, how-
ever, to be modified considerably to meet the re-
quirements of the computer-control as well as to
operate them from one common anode power supply
and to run them in pulsed mode. Figure 4 shows a
view into one row of the transmitter gallery. The
generators are set up in groups of four, one
group belonging to one accelerator mod- le. The 19"
racks in the background house the driver ampli-
fiers, the reference signal distribution, the reg-
ulation units for phase, amplitude and resonance
frequency and the phase shifters necessary for
each individual cavity as well as a CAMAC crate
of the computer-control. All the regulation units
have been designed and manufactured in-house.

Fig. 4 View of the rf gallery showing trans-
mitters and regulation and control systems.

The Coaputer-Control System

The use of independently phased resonators
for acceleration of a large variety of diff-
erent ion species delivered by the electrostatic
tandem injector, demands efficient coaputer
assistance of the operator. A computer program to
calculate, all settings for rf amplitudes, phases,
quadrupole gradients and dipole fields which de-
pend strongly on the injection parameters, was
mandatory. Control of all parameters directly by
a computer maintaining the accessability for
manual interaction was highly desirable.

The concept of the computer-control (see
Ref.4)was based on the following general guide-
lines in order to limit the complexity of the
overall system:
a) all remote control of the postaccelerator

should be performed only via the computer. As
no hardwired back-up system for control was
to be installed! this decision enormously sim-
plified the wiring as well as the logic of
the programming, but demanded a reliable
and comfortable interface between the operator
and the accelerator hardware.

b) The computer-control system should not be used
for closed-loop regulation of parameters or
for operating safety interlocks. Every critical
device should have its own hardware regulation
system keeping track of the values set by the
computer and should be protected by its own
hardware interlocks which should react even in
the case of a computer failure. Similarly<the
computer should not have to synchronize with
the accelerator to acquire time-dependent
parameters. All rapidly varying parameters ,
e.g.>in the pulsed operation mode>have to be
latched to be read at any time. By these pro-
visions) timing problems were greatly allevia-
ted.

c) The control system should reflect the modular-
ity and expandability, which are the k«y fea-
tures of the accelerator itself. Thus, the in-
clusion of additional parameters, controls or
functions as well as the expansion of the
overall system by a factor of three,should be
easily possible without major modifications to
the existing system.

d) As most of the rf regulation eleetroi*-
ics had to be designed and built in-house,
the control system had to be based on stan-
dard, commercially available products, to the
widest possible extent. Thus, the CAMAC stan-
dard was adopted for the control system of
the Heidelberg postaccelerator.

The Control Hardware

The accelerator control hardware is
schematically indicated in Pig.5. The system is
controlled by a dedicated PDP 11/34 minicomputer
equipped with 128k of memory, a floating point
processor and standard peripherals facilitating
the development of the software.

All accelerator components and the opera-
tor's console are accessed via a single JY 411-
CAMAC interface, which can directly drive a
parallel CAMAC branch as well as a serial high-
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Fig.5 Schematic diagram of the Heidelberg
postaccelerator control system.

way. Both branches are completely compatible with
respect to software as they use the same control
registers, and all features like direct memory
access from CAMAC i.ito the memory <or vice versa <
are implemented for both branches. The highspeed
parallel branch is used for servicing the opera-
tor's console where various display units need to
be updated rapidly. Though refresh rates between
1 Hz and 10 Hz depending on the type of unit, have
proven to be sufficient,much care was taken to
minimize the response to an operator's interven-
tion. The serial highway runs as a large loop of
about 300 m total length from the computer through
three floors of a remote part of the building.
Only one cablejconsisting of ? twisted pairs
necessary for a byte-parallel serial high-
way., interconnects the different hardware compon-
ents of the accelerator and essentially is the
only link for communication between the operator
and the postaccelerator. Basically, four standard
types of highly integrated CAMAC modules are used
throughout the accelerator, keeping the number of
crates down to a minimum. Readout of analog valr-
ues is achieved by an ADC module with 32 inde-
pendent differential input channels. Setting of
analogue values by the computer is performed by
12-channel DAC modules. A specially designed
transmitter-control module combines 24 relay con-
tacts and 24 status flags for a completely re-
mote operation of one 2OkW rf station. A fourth
type of module is used for the control of one
magnet power supply each. In addition to these
four basic modules there are relay multiplexers,
which are used to select analog signals for in-
spection at the console for diagnostic purposes.

Though these modules are quite different in
function they all aieet one common criterion which
has proven to be essential for easy software de-
velopment: to perform a specific operation the
computer needs to know and execute only one single
CAMAC command and not a series of consecutive
steps. Thus, formally, all units can be handled
identically and no special device drivers are
necessary.

Software Organization

The PDF 11/34 is operated fully under con-
trol of the multitasking operating system RSX-
11M. The control software is largely subdivided
into different smaller programs which are respon-
sible for specific operations and can be run in-
dependently from each other in parallel. By this
scheme the software development and maintainance
was greatly facilitated. Tasks which have tc per-
form larger numerical calculations are written in
FORTRAN, whereas the control software is written
in assembler language.

Fig. 6

Structure of
the control
software

Figure 6 shows the structure of the main software.
The main effort was invested into the scheme of a
data base which contains all information on the
accelerator components, e.g. CAMAC addresses and
commands, actual values, calibration factors and
the names of the parameters. This data base is
stored in the memory. Using a memory-resident
data base guarantees fast access and fast
response.

All tasks can access the CAMAC hardware only
by using the information stored in the central
data base. After changes or additions to the hard-
waretin most cases,just the data base needs to be
updated. Without further programming the basic
control routines will then have access to the
newly installed components.

Three primary control routines are provided
which together with thrdr related hardware com-
ponents at the console are completely equivalent
to a conventional operator's console end enable
the operator to perform all necessary operations
manually. These are
i) a display routine, to inspect all required
parameters on a TV-screen . ii) a knob service
routine to change or optimize settings of para-
meters manually; and iii) a touch panel service
routine as the central program.

By touch panel interaction, the operator has
full access to the data base. At maximum^ four
logically consecutive steps are required to
uniquely specify a parameter, which afterwards, by
touch panel command,can be included in the dis-
play table or connected to one of four
control knobs. Simple functionSjlike switching
operations,are directly performed via the touch
panel. For convenience, there are Preformatted
pages of parameter sets which can be called for
display.
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Without appreciable difference tho operator
can perform more complex operations like the
startup sequence for one rf generator or even the
whole accelerator. For such purposes there row
exist a large number of different taoks which
can be started via the touch-panel and which
communicate with each other under control of the
operating system.

Initial setting of the postaccelerator compo-
nents is achieved by an interactive optimization
routine which from basic information on the in-
jected beam parameters optimizes the linac uarara-
eters for a requested output energy with respect
-to the beam acceptance. All focusing and beam
handling elements as well as the rf amplitudes and
phases are set to the calculated values directly
by that program- Only minor manual fine tuning and
optimization with respect to beam transmission for
the injection and extraction region is required
afterwards, whereas tne linac settings can remain
unchanged.

The control console of the postaccelerator
consisting of two equivalent stations is shown in
Fig. 7. The center part is the touch panel, a
CRT display just above,and four control knobs
below. The control knobs ar^ simple, two-speed
pulse-generators which feed a presetable up-down
counter. For each knob the actual assignment and
the current value of the parameter can be read on
a small alphanumeric display. Other beam diagnos-
tic elements like beam profile monitors, fluores-
cent screens or slits are operated similarly, a
normal TV-monitor and a small oscilloscope being
used for display purposes. For diagnostics the
rf signals from resonators or transmitters can be
selected for display on the larger oscilloscope.

Fig. 7 Operator's console

This scheme of control system has been
readily accepted by the operators, as it does not
require any knowledge cf computer hardware or
software. The use of typical computer peripherals
like keyboards for control purposes has been al-
most completely avoided.

As all parameters have their names in plain
language with minimal use of abbreviations the
operation of tht touch penel has become transparent
and straightforward even for untrained personnel.

IV. Operation Ey.pfcrien',:c vil'n I'M Postaccelerator

Thi Heidelberg postacctleracor started test
operation in December 1977,and is in the state of
full user available operation since May of 1978.
By the end of July 7979, 17 user bearrtiiws could be
operated. Altogether 1498 hours of user tine had
been scheduled from which for 1223 hours of useful
bean were provided for the experiment. These
figures correspond to an overall availability of
the combination HP-Tandem po.stacceleratcr of 82Z.
Table II summarizes characteristic data of selec-
ted postaccelerated heavy-ion beams as typical ex-
amples of the machine periormace. The table shows

Table II
Ion

\-ffi PA Ueff el
i£/E

^s

32S
58;ji
79Br

6+
14+
15+
14+
12+
13+
12+
16+
1 6 +

rnev;

72
132
3 32
108
140
150
140
177
177

(Mev,

90
178
181
152
178
190
206
225
246

3.03
3.30
3.28
3.15
3.13
3.11
5.52
3.01
4.31

t n A j

100
85
30
50
40
15
30
30
10

<4.3
<5
—
-0.4
<1
-
-
-
-

(- on.
nrad)

—

3.1
4.2
2.91

2.62

-
_ 3

3 . 2 2 2

_ 3

1} (140 ps-300 ps), 2) User Run, 3) 65 kV)

12 79
that ions between C and Br can be accelerated
by the present 10 resonators with almost equal
effective voltage^ ( column 5 ), which is in all
cases above 3 MV. 7.^ measured energy resolution
of less than 5 x 10~3(column 7), in some cases well
below 1 x 10~3,will be improved by one order of
magnitude with the debuncher. The radial emittance
er is smaller than the projected value of 5ir mm -
airad indicating that the postaccelerator is longitu-
dinally and transversally properly matched to the
tandem beam. Row 7 shows an example of the machine
performance in pulsed mode. Running the cavities
with a peak power input of 65 kW (1:4) resulted in
an effective voltage gain of 5.52 MV. In the set-
ting shown in row 4 a 3ZS beam was gas stripped in
the HP to a charge state of 8+ and further foil
stripped before the booster to 14+. The final
energy was 152.1 MV. Measured at the linac exit
and 50 m downstream, the time halfwidth of the
micropulse had only increased from 140 ps to 300 ps.
From this an energy spread of AE/E-4 x 10"1* can be
deduced. Beams of this quality have been rebunched
in us".r runs to pulse widths of less than 70 ps2.

V. Status of the farther Extension

The status of th xtens ion of the machine to
its final 10 MV accelei. '.en voltage in early
September 1979, is as follows: The fabrication of the
additional five modules ( 3modules Bo - 0.06, 2
modules Bo - 0.08) already started in August 1978,
in the institute's workshop. Since July 1979,this
new part of the Linac is assembled, vacuum tested
and prealigned , ready to be moved to its final
location. Rf generators, regulation electronics
and the additional CAHAC nodules are in-house. The
extension of the computer control system has been
completed. A four-month shutdown of the post-
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accelerator began in early September 1979;
operation is scheduled to start again at the end
of this year. Normal HP-Tandem operation will not
be affected.
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OPERATION OF THE KARLSRUHE SUPERCONDUCTING POST ACCELERATOR TEST

SECTION IN THE SACLAY TANDEM hJAVY ION BEAM

K. W. Zither, G. Hochschild, A. Hornung
Kernforschungszencrum Karlsruhe, Institut fiir Kernphysik

Karlsruhe, Federal Republic of Germany

and

J. P. Fouan, J. Gastebois, P. Joly
Centre d'Etudes Nucleaires de Saclay, Service de Physique Nucleaire a Basse Energie

Gif-sur-Yvette, Republic of France

The test section of a superconducting heavy-icn
post accelerator (SNB-Karlsruhe) was set up at the
C.E.N.-Saclay Tandem Lab. It was operated with
beam in order to demonstrate the feasibility of a
superconducting booster accelerator for heavy ions
! .'hind a tandem accelerator. In addition, the jav-
ii:ies were used as a beam rebuncher. The energy
modulation due to the test section was measured
and reproduced the original calibration. In bunch
experiments beam pulses were generated and meas-
ured.

Introduction

The ion energy of an existing tandem accelerator
can be increased appreciably only by a post-
accelerator. One possible approach, a linear
accelerator of independently phased cavities, has
many advantages as a booster: the transmission of
the prebunched and stripped ion beam can be 100%.
The good tandem beam qualities can be maintained
(small transverse emittance,energy .resolution of a
few 1D~*),and,simple energy variation is possible.
In addition very narrow beam bunches can be obtain-
ed on the experimental target. The use of supercon-
ducting cavities is quite cost saving both in in-
vestment and running expenses. * Also the radi-
ated rf power can easily be kept at a low level,
which is valuable for the sensitive detection de-
vices used in nuclear physics experiments. TJO
such boosters are already under construction. •*»

Reliability and handling is best demonstrated by
an experiment. This was the first reason for re-
peating some of the Heidelberg experiments^ at
the CEN Saclay Tandem Lab, using the SNB test sec-
tion. The second purpose of this installation is
to use the velocity modulation given by a cavity
in order to compress a prebunched beam down to the
100 ps range. Such short beam pulses allow mass
identification on flight distances below 50 cm for
the tandem mass-energy ranges. This is intended to
be used in the fu ion-evaporation cross-section
measurements presently in progress with a less
effective setup at the Saclay tandem. This time
structure will also be used in the search and
measurement uf medium life-time isomeric states
expected among the high spin levels populated by
heavy-ion reactions.

The cavities were originally optimized for acceler-
ating bromine ions with charge q=23 from 1.67 to
6 Mev/n. Figure 1 shows a cross-section of the cav-

ity. At design field the maximum electric field is
1. 16 MV/m, the effective accelerating travelling
wave amplitude is Eacc " 1.05 MV/m (cosij - I,
flange-to-flange) and the stored energy is 0.172 J.

Fig. 1: Cross-section of the rf resonator.2

Treatment of the Cavities and rf Measurements

The cavities had been operated at MPI-Heidelberg
up to January 1977.2 Thereafter the test cryostat
was moved to KfK-I'-arlsruhe, where it was standing
idle without any pumps installed. In August 1978,
the cryostat was opened and the two cavities HD],2
were removed for laboratory measurements. By
oxipolishing HD 1 two cycles,and HD- 2 three cycles,
Eacc S 1.2 MV/m was achieved ir. laboratory experi-
ments in both cavities. The two cavities vjre then
mounted into the test cryostat and cooled down. The
first cool-down was accompanied by oscillations due
to a modification in the helium-gas-fluid system,
not allowing rf measurements, ""here were also in-
dications that an uncontrolled burst cf gas might
have entered the cavities. Rinsing with methanol in
the mounted position after warm-up was not suffi-
cient to achieve the old performance of the cav-
ities due to high field electron emission. After
oxipolishing two cycles,HD I was limited at
Eacc ^ !•* MV/m by thermal breakdown,while HD 2
showed a sharp limitation at E a c c = 1.2 MV/m (local
breakdown).

At the end of November 1970,the cryostat was moved
to CEN-Saclay and cooled down to 4.2°K. The per-
formance of the cavities was unchanged. Later warm-
up and cool down cycles did not degrade the resona-
tors either.

The zero field frequency of HD I was 108. 452 kHz
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and the one of HD 2 could be adjusted with the
slow tuner6 between 108.429 kHz and 108.493 kHz.
The frequency shifts due to radiation pressure are
44 kHz (HD I) and 26 kHz (HD 2) at Bacc - 1.05Hv7m.

Figure 2 shows the principle of the rf control sys-
tem as it had been designed for the experiment at
MPI Heidelberg.7'8

power amplifier amplitude modulator

„„, .„,. . &

Fig. 2: Principle of the rf system.^

After being set up at Saclay,the amplitude stabil-
ity was AU/U = 3xlO~^ peak-to-peak. The eigenfre-
quency changes of the resonators which had to be
corrected by the tuner were "V. 700 Hz peak-to-peak
while the ponderomotive feedback loop reduced it
to "v 220 to 450 Hz. The tuning range was 1.4 kHz
peak-to-peak. The cavities wer* ?h_ise locked to a
frequency synthesizer for several hours. An ex-
periment with a different tuner has been reported
elsewhere.'

The two phase cooling" worked without problems.
Figure 3 shovs the cooling principle. The cool-down
time was between 18 and 12 h depending on the
pressure in the dewar. For constant level oper-
ation 1.15 bar was sufficient. The heat flow into
the LHe was measured as 0.6 ± 0.1 W due to cavity
losses and 0.6 ± 0.) V due to rf power losses of
the tuner for each cavity at Eacc * 1-05 MV/m ,
while heat conduction in the 500 1 LHe dewar con-
tributed 0.17 ± 0.02 W.

The losses of two cavities at E a c c - i.O5 MV/m,
with the tuners plus one dewar connected by the
transfer line to the cryostat maintaining a con-
stant level,was 6.6 M.

Beam Experiments

The experimental arrangement is shown in Fig. 4.
The beam optics system is designed to deliver an
intermediate image at the center of the cryostat
?nd a final one at the center of the scattering
chc'mber with an overall magnification of 1 (from
the analyzing magnet image slits). The drift

lengths are "»> 24 m from tanden to cryottat and S.Si
froa cryoseat to target.

Fig. 3: Cooling principle in the test oryostat

tow energy saw
tooth bunchcr

quadruple doubt*!

super fn tanderr
!9MV,

negative
ion source

prototype cryostat

with 2 helix

superconductng cavities

g chamber

Fig. 4: Experimental arrangement

to lup#fconducing

hum vj

" " " • L I

mg I

Fig. 5: Block diagram of the time-energy measure-
ment -

In order to measure the longitudinal emittance of
the beam, particles elastically scattered by a
100 }ig/cm?- thick gold foil were detected at vari-
ous forward angles. Figure 5 shows the electronic
setup used. A Si surface barrier detector 120 urn
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thick at 120 V delivered t 3 ns rise time pulses.
Both a fast and a charge integrating preampli-
fierll*1^ were connected to the detector. For
each scattered particle the total energy and time
difference with the master oscillator phase were
digitally encoded and sent to the on-line data ac-
quisition computer. Live displays of the energy
and time distributions (spectra) were thereby ob-
tained. The raw data (event-b>-event) could also
be written on tape and a 256 * 256 array of a
limited portion of the time-energy space was also
integrated on line. The intrinsic resolution of
this detection setup is "\/ 200 keV for the energy
measurement (mostly due to target thickness and
angular opening of the detector). The intrinsic
time resolution could not be measured but can be
estimated to be ̂  100 ps coming mostly from the Si
detector rise time*

The fifst two experiments were performed with a
d.c. 160 beam (q«7+, UTandem"8.5 MV, T • 68 MeV).
The very first run took place as early as Decem-
ber 22, 1978,and lasted only for a limited time.
The energy modulation given by cavity HD 1 close-
to-nominal field could be measured. In addition,
operating the same cavity at reduced field deliv-
ered a slightly overbunehed beam. A width of
230 psec was observed without any fine adjustment
of the electronics and rf field.

During the second run (January - February 1979),
the same beam at 64 MeV was energy^modulated by
both cavities. The relative phase of the modulation
amplitude due to each cavity could be determined
after two energy modulation measurements from a
simple vector addition. The maximum energy modu-
lation obtained with the two cavities phase-locked
at nominal field is shown in Fig. 6. Using a
single cavity, the appropriate setting for optimum
bunching on target could be determined fast by
comparison between the time distribution obtained
in the overbunched case with the calculated cne.

energy

1100 1200 I 1300
64 MeV

1400

Fig. 6: Energy distribution of a '6o+^ (T=64 MeV)
beam energy modulated by both cavities
close to design field at optimum relative
phase

A fluctuation of the pulse timing was then observed
to be correlated with terminal voltage variations
of the tandem (AU "\A 5 kV). This could be par-
tially compensated by adding the generating volt-
meter differential signal to the time-to-pulse
height converter information. Thereafter a width
of 120 psec could be observed over several minutes
as shown in Fig. 7.
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Fig. 7: Time distribution of a 1 6O + 7 (T-54.6 MeV)
beam bunched by the high energy buncher

The following set of beam measurements (March and
June 79) used the newly^constructed low energy
buncher in connection with the superconducting cav-
ity. This low energy buncher is similar to the AHL
buncher !3 and consists of a gridded 1.5 ran long
modulation gap which is fed with --nree frequencies
(27, 54, 81 MHz) from twc coaxial resonators. It
provided a linear energy modulation for 70% of the
bean. The distance of about 37 ns between bunches
is quite suitable for most experiments. Details on
the construction and performances of this device
will be published elsewhere. The 100 kV injector
under construction was not operational for these
measurements and the bunching system could only be
tested with a I6o" beam at 70 keV from a duoplasma-
tron exchange source and a 12c~ beam at 20 keV
from a standard sputter source. The bunches ob-
served on target were 6 and 3 ns FWHM, respectively.
About 70Z of the intensity were in the peak for
1 60 accelerated to 55 MeV and C to 48 MeV.

The low energy buncher was then phased with the
superconducting cavity at required field. One
measurement was performed with the master oscilla-
tor replaced by a self-oscillating loop consisting
of the superconducting cavity with a simple ampli-
tude regulation; a typical time distribution ob-
served is shown in Fig. 8. Bunching performance
was identical to the previous case.

Conclusion

The tests showed that the superconducting helix
cavities can be considered as reliable components
for technical applications »if the maximum surface
electric design field stays below some value around
16 MV/m. Most of the failures were related to con-

- 116 -



ventional technique and not to superconductivity
nor to the vacuum seals at low tesf>erature nor to
thermal expansion and contraction during the ther-
mal cycling between 4.2PK and 300°K.

2SO0 2600 2700 2M0 2M0 3000 3)00 32tO 33O0 3 « 0 3500

Fig. 8: Time distribution of a prebunched (27,
54, 81 MHz) and rebunchsd (108 MHz) beam
of 1 6O + 7 (T - 55 MeV)

From early December 1978 to June 1979, the cryo-
stat was cooled down and warmed up to room tempera-
ture five times and no difficulty was encountered
in reaching the maximum fields even for operators
of little experience.

The beam experiments have confirmed the acceler-
ating capabilities of such phase-locked cavities.
The major components of the beam bunching are now
in routine operation and with the use of the
100 kV injector and a high energy chopper presently
under design, intense bunches of "v< 100 psec with
low background will be used in nuclear physics ex-
periments .
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PRECISION BEAM FORMATION IN 2 GeV LINEAR ACCELERATOR OF ELECTRONS

V.I. Artyomov, V.A. Vishnyakov, A.N. Dovbnya, N.A. Kovalenko
Kharkov Physico-Technical I n s t i t u t e

Data is presented pertaining to the phase
volume increase at the linac and beam transport
system exits. Also, a comparison is d»awn between
two achromatic beam transport systems, showing that
the quinti-lense system has certain clear-cut ad-
vantages over the tri-lens one.

Introduction

Improving the parameters of charged particle
beams while increasing their energy and intensity,
is a characteristic goal of accelerator equipment
development.

The precision of a physical experiment (and
in some cases the feasibility of carrying it out)
relies fundamentally on the beam emittance and
energy spread. The attainment of the necessary
parameters for precision beam formation (energy
spread of about 0.01%, and beam emittance less than
0.01 mm-mrad) is a very complicated problem which
so far has not been satisfactorily solved for
electron linacs.

This paper puts under consideration some pre-
cision beam formation methods which are being cur-
rently used in Kharkov's 2 GeV electron accelerator.

The Energy Spread

In a multisection linac there exists a coup-
ling between transverse and longitudinal motions.
Transverse rf fields1 are primarily responsible for
the observed coupling. The trajectories of part-
icles, whose initial parameters differ only in their
longitudinal motion (or phase), can be seen to
undergo deviations from the system axis under the
influence of transverse fields. The existence of
this coupling can be used to create a so-called
"Narrow Phase Channel" (NPC) as well as form an
energy-spread electron beam. The Kharkov acceler-
ator-developed NPC2 contains a number of remote-
controlled collimators and quadrupole doublets.
A 20-MeV acceleration section is used as an injector,
where electrons are bunched along the start-up
stretch, with the wave phase velocity varying ia
step-up stages from 0.7 to 1.0 C.

When this method of formation was employed,
the energy spectrum proved to be wider than was
calculated; its semi-height width being 0.13%
against the theoretically expected 0.051. The
initial energy-spectrum width :̂ as l?o. The differ-
ence between the spectral experimental and theor-
etical widths is conceivably the result of ampli-
tude-phase fluctuations.

Two main problems whose handling i s indispens-
able In forming the monochromatic e l ec tron beam
w i l l be discussed. These problems are: (a) bunch
formation of i n s i g n i f i c a n t longitudinal dimensions,
and, (b) quenching various f luctuat ions down to the
needed l e v e l .

Al l the f luctuat ions can be roughly divided
into two categor ie s : slow ones , That go from im-
pulse- to- impulse , and, fas t f luc tuat ions , which
occur during the inpulse . The very ex i s tence of
the amplitude-phase f luc tuat ion , s t o c h a s t i c - s t a b i -
l i z a t i o n mechanism of the accelerat ion-imparting
field in multisection l inacs, enables us to ful-
f i l l the task of quenching the fast fluctuations.3

Beam Emittance

The effective beam emittance ( i t s multipulse
integrated mean-profile value) immediately prior
to the exit from the linac, i s substantially diff-
erent from the "superinstant" one, which Is measur-
ed during an infinitesimal fraction of the bunch
duration. The beam transverse phase space volume
increase occurs largely due to the following phen-
omena:

- Phased transverse particle separation;
- Fast amplitude-phase fluctuations during

the acceleration impulse;
- Slow fluctuations in the connection, focus-

ing and control systems.

Emittance stratif ication of numerous phases
across the phase-profile, takes place in the
acceleration process, thus giving rise to the bean
effective emittance increase prior to the exit from
the linac. This can be expressed as:

S - K E / E S
o o

where So, S are*entry and exit emittance values, K
is the increase coefficient arising from phased
particle separation, and Eo, E are the beam energy
at the injector and linac exits, respectively. To
suppress the effect, a supplementary beam focusing
system is used which includes quadrupole doublets
to zero-in the "superinstant" linac exit.beam
emittance on the same phase-profile centjr. The
increase coefficient is observed to be K - 1.2,
for longitudinal bunch measurement of t » 8°.

The experimental studies have demonstrated
the beam emittance at the impulse median position
to be less than at its extreme positions, for which
K » 2.3. Clearly shown here is the role of fast
amplitude-phase fluctuations.

The effective pulse train emittance exceeds a
single-inpulse enittance, with K - 2.1 for n - 10
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(where n Is the inpulse number).

The ways of quenching these effects are obvi-
ous, namely: stabilizing klystron high voltage
impulse peaks as well as stabilizing the power
supplies of the bean focusing and control systems.
Figure 1 shows the progress to date in low emit-
tance beam formation for the 2 GeV linac.

Beam Transport System Influence on the Emittance

Up tn 1976, the electron beam parallel trans-
fer from the 2-GeV linac to the magnetic spec-
trometers was accomplished by employing the beam
transport system (BTS) which consisted of two
bending magnets (0 = 45°), three quadrupole lenses
between the magnets, and a quadrupole triplet at
the exit of the second magnet. This system's de-
sî .i and its peculiar features, are given in minute
detail coverage in Ref. 4. This system is good for
forming an image of several mm with 1-mrad semi-
divergence, that is well suited to electron beam
spectrometric experiments.

However, in the case of the experiments with
polarized gamma quanta generated on the goniometric
device diamond monocrystal, it was necessary to
reduce both the electron beam emittance and its
divergence.

Figure 2 gives the schematic layout of the
BTS. The system was rebuilt to include two addi-
tional quadrupole lenses: L^ and L5. The previ-
ously employed system was achromatic (Panofsky
inversion system); however, the beam envelope
reached several cm in the long drift spaces be-
tween the magnets. This in turn, led to the
effective on-target beam emittance increase because
of quadratic aberrations. While in the present
case chromatic aberrations have the predominant
influence.

Several attempts were made to decrease the
effective beam emittance by determining the optimal
angle cut for bending magnets in the traditional
Panofsky scheme. As a result, the envelope curve
maximum horizontal excursions were cut in two, while
the effective emittance at the system's outlet in
that same plane decreased three times. Still, as
expected, the BTS under those conditions gets ex-
tremely sensitive to the vertical beam emittance.
The change in beam divergence by 0.03 mrad from
the precalculated data, results in doubling the
beam size at the second bending magnet's exit,
with the beam getting partially scraped on the
chamber walls. Those conditions, therefore, cannot
be operational for a prolonged experiment.

The next step was an attempt at reducing the
chromatic aberrations by introducing non-linearity
field quadratic into the central lens. The field
non-linearity was accomplished by changing the
magnetic potentials of two poles by way of a man-
ganin shunt. The quadratic non-linearity of ap-
proximately 1%, resulted in decreasing the effec-
tive emittance on the Horizontal plane by half.
Nonetheless, the trial run of this system displayed
the same difficiencies as with the original design,

i.e., superhigh sensitivity both to the emittance
shape and current fluctuations in magnetic elements.
Finally, it was only in the quinti-lensed BTS that
any further emittance reduction could be achieved.
According to calculations, the BTS-5 has certain
advantages over the BTS-3, namely:
Ca) particle trajectories on both planes agree

irrespective of the entry beam parameters;
(b) Chromatic aberration contributions to the

effective emittance increase is insignificant
(one-eighth that of the BTS-3).

The absolute requirements for the BTS-5, though,
put restrictions on the bending magnets' input
power stability and the L3 adjustment. To this
end, there has been developed a system for the
bending magnet current supply from a single gener-
ator whose permissible fluctuation level, though,
should not exceed 0.05%. The difference of the
magnetic parameters (less than 1%) was eliminated
by exciting the second magnet's auxiliary winding
from a high stability source. This mode of opera-
tion for the magnet ensured the equivalent stabil-
ization to be less than 0.0012 and helped reduce
the beam on-target fluctuations to A = 1.2. This
accomplished, it was possible to determine each
magnetic element's contribution to the beam on-
target fluctuations. With this in mind, the de-
rivatives of beam on-target current induced devi-
ations in each magnetic element were measured and
the correlation analysis carried out. The results
were used to ascertain each element's contribution
to the beam median position fluctuations. The
adjusting was done by a combined method. First,
the derivatives of beam on-target deviations were
employed to determine the quadrupole deviations
from the optical axis. Then the adjusting proper
was carried out, involving the use of a "local
system" of calculations and some geodetic survey-
ing technique. The lowest possible reading of
beam on-target deviation derivatives served as the
criterion. The lenses adjusted, the mean quadratic
value of on-target charge center fluctuations
equaled A = 0.72 mm. The top contributions to this
parameter were made by the current fluctuations
in the lens L3. Its power stabilization improve-
ment to 0.05% decreased the on-target charge center
fluctuations down to 0.2 mm, which met the re-
quirements of the experiment. The experimental
research conducted over a wide energy range, as
well as the BTS-5's two-year operation service,
both prove its superiority to the BTS-3.
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Fig. 1 2-GeV linac beam emlttance decrease (the
completion of the experiment in question
is schematically staged from left to right
in the following order) :
- NPC
- Focusing system structural optimization
- Channel adjustment
- Compensation Ej
- Impulse rise time elimination
- Stabilization of power supply system

K in K

Fig. 2 2-GeV linac BTS layout
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Fig. 3 A comparison of the BTS-3 and BTS-5 exit
beam emittance on the horizontal plane
(see BTS-3 above: horizontally - lmm/div;
vertically - 1 mrad/div; BTS-5 below:
horizontally - lmm/div; vertically - 0.08
mrad/div)
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A 5-MEV ELECTRON LINAC WITH HIGH ENERGY RESOLUTION

Yu.P. Vakhrushin, V.M. Nikolaev, A.V. Rjactsov,
Yu.A. Svistunov, Yu.P. Severgln, and V.L. Smlrnov

D.V.Efremov Scientific Research Institute of
Electrophysical Apparatus, Leningrad, USSR

The design parameters of a 5-MeV electron
linac with low energy spectrum and beam emittance
are presented. The accelerator includes the
following main components:
(a) an injection system comprising an electron

gu , rf chopper, and prebunching cavities,
(b) a traveling-wave accelerating structure

operating at room temperature, and
(c) an active monochromatization system with

variable longitudinal dispersion.

Three-dimensional numerical studies of beam
dynamics were performed taking into account space-
charge forces. With the peak current of 3 mA, it
Is possible to obtain an energy spread less than
+ 5xlO~5 and a transverse emittance less than
1 mm-mrad.

Introduction

Electron linear accelerators with high energy
resolution are of considerable interest for re-
search in nuclear and high energy physics and for
electron microscopy. To date, accelerated beams
with the best parameters have been obtained with
superconducting linacs; but, the construction of
a superconducting linac requires the solution of
many technical problems and cannot be considered
routine. However, not all the possible ways of
improving the beam characteristics in conventional
machines have been exhausted. For example; use
of an active monochromatization system allowed
reduction of the beam energy spread by an order
of magnitude for the machines in Mainz2 and
Tokyo.3

In this paper, the basic design character-
istics are given for a 5-MeV conventional elec-
tron linac with a beam energy spread within
+ 5xlO~5 and an average accelerated beam current
of 15 uA. To meet these specifications, the
accelerator has chopper and prebuncher cavities
and an active monochromatization system;
provision is made for strong stabilization of the
basic operating parameters. It is expected that
such a machine will be usable in electron micro-
scopy.

Figure 1 shows a schematic layout of the
main accelerator components, and a detailed de-
scription of the scheme is given below.

Electron Source

A Pierce diode gun with u 2-mm-diameter

thermo-emission cathode is chosen as the electron
source. The peak current of a continuous beam at
the anode plane is 70 mA at the 80-kV cathode-
anode voltage. The gun electrode configuration
allows the beam diameter to be decreased to 1 and
0.5 mm at the anode and cross-over planes, respec-
tively. In the .rest of the accelerator, the beam
diameter is maintained at this level by means of
the uniform axial magnetic field of i< kG produced
by the focusing coils.

To reduce the electron transverse momentum
gain in the cathode-anode region, it is desirable
that the electron trajectories coincide with the
magnetic field lines. The required magnetic field
distributio:. is provided by a magnetic shield and
bucking coils. The electron flow structure is
assumed to be laminar in this region. The coinci-
dence of the magnetic field lines and the electron
trajectories is distorted by the electrostatic
lens in the anode hole; therefore, the electrons
are moving from the anode along spiral trajectories.

The electron dynamics were studied by using
a three-dimensional beam model, with the beam
represented by a number of small "balls" each of
charge q and diameter d. This modol was chosen
because (1) the rf field in the chopper has no
axial symmetry, and (2) the finite beam diameter
causes the initial rotational symmetry in charge
distribution to be disturbed when electrons cross
the slit in the chopper clipping collimator. How-
ever; the initial charge distribution at the anode
plane is considered to be axially symmetric, both
longitudinal eH and the transverse eL emittances
being zero (Figs. 2a and 3a).

Chopper and Prebuncher

A well-known system including rf chopper and
prebuncher cavities will be used to provide a well-
defined electron bunch at the accelerator input.
The two-cavity chopper structure suggested by J.P.
Mangin'1 was chosen. Its advantages are:
(1) capability of producing short bunches at a

relatively low electron energy (up to 100 keV),
(2) restoration of the transverse beam geometry

at the chopper output, and
(3) density of heat dissipation in the clipping

collimator than with the linear chopping
technique.5

The 1.5-mn-wide clipping collimator slit
transmits an electron bunch with well-defined
boundaries and a total phase spread of about 27°.
Because the beam diameter is finite, the charge
distribution along the bunch is of a trapezium
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type with 3-mA peak beam current or 15-pA average
at a duty factor of 0.5%.

One of the essential features of the particle
dynamics in the chopper is the sharp change in the
space-charge forces influencing the particle when
it crosses the collimator plane. This change
affects mostly the axial motion. In a continuous
beam the axial Coulomb field is zero, but in a
chopped beam it plays a significant role resulting
in essential increase of the longitudinal emittance.
Computations show that the limiting value of en is
closely approached when the bunch leaves the chop-
per (Fig. 2b). Additional bunch compression in the
prebuncher influences only the shape of the phase-
space region occupied by the particles and changes
En very little. Thus, the main function of the
prebuncher is to transform the longitudinal beam
emittance in a manner that allows minimization of
high-order aberrations of the accelerator sections.
In this case, a prebuncher providing a bunch phase
width of 10° and an energy spread of +2 keV at the
accelerator entry (Fig. 2c) was found to be close
to optimum. Note that the multi-cavity prebuncher
concept shows no essential advantages compared with
the single-cavity one.

The transverse (x, x') emittances ex at the
chopper exit and at the accelerator entry are
shown in Figs. 3b and 3c. The ex value is changed
slightly while the bunch phase width is decreased
by a factor of 3.

Accelerating System

The 5-MeV linear accelerator comprises two
traveling waveguide sections of identical length
(0.9 m). A Klystron providing 5-MW rf peak power
and 25-kW average at 2450-MHz frequency is chosen
as the rf power source. In waveguide Wj, fed at
3.5 MW, the electrons are accelerated to a nominal
energy of 5 MeV. Waveguide W2, fed at 1 MW maxi-
mum, serves to change the energy gain from 3 to 5
MeV. It can also be used to reduce the energy
spread if a bunch has any phase-energy correlation,
or to provide modulation on particle energies,
which is necessary in bunch phase-length measure-
ments .

The rf field in the input coupler cavity and
adjacent cells decelerates and defocuses electrons.
To reduce this effect, the accelerating field
gradient must be comparatively low. Various sets
of L(a) and 8w(z) curves have been analyzed, where
E is accelerating field gradient and Bw is normal-
ized phase velocity. To find the optimum set of
these curves, a gradient method6 was applied which
had as a criterion the. minimum value of the func-
tion

u.; and Q. and u
W.
L

'i" ml?

2 (u -u)2 (1)

are the phase and the normalized energy of the t
particle at the Wj exit.

th

where A is a weight constant; N is the number of
particles;

As a result of this analysis, the version was
chosen in which the E(z) and Bu(z) curves vary
smoothly over the ranges 16 to 75 kV/cm and 0.42
to 1, respectively, over the initial part of a W^
that is 2\ in length (where X is the rf field
wavelength).

The longitudinal and transverse emittances at
the accelerator exit are shown in Figs. 2d and 3e.
The former remains unchanged during the accelera-
tion time. The latter is reduced, but at a rate
slower than the rate predicted by a simple theory,
which would be inversely proportional to the longi-
tudinal momentum, because the transverse momentum
imparted to the electrons by the rf field in the
injection part of U±, is phase dependent and there-
fore increases the transverse emittance area.7

To illustrate this, Fig. 3d shows the transverse
emittance at the point A/2 downstream from the W^
waveguide entry, where the average particle energy
after deceleration and subsequent acceleration
again becomes 80 keV. At this point the E X value
is nearly twice as large as at the accelerator
entrance.

As shown in Fig. 3f, the transverse emittance
ey in the (y,y') plane at the accelerator exit has
a value slightly different from that of E X; conse-
quently, the disturbance of the axial symmetry
caused by the chopper is of no importance.

Thus, the above analysis confirms that under
ideal stability conditions the chosen accelerator
scheme allows one to obtain electron bunches with
a phase width of 2o and an energy spread of +0.15%
About 80% of the accelerated particles are within
an ellipse of area e x = 0.25 mm mrad.

Active Monochromatization System

The energy spread in a bunched beam of charged
particles can easily be compensated without inten-
sity losses by using an active monochromatization
system. This idea was first proposed by K. W.
Robinson and has been tested on the injector for
NINA.9 The bunched beam consisting of relativistic
electrons is passed through the achromatic magnet
system (debuncher) with high longitudinal disper-
sion Du. Movement of electrons of different ener-
gies along trajectories of different lengths re-
sulted in an elongated bunch, with a linear cor-
relation between particle energy and phase. If
such a bunch passes through the rf field at the
appropriate phase, the energy spread can be re-
duced by a large factor.

The active monochromatization system (Fig. 1)
consists of a debuncher and two rf compensating
cavities Cj and C2- The debuncher includes bending
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magnets H1-M3 and quadrupole lenses Q3, Q4. The
debuncher magnet systen i s symmetrical relative to
plane AA', and half of i t i s symmetrical relative
to 00' . The optical properties of this system
have been studied in a linear approximation by
Basargin.10 The longitudinal dispersion of the
debuncher can be regulated by the current variation
in lenses Q3, Q4, and thus the optimum compensating
regime can be chosen for a given energy spread at
the accelerator exi t , the dispersion Dn i s de-
termined by

"11 - R + 70 Q , R - 0. 795) rs <2>

where R is the trajectory radius in the magnets;
u is the normalized particle energy; & is the
effective quadrupole lens length; and a, is a
dimensionless lens parameter.

The magnet field is inhomogeneous in the
radial direction with a field index of n - 0.8317
and R » 30 cm. The bending angles are 135° for
magnets Mx and M3, and 270° for magnet M2. The
quadrupole pair Q\, Q2 matches the beam eraittance
to the debuncher acceptance.

The beam energy spread is eliminated in com-
pensating cavities Ci and C2, excited at the fre-
quencies f and 2f respectively, where f is 2450
MHz.

The rf field amplitudes in cavities C^ and C2
are 9 kV and 1.5 kV, respectively. The longitudinal
emittance of the monochromatic bean is shown in Fig.
2e.

Estimation ci the beam properties in the MIC
mode shows that elimination of the second-order
debuncher aberrations is not required because the
emittance values are small; about 80Z of the accel-
erated particles being inside the transverse emit-
tance area of 0.29 mm-mrad. In the BHC node; how-
ever, the chromatic aberrations of the longitudinal
motion should be eliminated because of greater
bunch elongation. For this purpose, two sextupole
lenses should be introduced in the debuncher near
lenses Q3 and Q4.

Tolerances

To obtain these low values of beam emittances,
many of the accelerator parameters should be strict-
ly stabilized. It was dete.-nined, in particular,
that the tolerable variations of rf power and fre-
quency and of waveguide temperature must be within
+5x10-'*, +lxl0-6, and +0.2°C, respectively.

In the monochromatization system, the stability
of the bending magnetic field and of the rf field
phase in cavity C^ should be strictly maintained.
For example, a change of +50 eV, in the average
electron energy, results from variation either in
the magnetic field by 5xl0~6 or in the rf phase by
+0.3°.

A measure of the system efficiency is the
monochromatization factor km, defined as

AW. /AW
in out (3)

If these tolerances are satisfied, the residual
beam energy spread in the BHC mode does not exceed
+5x"0"5.

Brightness

where AWir and AWout are the energy spread values
at the monochromatization system input and output.

The system can operate in monoharmonic (MHC)
as well as biharmonic (BHC) compensation modes.
In the MHC mode, only cavity Ci is energized, and
the maximum value km; is given by

- 2

ml
(4)

where &$±a i s the bunch h^lfwidth at the debuncher
input.

In the BHC mode, both the Cj and C2 cavities
are used, and the maximum value kjg i s

km2 " 2
.-0.81

(5)

Assuming A$£n = 0.02, in accordance with Fig.
2d, one finds kml = 23.0 and km2 - 47.7. The
residual energy spread value in the BHC mode is

AW = + 7.5/47.7 - +0.16 keV .
out — —

Brightness B is one of the important parameters
of the electron beam used in an electron microscope.
Substitution of the average beam current i = 12 uA
and ex « ev = 0.29 mm-mrad into the brightness
equation.

B - (6)

gives B ™ 14,300 A/cm2-ster. An electron beam with
these parameters can be effectively used in an
electron microscope of the translucent type.
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Fig. 1 Schematic layout of the accelerator

G-electron gun; W,W -accelerating waveguides;
SH-magnetic shield; . „
CH-chopper; Q^-quadrupole lenses;

PB-prebuncher; M,M -bending magnets;
F-focusing coi ls ; „ „

L.jC^-compensating cavi t ies .
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Fig. 2 LongituJinal emittances at different
locations along the beam axis

a) In the anode plane;
b) at the chopper exit;
c) at the accelerator entr>;
d) at the W2 waveguide exi
e) at the raonochromatizat*-. .ystem exit.

i X1 mnauf

Fig. i Transverse emittances at different
locations along the beam axis

a) in the anode plane;
b) at the chopper exit;
c) at the accelerator entry;
d) at the point 0.5 downstream of the accelerator

entry;
e) at the W2 waveguide exit, in the (x,x') plane;
f) at the W2 waveguide exit, In the (y.y1) plane.
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The magnetically focused, post-coupled,
drift-tube linac is the standard linac struc-
ture. It offers efficient acceleration and ade-
quate focusing over a remarkably large range of
beta from 3 » 0.04 to B = 0.50. The term "low-
beta linac structure" has come to mean those
linac structures that out-perform the standard .
Alvarez structure in the region below 6 =
0.04, and the term "high-beta linac structure"
has come to mean those linac structures that
out-perform the standard Alvarez structure In
the region above S ̂  0.50. A companion to this
paper will be presented in this conference on the
subject of high-beta linac structures.'

Low-beta linac structures are the bane of
the existence of linac specialists. It is here
that one must work hardest and achieve the least in
the way of acceleration and focusing. The
structures in this region are characterized by
inadequate focusing, limited apertures, and poor
transit-time factors. It is here that the beams
are the most poorly bunched, have the largest
angular divergence, are the most susceptible to
space-charge effects, and are thought to be the
most vulnerable to "emittance growth" driving
terms. Everything that is bad in linacs is
worse at the low-beta e*d. Nevertheless, every
linac has one, and work is continuing to develop
and improve these structures.

Introduction

The principal linac structures that are
considered for this duty, in addition to the stan-
dard Alvarez linac, are: (1) the 2BX Alvarez
linac structure; (2) the TT.IT Wideroe linac
structure; (3) the TT,37T Wideroe linac struc-
ture; (4) the Interdigital H-Mode structure;
(5) the Parallel-Plate Transmission Line struc-
ture; (6) a variety of heavily loaded, low-
frequency cavity structures with independent
phasing and intercavity focusing; (7) the Alter-
nating Phase Focused (APF) linac structure; and
(8) the Radio-Frequency Quadrupole (RFQ) linac
structure. The relative geometry of a number of
these structures is shown in Fig. 1 from the
particle's point of view.

The most serious problem at low beta is to
keep the beam small compared to 3X. As always,
focusing elements ara needed to control the size
of the beam. The vast najority of the efforts have
been expended on magnetically-focused structures
in spite of the fact that magnetic focusing is
particularly ineffective at low beta because of

the velocity term in the force equation. Elec-
tric focusing, on the other hand, has no such
velocity t^rm in the force equation and should
be a prime candidate for the focusing role in
low-beta linac structures.

Linac designers have, for a variety of
practical reasons, chosen not to develop the
electrostatically-focused linac structure in
spite of its potential advantage at low beta.
Perhaps in the renewed quest for low-beta linac
structures for the heavy-ion fusion program, a
fresh look wiil be taken at the practical
p r o b l e m of electrostatic focusing,^ and some
solutions will be'found.

Two ""ypes of rf electric focusing are
being studied at LASL. One is the APF linac
structure^, which was developed for the
low-beta chore in PIGMI fPion Generator for
Medical Irradiations) under the support of
the National Cancer Institute. The other is
the RFQ linac structure 5 which is being devel-
oped for the low-beta chore in the Fusion
Materials Irradiation Test (FMIT) facility 6

under the support of the Department of Energy.
An operating model of the APF structure exists,
and progress is well underway towards a working
model of the RFQ structure.

APF Linac Structure

The APF linac structure' is being devel-
oped for the acceleration and focusing role in
the low-beta portion of PIGKI. In this struc-
ture, the transverse, as well as the longitu-
dinal focusing forces are produced by the rf
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*Work performed under the auspices of the U. S.
Department of Energy and the National Cancer
Institute.

Fig. 1. Low-bets lin.ic structures from the
particles point of view.
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Fig. 2. The PIGMI prototype.

electric fields. By arranging the drift-tube
lengths, and hence gap positions, in an appro-
priate way, in an essentially conventional
standing-wave drift-tube linac, the particles
can t>e made to experience acceleration and a
succession of focusing and defocusing forces
which result in satisfactory containment of the
beam in six-dimensional phase space without
dependence on additional focusing fields.

The APF portion of the PIGMI prototype®
is shown Fig. 2. It is 63 cm long, 46 cm in
diameter, and contains 28 drift tubes, none of
which contain quadrupole lenses. The drift-tube
bodies vary in length from a minimum of 0.690 cm
to a maximum of 3.003 cm, and are 8 cm in diam-
eter. The bore-hole radius increases from
0.402 cm in the first drift tube to 0.487 cm in
the 28th drift tube. It is designed to operate
at 450 MHz and to accelerate a proton beam from
250 keV to 1.011 MeV.

Preliminary tests of the performance of
the APF linac structure were made in the fol-
lowing way. The APF section, which has no
provisions for rf excitation, was bolted to
another short linac section that does have such
provisions. A special drift tube, containing an
energy-discrimination foil (600 keV) followed by
a Faraday cup, was installed between the struc-
tures to adjust the resonant frequency of the
combination and to provide a minimal beam-
diagnostics capability. The combined structure
requires a total rf power of about 700 kW to
reach the design excitation.

The combined structure was driven to a
peak power of about 850 kW, corresponding to an
average axial electric field approximately
10 per cent higher than the design value of
6 MV/m. The maximum surface fields were in the
vicinity of 28 MV/m.

The 250-keV proton beam from the PIGMI
injector' was used for the preliminary beam
tests. The net current signals from a Faraday
cup at the entrance to the linac, the energy-
discrimination foil in the special drift tube,

1.6 17 1.8 1.9 2.0 220 230 240 250 260

R.F. Power (art. units) Injector Voltage

I 200 _

&
a IOO .

-40 -80 -120 -160 160 120 80 40 0
PHASE (DEGREES)

Buncher Phase Scan

Fig. 3. The APF performance data.

and the Faraday cup in the special drift tube
were monitored as a function of rf power, injec-
tor voltage, solenoid current, steering current,
buncher excitation, buncher phasej and ion
source parameters. Some of these data are
presented in Fig. 3.

Protons entering the special drift tube
with an energy less than 600 keV are absorbed in
the foil and contribute to the signal from that
element. Protons entering the special drift
tube with an energy greater than 600 keV pass
through the absorber and contribute to the
signal from the Faraday cup within the drift
tube. Stray electrons from the foil and Faraday
cup are returned to their original element by a
1-kG magnetic field produced by a pair of perma-
nent magnets. The signal from the Faraday cup
is taken as a measure of the accelerated beam
current.

The dependence of accelerated current,
Ib, on rf power is shown in Fig. 3. The
threshold for acceleration (1.75 in the arbi-
trary units given here) corresponds to an rf
power of 750 kW, and the peak acceptance corre-
sponds to an rf power of 850 kW. These data are
in fair agreement with our expectations.

At the optimum excitation, the percentage
capture of a well-collimated beam is 15.7Z or
^28 degrees of phase. This is in good agreement
with the expected performance.
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Fig. 4. Two basic configurations of the RFQ.

The dependence of accelerated beam on
injector voltage is shown in Fig. 3, revealing a
rather sharp peak at 248 kV. The width of the
peak is in good agreement with the design
calculations. The apparent deviation of the
peak position from the design value of 250 kV
may be real or may be due to an error in the
calibration of the voltage measurement.

The dependence of accelerated beam on
buncher phase is shown in Fig. 3 for the buncher
excitation that produces the maximum accelerated
beam at the optimum phase. The general features
of this phase scan look correct, but the detailed
shape has not been analyzed.

The maximum current accelerated to date is
3 mA. There are a number of hardware problems
and it is hoped that this limit can be raised in
the near future.

RFQ Linac Structure

A variety of schemes for producing a quad-
rupole focusing component in the rf accelerating
fields of linac structures have been described
in the literature of the last decade. Some of
the most recent and promising work is that of I.
M. Kapchinskii and V. A. Teplyakov10 and of N.
V. Lazarev" based on a four-wire configura-
tion excited so as to produce an electric quad-
rupole field in the plane perpendicular to the
wires.

In the case of uniform wires with no
longitudina. variations, the electric fields are
strictly transverse, and have no accelerating
component. As such, the structure is primarily
a focusing structure and not an accelerating
structure. Kapchinskii arl Teplyakov have
introduced an accelerating component by modu-
lating the wire geometry in a periodic way.
Ir this form it represents a very exciting

Electric field
on axis is
Axial with this
form.
Magnetic field on axis is zero.

Fig. 5. Four-vane linac structure.

accelerating and focusing structure for low-
velocity protons, deuterons, and heavy ions.

There are a variety of vays to connect the
four wires into an rf circuit. The Russians have
chosen to use the "split-cylinder" geometry shown
in Fig. 4a. Our interest is based primarily on
the "four-vane" geometry shown in Fig. 4b. At
LASL, preference is for the four-vane configura-
tions, based on its four-pole symmetry, and its
apparent mechanical simplicity. Nevertheless,
in preliminary investigations, both configurations
were studied.

Figure 5 shows the four-vane configuration
with a "ball and -.callop" modulation on the vane
geometry. The structure is excited so that the
top and bottom vane tips are of one polarity,
while the side vane tips are of the other
polarity. The quadrupole electric field is
readily apparent in the end view. These same
vectors, when viewed from the side, have a
longitudinal component that is due to the inter-
laced nature of the horizontal and vertical vane
modulations. From the symmetry, it can be esta-
blished that the electric fields on the axis are
strictly axial, and that there are no transverse
electric fields or magnetic fields on the axis.
The axial electric field alternates in direction
as shown in the figure.

The structure shown in Fig. 5 should be
capable of both accelerating and focusing a beam
of charged particles. Because the focusing
forces are electric, the focal properties are
velocity-independent, and the structure should
be superb for low-beta applications.

In actual practice, the vanes would not be
built with the "ball and scallop" geometry, but
rather with a smooth scalloped geometry as shown
in Fig. 6, where the modulation factor "m" is
seen to be the ratio of the maximum radial
dimension to the minimum radial dimension over
the scallop. The longitudinal components of
the electric field are zero at the two points of
symmetry in the scalloped geometry, and non -zero
elsewhere. The transverse components of the
elctric field are spatially uniform, and inde-
pendent of the longitudinal position within the
scalloped geometry.
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Fig. 6. The RFQ pole-t ip geometry.

The structure is simple, consisting of a
vane-loaded cylinder excited with rf power. In
fpct, the stri-cture is so simple that, for the
first time, one might consider configuring the
l:nac for adiabatic capture of a continuous beam
at low energy. This could be done by intro-
ducing the scallops gradually so that the struc-
rure acts primarily as a buncher at the begin-
ning, transforming gradually to an accelerator
at the end. A computer-generated picture of
such a vane tip is shown in Fig. 7.

Simulation of the longitudinal beam
dynamics without space charge in such structures
demonstrates that capture efficiencies approach-
ing 100% are feasible in reasonable lengths.12

Figure 8 shows the phase and energy profiles of
a beam in one such structure that bunches a
100-keV deuteron beam and accelerates 100% of it
to 2 MeV in a total length of about 3.6 meters.
Figure 9 shows the longitudinal phase space at
12 points throughout the structure. Subsequent
calculations,including the transverse motion and
space-charge effects,suggest capture efficiencies
in excess of 90% ant1 emittance growths of less
than 50% for a '00-mA deuteron beam injected
at 100 keV.13

Fig. 8. Phase and energy profiles through

the structure.

The rf cavity mode employed in these

structures is a TE2io~like mode, ̂  which

is a "cut-off" mode, and cannot be excited

in a finite-length closed cylinder. With

special terminations, however, it is possible to

excite the mode in all but the immediate vicin-

ity of the end walls. The vanes must not touch

the end wall of the termination, as this would

short-out the desired mode. The vanes may be cut

away near the cylinder wall to provide a cross-

over for the magnetic flux, and extended toward

the terminating plane near the axis to provide

additional capacitive loading between the vanes

and to the terminating plane. These features

tend to support the wanted TE2] modes and

destroy the unwanted TE]1 modes.

A coaxial manifold has been developed that

provides a symmetrical, multi-slot driving

arrangement for the RFQ cavity.15 A coaxial

cavity surrounding the RFQ cavity is excited in

a coaxial TEM mode. The magnetic fields in the

TEM mode are orthogonal to the magnetic fields

in the RFQ mode. These fields can be coupled by

diagonal slots, where the slot angle is

Fig. 7. An RFQ vane t ip .
Fig. 9. Longitudinal phase space at every 10th

scallop.

- 132 -



CaPACITIVE JOINT
( 100kV INSULATION)

12 COUPLING
SLOTS

Fig. !0. Biased, manifold-driven RFQ linac
structure.

determined by the magnitude and direction of the
magnetic fields in the vicinity of the slot.

The first operational model of the RFQ
linac structure to be tested at LASL is shown in
Fig. 10. Fabrication is well underway. The
structure will accelerate 100-keV protons to an
energy of 640 keV in a length of 1.2 meters. It
will be manifold-driven through a total of
12 symmetrically located coupling slots. For
the first test, the structure will be elec-
trically grounded, rather than biased as shown
in the figure. For subsequent tests, the
structure can be biased to -100 kV, making it
possible for the ion source and its control and
instrumentation to be at ground potential.

Comparison of Linac Focusing Properties

It is natural to extend the magnetically-
focused linac structures downward in energy (and
beta) to the limits of the technology. In so
doing, it is necessary to pack as much magnetic
focusing in the limited confines of the drift
tubes as possible. The standard 200-MHz Alvarez
linac has been pushed to a beta of 0.04 by this
technique. To go lower in beta with these struc-
tures, it is necessary to increase the space
available for focusing, or increase the field
intensities that can be packed into the avail-
able space.

One way to get more room for focusing is
to lower the frequency, making everything
larger. At the lower frequencies, the larger
size of the Alvarez structure is a distinct dis-
advantage, and the smaller size of the Wideroe
structure becomes a significant advantage.

Another way to get more rooa for, focusing
is to eliminate some of the accelerating gaps in
exchange for longer, larger drift tubes. In the
Alvarez structure this is referred to as the 2BA
configuration, and in the Wideroe structure it is
referred to as the ir,37r configuration.

Recent developments in permanent magnet
technology by K. Halbach of Lawrence
Berkeley Laboratory, K. Holsinger17 of New
England Nuclear, and J. Farrell of LASL, and
independently by N. V. Lazarev and V. S.

Skachkov18 of the Institute of Theoretical and
Experimental Physics, Moscow, offer significant
increases in the magnetic-field gradients vhirh
can be packed into small volumes. Furthermore,
these quadrupoles require no power supplies,
need no cooling, exhibit no ripple, and offer
no control. These "superquads" should find
their way into low-beta linac structures.

All of these linac structures employ a
periodic alternating-gradient focusing system of
either the magnetostatic, electrostatic, or rf
electric type. In the static versions, the
alternations occur in space, whereas in the rf
version, the alternation occurs in time with a
spatial uniformity in the instantaneous fields.

In either case, the general differential
equation describing the particle motion is

x + ! (g + h cos(o>t)x] = 0 (1)

where g accounts for constant linear forces and
h cos(t)t) accounts for the alternating gradient
force. By changing to the independent variable
n, where n = Ciit/2ir » ft, the equation can be
written as a function of two parameters, namely
A = g/f2 and B = h/f2:

d2x

dn
+ [A + BCcos 27Tn)lx = 0 (2)

The quantity n advances by unity during each
period of the focusing structure. The x, dx/dn
phase space is identical to the x,x/f phase
space of Smith and Gluckstern."

This is Mathieu's equation,2" the
general properties of which are well known. It
is stable for some combinations of A and B, and
unstable for others. It is standard practice to
map the A-B space, designating the stable and
unstable regions, and giving some properties of
the stable motion in the stable regions.

Figure 11 represents the stability chart
for the first and most useful stability region
of this equation. The properties of the stable
motion are described in terms of the V, <*. S,
and Y quantitites of Courant and Snyder,
where y is the phase advance of the solution per
period, and 6 is related to the size of the beam
of a given emittance at a given moment. The
quantity &+ corresponds to the beta for the
maximum beam size, and occurs at the moment of
maximum focusing. The quantity P_ corresponds
to the beta for the minimum beam size, and
occurs at the moment of maximum defocusing. At
these two moments, a = 0 and Y « -1/8. The
flutter factor, F, is defined equal to B+/(5_.
Contours of p, B+,and Fare included on the
stability chart.

For A = 0, the equation has a range of
stability froa B ™ 0 to B « 17.92, where
B - (dF/dx)/m(f/N)2, dF/dx is the electro-
magnetic force gradient, m is the particle mass,
F is the frequency of the rf, and N is the
length of focal period divided by BX. For mag-
netic focusing, dF/dx « qBc(dBy/dx), and for
electric focusing dF/dx * q(dGx/dx), where q is
the particle charge and $c is the particle
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Fig. 11. The RFQ stability chart.
Fig. 12. Admittance of low-beta linac

structures.

velocity. The maximum acceptance for A « 0
occurs at B • 11.39 where @+ hdB its minimum
value of 1.554.

The area in the x, dx/dn phase spaca that
is admitted by a structure with a radial aper-
ture of "a" is 7ra2/0+. Because n - z/(NJ5X),
the admittance of the structure in the x,x'
phase space is 7Ta*/(S+H$A), and the normal-
ized admittance (area in xx' over IT times By) is

A convenient comparison of the relative
focal properties of different linac structures
can be made if one imposes a couple of reason-
able constraints, namely that (1) the structures
be compared &t the same operating point in the
stability chart (A,B); (2) the bore radius, a,
be increased until the pole-tip fields reach
some prescribed limit (B8 in the magnetic
case, and Es in the electric case); and (3)
the average of the focusing fields over a half
period is approximately consistent with the
average of the sine wave over a half period.
Under these constraints, the normalized admit-
tance of the magnetically-focused structure is

and the normalized admittance of the electri-
cally~focused structure is

where Q is the charge-to-mass ratio of the
particle as compared to a proton.

Figure 12 facilitates this comparison for
the operating point A - 0 and B * 11.39, where
P+ " 1.554, a pole-tip magnetic field limit

of 1 Tesla, and a pole-tip electric field
liait of 10 MV/m for the static case, and 1.5
times the Kilpatrick limit22 for the rf case.
The numbers in brackets on the lines are the
frequency in MHz and the N value of the focusing
period. For example, the (200,2) slanted line
corresponds to our standard 200 MHz, Magnet-
ically- focused, drift-tube linac structure in
the + - + - configuration.

The lines representing the magnetically-
focused structures have a slope of 2 on this
log-log plot as a result of the B^ dependence
of the admittance. The admittance of the elec-
trically-focused structures ia independent of B,
and hence represented by the horizontal lines.
The admittance of the RFQ structure is higher
than the admittance of the corresponding elec-
trostatically-focused structure (DCQ), because
of the higher surface field limits at rf
frequencies.

Given the normalized eaittance, En, of
the ion bean, the charge-to-mass ratio, Q, and
the N value of the first magnetically?focused
structure, the following quantities are imme-
diately obvious from Fig. 12: (1) the maximum
frequency of the RFQ that will accept the beam,
(2) the beta value at which the admittance of
this RFQ intercepts the admittance of the mag-
netically-focused structure with the same fre-
quency and given 2i value. The aperture, a, of
the RFQ can readily be determined from the equa-
tions given above, from which the minimum
suitable beta fqr the RFQ can be determined

A Uraniua +11 RFQ Example

Let us consider an RFQ/Wideroe marriage
for U*". This choice allows convenient com-
parison with the first Hideroe tank (T,3TT) of
the UNILAC, which spans a range of beta from
0.005 -.o 0.0216 in a length of 5.58 meters.
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TABLE I

URANIUM +11 RFQ LIHAC STRUCTURE

Frequency
Cavity length
Number of cells
Radial aperture
Injection voltage
Beta initial
W/q initial
Beta final
W/q final
Normalized admittance
Capture efficiency

.9 cm

25 MHz
4 m
88
1.3 - 0.
100 kV
0.00315
0.1 MeV
0.01580
2.5 MeV
0.28 cm nrad
92Z

Tom Wangler of LASL did a preliminary
design of such a machine. The admittance of a
25-MHz RFQ is approximately equal to the admit-
tance of a 25-MHz (tt,3Tr) Wideroe linac at
S * 0.005 corresponding to the UNILAC injection
voltage of 250 kV for U + n . However, this
initial beta does not realize the maximum bene-
fits from the RFQ, which for the best bunching
action, prefers a lower starting value.

The design presented in Table I is based
on an initial beta of 0.00315 corresponding to
an injection voltage of 100 kV for V ll. This
RFQ intercepts the (.K ,n) Wideroe linac accept-
ance at a beta of 0.0158, corresponding to an
energy of 2.5 MeV per unit change.

General Hole of RFQ

The general properties of the RFQ and some
speculation on its role in the general scheme of
things are:

1. It is the strongest focusing device n°w known
for low beta.

2. Consequently, the beam sizes are shockingly
small.

3. Furthermore, the aperture for a given nor-
malized emittance is independent of (3, and
hence constant throughout an accelerating
structure.

4. The minimum 6 would seem to be limited only
by the relationship of BX to the beam aper-
ture. Perhaps, for some applications, 6X
could be as small as twice the radial
aperture.

5. The maximum B is also limited by the rela-
tionship of 6X to the beam aperture. As
this ratio gets too large, the acceleration
efficiency drops. It appears to be a prime
candidate up to the point where the
Wideroes can take over.

6. It offers some of the same size advantages
that the Wideroe offers in comparison to
the Alvarez structure. In the four-vane
configuration, it is considerably smaller
than an Alvarez structure of the same fre-
quency but somewhat larger than a Wideroe.

7. The rf efficiency is a strong function of
frequency and aperture, and in general is

comparable or superior to the other low-
beta structure*.

8. It is aechanically sound and simple, par-
ticularly in the four-vane configuration.

9. It is the best buncher ever observed,
offering capture efficiencies in excess of
90*.

10. It offers the lowest injection voltages of
any known structure.

11. It offers higher frequencies than other
very low-beta structures.

12. In the realm of emittance growth, it seems
to be no worse than, and perhaps even
better than, other known structures.

In addition to this impressive list of
properties, the biased version of the RFQ offers:
(1) a grounded ion source with its associated
equipment and control; (2) a grounded rf
manifold and drive port; (3) no exposed high
voltage; and (4) no beam loading on the high-
voltage power supply.

Acknowledgaents

We are all indebted to I. M. Kapchinskii
of ITEP and V. A. Teplyakov of IHEP and their
associates in the USSR for their invention of
the RFQ linac structure, and their pioneering
work in the design, analysis, fabrication and
operation of the first prototypes.

The author credits J. J. Manca of Varian,
Pierre Grand of BNL, and R. A. Jameson * * LASL
for triggering our current interest in the RFQ
in this country. The RFQ developments reported
here are the work of a strong team pulred
together at LASL for this purpose consisting of
R. Stokes (theoretical program coordinator), K.
Crandall (beam dynamics), T. Wangler, S.
Schriber (CRNL), S. Inagaki (KEK), J. Potter (rf
structures), F. Humphry, A. Thomas, S. Williams
(HEDL), G. Rodenz, and C. Fuller (engineering).

The APF linac structure whose initial
operation is reported here was designed, fabri-
cated, and put into operation by J. Stovall
(principal responsibility for th2 PIGMI labora-
tory), L. Hansborough (chief mechanical engi-
neer), E. Bush, V. Hart, R. Hamm (ion source),
R. Sturgess, T. Boyd, P. Tallerico, D. Keffeler,
J. Johnson, R. DePaula, S. Klosterbuer (control
and diagnostics), and V. Martinez.

References

1. S. 0. Schriber, "High-Beta Linac Struc-
tures," to be published in the Proceedings
of the 1979 Linear Accelerator Conference,
Montauk, NY (Sept. 1979).

2. A. W. Mas dike, "MEQALAC: A New Approach to
Low Beta Acceleration," Particle Accel-
erators and High Voltage Machines-TID 4500,
Brookhaven National Laboratory report
BNL-51029 (June 1979).

3. D. A. Swenson and J. E. Stovall, "Low-
Energy Linac Structure for PIGMI," IEEE
Trans, on Nucl. Sci. NS-24, 1127
(June 1977).

- 135 -



4. E. A. Knapp and D. A. Swenson, "The PIGMI 14.
Program at LASL," Proc. of the 1976 Proton
Linear Ace. Conf., Chalk River, Ontario,
Canada, Sept. 14-17, 1976, Atonic Energy of
Canada Limited report AECL-5677 (November
1976). IS.

5. J. M. Potter, S. W. Williams, F. J.
Hunphry, and G. W. Rodenz, "Radio-Freqt>ency
Quadrupole Accelerating Structure Research
at Los Alamos," IEEE Trans, on Nucl. Sci.
HS-26, 3745 (June 1979). 16.

6. R. A. Jameson, "High-Intensity r^uteron
Linear Accelerator (FMIT)," IEEE Trans.
Nucl. Sci. NS-26, 29E6 (June 1979). 17.

7. D. A. Swenaon, "Alternating Phase Focused
Linacs," Particle Accelerators 7, 61-67
(1976).

8. L. Hansborough, E. Bush, and V. Hart,
"Mechanical Description of PIGMI," IEEE 18.
Trans. Nucl. Sci. NS-26, 1464 (February
1979).

9. R. W. Haran, R. R. Stevens, Jr., D. W.
Mueller, J. N. Leavitt, and H. M. Lederer,
"A Compact 250-kV Injector System for 19.
PIGMI," IEEE Trans. Nuclear Sci. NS-26,
1493 (February 1979).

10. M. Kapchinskii and V. A. Teplyakov, "Linear 20.
Ion Accelerator with Spatially Homogeneous
Strong Focusing," Nuclear Experiaental
Techniques, 1970 Consultants Bureau, Plenum
Publishing Corporation, report UDC 21.
621.384.64 (1970).

11. I. M. Kapchinskii and N. V. Lazarev, "The
Linear Accelerator Structures with Space- 22.
Uniform Quadrupole Focusing," IEEE Trans.
Nucl. Sci. NS-26, 3462 (June 1979).

12. R. H. Stokes, K. R. Crandall, J. E.
Stovall, and D. A. Swenson, "Rf Quadrupole
Beam Dynamics," IEEE Trans. Nucl. Sci.
NS-26, 3469 (June 1979). 23.

13. K. R. Crandall, R. H. Stokes, and T. P.
Wangler, "Rf Quadrupole Beam Dynamics
Design Studies," to be published in the
Proceedings of the 1979 Linear Accelerator
Conference, Montauk, NY (Sept. 1979).

J. M. Potter, S. W. William, F. J.
Humphry, and G. W. Rodenz, "Radio-Frequency
Quadrupole Accelerating Structure Research
at Los Alamos," IEEE Trans. Nucl. Sci.
NS-26, 3745 (June 1979).

J. M. Potter, "An Rf Power Manifold for the
Radio-Frequency Quadrupole Linear Accel-
erator," to be published in the Proceedings
of the 1979 Linear Accelerator Conference,
Montauk, NY (Sept. 1979).
K. Halbach, "Strong Rare Earth Cobalt Quad-
rupoles," IEEE Trans. Nucl. Sci. HS-26,
3882 (June 1979).
R. Holsinger, "The Drift Tube and Seam Line
Permanent Magnets for the NEN Proton Linac,"
to be published in the Proceedings of the
1979 Linear Accelerator Conference, Mon-
tauk, NY (Sept. 1979).
N. V. Lazarev, "Permanent Magnet Quadru-
poles without Marked Poles," to be pub-
lished in the Proceedings of the 1979
Linear Accelerator Conference, Montauk, NY
(Sept. 1979).

L. Smith and R. L. Gluckstern, "Focusing in
Linear Ion Accelerators," fiev. Sci. lust.
26_, 220 (February 1955).
L. Jackson Laslett, Focusing of Charged
Particles, "Strong Focusing in Circular
Particle Accelerators, (Academic Press, New
York, 1967), Vol. II, p. 355. 2.
E. D. Courant and H. S. Snyder, "Theory of
the Alternating-Gradient Synchrotron, Ann.
Phys. 3, 1-48 (January 1958).
S. W. Williams, G. W. Rodenz, F. J.
Humphry, and J. M. Potter, "Voltage Break-
down Testing for the Radio-Frequency Quad-
rupole Accelerator, to be published in the
Proceedings of the 1979 Linac Accelerator
Conference, Montauk, NY, (Sept. 1979).
Klaus Kaspar, "The Prestripper Accelerator
of the DNILAC," Proc. of the 1976 Proton
Linear Ace. Conf., Chalk River, Ontario,
Canada, Sept. 14-17, 1976, Atomic Energy of
Canada Limited report AECL-5677 (November
1976).

- 136 -



Discussion

Ohnuma, Fermi Lab: You mentioned so many good things
about RFQ that the natural reaction I have is that it
can't all be true. I admit that I'm an old-fashioned
man so that's kind of natural. Just one or two
questions - As 1 understand it, one of the peculiar
features of this focusing system is that it is
spatially uniform, as you mentioned, and it is
changing as a function of time. When the unbunched
beam comes in, the matching requirement would be
changing as a function of time, so that for some
particles, it would be matched, but for some other
particles, it will be unmatched. 1 would expect,
depending on the aspect ratio of x and y in the
throbbing matched shape, you would get some kind of
dilution. I didn't quite understand the function
of the tapered initial section.

Swenson: If you start out essentially with the rf
quadrupole turned off, that is, with a very large
aperture where you have no focusing, and then at
some distance (we originally said some 20 cm later),
turn it on by tapering these poles down, the beam
that enters will be influenced by the gradual intro-
duction of this rf quadrupole, such that it adjusts
itself and is essentially matched.

Ohnuma: You said the beam size is shockingly small;
does that require something very special in your low
energy beam transport?

Swenson: Yes, I think if it's magnetically focused
transport, the beam does not have to be shockingly
small, it just has to be converging into the entrance
of the RFQ.

Teng, Fermi Lab: Why did you choose that particular
shape for the scallop of the pole? Is it because
you want a spatially uniform transverse focusing?

Swenson: Yes, Dick Stokes tells me that this shape
produces a perfect quadrupole field in the trans-
verse space and a sinusoidally varying field
in the longitudinal dimension which,we have approx-
imated by some circular arcs truncated on the side,
as shown.

Miller, SLAC: I have difficulty believing that the
quadrupole fields are spatially uniform because the
relationship between longitudinal fields and trans-
verse fields involves the derivates of the longi-
tudinal fields. Is that really true? It must
depend on the shape, surely of the vanes. There
must be space harmonics, depending on the shape you
choose.

realized mechanically.

Miller: I have a related question. Doesn't the
longitudinal variation in the pole shape intro-
duce some transverse magnetic field and, conse-
quently, isn't there some component of magnetic
focusing?

Stokes: We have estimated the strength of the
magnetic fields and they are very low. Typically,
the forces are something like 10~5 times the
electric forces, and 0 on axis.

Stokes: The shape of the poles which we have chosen
is really based on a lowest order of potential func-
tion given by Kapchinskii and Teplyakov, and this
potential function does give the properties that
have been described. The strength of the quadrupole
field, in fact, is spatially constant through a unit
cell and can be made constant through the whole
accelerator if you wish. In addition, it produces
a simple sinusoidal shape for the longitudinal
field. Connected with this potential function, is
a pole shape which is somewhat complex but can be

- 137 -



1979 LINEAR ACCgLHWIC* COWFEREWCB

K» RF POWER KANIFOLD FOR THE RADIO FREQUENCY OOADROPOLE LINEAR ACCELERATOR*

Jamas M. Potter
JU>s Alamos Scientific Laboratory
Los Alamos, Naw Mexico 87545

Introduction

An important consideration in the design of
a practical radio—frequency quadrupole (RFQ)
accelerator Lr the electromagnetic properties of
the rf power coupling circuit. Coupling rf
power through an iris or coupling loop into one
quadrant disturbs the symmetry of the azimuthal
field distribution and the uniformity of the
longitudinal field distribution, both of which
are crucial for good performance of an RFQ
accelerator.

Stabilizing the field distribution against
perturbations with some form of resonant coup-
ling was found to be impractical because of
limitations inherent in the RFQ structure.
Instead, a means was developed for coupling to
the RFQ by using a resonant power manifold with-
out perturbing the RFQ fields. This paper dis-
cusses the properties of rf power manifolds for
the RFQ in the context of a coupled-circuit
model.

A Circuit Model for the RFQ

The success of the coupled-circuit model of
Nagle, Knapp, and Knapp1 has led us to con-
sider a similar concept for studying the RFQ.
The coupled-circuit model has been an effective
means for understanding some of the rf prop-
erties of the side-coupled, the post-coupled
drift tube, and the disk-and-washer linear
accelerator structures. However, these struc-
tures can all be approximated to some degree by
one-dimensional chains of coupled discrete
oscillators.

This approximation is not well suited for
describing the RFQ because, except for the small
modulations of the vanes necessary to produce an
accelerating component of electric field, it is
a waveguide transmission line of constant cross
section. Two-port network analysis using the
chain matrix notation^ o n the other hand,
provides an ideal framework for describing con- -
tinuous transmission lines. This theory also
accommodates discrate circuits easily, per-
mitting them to be combined with distributed
circuits in the same model.

Let us examine, briefly, a two-port model
for the RFQ. The general form for a uniform
transmission line of length i. 1st

[ cosh yl Z sinh Y* I

where y is the propagation factor for the trans-
mission line and z is its characteristic imped-
ance. For wavequide, both Y and Z are functions
of the excitation frequency and the cutoff fre-
quency. The characteristic impedance is also a
function of the normalization chosen. Kote thnt
this matrix represents only one waveguide me.!:?.
A different set of parameters, Y and Z, are
required for each waveguide mode being
considered.

The matrix H relates the voltage and
current at the output port to the voltage and
current at the input port (Fig. 1). That is:

The variables need not actually be current and
voltage. In fact, a more useful normalization
uses variables related to the square root of
stored energy analogous to the variables used in
the original coupled-circuit model.3

The RFQ operating mode is an electric mode,
heavily loadad,capacitively, by transverse vanes,
topologically equivalent to and derived from the
•FE210 "ode of a right circular cylinder. This
mode is chosen because It has the necessary
quadrupole component of electric field with a
uniform distribution from end to end.

Existence of the TE2in "oSt requires
open-circuit boundary conditions. This Is
achieved, in practice/ by terminating each end
of the RFQ with a shorting plane spaced • small
distance from the end of the vanes. The effec-
tive shunt inductance of this termination is
resonated with the capacitive end tuners
(Fig. 2) to achieve a high impedance termination
at the frequency of the TE2io mode.

A suitable model for this configuration is
illustrated in Fig. 3. In the stored energy
normalization, the shunt conductance of the
parallel LC combination becomes

Y- « 1 - uo
2/a)2

Z"1 sinh Y* cosh

*Work performed under the auspices of the 0. S.
" apartment of Energy.

Fig. 1. Representation of a general t«o-port
network.
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Fig. 2. The RFQ end cap and end tuners.
Pig. 5. Pour-resonator model for RFO.

Fig. 3. Two-port model for RFQ.

-JO
Yo

l_
M(«,) P Fig. 6. Field patterns for the four-resonator

model.

Fig. 4. Two-port model with added perturbation.

The effects of perturbations on the field dis-
tribution can be studied by breaking M into sec-
tions of length less than i^ and inserting
appropriate two-port representations of the
perturbing elements (Fig. 4).

The above model describes only the longi-
tudinal field distribution of the RFQ. Because
the symmetry of the vane-tip potentials is
important to the quality of the beam in the
transverse plane, we would like the ability to
model the azimuthal distribution of fields as
well. The four-fold svmmetrv of the RFO cross
section suggests that we could describe an arbi-
trary distribution of vane-tip potentials bv
considering the fields to result from an
admixture of TE2x, TE21, and TEni waveguide
nodes.

Although such a model might be feasible, it
is unnecessarily complex for our present pur-
poses. Instead, we propose to ignore coupling
between the azimuthal and longitudinal field
distributions and to develop a separate model
for the azimuthal direction.

With increasingly heavy loading, i.e., a
smaller aperture, the frequencies of the TE l i n

and TE220 modes asymptotically approach each

other. This suggests that if we ignore the
higher modes, TEjjn and TEJJ,, for n > 0, we
can approximate the RFQ hv a ring of coupled
oscillators as illustrated in Pig. 5. This
amounts to ignoring the longitudinal extent of
the RFQ.

A ring of four oscillators is characterized
bv four modes of oscillation fPig. n). The ring
will have a IT mode, corresponding to the TE 2JQ
mode; two degenerate Tt/2 modes, corresponding to
the two TEJJQ modes; and a zero mode. We are
tempted, bv simple extension, to identify the
zero mode with the TEpto node. However, there
is a problem: experimentally there is no fourth
mode in the mode spectrum near the other three
modes. Furthermore, the effect of the vanes on
the T E Q 1 0 mode suggests that it would be far
removed in frequency from the TEng and ^210
modes.

This apparent problem has an interes-ting
resolution. For an appropriate form of resona-
tor, the zero mode frequency can he zero Hertz.
Figure 7 depicts two forms, equivalent through a
series-to-parallel transformation, that the unit
oscillator might take to have a zero mode of
zero frequency. That is, the network will pass
direct current. Four of these oscillators are
•joined together (Fig, 8) to form a circuit mo*el
for the azimuthal direction of the RFO.
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Fig. 7. Equivalent unit cells for RFO
couplfo-circuit model.

Fig. 'i. Resonant coupling of four-resonator
model.

Fig. 10. Four-resonator model with
nonresonantly coupled manifold.

Fig. 8. Equivalent circuit for RFQ.

Resonant Coupling Techniques

At first, resonant coupling methods were
considered as a means of stabilizing the azi-
muthal and longitudinal field distributions
against perturbations. Figure 9 snows a scheme
for stabilizing the azimithal field distribution
with coupling cells using the sane principle as
the side-coupled structure. This version
suffers from a fatal defect: the TT/2 mode is
doubly-degenerate because of the circular sym-
metry, with only a slight tuning error most of
the stored energy could end up in the coupling
cells.

Although azimuthal resonant coupling has
been rejected for now, it could probably be
saved if the degeneracy were eliminated by
removing one of the coupling cells.

Attempts to find internal modes suitable
for longitudinal resonant coupling in the manner
of the post-coupled drift tube or disk-ana-
washer structures have failed.

Fig. 11. Field patterns for four-resonator
model with manifold.

These problems led to the investigation of
an external means for stabilizing the RFQ fields
using an arrangement related to the manifold of
Voelker.<

A Wonreaonantly Coupled Manifold for the RFQ

The manifold concept that subsequently
evolved is not suitable, directly, for stabi-
lizing the field distribution. However, it does
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Pig. 12. Two-resonator, coupled-circuit model
of RFQ with manifold.

Fig. 13. Cross section of RFO with
nonresonanflv coupler? manifold.

provide symmetric drive points that do not, in
principle, disturb the RFQ field distribution.

Figure 10 illustrates the simplicity of the
nonresonantly coupled manifold. The central
oscillator represents the manifold. With five
oscillators there are five modes of oscillation
(Fig. 11). Only two of the modes shown can be
excited by driving the manifold. These two
modes can be thought of as radial zero and n
modes involving only the RFO TE2lo m o d e anfl

the manifold.

By symmetry, we see that the coupling k£,
at worst, perturbs the azimuthal distribution in
a way that cannot mix in the T/2 modes and
introduce sextupole field components.

The situation is even better than it seems.
To see this we first simplify the discussion by
reducing our model to two coupled oscillators,
one representing the RFQ TE210 mode and one
representing the manifold. Figure 12 is a sche-
matic of a discrete-circuit model of two coupled
oscillators. If LJCJ equals I-2C2' t n e n

Ix equals I2 for zero mode and II equals
-I 2 for the IT mode. Furthermore, the fre-
quency of the zero mode is (LjC-iJ-l/Z, indepen-
dent of M.

How does this relate to the RFQ and mani-
fold case? Suppose that an otherwise unper-
turbed RFQ is magnetically coupled to the mani-
fold through a slot. If the frequency of the
TE210 i"ode equals the manifold frequency
before the coupling slot is cut, the zero mode
of the combination will be at the frequency of
the TEj20 mode. The consequences of this are
that the longitudinal field distribution of the
RFQ is still flat because it is being excited at
its cutoff frequency. In addition the current
intercepted by the slot is equal and opposite on
opposite sides of the wall. There is no excita-
tion of the slot and, therefore, no perturbation
of the RFQ by the slot.

This fact is not easy to illustrate using
the coupled-circuit theory in the stored-energy
normalization because the definition of the fre-
quencies of the oscillators includes the effects
of the coupling slots and because the wall
currents are related to the stored energy in a
geometry-dependent way.

ft Physical Realization of the Manifold

The requirements of sysrmetrv dictate that
the manifold should couple equally to each quad-
rant of the RFO. This is achieved hv placinq
the RFO inside the manifold that operat&s in a
TEM coaxial resonator mode with the RFO shell as
its center conductor (Piq. 13). The lenqth of
the manifold must be a multiple of a half-
wavelength at the operating frequency or tuned
to the electrical equivalent by capacitive
tuners at the electric field maxima. Coupling
between the manifold and the RFO takes place
through slots cut in the RFO walls at the
current maxima of the manifold. Advantaqe is
taken of the multiple maxima to increase the
effective coupling.

The fields to be coupled are orthoqonal to
one another. The manifold magnetic field is
azimuthal and the RFO magnetic field is longi-
tudinal. To couple them, the coupling slots
must make an angle with respect to both fields
to intercept wall currents on both sides. The
sign of the slot angle must be alternated to
compensate for the alternating signs of the RFO
fields azimuthallv and the manifold fields
longitudinally.

The relative stored enerqies of the RFQ and
manifold can be controlled bv adjusting the slot
angle to intercept more current on one side and
less on the other. The tuninq considerations
discussed above insure that the intercepted
fractions of the wall currents are equal.

Coupling to the manifold is achieved bv a
loop or iris at a magnetic field maxima. If
center drive is desired, the manifold should be
an even number of half-wavelengths long.

Experimental Data on a Cold Model

A cold model of the RFO with constant
vanes was combined with a nonresonantly coupled
manifold as described above. The model is
pictured in Fig. 14. The RFO structure operates
at 313 MHz, nominally. The manifold is one-
wavelength long ana coupled to the RFO through
twelve 45° slots about 90 mm long by 10 mm
wide.
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Fig. 14. The RFQ cold laodel with nonresonantlv
coupled manifold.

The frequency of the zero node was
313.268 MHz and the frequency of the IT mode was
310.618 MHz. The net coupling constant from the
twelve slots was determined to be 0.0085 by
measuring the change in RFQ stored energy
resulting from a perturbation of the manifold
frequency. According to the coupled-circuit
analysis of the two oscillator model, the
coupling constant is given by

Afma:/f,nan
,1/2

if the oscillators have the sane frequency.
The accuracy of the coupling-constant

determination was insufficient to peruit cal-
culating the individual frequencies of the two
oscillators from the frequencies of the zero and
TT modes. Figure 15 is a graph of V
versus manifold detuning.

The change in RFQ stored energy was meas-
ured by comparing the frequency perturbation of
a needle pulled along the RFQ axis for various
perturbations of the manifold to the case with
no manifold detuning. The fraction of stored
energy in the RFQ was similarly Measured by con-
paring beadpulls with and without the manifold.
In the zero mode 71* of the stored energy was in
the RPQ and in the 1T mode 30% was in the RFQ.
The fact that the ratio of RFQ to manifold
stored energy for the TT mode is the reciprocal
oS the same ratio for the zero mode is predicted
by the coupled-circuit rcodel.

Variations on a Manifold

It is possible to construct a resonantly
coupled manifold by interposing a resonator
between the RFQ and the manifold resonator

RFQ

MANIFOLD
annum

kfOOOK

0J0 OS 10 U> 2 0

tl/t RELATIVE HANI FOLD OGTUNIHC X 10*

Fig. 15. The RFQ amplitude error versus
•anifold detuning.

Fig. 16. Four-resonator model with reoonantly
coupled Manifold.

(Fig. 16). The intermediate oscillator is most
conveniently a TBt-node resonator coaxial with
the RF0 and manifold. Coupling between the
manifold and coupling resonator is through azi-
authal slots in the magnetic field region of the
intermediate wall.

In principle, this "triaxial" manifold
should lock the average RF0 amplitude to the
outer resonator amplitude in the ir/2 mode. How-
ever, it does not serve to stabilize the inter-
nal field distribution of the RF0. In addition,
there are two serious drawbacks to this scheme:
fabrication and tuning are mor» complicated than
for the relatively simple nonresonantly coupled
manifold ; and the RFQ slots are excited and
could affect the longitudinal field tistri-
bution. The cold aodel was adapted to the trJ-
axial configuration, but test results we::e
inconclusive because of a design error in the
intermediate cavitv.
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Fig. 17. Four-resonator model with individual
coupling resonators.

If each oC the coupling slots could be
replaced by individual resonators (Fig. 17),
perhaps stabilization of the HFQ internal fields
could be achieved. An attempt to model this
concept was made using resonant coupling loops.
Insufficient coupling was obtained with these
loops for proper mode separation.

Conclusions and Opinions

A staple manifold has been developed that
permits coupling rf power to the RFQ without
seriously perturbing the field distribution.
Resonantly coupled manifolds could provide
better performance at the expense of increased
complexity. It is not known if the improved
performance would really be useful with a
practical EPQ structure.

an extension of the coupled-circuit model
to include distributed circuits has proved use-
ful in obtaining a qualitative understanding of
the RFO structure. Further understanding could
be developed throurh computer simulations based
on this HKK*""1.
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1 9 7 9 LINAC ACCELERATOR COMFEREHCE

VOLTAGE BREAKDOWN TESTIMG FOR IBB
RADIO-FRBOOTMCY QOADRUPOLE ACCELERATOR*

S. W. Williaas,+ G. W. Rodenz, F. J. Humphry, ana J. H. Potter
Accelerator Technology Division
Los Alamos, New Mexico 87545

Designs of radio-frequency quadrupole (RFQ)
accelerators with reasonable length require
operation with surface fields above the Unit
Imposed by Kilpatrick's Criterion. A cavity was
designed using SOPERFISH to test the validity of
this criterion and to determine operating limits
for the RFQ. The experimental setup and proce-
dure are described, as are the data and
results. A method of calibrating the test is
presented.

Introduction

The choice of an FFQ as the low-beta accel-
erator in the Fusion Materials Irradiation Test
(MIT) linac depends on the successful demon-
stration of operational feasibility by a proto-
type RFQ, the Proof-of-PrincipJe (POP) struc-
ture. In the design for this structure, ques-
tions arise concerning the field strengths that
will exist in the cavity during excitation.
Because of the very snail beam-channel dimen-
sions an? the constraint that useful structures
have reasonable length, the fields during opera-
tion must exceed those predicted by Kilpatrick1

as breakdown levels. The question that follows,
then, is a basic issue concerning RFQ design: to
what field levels may RFQs be designed so that
the field strengths are maximized and so that
breakdown occurrences are tolerable?

Test equipment designed to determine the
maximum standoff voltage in an RFQ was subject
to several constraints. As in all high-voltage
rf equipment, vacuum and cleanliness considera-
tions were important. It was necessary that the
resonant frequency be between 400 and 450 MHz
for compatibility with the available klystron
power unit and controller. Scheduling commit-
ments were such that rapid test completion was
necessary. Finally, to provide useful informa-
tion, the cavity design was required to be
capable of developing fields several times those
predicated by Kilpatrick as the breakdown limit
for 400-450 MHz with the available 1-MW power
level.

Background Information

For this work, sparking is defined as the
abrupt dissipation of energy stored as electric

•Work performed under the auspices of the D. S.
Department of Energy.
twe«tir-ihoui*/B£nford Engineering Development
£abora-<5oty employee working at the Los Alamos
Scient i f ic Laboratory.

fields across a gap between electrodes. For a
practical vacuum system such as that used in
this study, there exists a definite threshold
gradient for which electrodes of a given metal
may spark. The breakdown mechanism is dependent
on this gradient at the electrode surface for
spark initiation.2

Kilpatrick's Sparking Criterion defines the
frequency for which sparking may occur for a
given gradient:

_ 0.0B5

1.643 x 10* E2e

where
f * frequency in MHz,
E » field gradient in MV/cm.

Thus, at 4?5 MHz, sparking is predicted at
20 MV/m.

The restraints imposed on the use of this
criterion are several in that it:

• deals only with single-gap sparking
• ignores effects involving the quantity

of stored energy
• includes practical vacuums of IO~3 to

10"1 mm pressure
• includes metal electrodes that are not

specially prepared
• does not include the presence of external

magnetic fields.
The work presented here differs from these
restraints in two respects. First, the RFQ
configuration has not a single gap, but four, as
shown in Fig. 1. Second, although it is small.

Fig. 1. Sparking cavity configuration.
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6.37-
Fig. 2. Sparking cavity quadrant (cm)

the magnetic field component near the electrode
tips is non-iero. To first order, however,
neither of these differences has much effect on
the final gradient achieved before breakdown
occurs.

For gradients less than about 10 MV/cm, the
electron current caused by field emission is
small. Ions in the gap, however, may be accel-
erated to strike the cathode,causing the emis-
sion of electrons and neutral gas atoms from the
cathode. A cascade process follows which may
result in the formation of a spark,by which an
abrupt change in the stored energy dissipation
occurs. Such a breakdown mechanism is charac-
teristic of vacuum systems having a high enough
ion population for the cascade process to work.

Test Apparatus

The computer code SUPERFISH3was used to
design the sparking cavity. The first set of
runs was a frequency/power scan for a suitable
cavity configuration. The goal was to determine
cavity dimensions for a 425-MHz resonator that
would require a substantial fraction of the
klystron's 1.2-MH capacity when the surface
gradients were about 50 KV/m. Tills study showed
that the main cavity body could be constructed
from an available length of 15-cm i.d. copper
tubing if the vanes were sized properly.

The SUPERFISH-aided design produced the
cross-section for which a single quadrant is
shown in Fig. 2. In the structure that was
tested, the vanes were 30.48 cm long and located
in the center of the copper cavity that was
76.20 cm in length. Figure 3 is a diagram of
the cavity with the vanes installed and the
support feet and flanges in place. The
flanges at each end were connected to ells
of the same inside diameter as the cavity.

Fig. 3. Cavity with vanes in place.

A 600-i/s ion pump was hung on one of the ells
and the other had ports for an ion gauge and a
liquid-nitrogen-trapped roughing pump. A
screen-covered copper gasket was i nstalled
between each ell flange and cavity flange. This
device was designed to contain the rf fields
inside the test cavity but was shown to he onlv
raarginallv necessarv.

Power was coupled into the cavitv from the
klystron unit through a wavequide. This setup
terminated with a vacuum window attached to a
transition piece brazed onto the cavitv wall.
Inside the transition, a slot was bored through
the cavity wall to provide inductive coupling
between the waveguide and the resonator volume.
After tuning the wavequide, the load presented a
VSWR of 1.3:1 to the klystron, at a resonant
frequency of 417 MHz.

A 450-Jl/s turbomolecular pump was connected
to a port in the sidewall of the rf vacuum
window. Usinq this pump and the ion pump, an
operating pressure of 6 x 10~7 mm was
achieved. The entire test setup is diagrammed
in Fig. 4.

Test Procedure

The first part of the test procedure was
the assembly of the vacuum envelope. All parts
that would be exposed to vacuum were cleaned
using a three-step procedure, then stored in
plastic bags until required for asseir'-ly. For
all pieces, the procedure involved surface
cleaning first with acetone, then methanol, then
ethanol, each a reagent-grade solvent. Smaller
parts were cleaned in an ultrasonic bath using
ethanol as the solvent.

After assembly, the resonator was excited
at low power with high duty to heat the rf
surfaces. The cavity external wall was heated
to about 150°F for two hours to drive out most
of the volatiles.

The procedure for determining the RFQ
breakdown gradient was to increase the power
delivered to the cavity until the level was
reached that produced sparking. The gradient
magnitude was determined bv measuring the
power and using the relation:

Espark - (PA)' (2)

where k was an experimentally-determined
constant.
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TEST CAVITY

FLANGED ELL

ROUGHING PORT

WAVEGUIDE-TRANSITION

FLANGED ELL

TURBOMOLECULAR
PUMP

WAVEGUIDE TO KLYSTRON-

Fig. 4. The 440-MHz RFQ sparking cavity schematic.

Results and SOPERFISH Correlation

The Method for evaluating k used a
SUPERFISH simulation, and a Measurement of the
quality factor, Q, of the cavity. The simula-
tion analysis showed the geometry had a field-
enhancement factor of 1.63; that is.

5s.
E 1.63
pole tip

The analysis also predicted a theoretical Q of
8665, and, that a structure excitation of
39.2 Vf/m would produce pole-tip fields of 0,347
HV/m. Rie active length of the structure vas
0.305 • so pole-tip fields of 0.347 MV/m theo-
retically required 11.96 W of drive. This power
was adjusted for the actual Q of the cavity,
which was Measured as 5400. Therefore,

11.96 I
Asf (0.347 x 1.63)'

59.9 W/(MV/m)' (3)

An observed cavity input power of 62.2 kW
(duty factor * 0.2%) was required to initiate

sparking. The resultant aaximum electric field
usinn Eqs. 2 and 3 was, then, 32.2 HV/a. Kil-
patrick'tt Criterion predicted that sparking was
possible at 19.7 MV/m for f - 417 MHz.

Error Analysis

Because the dimensions of the spark gaps
were small (see Fig. 2) and the cavity body had
a cyliirfricity error of +JJ.008 cm, the gap
spacing between the four vanes varied. An
analysis using the measured-gap spacing for each
of the four quadrants was done using SOPERFISH.
The error was assigned an ras value according to
the comparison between the four quadrants.
Other sources of error were the measured values
for the cavity Q and the effective length of the
vanes. Table I lists the sources and values for
the errors as percents of the breakdown field.
Thus, the total error is 19.6% and the observed
breakdown field is 32.2+9.8% MV/m or
32.2+3.2 MV/».

In the absence of any quantitative data, no
corrections were made for the quadrant asymmetry
introduced by the drive iris or the longitudinal
field distribution. Such adjustments woulfl
increase the estimate of the voltage required to
cause a spark. Inspection of the spark
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SUPERFISH Results

Cavity Q
Power/length
Field intensity
Measured Results
Cavity Q
Cavity length
Measured Power

TMLE i

RMS ERROR (% K()

0.6
7.7
7.9

3.2
0.001
0.16

discoloration density on the vanes showed that
moat sparks had indeed occurred opposite the
iris, as would be expected. Also, electron
loading was observed during the approach to the
sparking threshold, accompanied by soft x-ray
radiation of 103 R/hr. Correcting for this
effect would lower the sparking assignment.4
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WORK OK HP QUADRIPOLE FOCOSIXG STRUCTURES AT GSI

R.W. Htiller
GSI Darastadt, Fed. Rep. of Genuny

Layouts have been made for a linac accelerating
heavy ions (23«Ul+, 4Q n long, or 2 3 8U 2 +, 18 m
long) from low energies up to 0.1 MeV/u, designed
for high intensities and working at low duty cycle.
At this energy the beaa is to be stripped and
transferred to the UNILAC, replacing the low bril-
liance ion sources for the planned synchrotron fill-
ing reglue. Because of the need for very strong
focusing, the linac oust have rf quadru. Die focus-
ing which is similar in principle, but of differ-
ent technical shape from those of Kapchin-
ski - Teplyakov and the Los Alamos approaches.
Also the rf cavity design is different.
The frequency is typically low, around 10 MHz or
lower. The linac will have the property of adia-
batic bunching. This is a good condition for trans-
porting beams of more than 10 mA, or even 1 ampere.

Introduction

Rf quadrupole (RFQ) linac structures have been
recognized Co be probably the most powerful struc-
ture for very slow ion beams (6 < 1 Z) of high in-
tensity. At GSI, Darmstadt, two applications have
triggered development work: (1) the high-intensity
mode of the heavy ion synchrotron (SIS) demands
for a bright U1* or U2+ beam; (2) the structure
is a promising candidate for Che first section of
a. heavy ion ignited fusion (HIF) accelerator, the
design of which is aided if it is able to transport
and accelerate currents o£ 1 ampere or more of
Cs1+ or Bi1+ ions. In this case the micro-bunch
frequency, or the frequency of the first linac
stage, nus*. be low (2 or 4 MHz) ,but even this fre-
quency is an inherent advantage to the scenario.

Electrode structure

The merits of the RFQ structure originally described
by Kapchinskij and Teplyakov can be reviewed as
follows: at velocities 0 < 1%, electric quadrupoles
are more powerful than magnetic ones. General-
ly j rf voltages and fields of high ainplitudes can
be generated and handled easier than electrosta-
tic fields because of the absence of solid
insulators , and because of higher sparking
limits in the vacuum. Since the focusing period is
as short as possible,(gA), and the lenses are as
strong as possible, RFQ channels have a high sta-
bility, a high acceptance at modest aperture, and
a high current holding ability.

A homogeneous RFQ channel of aperture radius R,
with a voltage U of wavelength X applied to the
electrodes, has a focusing phase o per B* cell, or
"focusing frequency" :

structures:

T - (Tt/4)-A. (3)

By shaping the electrodes longitudinally#one can
generate an accelerating field distribution with
a potential distribution on the axis:

t * 7 (I + A. cos(kz) + higher harmonics) (2)

with k - 2 n/(ex). The amplitude Aj can be inter-
preted as the transit time factor T,of drift tube

By shaping the electrodes and keeping a clear aper-
ture of 2 R, the quadrupole strength is weakened,
so that the focusing frequency Or-becomes smaller
than the focusing frequency of the homogeneous
channel, aQo. It again be cones smaller due to the
veil-known acceleration defocusing tern, by a factor
t, which depends on details of the geometry, the
particle phase 4» and on 0 o o:

or - ooo-f (geometry, •, « J (4)

The general form of f is :

t -V» + b-cosV •J7n3(R/BX)2-(A]/ooo)-sin • (5)

where a and b are functions of on'.y the geometry.
There is an "orthodox" layout of RFQ structures
which keeps the quadrupole strength constant along
z, and simultaneously avoids higher harmonics than
the fundamental in • <eq.(2)>, so that b « 0,
and the transverse motion has the least possible
coupling with the phase motion. It Mould be wise
to apply this orthodox shaping at least in the
very first few meters of u structure, especially
when adiabatic bunching is applied. But in order
to design an economical structure, with appreciable
transit time factors of more than a few percent,
it is more pragmatic to allow for b > 0. To en-
hance the transit time factor Tf or A|,a "drift-tube
with long quadrupoles" was designed, as shown in
Fig. 1. This also has advantages for the
type of rf cavities described later. The calcula-
ting procedures for finding the values of the
coefficients a and b are nearly as easy as in the
case of the orthodox structure3.

Figures 2,3, and 4 show ch<= parameters for a V1*
layout, with R - I.2 cm, V « 200 ky, f m 9 Jfflz, and
a • 0.765. The structure for 6j • 0.15% to
6 * 1.5% will be 40 m long, and capable of trans-
porting a 25 mA beam current. A similar 18 m long
structure for U2+ at 13.5 MHz will transport 35 mA.
The currents have been estimated from the form-
ulae for transverse stability. Looking at the bunch
shape (Fig. 4),there is a high level of confidence
that longitudinal instabilities will play a minor
role. The long "cigar" shape of the bunches is a
consequence of the adiabatic bunching used in this
design. The stable pha^e » (Fig-. 3) is shifted grad-
ually from -75 -30 . The growing stable area con-
dition necessary . r the adiabatic bunching proce-
dure is fulfilled when 6 grows linearly with
z. The capture efficiency in this design is 70 %.
A few more details are available from a GSI report1*.

Frequency Considerations

Looking at the scaling laws, with the electric
field strength* kept invariant at about 15 MV/in,
one finds that the transportable current is a
function of the wavelengths squared:

1 = 8 (6)

This scans that for q/A - 1/133 (CsI+), Bj - 0.3%,
the frequency must not be higher than 4 MHz if a
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current of 1 ampere is required. The aperature of
this structure must be large, 2 R =10 en, and the
system voltage U = 720 kV, to avoid or values
greater than IT/2. Typically one has to deal with
very low frequencies.

Rf Cavity Design

It is obvious that in the heavy ion situation as
discussed before, the cavity types used in the pro-
ton case (Los Alamos: Clover-leaf type2, and
Teplyskov: Split-ring type1) are not adequate.
Even usual Wideroe stub-line cavities (GSI type)
would become too bulky for frequencies below 10 MHz.
Studies were made of ways to arrange the in-
ductive stub-line of the Wideroe structure in the
longitudinal direction, and Co design a TM mode
cavity. The design is quite successful, resulting
in a cavity of excellent properties (see Fig. 5)•

The capacitive currents caused by feeding the
acceleration electrodes with a constant voltage,
U,are gathered on two pairs of spear-shaped
collectors. The shape of the collectors is such
that the current density on their surfaces is uni-
forn. In this way an essentially ring-shaped magnet-
ic field is produced,ajid the power dissipation is
minimized. The total magnetic flux around the
collector assembly will induce the voltage
U. The shape of the collectors has still another
good effect: the net electric field flowing to the
outer conductor (e.g. in a TEM cavity) is approxi-
mately eliminated; therefore,the voltage distri-
bution along che cavity is of an excellent flat-
ness.

The most important effect is that the size of a
cavity cell is reasonable even at low frequencies.
For instance, the length £ is 1/15 of the wave -
length, if rjt^ = 3 and C" = 30 eo. Neverthelessi
the R_ value is high (some 100 kohms) and also the
shunt impedance is high. Because quotation of
shunt iinpedances will lead to misunderstandings
for an adiaJtatieally bunching cavity, it is
more meaningful to state that the power
loss in the structure is of the order of the power
taken by the beam at its current limit, or even
much less for the 1 ampere accelerator, because
of its low frequency.

The problem of the possible energy step at the
entrance of the system arising from the atruce
ture asymmetry with respect to ground poten-
tial, (while the longitudinal magnetic field struc-
tures in use so far are symmetric),can be solved
by proper shaping of the first SX-cell. To avoid
repetition of this problem, one should tightly
couple together a larger number of cavity cells
into a long super-cavity fed by a common power
amplifier, or a set of synchronous amplifiers.
Thus a continuous bed for the drift tubes is pre-
pared.

Planned Model Work

In cooperation with the group of H. Klein, Univer-
sity of Frankfurt, we plan to build a scaled model
(1:4) for protons. The o values along the acceler-
tor will be identical with those planned for a
heavy ion accelerator. The voltages, powers and

currents will be moderate, but the model will
allow *tudy of all the instabilities which also
would occur in a large accelerator.
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Fig. I. Drift tuba with quadrupole fingers.

1.0-

0.5-

/

R.1

/

2 cm

-44-
10 20 30 £0 50 cm

Fig. 2. Potential amplitudes vs BA

- 149 -



Fig. 3. Beta and phase profile of a 9-MHz layout.
In the adiabatic bunching region B grows
linearly with z.

Fig. 4. Radial and longitudinal phase advances
("focusing frequencies"), and bunch shapes.
Tr and Tz are the temperatures, Tz is
decreasing because of adiabatic expansion.

Fig. 5. Ef Cavity
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Discussion

Heads, Brabeck: It looks like a very cooplicated
structure to try to aligr. I wonder what you'd
estimate would be the tolerances in lateral posi-
tioning of those pieces compared to the radius.

(Editor's Note: The following discussion appears
to refer to Fig. 5.)

Muller: The structure is not difficult to align.
Perhaps, if you could show the last slide again,
I can show you how to align it. First, if you
assemble one set of electrodes together with the
current collectors, you will be able to align it.
Now, the problem which you mentioned is how to
align these parts together. Mow, this one has a
turning point on the other end. You can tilt it
there and so you can get it well aligned.

Meads: 1 guess 1 was more concerned about the
posts that are near the center, in the perpendicu-
lar plane; those extensions that come out of each
piece - longitudinally, inside there.

Muller: You mean these? They are the entrance to
the whole structure, which we use as a short
matching region before it. But, in general, 1
think that adjusting this structure is no more
critical than adjusting a drift tube linac.

Meads: 1 guess I misunderstood, 1 thought those
pieces went all the way down through the struc-
ture, and that each of those sections had two of
those.

Muller: There are two different types of shaping;
that one you mentioned, and one looking more like
four vanes near the axis. In both cases, since
you can see each electrode, by looking through
the structure, you will also be able to adjust it.
I don't see any difficulties.
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THE DESIGN OF A 12.5-MHZ WIDEROE LINAC FOR ION BEAM FUSION
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R. J. Lnri, T. K. Khae, J. A. Bywater, R. J. Burke, and S. Jorna**

Argonne National Laboratory*
Argonne, Illinois

Summary

Argonne National Laboratory (ANL) Is
currently developing a heavy ion beam driver for
the inertial confinement fusion (ICF) program.
The R&D program has as Its goal to store a Xe+8

beam at 220 MeV by October, 1982. The preacceler-
ator is on station and near to meeting its design
of 50 mA of Xe+1 at 1.5 MV. The first section of
the low beta linac,which is to accelerate 20 nA of
Xe+1 to 2.32 MeV,consists of four Independently -
phased short resonators. Two of the four short
resonators have been tested beyond the rf linac
power requirements without breakdown,or any major
difficulties. The remaining two are currently
being fabricated. The next section of the linac
consists of three double-stub 12.5~MHz Wideroe
linacs to accelerate the beam to 22.48 MeV. The
firsL and third tank of the Wideroe array uses
non-conventional FOFODODO quadrupole focusingj
while the second tank uses FODO focusing. A
pulsed quadrupole design has been selected for
the Widerbe tanks because of the high power
requirement of conventional DC quadrupoles. At
22.48 MeV, the beam is to be stripped to charge
state +8,and accelerated in an array of 25 MHz
triple-stub Wideroe linacs to 220 MeV,and then
injected into a storage ring.

Introduction

Argonne National Laboratory is building a
low beta linac and storage ring in conjunction
with an cn-going preaccelerator and ion source
development program to demonstrate the adequacy of
conventional accelerator technology as an ICF
driver for a power plant. The initial phase of
the program will accelerate 20 mA Xe+1 in an array
of 12.5-MHz independently-phased linac resonators
and Wideroe linacs to 22.48 MeV; strip to charge
state +8, accelerate in a 25~MHz Wideroe an addi-
tional 7.7 MV -o an energy of 84 MeV; inject and
accumulate beam in a storage ring (using the
Princeton-Penn accelerator magnets) housed in the
ZGS tunnel. A later phase of this program will
add: additional 25~MHz Wideroe linacs to make
the final energy 220 MeV of Xe+a; a storage ring
and stacking ring. The extracted beam then will
be transported, compressed, split into four beams
and focused onto target foils. The program as
planned allows upgrading of the facilities to
reach a beam energy of 200-500 kJ which may be
adequate to demonstrate a significant pellet burn.

Preacceleracor

The high voltage power supply is a modified
Radiation Dynamics, Inc. (RDI) 4-MV Dynamitron1

*Work supported by U. S. Department of Energy.
**Physical Dynamics, Inc; sub-contracted to ANL.

which had been obtained from Goddard Space Flight
Center. It is a parallel-fed.capacitively-coupled
multiplier,driven by a 110 kW oscillator at 105
kHz. Extensive modifications have been made to
Increase the current capability and allow pulsed
operation.2 As modified, the oscillator could
ramp the terminal voltage from 0.5 MV to 1.5 MV in
7 is with a peak stack current of 70 mA. At 1.5
MV,the voltage droop is less than 0.25% for 42 mA
of associated beam current.

The low-emittance heavy-ion source for the
preaccelerator was developed under contract by
Hughes Fesearch Laboratories.3 It is a scaled—up
version of their 2 mA single aperture source.1*
These utilize a Penning discharge for low plasma
temperatures.and a Pierce geoiretry for minimal
emittance dilution during acceleration. The
source is capable of 100 mA Xe+1 at a current
density of 15 mA/cm2.

Conditioning of the accelerating column with
beam had proceeded rapidly to 1.3 MV and 50 mA of
Xe+i. Before proceeding further with the condi-
tioning to 1.5 MV, it was decided to examine the
column. Damage of the ceramic and T-shaped rings
along the outer shell was noted. The column and
T-rlngs are being modified to reduce the
electrical stress on the ceramic-metal interface
and in the T-ring gaps.

12.5-MHz Wideroe Linacs

The first section of the linac is shown
schematically in Fig. 1. It consists of the capac-
itively-loaded,single drift tube resonator, two
"drum" loaded resonators with four gaps .and a it-3ir
double-stub Wideroe with 30 gaps. Not shown in the
figure is the buncher.which is separated from the
first accelerating resonator by a drift space of
4 tn, containing a quadrupole triplet and beam
diagnostics.

The capacitively-loaded resonator and the
lumped-inductor resonator used as the buncher are
described in Ref. 5. The capacitively-loaded
resonator,which requires about 10 kV to reach its
design value of 100 kV peak per gap,has been
tested up to 25 kW without breakdown or nulti-
pactoring. Likewise, the lumped-inductor
resonator,which requires 2 kW to reach its design
value of 23 kV peak per gap.has been tested to 25
kW without breakdown or multipactoring. They both
are Installed in the beam line in preparation for
acceleration measurements upon completion of the
preaccelerator modifications. The "drum" resona-
tors are currently being fabricated and should be
on-line soon.
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The TT—3ir double-stub Wider'oe linac shown in
Fig. 1 is followed by two more 12.5 MHz double -
stub Wideroe linacs .shown schematically in Figs.
2 and 3. These in turn will be followed by a gas
stripper to charge state +8, and 4 more triple-
stub Wideroe linacs at 25 MHz, similar to the GSI6

and Berkeley7 designs,to reach 220 MeV.

The outside shell, stub lines, and inside
structure of the Wideroe tanks in our design will
be made of mild steel and electroplated with 0.254
mm copper ,as was successfully accomplished by GSI.
The drift tube, which does not contain quadrupoles
("short" drift tubes), are planned to be made of
solid aluminum and electroplated with copper. It
is not planned to provide direct cooling of the
stems. This will greatly simplify the construc-
tion and cooling of the inner line. Since there
is no outside penetration for cooling tubes, the
inner line will be cooled by flooding the inside
with water. At the same time, this will provide
cooling of the inner stub lines. The alignment of
the drift tubes containing quadrupoles("long"
drift tubes) is to be accomplished with bellows.
The original plan called for using a fixed shim.
This approach was abandoned in favor of a simple
holding and adjusting fixture. By using this
adjusting fixture and bellows, there was no cost
savings in using the fixed-shim approach. The
"short" drift tubes are to be aligned by attach-
ing the stems to the inner line by silver-plated
C-rings. This will allow up to 0.76 mm of
adjustment, while maintaining good electrical
contacts to the inner line; another advantage of
using the solid stem without cooling. It is
planned to align the axes of the drift tubes to
+ 0.1 mm.

The Wideroe tanks were designed using a
Wideroe linac code developed at the Lawrence
Berkeley Laboratory8 in collaboration with GSI.9

The program is interactive and iterative. By
varying the position and length of the stubs,
input/output energy, and line loading, a consis-
tent solution is found for frequency, drift tube
table, energy gain per cell and gap voltages. In
order to minimize phase space dilution, the tanks
were designed tc achieve a constant energy gain
of 1.0 MV/m throughout the whole linac.

Table I lists the design parameters of the
three 12.5 MHz Wideroe linac tanks. Tank 1 takes
the beam energy from 2.32 MeV to 8.84 MeV. It
operates in a ir-3n mode with FOFOHODO focusing,
and has 30 accelerating gaps with a bore of 4 cm.
Tank 2 takes the energy from 8.84 MeV to 15.21
MeV, operates in the ir-3ir mode with FODO focus -
ing and has 20 gaps with a bore of 4 cm. Tank 3
takes the beam from 15.24 MeV to 22.48 MeV,
operates in"-" mode with FOFODODO focusing, ani
has 34 gaps with a bore of 4 cm.

Each independently-phased cavity of the
linac is to be driven by a 25 kW pulsed rf
amplifier, which u.'ies push-pull 4CX5OOOA
tetrodes as the final stage. The amplifiers are

being built to ANL specifications by the firm:
Instruments for Industry, Inc. Two of five units
ordered have been delivered thus far. The ampli-
fier is coupled to the cavity by an adjustable
loop. A standard 3-1/8" rigid 50 Q coaxial cable
gas-barrier is used to separate cavity vacuum from
the air-dielectric feed line. The feed line is
1-5/8" air-dielectric Heliax® cable and is 1/2
wavelength long.

Each 12.5-MHz Wideroe linac tank will be
driven by a 450-kW pulsed rf amplifier. It is
planned to use feed-forward as well as fast feed-
back loops to control tank field amplitude to 1%
and phase to 1 degree. A specification has been
written for the amplifier and proposals are cur-
rently being evaluated. It is planned to couple the
amplifier to the tank through an adjustable loop,
and separate the feed line (5" Heliax®) from
tank high vacuum by a standard 6-1/*"' rigid 50 fi
line gas-barrier. The feed line will be one wave-
length long.

Quadrupole Magnet Design

In addition to the quadrupole gradients shown
in Table I, other parameters are as follows:

Radius of the bore 2.5 cm
Effective length (range) 11 - 43 cm
Field gradient uniformity + 1.0Z|for < 2 0
Field harmonic uniformity + 0.5%) —

The large bore and high gradient eliminate
the possibility of using rare earth cobalt
permanent magnets. A conventional water-cooled
conductor design was chosen because of the large
ampere-turns required. The number of turns per
pole was determined by matching the magnets to
available pulsed power supplies,

A conformal transformation was made on a
hyperbolic pole magnet with a two-layer coil.
This resulted in a dipole magnet as shown in Fig.
4,with the dashed line as the pole tip. The
computer program MIRT1° was used to »him this
magnet. One possible set of shims is also shown
in Fig. 4. Transforming these shims back to the
quadrupole results in the 1/8 magnet of Fig. 5.

The design philosophy is to use one pole
contour for all laminated magnets. All magnets
in a given tank are of the same length as the
smallest one in that tank. The magnet ends will
be chamfered to reduce the n = 6 duodecapole
harmonic due to the ends. Many magnets will be
pulsed in series from one power sup'ly.using
current shur.ts for each magnet to adjust the
current. These shunts will have the same time-
constant as the magnets.

Actual mechanical design of the magnets has
recently .started. Present plans call for stack-
ing the cores in halves from stamped, deburred
and oxide-insulated laminations. Individual
laminations will be bonded together as core
halves with "B" stage epoxy resin.
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The coils will be insulated and wound on a
separate fixture. Two coils will be assembled
onto a core halt, then two halves assembled using
a steel ring to clamp them together. After test-
ing the magnet electrically and checking it
dimenslonallytthe entire unit will be vacuum im-
pregnated to insure adequate electrical insulation
and mechanical stability.

Simulation Studies

A detailed study cf beam evolution and emit-
tance growth was carried out for the first tank
with a three-dijnensional simulation code developed
at Physical Dynamics, Inc.

The linac geometry was FOFODODO operating in
a 1T-37T node. Input parameters for the Xe + beam
were: average beam current 25 mA, input energy
2.27 MeV, gap voltage gradient 5 MV/m, synchro-
nous phase -32°, normalized transverse emittance
SsET " 0.3 mm mrad, longitudinal emittance 10"1*
cm. the quadrupole length was taken as SSX and
the gap length as 0.2 Bs\. The stability limits
set by magnetic, gap and electrostatic defocus-
ing forces govern the optimum choice of the
magnetic field gradient, g , and limit the
phase spread. For the present parameters^ = 5.1
kG/cm and the phase spread is + 18°. The bunch
length is thus limited to 0.7 cm, which Is well
within the 'bucket' size.

The matched beam input parameters for a K-V
distribution at the injection point midway between
x- focusing magnets were x o = 2.2 cm, x' » 2.4
x 1CT3, y6 = 0.78 cm, yo' - 6.7 x 10~

3. The beam
envelope radius for 100%, 80%, 70%, and 50% of
the total particle number is shown in Fig. 5. A
bore radius of 4 cm would thus be required to
transmit the full 25 mA. For a lower current of
about 20 mA the radius can be limited to 2 cm.

Emictance calculations indicate (Fig. 7)
that most of the growth in the transverse emit-
tance o -urs in the first 10 6SA, with little
increase thereafter, for at least 80% of the
particles. The total growth after about 7 m is a
facto: jf about 8 for the full beam,and a factor
of about 5 for 80% of the beam. This growth
results from the nonlinear coupling between
longitudinal and transverse motion and the non-
linear space charge forces. Studies are under-
way to determine whether lowering the gap
voltages, and hence reducing the defocustng
forces.., will provide a butter match to the input
emittance. Also, the sensitivity of emittance
growth to the input distribution will be studied.

12.5*MHz

Parameter

Mode
Focusing
Number of Gaps
Length (m)
Peak Voltage on

First Gap (kV)
Peak Voltage on

Last Gap (kV)
First Gap Width

(cm)
Last Gap Width

(cm)
First Cell Length

(cm)
Last Cell Length

(cm)
First Quadrupole
Gradient (T/m)

Last Quadrupole
Gradient (T/m)

Excitation Power
on Beam Current
(KW)

Rf Power with
Beam Current
(KW)

Shunt Impedance
(MS2/m)

Table I

Wider'oe Linac Parameters

Wlderoe
Tank
,.1

TT-31T
FOFODODO
30
6.49

242.1

378.3

3.33

6.42

30.31

56.89

48.03

21.16

192

355

43.81

Wideroe
Tank
#2

*-3»
FODO
20

6.63

372.8

458.9

6.47

8.44

58.20

74.40

29.88

23.36

278

438

28.74
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#3

TT-fl

FOFODODO
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297.2
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44.26
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Figure 1. 30-Gap rr-3ir Double Stub Wideroe (Tank No. 1) and Independently-
Phased Cavity Linac: 1.5 MeV to 8.84 MeV
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Figure 2 . 20-Gap -n—3ir Double Stub Wider'Ae Linac (Tank No. 2 ) :
8.84 MeV to 35.24 MeV
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Figure 3. 34-Gap n-ir Double Stub Wideroe Linac (Tank No. 3):
15.24 MeV to 22.48 MeV

Figure 4. Transformed
Quadrupole Magnet
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Discussion

Mobley, BNL: With a 100 mA Xg source, what did you Jorna has studied 1,000 particles and says it
start off with for the bore size? How many mA per reflects accurately the beam dynamics to within
square-centimeter? 25%.

Moretti: I think the diameter is about 3 cm and
15 mA/sq. cm.

Mobley: And at the first tank after one stage of
rf acceleration are you getting 25 mA?

Moretti: Well, the space charge limit is 20 mA.
We have not run the experiment yet.

Mobley: I see What current are you shooting for
at 22 MeV?

Moretti: 20 u.tlliamps.

Mobley: On your quadrupoles in the rf system,
what are the pole tip fields that you need?

Moretti: The gradients are 46 Tesla/m, or about
12 KG at the pole tip. That is the highest, then
it goes somewhat lower, as beta increases.

Penner, NBS: Is the emittance growth at the be-
ginning a non-linear space charge effect? If so,
how was it calculated?

Moretti: Well,it is a non-linear effort due to
the space charge. It was a numerical space
charge simulation.

Penner: How many particles did he use? In a
matched beam, the emittance should not start to
grow immediately, if you carry enough particles
to get the proper simulation.

Moretti: Well, I think S. Jorna has found that
160 is sort of the minimum required to get a
fairly accurate distribution. He iias gone to a
thousand and noticed only 10-25% changes. The
majority of calculations have been in the area
of 160-200 particles.

Penner: I might make a comment for people who
are trying to predict nonlinear space charge
effects with particle simulations. We have two
rather thorough independent studies by I. Haber
and by A. Galejs and myself. You really don't
see the effect you are looking for until you get
to over one-thousand beamlets in a two-dimensional
case. The problem is that when you simulate a
beam with a small number of beamlets, matching
isn't well defined. As a result, the entire beam
is not matched and you get growth associated with
that mismatch. You really must match the beam
into the system properly,which requires a large
number of particles and then you find that the
moments of the beam will begin to grow at first,
but the (rms) emittance will not start to grow
for awhile. I think this is very well verified by
the results, which in my case, went to 2,000
particles; in Haber's case to 16,000.

Moretti: Well, this is a three-dimensional code.
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A HEAVY ION POST-ACCELERATOR WITH COUPLED SPIRAL AND SPLIT-RING RESONATORS*

A. Schempp, H. Klein, W. Rohrbach, W. Caspar, G. Lotterbach, E. Muller
Institut fur Angewandte Physik, Uhiversitat Frankfurt/rfain

D-6000 Frankfurt/Main, Germany

At the single-enled 7-MV Van de Graff machine
in Frankfurt, a small post-accelerator is being
built, which will be partly used as a test facility
for new linac structures. Therefore different
types of resonators will be installed, starting
with coupled spiral and split-ring resonators.
Properties of these resonators and the status of
the project are discussed.

Introduction

Significant upgrading of static accelerators
can be obtained only by post-acceleration. For
this purpose independently-phased short rf cavi-
ties are well suited. Normal conducting spiral
and split-ring resonators combine high-shunt im-
pedance with flexibility over a wide range of
particle energies. Modular design and ease of
fabrication are other important arguments for
these structures to be used in relatively small
post-accelerator projects. Our work concentrated
on theoretical and experimental optimization of
spiral and split-ring resonators for high field
levels at good mechanical and electrical stabil-
ity.

This post-accelerator project was funded in
late 1978 with a budget of 0.4 MDM. Two acceler-
ator sections and a buncher-chopper system will
be installed at the 7-MV Van de Graaff generator
at the Institut fur Kernphysik in Frankfurt.1'2

The improvement of the Van de Graaff generator,
including the development of a new Penning ion
source, cooling and power supply is being done by
the Institut fur Kernphysik.

Layout of the Post-Accelerator

A schematic representation of the accelerator
is shown in Fig. 1. The beam transport and the
accelerator system have been designed to fit into
the existing experimental area. The beam from the
Van de Graaff passes a foil stripper, is then bent
horizontally, and after bunching, chopping, and
accelerating is bent back to the ground floor,
where a new experimental area will be installed.
Beam matching and radial focusing is'obtained by
two triplets and a quadrupole doublet. The de-
sign of the machine is to reach a voltage gain of
1 MV per accelerator section, which leads to the
ion energies summarized in Table 1. Ions between
N and Ar will be accelerated to energies between
1 and 2 MeV/N at an estimated particle current
between 5 and 20 nA. A future plan is to place
the stripper at 4.1 MV in the accelerator tube,1

* Work supported by BMFT and DFG.

which will give another increase in particle energy,
but presents problems with respect to service and
damage of the accelerator tube.

The limiting factor in a post-accelerator pro-
ject like this is the cost of the transmitters. An
existing rf transmitter was rebuilt which yields up
to 100-kW in pulsed as well as in cw operation. A
second transmitter with 80-kW pulsed power is of
the same type as used in the Heidelberg post-accel-
erator project and will be delivered in November.

The buncher amplifier, the transistorized
preamplifiers, and the regulation and control sys-
tem are developed and built by ourselves. The con-
trol system consists of three parts: a slow reson-
ance frequency control tuning capacity, a fast
amplitude control, which keeps the amplitude con-
stant within 0.5Z, and a fast phase control, which
gives a phase ripple of less than 1°. First tests
have shown that the design values can be obtained.
In this stage of the project, no computer control

Fig. 1 Layout of the accelerator system
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i s planned because the system is rather simple.
Later,microcomputers may support Manual operation.
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*ta * 10 28 0.7 1.06

1.86 26.0

1.85 37.0

l.H 37.8

1.15 36.1

1.42 56.8

Table 1 Ion energies of the accelerator system

Accelerator Structures

The post-accelerator will partly be used as
a test facility for the development of new accel-
erator structures. So even at the first stage
two different structures will be used. The spiral
structure, which will be discussed first, is well
developed and tested.3"9

For this project a further development using
electromagnetically-coupled spirals was tried, to
increase the efficiency. Thus, the rather high
design value of 1-MV resonator was obtained with
our transmitters (80 - 100 kW, 25% dc).

The spiral resonator is a two-gap structure
with the spiral conductor excitpd to quarter wave-
length oscillations (Fig. 2):

Fig. 2 Sche.natic drawing of the spiral resonator

Optimization shows that the efficiency, which is
characterized by the shunt impedance n,

T1 =
AU2

N-L

AU = / E(z)cos(ut -
O

(AU voltage gain, E a c c t-.arage accelerating field,
L cavity length, K rf power.)

decreases with Increasing spiral tube diameter,
caused by increased capacitive load. On the other
hand, for good mechanical stability, a large ube
diameter would be best. It becomes obvious that
maximum efficiency and maximum stability exclule
each other. With the single spiral prototypes,
effective accelerating fields up to 6 MV/m and
voltage gains up to 1.3 MV per resonator, have been
achieved for pulse power of 200-kW, with excellent
stability. An even smaller value of Afstat » 0.05
Hz/kW was obtained with a single spiral buncher
cavity, which was built for the Unilac. A single
spiral resonator with a tube diameter of 15 mm and
an n of 42 Mft/m, will be used as the buncher
cavity. A significant increase in efficiency is
obtained by combining several electro-tnagnetically-
coupled spirals in one cavity, as shown in Fig. 2.
For the case in which the properties of the indi-
vidual spiral remain unchanged and the rf power
per cavity is constant, the voltage gain AU of
such a resonator increases with the square root
of the number of spirals

The Rp value, defined as n times length L of the
cavity,

Rp = ' ' L = ~ = " ' ~^

is proportional to n, the number of spirals. This
increase :n efficiency; however, leads to son>e re-
duction of flexibility with increasing number of
spirals per cavity. This is demonstrated in Fig.
3, which shows transit time curves for cavities
with different numbers of spirals. Resonators
with 3 electro-magnetically-coupled spirals were
chosen as a good compromise. Resonators with
coupled spirals have several modes of oscillation.
The so-called "-mode, where adjacent spiral drift
tubes have opposite polarity, has in all realistic
cases the highest shunt impedance and the lowest
resonance frequency. The frequency, the parameters
of the spirals, and the distribution of the fields
in the resonator depend strongly on the coupling
mode and strength. A lot of work has been done to
ensure equal distribution of rf power to the diff-
erent spirals. This flatness is necessary to min-
imize static frequency shift in order to get high
stability of the resonator.

At design field levels, forces cannot be
neglected, and any structure may be stimulated to
mechanical vibrations.0 Forces of up to 2 kp
tend to detune the spiral conductors. Mechanical
displacement of the drift tube up to several mm,
corresponding to a frequency shift of An % 1 MHz,
have been observed. This has been measured with
cavities specially designed to study these ponder-
omotive effects. High power measurements of such
resonators with coupled spirals, indicated that
all the axial fields should also have the same
value to compensate the ariil forces. This is
done by using appi"oximateiy ^ half gap-length
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between spirals and end plates, a "flat" field
distribution. Equal distribution of rf power to
the individual spirals can be reached by choosing
the resonance frequency of the "end spirals" lower
than for the central one. The ratio of resonance
frequencies depends on coupling strength between
the spirals , which i s usua.'ly very high. The
coupling can be described in terms of the frequency
separation of u-mode and 0-mode, which can be as
high as 65 MHz with a 7r-mode of 108.5 MHz. Such
strong coupling i s obtained by arranging the spi-
rals to alternate the winding direction, thus
adding capacitive and inductive coupling. The
frequency-tuning of the individual spirals i s done
by varying the length of the spiral tube, which in
some cases differs up to 30/?. Additionally, the
coupling of the spirals leads to a further f ield
concentration near the axis , and gives a better
shunt impedance, n values of 47 MQ/m were mea-
sured, compared with only 25 Mfi/m for single
spirals with the same parameters.

The f irst cavity of the post-accelerator i s
a three-spiral resonator optimized for a particle
energy of 1 MeV/N (Table 2) .

Tank length 32 cm,
Tank diameter 35 cm,
Spiral tube diameter 20 mm,
Drift tube diameter 40 mm,
Drift tube length 50 mm,
Aperture diameter 20 mm,
Gap length 20 mm, end plate gap 9 mm,
Resonance frequency 108.5 MHz, Q - 4200,
n o = 55 MiJ/m, n e f f - 45 .5 Mfi/m,
To - 1 MeV/N, AU (100 kW) => 1.2
E a c c (100 kW) - 3 .8 MV/m

e f f 14.6 m,

The individual spirals have been s i l l ed out
of copper plates and brazed together as indicated
in Figure 4. Additionally, the spirals and the

Fig. 4 Cross-section of the spiral tubing

water-cooled drift tubes had bean copper-plated
and placed in a copper-plated stainless s tee l
tank (L » 32 cm, diameter 35 cm). The parameters
of the spirals and the coupling strength can be
calculated approximately. The final tuning i s
done by iteratively sapping the f ield and changing
the resonance frequencies of the individual spirals .
Figure 5 shows the f inal axial accelerating f ield
of the f irst post-accelerator cavity, which has a
shunt Impedance of 45 rt!/m.

Fig. 5 Axial f ield distribution of the 3-spiral
resonator

In Figure 6, the transit time factor i s plot-
ted versus the particle energy. Figure 7 shows a
view of this f irs t post-acceierator cavity. In
high power tests with this spiral resonator, a
voltage gain of AU " 1.2 MV was obtained for an
rf power of 100 kW in pulsed operation. This
corresponds to an accelerating f ield of 3.8 Mtf/m.

TT

Table 2 Parameters of the 3-spiral resonator

Fig . 6 Transit tine factor TT as function of the
particle energy T for the spiral resonator
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Fig. 7 View of the 3-spiral resonator

The second structure to be used in the pro-
ject i s the spl i t ring. The split-ring resonator
was first proposed at CIT and i s used as a super-
conducting post-accelerator structure in the
Argonne and Stony Brook tandem boosters.1 0~1 3

We have done work on normal conducting spl i t-ring
versions since 1976. The optimization of s p l i t -
ring resonators with respect to a high shunt
impedance and good mechanical s tabi l i ty , leads to

'similar results for the geometrical shape as in
the superconducting case.

Figure 8 shows a schematic drawing of this
structure. It consists of two coupled \/i reson-
ators shaped like two "semi-rings" and ending in
drift tubes, which osci l late with 180° phase
difference. This arrangement may be compared with
two coupled spirals with rather large pitch,
mounted on a common "leg". For high efficiency,
in this case, a s l ightly larger tank is needed to
reduce the capacitive load compared with separate
spiral resonators. Values for the shunt impedance

n up to 60 Mf!/n and voltage gains of 1 MV/reson-
ator*^ have been achieved with prototype units.
The detuning due to radiation pressure, which i s
represented by the s tat ic frequency sh i f t , i s
coufiarable to that of a spiral resonator, ranging
froai 0.2 to 5 kHz/kW.

Table 3 shows the parameters of the s p l i t -
ring resonators, and in the last row, the param-
eters of the second post-accelerator split-ring
cavity, which is optimized for a particle energy
of i . 3 MeV/N.

?JK TUt SPUniK MIFT Uf
UHGIH DIM. IIM TDK U1DIK

DIM. DIM.
C O (*J Cm] M tmj

U

tHBM MSI C«V] (WJ tW/a)

111 JS II

2SI » It

JO 350 11

390 500 22

IS TOO 3I.S 7.0

20 U » 2S.1 7.0

a WO 34.1 7.2

70 0.7 3.*

100 O.H 4.0

125 0.15 J.J

X MOO Sl.i 17.! <tU (LID « . l )

Table 3 Parameters of split-ring resonators

The axial field distribution and the transit
time factor TT are plotted in Figures 9 and 10.

Fig. 9 Axial field distribution of the split-
ring resonator

10

Fig. 8 Schematic drawing of the split-ring
resonator

OS » I.S TIMEWM!

Fig. 10 Transit time factor TT as function of
particle energy for the split-ring
resonator

Figure 11 shows a view of this normal con-
ducting split-ring resonator, which will undergo
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Fig. 11 View of the split-ring resonator

rf tests at the end of September.

Beam Dynamics

The post-accelerator wi l l have a normalized
acceptance of 3fl cm-mrad. The calculations have
been done with a code including non-linear coupling
between radial and axial phase space. The emit-
tance of the Van de Graaff wi l l be matched with
two tr iplets to give a circular beam envelope at
the entrance of the post-accelerator, with gradi-
ents between 0.5 and 1.5 kG/cm, and 2 cm aperture
diameter. Energy resolution of the heavy ion
beam wi l l be between 10"3 and 10"2. Pulse lengths
of 0.4 nsec can easily be produced depending upon
tuning of the buncher-chopper system. Thus the
beam emittance wi l l be increased by a factor of
about 4, which i s reducable with help of a de-
buncher-rebuncher system.

Status

Tne first accelerator cavity, the 3 coupled-
spirals module, together with the 100-kW trans-
mitter, the control system, the cooling and the
power supply are completed and have been tested.
High power tests of the split-ring resonator wi l l
start in September. In October the sections, the
first transmitter, and the buncher-chopper system
wil l be installed at the Van de Graaff generator,
and f irst beam tests can be done. After delivery
of the second rf transmitter in November, the
post-accelerator wi l l be coupleted, so that an
improved heavy ion beam will be available at the
beginning of next year.

Future plans include the insertion of new
accelerator structures, such as rf quadrupole
cavit ies , and modified IH resonators using the
pet-accelerator as beam test fac i l i ty .

Acknowledgements

The authors would like to express their
gratitude to K. Meinel (Institut fur Kernphysik),
H. Stocker, W. Blum, and K. Kiillenberg (Institut
fur Angewandte Physik).

References

1 K. Bethge, H. Paumann, K. Meinel, H. Klein,
P. Junior, A. Schempp, B. Deitinghoff, Proc.
4th Conf. Appl. Small Ace, Denton 1976.

2 A. Schempp, Int. Rep. 78-11, 1978.

3 G.J. Dick, K.W. Shephard, Appl. Phys. Lett.
24 (1974) 40.

h D.D. Armstrong et al., LA-UR 74-211 and Part.
Ace. £ (1975) 175.

5 A. Schempp, H. Klein, Nucl. Instr. Meth. 135_
(1976) 409.

6 A. Schempp, W. Rohrbach, H. Klein, Nucl. Instr.
Meth. 140 (1977) 1.

7 A. Schempp, H. Klein, Proc. 1976 Proton Linear
Ace. Conf., Chalk River 1976, AECL-5677 (1977)
67.

B E. Jaeschke, H. Ingwersen, K. Repnow, Th.
Walcher, B. Buck, B. Kolb, Nucl. Instr. Meth.
157 (1978) 195.

9 E. Jaeschke, H. Ingwersen, R. Repnow, Th.
Walcher, B. Huck, B. Kolb, IEEE Trans. NS-26
(1979) 3667, Proc. 1979 Part. Ace. Conf., San
Francisco 1979.

10 K.W. Shephard, J.E. Mercereau, G.J. Dick, IEEE
Trans. Nucl. Sci. NS-2£ (1975) 1979.

11 K.W. Shephard, IEEE Trans. Nucl. Sci. NS-26
(1979) 3659, Proc. 1979 Part. Ace. Conf., San
Francisco 1979.

12 J.R. Delayen, G.J. Dick, J.E. Mercereau, J.W.
Noe, P. Paul, G.D. Sprouse, IEEE Trans. Nucl.
Sci. NS-26 (1979) 3664, Proc. 1979 Part. Ace.
Conf., San Francisco 1979.

13 E. \jller, G. Lotterbach, A. Schempp, Int. Rep.
78-5, 1978.

- 163 -



19""? LINEAR ACC1.ERAT0R COHFEREWCE

HIGH-BETA LINAC STROCTORES*
S . O. S e h r i b e r

Accelerator Technoloqv Division
Los Alamos Scientific Laboratory

Los Alamos, New Mexico
USA 87545

Accelerating structures for high-beta
linacs which have been, and are in use, are
reviewed in terms of their performance. Par-
ticular emphasis is given to room-temperature
structures,and the disk-and-washer structure.
The disk-and-washer structure has many attrac-
tive features that are discussed for pulsed
high-gradient linacs, for 100% dutv-cvcle
medium gradient linacs,and for high-current
linacs that require maximal amounts of stored
energy in the electric fields be available to
the beam.

Introduction

The following discussion is limited to rf
structures for linear accelerators that accel-
erate particles with betas near unity.
Particular emphasis is given to room-tenperature
structures, not because they are superior or
inferior to superconducting structures,hut
because a large number of institutions are
involved in operating, designing and/or building
structures of this type. The reader is
referred to recent literature^-5 regarding
improvements and status of superconducting
structures. An excellent review of the indue-

• tion accelerator, not discussed here, can be
found in Ref. 6.

Much development and improvement to rf
accelerating structures has taken place since
their introduction in the 1930's. Progress has
been associated with technological advances in
materials and fabrication methods; e.g., super-
conducting structures; and with innovative ideas
and advances in rf expertise; e.g., the Stanford
Linear Accelerator Center (SLAC) Energy Doubler
(SLED) program;7 standing-wave structures
operating in the IT/2 mode,8 and storage
cavities' for the Large Electron-Positron
(LEP) storage ring. The incentives for these
advancements were improved efficiency of con-
verting rf power into useful bean power,
improved reliability, simplified fabrication and
assembly, improved overall structure perform-
ance and above all to save costs and-meet the
needs of experimentalists.

Topics covered in this report do not repre-
sent the full range of research and development
in high-beta accelerating structures. The author
apologizes to those whose work has not been
referenced. Typical examples of some of the

•Visitor from Chalk River Nuclear Laboratories,
Chalk River, Ontario, Canada K0JIJO

structures being used are given. Travelinq-wave
(TO) and standing-wave (SW1 structures are
compared, followed bv a review of the latest
structures for storage rings. Superconducting
structures are referred to briefly. Most of the
material in this report pertains to the disk-
and-washer structure first introduced bv Andreev
et al.™

Review of Operating High-Beta Structures

Pulsed electron linacs are employed all
over the world in medicine, industry and
research. A description and comparison of the
different facilities was made recently bv
Loew.11 Output energies from 4 to 30 MeV with
0.1% duty factor are available from linacs pack-
aged into machines that are used for radio-
therapy treatment of cancer. Research linacs
vary from very high-enerqy machines, such as the
one at SLAC,12 to high duty-cycle machines,
such as the one at the Massachusetts Institute
of Technology.13 Industrial linacs generally
are similar to medical linacs except for high-
current short-pulse machines,such as the
EGsG/DOE electron linac.1* Most research
linacs employ TW structures,whereas a large
fraction of the industrial and medical linacs
employ SH structures.

TO Structures

Disk-loaded waveguides are used for the
majority of pulsed electron linacs in opera-
tion. The accelerating sections are either
constant-gradient oi constant-impedance struc-
tures, with an rf load at the end to absorb
unused rf power. Design information, choices
and operating performance can be found in
Refs. 12 and 15. Improvements to the width of
the output energy spectrum have been made on
several linacs by employing energy compression
systems. In a short-pulse, high-current linac,
300-A peak current in the micropulse has been
accelerated.1* Recently Loew et al.17 have
shown how properties of TO structures can be
calculated using the computer program
SUPERHSH.18

Improvements to TO sections and the con-
sideration of TO sections in future machine
studies continue. The design of a pion radio-
therapy linac using TH structures based on SLAC
sections or redesigned SLAC sections was des-
cribed bv Loew et al.19 An innovative addi-
tion7 to the SLAC accelerating structures,
shown in Fig. 1, was associated with a desire to
increase the output energy in an economical
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Pig. 1. View of second SLED prototype
installation in klystron gallery.

manner. Peak rf fields are increased at the
expense of rf pulse-length, by using resonant
cavities that store rf energy during the first
part of the pulse. This energy is discharged
quickly to the structure at the end of the pulse.

SW Structures

Considerable development work on rf struc-
tures in the 1960s led to the optinization20
of an SW cavity geometry. At the sane tine,
advantages associated with operating an SW
structure in the TT/2 node were explained.8

Optimization of the geometry led to improved rf
efficiency, and it/2 mode-cperation led to inher-
ently aore stable structures, that could be
fabricated with reduced tolerances. The degree
of structure stabilization is related directly
to the intercavity coupling constant; hence, the
desire to increase this couplinq constant, and
the resultant disk-and-washer structure.10

Recently'2* it han been shown that the disk-
and-washer geometry not only has a high coupling

couwm amrr

Fig. 2. Isometric view of side-coupled
structure used on LMtPF.

constant*but also has a higher rf efficiency
than the shaped cavities developed for the
Clinton P. Anderson Meson Phvsics Facility
(LAMPF).22

The LAMPF accelerator is the only pulsed
proton linac operating with particle betas in
excess of 0.6. A cross-sectional view of a
typical side-coupled structure adapted for the
higher enerqy portion of LAMPF is shown in
Fig. 2. Similar structures are being used in
medical and industrial linacs throughout the
world. Work on a USSR meson facility23 continues
with studies of the disk-and-washer
structure for the hlgh-energv portion of the
proton linac. Electric fields of 4 KV/m were
reported23 to have been attained at 991 MHz.

Knapp and Swenson2* described design
parameters for a pion radiotherapy machine,
based on accelerating protons with an SW linac.
Stovall25 presented a recent project review
covering iniector status and revised parameters.

A cw.or 100% dutv cycle,4-MeV electron
linac has been in operation at Chalk River
Nuclear Laboratories (CRNL) since T»72. The
two-section 805-MHz linae operates routinely
with an average on-axis accelerating gradient of
0.9 MeV/m, the limit being imposed bv available
rf power. Recent progress, reported in Refs. 26
and 27,included design details for an on-axis
coupled structure that will be added to the
linac. An industrial proposal, based on this
work, for radiation processing of bulk waste was
reported bv Fraser.28 The on-axis coupled
structure discussed in Refs. 27 and 28 will be
used for the Mainz ew-microtron.'*9

Vaguine-̂ 0 has ^escribed a novel wav of
interlacing a side-coupled structure and
reported accelerating gradients of 40 MeV/m for
a 3-GHz, 10-cm structure. Similar accelerating
gradients should be attainable with the
disk-and-washer structure, but with a higher rf
efficiency.
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TABLE I

COHPAM90H OF LMtPF SHAPE) CAVITY, DISK-AND-WulUR CAVTTC
AMD A SCALED SIAC CAVTW (6 - 1 . 0 , 1 3 5 0 M i l )

NCMULIZH} TO 1-MV/m AVERAGE ON-AXIAL EUCTRIC FIELD

Operating mode

Qual i ty f a c t o r , Q

Z (MSi/m)

z „ (ySi/m)
efi

Transit time factor, T
Stored energy in 6V2
structure length (joules)

E on surface (MV/m)
Group velocity, v / c

Outer radius (cm)
Beam-bore hole radius (cm)

F i l l time (us)

LAMPF Shaped
Cavity

TT/2

25,7M

106.7

0.806
0.003?

4.1

o.os
8.343a

1.1

«.8h

Oisk-and-Nasher
Cavity

w/2

63,671
137.1

90.6
0.813
0.0061

4.0

0.5

16.84

1.1

16.0b

StAC
Cavity

r,n
20,l?4
38.8

26.4

0.0066

2.8

0.0122
8.731:

2.391
0.1 for 1 m
of structure

'Applicable to an on-axis coupler! structure, however it does net include
space occupied by off-axis couplers such as for the side-coupled structure.

bAssuming unit coupling factor and 25% overdrive power.

TW and SW structure Comparison

A comparison between the UMPF shaped
cavity, a disk-an<l-washer cavitv and a scaled
SLAC cavity (see p.129, Ref. 12) is given in
Table I. Effective shunt impedance, Zeff or
ZT2, is two-to-three times higher for the SW
structures, meaning they convert rf power to
useful beam power more efficientlv.

The disk-and-washer structure quality fac-
tor, Q, is the largest of the three. Surface
fields are higher on the SH structures, asso-
ciated with the drift-tube nose,near the beam
axis. Group velocities are much higher in the
disk-and-washer structure,implying that energy
can be propagated down the structure quickly, an
important feature for heavily beam-loaded struc-
tures such as in storage rings. The W struc-
ture's outer diameter is smaller than that of
the disk-and-washer cavity,but only slightly
larger than the LAMPF shaped cavity. If space
is important, an on-axis coupled SW structure
would be a good choice.

A distinct advantage for the TW structure
accelerator is the short fill time. This can he
important for pulsed systems which provide limited

pulse length from the rf source,and a limited
gun current. For very high duty cycles this
advantage disappears,because the SH structure

can he operated cw,with risetime being Important
only when the structure is first turned on.
This is true especially when the time between rf
pulses is less than several times the SH struc-
ture fill time; complex and expensive pulsed
modulators can he eliminated. Another advantaqe
of the W structure is that an isolator or cir-
culator is not required between the structure
and the rf source.

Storage Ring structures

The PEP, SPEAR and PETRA storage rings alJ
employ similar accelerating structures'"'^,
five-cavitv SH structures shown in Fig. 3,that
are coupled together bv slots in the comnon
cavitv wall, and operate in the IT mode. The
PE7RA cavities are marie from cocoer,whereas the
PEP and SPEAR cavities are made from aluminum,
with a layer of titanium nitride deposited on
the surface to inhibit multipactorinq. Tuners
in the end cavities appear adequate to compen-
sate for detuning effects.

An improvement to these standard five-cell
ir-mode cavities has been under studv^ at
CERN. Increases in 0 and energy gain are
expected to result from the addition of a spher-
ical storage cavitv to the acceleratinq struc-
ture. Hilson3* has described a method to
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Fig. 3. Isometric drawing of five-cell accel-
erating cavity operated in the ir-mode.

reduce rf power requirements for future accel-
erating structures of large storage rinqs by
introducing pulsed rf systems with 1W structures.

Another structure with many interesting
properties for storage rings has heen described
by Sundelin efc al.37 It is a parallel-coupled
structure, simitar to a series of manifolded
resonant cavities that are coupled only to the
manifold. A nine-cavity disk-and-washer struc-
ture is being considered for the proton storage
ring to be added to LAMPF.

Superconducting Structures

During the past decade much has been
learned about cavity profiles, materials, fabri-
cation techniques and one-point multipactoring.
Significant work1"5 continues, and structures
may be built to operate with high accelerating
gradients in the future. Presently, limitations
appear to be in the 3-HeV/m region. Field emis-
sion and multipactoring can drive a structure
normal, if intense enough, and can drive other cavity
modes and cause unwanted frequency shifts.

Multipass high-qualitv beams through the
same accelerating structure have been routinely
delivered1'5 with duty factors up to 100%,
demonstrating structure suitability.

The Disk-and-Washer Structure

Compared to the LAMPF shaped cavity, the
disk-and-washer cavity has many advantages:
higher coupling constant (less sensitive to
assembly and fabrication errors, better power
flow, longer structures can be built); more open
structure (better vacuum conductance, more and
varied assembly techniques); all coaxial struc-
ture (easier to assemble); higher quality factor
(more stored energy available for heavily beam -
locded systems); higher effective shunt imped-
ance (more efficient structure that is more

Fig. 4. Illustration of the disk-and-washer
geometry showing symbols used to define
the various dimensions.

economical to operate and tv remove heat); a means
to Q-spoil higher order mc-is. References 21,
18-40 contain recent information regarding char-
acteristics, design data and assembly of the
disk-and-washer. structure. The following dis-
cussion will review some of this material and
present some new information.

Geometrical Choices

The disk-and-washer cavity shown in Fig. 4
has an extra degree of freedom compared to the
LAMPF shaped cavitv, giving the designer more
flexibilitv in dimensional choices. Once the
optimized gap, g, and optimized disk thickness,
tD> have been determined,the choice of outer
radius , F^, can be made based on dimensions
of available material. Required frequencies for
the TT/2 accelerating mode, n/2A, and the n/2
coupling mode, V2C, are satisfied bv adiusting
the washer radius, H^, and the disk radius,
RD. Figure 5 shows 2T2 as a function of
R<; for four particle betas, from 0.4 to 1.0, as
determined by SUPERFTSH. These curves apply to
geometries without a bulb at the outer extremitv
of the washer; i.e., tR » t̂ . Maximum ZT2

values are 1.15, 81, 59 and 34 Mfl/m for particle
betas 1.0, 0.8, 0.6, and 0.4, respectively.
These values should be compared to 69, 65, 57,
and 39 Mft/m for an equivalent LAMPF shaped
cavitv. Because coupling slot and coupling
cavitv rf losses are included in calculations
for the disk-and-washer structure, agreement
between experimental and calculated values will
be much better than for LAMPF shaped cavities.
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TABLE II

PARAMETERS FOR THE DISK*-AND-WASHER STRUCTURE (1.35 GHz)
AS A FDNCTION Or THE OUTER RADIUS, Rj.

(6 - 1-0, tD - 2.6-! cm, t^ - tj, * 0.35 cm, R,, * 1.1 cm,

Rl, - 0.25 cm, RR - 0, 6 • 30°, L - 5 . W cm)

10.84

11.84

12.84

13.84

14.84

15.84

16.84

17.84

18.84

19.84

7.50

8.96

10.25

11.4S

12.63

13.77

14.90

16.01

17.10

18.19

E on Surface
(MV/W)

4.02

1.98

1.97

3.97

3.97

3.97

3.96

3.94

3.96

3.96

% Power on Metal Walls
Cylinder Disk Hasher

6.7

2.4

l.S

1.1

1.3!

1.2

1.2

1 .7

1.2

1.2

3S.1

12.7

29.1

21.9

73.2

20.9

18.0

17.3

15.9

14.fi

S7.2

64.9

«9.4

72.8

75.6

77.9

70.9

8'.5

82.9

84.2

A restriction (other than the obvious one
associated with structure weight and size) in
the outer radius, Rp, for long structures is
related to preventing mode overlapping with the
t/2A mode. The mode dispersion curve begins to
turn over at large RQ with many of the mode
frequencies between the TT/2A and the TT mode
being very close to the ̂ /2k mode frequency.
This overlap is associated with increasing
second-neighbor coupling as the space between
the washer and disk increases. At 1350 MHz,
interference from this overlapping can be pre-
vented bv restricting B^ to less than 17 cm.
This restriction also ensures that the V2A node
group velocity remains large.

Figure 5 shows that a constant R/. can be
chosen for all beta, simplifying material pro-
curement and some assembly and fabrication
steps. Viewed externally the high-energy por-
tion of a proton Machine employing disk-and-
washer cavities would be identical in outer
dimensions, making supports and alignment fix-
tures interchangeable except for the different
section lengths. Figure 6 gives dimensions for
radii of the washers and disks for betas from
0.4 to 1.0 as a function of the outer radius
Rc. Selecting an outer radius larger than
15.5 cm for 6 « 0.4 (14.5 cm for B - 0.6) at
1350 MHz perv'ks a consideration of different
assembly methods because the washer will always
be smaller in diameter than the disk. Vacuum
conductance is also improved for this choice.

Table II lists paraneters for a 8 » 1.0
disk-and-washer cavity as a function of the
outer radius. Optimized g and optimized tD
have been used for the calculations while %
and RJJ were altered to ensure that frequencies
for the V 2 * and 1T/2C modes were both 1350 MHz.

As expected, ZT 2, p and the percent power on
the washer increase as R̂ . increases. Although
percent power on the washer increases as Rf.
increases, the amount of power deposited on the
washer decreases slightly because ZT2 is
increasing. Obviously, heat has to be removed
from the washer and the washer has to be sup-
porter) in some manner. Washer supports can be
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Fig. 5.

1012 14 1618 20 22
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Effective shunt impedance, ZT2, of
the 1.35 GHx disk-cnd-washer gecnetrv
as a function ot the outer cylinder
radius, Rg.for betas froa 0.4 to 1.0.
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Disk
Radius

1 ,6
JH

510
1 Washer

Radius

10 12 14 16 18 20 22
Rc , Maximum Outer Radius (cm)

Pig. 6. Rarfii of the disk-and-washer associated
witl Fig. 5 versus the outer cylinder
rauius, Bj. for betas from 0.4 to 1.0.

of many types: several radial support steins made
of hollow rod connecting the washer to the outer
radius in the plane of the washer, several
cylindrical hollow reds passing through the
washers near the rf voltage minimum and tra-
versing the length of the structure,or several
T-shaped supports made of hollow rod connecting
washers to adjacent disks, to list a few.

Recently it was determined experimentally,
and by simulation calculations, that the radial,
support stem length should be close to ̂ /4. At
the tine of writing, measurements continue in
the laboratory; preliminary results are
reported*" elsewhere in the conference pro-
ceedings. The effect this restriction has on
ZT2 is illustrated in Pig. 7. The gap, g, has
to be adjusted to obtain the desired TT/2A fre-
quency, unlike procedures described above.
Maximum ZT2 for S » i.o, 0.8, 0.6 and 0.4 are
B3, 74, 58, and 34 Mfi/m, respectively; values
larger than an equivalent LAMPF shaped cavity.
For PIGMI2*, Pion Generator for Medical Irra-
diation, which requires accelerating structures
with betas from 0.5 to 0.8, a common outer
radius of 15.75 cm could be selected. With this
geometry, the washer radius for all heta is con-
stant (because the outer radius is constant),
further simplifying fabrication procedures.

A bulb on the washer extremitv is necessary
fcr mounting radial support stems. Figure 8
shows results of calculations associated with
determining the size and shape of the washer
bulb. As expected, to have the highest ZT2,
the angle 92 from the washer web to the bulfc
and the width, tR, of the bulb should be as
small as possible. ZT2 is given as a function
of the gap between the disk and the washer bulb
for angles 6j from 20° to 75°.

Three methods to support washers that
should not result in field tilts along the
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Fig. 7. Effective shunt impedance, ZT2 , of
the 1.35 GHz disk-and-washer geometry
as a function of the outer cylinder
radius, Rp, for hetas from 0.4
to 1.0: The stem length or the
difference between RQ and Rfj, the
washer radius,is kept constant at X/4.

98

57

I 56

I 55

53

52

NC BULB

75'

.4 .5 .6

(L-tD-tR)/L

Fig. 8. Effective shunt impedance, ZT2, of
tHe 1.35 GHz, 8 » 0.6, disk-and-washer
geometry as a function of the gap
between the disk and the washer hulh
for different bulb angles.
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(a) Four radial supports per washed rotated by
45° from washer to washer.

(b) Four longitudinal supports running the
length of the structure.

(c) Two T-shaped supports between each washer
that are rotated by 90° between adjacent
gaps.

rf

I DRIVE I

(d) Coaxial coupler excited in TEM-like mode,
employing radial supports and intercon-
necting adjacent accelerating sections.

Fig. 9. Disk-and-washer structure illustrating
various support methods.

length of the structure are shown in Fig. 9.
Field tilt should not occur because washer sup-
ports are symmetrical about the washer plane ,
keeping coupling constants similar along the
length of the structure. Figures 9a, 9b and 9c
show, respectively, a five-cavity structure
terminated in full cells with four radial sup-
ports per washer rotated by 45° from washer-to-
washer, with four supports running the length of
the structure and with two T-supports between
ad-jacent washers that are rotated by 90° from
gap-to-gap. Coupling to an rf drive can be
accomplished at the end wall,where magnetic
fields are maximum. Figure 9d shows a coaxial
coupler that connects adjacent sections excited
in a TEM-like mode. The coaxial coupler1*1 also
serves as the means of coupling to an external rf
drive,and provides space for beam diagnostics or
handling with connections via the racial stems
that support the inner cylinder.

Minimal tuning should be required for the
structure. If needed, the n/2A-i»ode frequency
can be adiusted hv changing g, while the ir/2C
mode frequency can be adjusted by changing Rn.
Frequency sensitivities for the different parts
of the disV-aro'-washer geometry are given in
Ref. 21. Reference 38 describes a method to
fahricate the structure in 1-m sections rather
than hv the usual single or haif-cavitv method.
Copper-plated steel disks and copper washers
with copper-plated steel radial support stems
are nigged and mounted in a copper-plated steel
outer cylinder with brazing material located as
required. Eight longitudinal ccolinq channels
are mounted on the outer wall to match locations

N
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Pig. 10. Effective shunt impedance, CT^, of
the 1.3S GHz , 8 * 1.0, disk-and-
washer qeometry as a function of the
q/L ratio for different beam bore hole
radii, RJJ.
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q/L

0.2
0.3
0.4
0.5
0.6
0.7
0.8

%

15
15
14
14
14
14
14

PARAMETERS

(an)

.05

.00

.94
90

.87

.85

.83

6
7
7
8
9
9
9

r(cm

.37

.13

.89

.55

.06

.40

.57

FOR THE DISK^AND-WASHER
( 3- 1-0,

' ZT2OS2/m)

60.97
85.29
96. JO

104.61
105.09
96.07
85.09

Rc = 16.84

= 0.25 em,

T

0.971
0.946
0.908
0.864
0.812
0.762
0.714

TABLE III

STRUCTURE (1.35 GHz) AP A
cm, tj, =

RJJ = 0,

8

% = °-
44470
51372
52948
60637
68477
74487
77727

2.65 cm, t^ - tjj

e> 30°, L - 5.5*5

E«u on
Surface

(MV/ro)

55 cm

8.7
6.4
5.8
4.6
4.2
3.3
?.6

FUNCTION OF THE g/L RATIO
= 0.3S cm.

cm)

Pull Cavitv

Power to
Metal Walls

(Watts)

1718.1
1165.5
951.7
793.4
696.4
670.7
665.7

Stored
Energv

(Joules)

0.009008
0.007059
0.005941
0.005672
0.005672
0.005889
0.006100

0.
0.
0.
0.
0.
0.
0.

T

950
913
343
762
676
609
Sfi6

= 1.1 em

0.2
0.3
0.4
0.5
0.6
0.7
0.8

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.937

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.937

15
15
14
14
14
14
14

15
15
15,
14,
14.
14,
14,
14.

15.
15.
15.
15.
14.
14.
14.
14.

.11

.05

.99

.93

.89

.86

.84

.20

.13

.06

.99

.92
,88
,84
,82

.32
25
1.6
06
97
90
84
80

6.25
6.91
7.58
8.25
8.83
9.33
9.53

6.64
7.09
7.57
8.12
8.65
9.14
9.51
9.78

8.23
8.48
8.71
8.98
9.29
9.67

10.05
10.47

41.82
58.15
72.88
85.33
90.80
88.54
80.75

19.06
33.54
43.95
54.12
62.37
66.62
65.44
58.98

9.45
14.10
18.89
23.76
28.54
32.71
35.16
33.99

0.953
0.928
0.894
0.851
0.805
0.757
0.721

0.895
0.F75
O.f'49
0.820
0.789
0.762
0.744
0.741

0.815
0.809
0.801
0.793
0.785
0 ->79
0.775
0.774

46523
47804
51381
57461
65105
72046
76861

% = 2.2 cm

50450
51042
52710
56369
62142
69246
75693
80060

RH = 4.4 cm

50953
53215
55372
58349
62645
68616
75693
82019

8.4
6.3
5.2
4.5
3.8
3.2
2.7

8.2
6.1
5.1
4.3
3.9
3.3
3.0
2.2

7.3
5.9
4.8
4.4
3.9
3.8
3.6
3.3

2414.2
1645.0
1.218.7
943.3
791.8
719.7
715.6

3853.0
2536.8
1823.8
1379.1
1109.0
968.7
940.8
1035.1

7810.8
5154.2
3775.4
2940.4
2399.8
2059.2
1895.6
1959.8

0.013240
0.009274
0.00736'
0.006390
0.006078
0.006117
0.006484

0.022916
0.01F265
0.011333
0.009165
0.008125
0.007908
0.008396
0.009770

0.046918
0.032331
0.024646
0.020222
0.017717
0.016658
0.016914
0.018952

0
0
0
0
0
0
0

0
0
0
0
0
0,
0
0,

0.
0.
0.
0.
0.
0.
0.
0.

.951

.912

.857

.787

.714

.647

.603

.906

.876

.835

.787

.735

.690

.662

.662

,800
,789
,775
759
744
732
725
725

of the radial support stems. Brazing tests
based on this fabrication procedure are underway
at LASL.

Gap Optimization arri Storad Energy

The eftect of changing the gap, g, on
structure efficiency is shown in Pig. 10 for
different beam bore holes, R,,, for B = 1.0,
1350 MHz disk-and-washer cavity.with 16.84-cm
outer radius. As Rj, increases,the optimum
value of g increases and maximum ZT2 decreases.

For an extremely large hore hole, RH = 4.4 cm,
the drift-tube nose on the washer is almost
eliminated for maximum ZT2. For maximum
efficiency, beam bore-hole radius should be as
small as possible consistent with actual
particle beam size, beam spil' that can be
tolerated and errors in alignment or transmittal
of the beam.

Table : TI summarizes calculated results for
the B ' 1.0, Rc « 16.84 cm, 1350 MHz disk-and-
washer geometry for changes in g and Kg. The
table is useful in designing cavities for
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structures accelerating high-current beams( where
stored energy is an important quantity. One
method to design cavities is to maximize the
stored energy, S, associated with the electric
fields in the beam bore-hole relative to the
particle energy gain, AE; i.e., ST/(AE)^ is
maximized,where T is a transit time factor
related to the stored energy available to the
beam as it traverses the cavity:

— 1 drdz

h a

E(z,r) drdz

where

E(z,r) Che electric field at position (z,r)
2L the cavity length, and
a the radius within the beam bore-hole
over which stored energy is considered.

At the same time the power, P, dissipated as rf
losses in the cavity walls to provide the energy
gain, should be minimized; i.e., (AE)2/P should
be maximized. Combining the two effects gives
ST/P, which fchen multiplied by 2uf gives a qual-
ity factor, Qg, related to "a", the beam bore-
hole size considered. Thus, QBT should be max-
imized. Figure 11 presents the quality factor
as a function of the gap for different beam
bore-holes and radii (indicated in the paren-
thesis) within the range of RJJ over which the
stored energy was calculated. Values for T
reported in Table III are for pencil-beam
volumes along the beam axis. Work is underway
at present to determine transit time factors
which consider the entire volume. Sample cal-
culations have shown that this t, and the one
that considers the entire volume, scale
linearly.

Using T in approximate calculations to
maximize QgT has demonstrated that the optimum
g/L ratio for 6 * 1.0, 1^ - 16.84 cm, 1350-MHz
disk-and-washer cavities with RJJ values of
0.55, 1.1, 2.2 and 4.4 cm are 0.2, 0.4, 0.66,
and 0.84, respectively. This should be compared
with optimum g/L ratios of 0.55, 0.59, 0.73, and
0.84, respectively, to maximize ZT2. Measure-
ments bv Koontz et al.*2 with intense single
pulses traversing a TW accelerator demonstrated
that the beam size should not be used in con-
sidering the stored energy available to the
beam. The radius "a" should be close to the
size of the rf structure beam's bore-hole. A
16.84-cm outer radius, 1350-MHz disk-and-washer
cavity with a 2.2-cm bore-hole radius has a Qg
of 8800. This is two times larger thar. an
equivalent scaled SLAC cavity with a 2.4-cm bore-
hole radius, that has a Qg of 4200. The Qg's
for a 1.1-cm beam bore-hole radius, 16.84-cm
outer radius disk-and-washer cavity, and a

rRH"l.lcm (II)

/-RH •055cm(0.55>

Fig. 11. Beam qualitv factor, O B , of the 1,35
GHz, (3 * 1.0#disk-and-washer geometry
as a function of g/t for different
beam bore hole radii, RH and for
different radii fin parenthesis) used
to determine available stored energy.

tAMPF shaped cavity are 3800 and 2800, respec-
tively, indicating an advantage for the disk-
and-washer geometry.

Other Properties

Operation of a disk-and-washer structure as
a "harmonic accelerator" is discussed in
Ref. 21. Combining the fundamental frequency
and its first harmonic frequency with proper
relative amplitude and phase can make the rf
wave during transit of the beam bunch more
linear, reducing transverse beam emittance
growth. Reference 21 also describes different
termination methods and a means to design a
graded-beta structure from disk-and-washer
cavities.

Higher-order modes can be Q-sroiled bv
factors from 2 to 7, by fabricating the outer
cylinder from 304 stainless steel; at the sane
time the worst case would be only a 6% loss in 0
for the 1T/2A mode.

Conclusions and Si

Many TW and SW structures are accelerating
charged particle beams to very high velocities.
Each has properties peculiar to the appli-
cation, choices were made to optimize accel-
erator performance based on specific criteria.
Traveling-wave accelerators offer an advantage
of fast fill time but are very inefficient con-
verters of rf power to beam power when compared

- 172 -



to SW structures, particularly when compared to *>.
the disk-and-washer structure. Improvements in
VS^ of TW accelerators could be realized by
shaping the cavities, in particular,bv adding
drift-tube noses. For this geometry the usual
iris coupling scheme would have to be replaced 6.
by some other method,such as slot couplers.

It is hoped that developments in super- 7.
conducting structure technology will continue to
result in improved performance. Significant
breakthroughs in the understanding of phenomena
that limit accelerating gradients have been 8.
•ade. For very heavily beam-loaded systems
where most of the installed rf power is asso-
ciated with beam power requirements, it is not
clear that superconducting linacs offer a signi- 9.
ficant advantage over room-temperature linacs,
unless accelerating gradients are vt-y high,
resulting in cooling limitations for a room-
temperature structure. 1.0.

As an accelerating structure the disk-and-
washer geometry offers many advantages: high
coupling, good vacuum conductance, high rf effi-
ciency, high qualitv factor and ease of fabrica-
tion. Measurements now in progress will demon-
strate the performance of experimental systems. 11.
Experience in the USSR shows that experimental
characteristics are very close to calculated
parameters. Tho disk-and-washer structure also
offers significant advantages for applications 12.
when the stored energy in the rf accelerating
fields available to the beam has to be maximized.
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Discussion

Killer, SLAC: First, I just would like to make a cells will then be tested (without bean).
quick coLiment that actually the two people who are
most knowledgeable about SLED are here from SLAC - Schriber: There is also planned some high power
David Farkas and Harry Hogg. David Farkas was measurements at 2388 MHz. That should be done
actually the person vho originated the idea, and in the next few years.
Harry and Dave have both worked on the project.
My question Is: I presume when you said that
there raight be advantages in the superconducting
structure where you need very high gradient, you
are making an assumption that indeed one learns
how to support high gradients in superconducting
structures.

Schriber: That's right. You have to get higher
than 3 MeV/m obviously. But it is hoped that in
the future they can get higher gradients.

Hagerman, LASL: Could you summarize how much high
power testing there has been on the various support
schemes for the disk and washer structure?

Schriber: The only high power tests on different
support schemes are high power tests at RT1 with
something close to "L" supports. Each washer is
connected to an adjacont disk. The RTI group,
Andreev and Fedotov, measured about 95% of theor-
etical ZT2. At LASL we are presently doing low
power measurements on 6 « 0.6 and 0 " 1.0 cavities.
As I said, the 6 = 0.6 results look very good,
but there are some things we do not understand
about the results with the 6 = 1.0 cavities.

Farkas, SLAC: You said that the group velocity of
the disk and washer structure is about fifty times
greater than the others. That is not an unmixed
blessing because you need very long structures or
you need extremely high power sources for travel-
ing wave structures. Also, when you compared the
efficiency of the SLAC structure to the other
structure, the SLAC structure was not optimized to
maximum efficiency. It was optimized to give you
the highest gradient at 10% loading.

Schriber: To answer your first question, I showed
ways of putting rf drives in various locations and
these coaxial couplers can be placed at appropriate
locations all the way down the system. The struc-
ture is still one completely rf-coupled system.
The structure is a standing wave structure. And
with regards to the second comment, I have done
quite a number of calculations on different types
of geometries for traveling wave cavities and
looked at different ones that have been reported
by SLAC. One still observes the difference of
about a factor of 2 or 3 In efficiency in favor of
the disk-and-washer cavity. The reason is associ-
ated with a drift tube nose close to the axis for
the standing wave structure. With a disk loaded
wave guide you just have the disk thickness.

Jameson. LASL: Consent: During the nex; two
years under the PIGMI Program at LASL, disk and
washer structures will be tested at high power.
A number of sections, a few cells long, will be
fabricated to test construction techniques and
scaling relations. A full power section of 15-20
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LIMITATIONS OF THE DISK-AND-VASHER STRUCTURE*

S. 0. Schrib«r+ *n* -T. M. Potter

Los Alamos Scientific laboratory

Los Alamos. New Mexico

nary

A preliminary analysis of measurements on
0 * 0.6 and ].0 disk-and-washer linac cavities
has indicated some limitations on washer support
methods* In particulnr, the use of radial supports
should he avoided until further test in;*, provides
a complete understanding.

Introduction

The disk-and-washer cavity geomet ry^ for
an accelerating structure offers many advantages
including high rf conversion efficiency and high
coupling factor. A detailed study w«is initiated
which included computer calculations and
experimental measurements »to determine 1iraita-
tions, if nny, vh,;ch would have to be considered
in an operational system.

Other than geometrical choices that have
been discussed elsewhere, ^« 3 the method used
to support and cool the washer i,ust be considered
carefully because of the implications it has on
compensation procedures required to give
acceptable on-axis electric field distribu-
tions, and on structure tuning. An earlier
study-* of support methods with aluminum
cavities,shows the importance of symmetrical
washer support schemes .because they either
eliminate or reduce the complexity of these
compensating procedures. Figure 1 shows the
support methods studied (L, TO and radial). The
radial support appeared to offer the most
advantages, but the effects this scheme would
have on quality factor, Q, and strueture
impedance, Z, were unknown. For this reason,
computer studies were initiated and P = 0.6
and 1.0, copper structures were fabricated to
investigate the effects of symmetrical support
techniques on Q and Z.

RADIAL
Fig. 1.

Hasher support methods.

*Work performed under the auspices of the U.S.

Calculations

Computer calculations for the different
cavttv geometries have been done using the code
SUPERFISH. Geometrical parameters for th»s
study are shown in Fig. 2.

Radial Support Effects

The effects that raWia? support diameter anA
length have on cavity quality factor are
illustrated in Fig. 3. The ratio of quality
factor 0. with stems, to the qualitv facto-
0 Q , without stems,is shown as a function of
stem Jength and diameter in dimensionless units
based on the resonance wavel<'ns;tii. The
ft * 0.6 disk-and-vasher cavity Rcometrv with
radial support stems was simulated *w a coaxia*
cavitv «ith its axis of rotation centered on the
stem and washer, because SIJPERFISH does not
handle three-dimensional geometries. 'See
Fig. 4.1 Size and volume of the washer, disk,
outer cylinder, and stem were scaled to give a
1370-MHz coaxial moHe that had a field dis-
tribution equivalent to the accelerating mode
field distribution of the real cavity. Stem
effects were determined hv comparing calculate^

Department of En&cgy.
+Visitor from Chalk River Nuclear
Laboratories, Chalk River, Ontario, Canada.

Fig. 2.

Geometrical parameters of

disk-and-washer structure.
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Fig. 3.
Study of & • 0.6 cavity quality

factor using a coaxial model.

STEM "WASHER"

Fig. 4.
SUPEKFISH simulation model with coaxial

geometry used to study the R « 0.6 cavity.

results with and without a stem. Variation of
stem length was accomplished in two ways, both
with similar results. The first sethod, shown in
Fig. 3a, was to change the washer length keeping
the disk length or coaxial cavity length firmed.
Figure 3b shows results of calculations for the
washer length fixed and disk length or coaxial
cavity length changing. Both methods show that
the length of the radial support stem should be
close to a quarter wavelength to achieve
approximately 96% Q/QQ. Results not shown in
the figure demonstrated thrt the radial stem
should be an odd multiple of A/4 in length;
the smaller the multiple,the lower the losses.
Figure 3c shows the ratio Q/QQ as a function
of stem diameter for a 0.28A length stem. An
optimum stem diameter of approximately 0.09A
ia indicated for this geometry. For four
support stems,this would be equivalent to
approximately 0.045A.

These results indicate that there should be
a resonance between the stem and the rest of the
cavity*such that the resonant frequency of the
structure with a stem should cross through the
resonant frequency of a stemless structure as
the stem length is varied from, say, A/8 to
3A/8. It was thus proposed to look for this
effect experimentally.

Optimum ZT* for A/4 Radial Supports

Computations were also done to investigate
the consequences upon effective shunt irapedance,
ZT^, when radial support stems musC be
approximately A/4 long. An optimum gap
between noses no longer can be selected to
maximize ZT2, because the gap must be adjusted
to achieve the required it/2 accelerating tcode
frequency, TT/2A. The frequency was held at
1350 MHz, and the washer radius, Rw, set equal to
the cavity radius, Rp, minus X/4. Figure 5
shows how ZT2 varies as a function of the
outer cylinder radius, RQ, for particle betas
froa 0.4 to 1.0. There is an optimum RQ for
aach beta that maximizes ZT^. Table I lists
,ome of the calculsted parameters for different
.eta geometries.
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TABLE I

DISK AID HUHER PAIAWTEIS

(1350 HHi, tw - t, - 10.35, G - 30°, 1^ » 1.1 ca, Ig - 0.25 CB)

Beta

0.4
0.4
0.4

0.6
0.6
0.6

0.8
0.8
0.8

1.0
1.0
1.0

Rc

13.57
16.57
17.89

14.45
16.45
17.18

14.50
15.50
16.38

12.84
14.45
15.34

8.57
11.76
13.12

10.29
12.40
13.18

11.17
12,23
S3.16

10.57
12.17

«/!•

0.070
0.315
0.842

0.229
0.525
0.6>I

0.387
0.550
0.921

0.331
0.588
0,937

tD

0.35
0.35
0.35

0.9
0.9
0.9

1.68
1.68
1.68

2.65
2.65
2.65

Q

14457
19319
21165

24109
31687
34*47

34061
41438
49736

3604*
50789
66066

T

0.881
G.849
0.758

0.909
0.822
0.735

0.8S7
0.822
0.720

0.918
0.8)0

ZT2 (m/m

16.32
33.56
18.70

43.94
51,51
35.34

65.99
73.73
51.87

56.55
82.85
65.21

Max.
Surface
Field

CMV/B)

15.9
5.3
2.4

6.5
3.8
1.9

4.8
3.9
1.6

5.9
3.9
1.8

Z Power Deposited
Metal (Tall*

Outer Cjl. Disk

* 0.

< 0.

o.;
0.4
o.:

i..

1.2
1.0
1.1

3.3
3.9
4.2

» 8.8
. 10.5
» 13.2

» 17.4
( 24.4
1 33.6

in

Wash*r

98.8
99.0
98.9

96.7
96.1
95.8

91.0
89.1
86.3

61.7
74.3
64.6

For a slight' overall losr in ZT^f a co^on
Rg can be selected for all beta. The choice
obviously depends upon the particle accelerated
and the final energy. For electrons, s radius
would be used that is heavily weighted in favor
of highest ZT2, where R " 1.0. For the Pion
Generator for Medical Irradiation, 1 IGMI,5
which requires structures with beta from 0.5 to
0.8, a common outer radius of 15.75 cm could be
used,because this dimension not only Hatches
available pipe size,but makes a real enable
compromise for ZT^. A common Rc fot all
beta structures leads to the samp Rw

 cor all
the washers. Fabrication and material procure-
ment should be simplified because of the. common
radii. Externally, the accelerator would have
the same diameter for all beta, which could
simplify alignment and instaliah*on fixtures.

Measurements on Radial Supports

Measurements of Z and Q have been done on
B - 0.6 and 8 - 1.0, OFHC copper, disk-and-
washer cavities that were built at 1320 MHz for
tests of PIGMI geometry.^ Only a preliminary
analysis of these measurements will be presented
here. The cavity Q was measured using lightly
coupled loops to determine the shape of the
resonance curve for the 1T/2A node. The 0 and
TT-mode Qfs were also checked for reference,
because radial supports have very little effect
on these nodes. In all instances, proper care
was taken to insure good contact and clean
surfaces. Measurements were repeated many times
to insure there were no systematic errors or
inconsistencies in the data. Measurements of
Z/Q''*ere done using standard beadpull techniques.

In this study, washers were supported bv
radial support stens of different diameters and
materials 'copper, aluminum, and stainless steel).
Effects of raetal supports were determined
by comparison to measurements made with the
washer supported by 9 low-loss, dielectric
material such as Teflon. The highest quality

100

90

80

70

r°

*0430

20

10

to 12 14 16
RQ , Maximum Outer Radius (cm)

Fig. 5.
Shunt impedance versus cavity

outer radius at 1350 MHz.
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factor vas obtained using the smallest dianeter
supports consistent with constraints of rigidity
and supplying cooling. As expected, the lowest
resistivity (copper) supports yielded the best
results. A value uC 91Z of the theoretical 2 was
achieved for a cavity without supports, with a
B ' 0.6 PIGM1 geoaetry with radial support stem
length of approximately 0.28*. A slight l-$>rove-
ment in Q was obtained when the stems were sol-
dered in place. An additional measurement was
made in which one of the four radial supports was
converted Into a stub tuner extending beyond the
outer cavity vail . The result was similar to
that shown In Fig. 3a.

Measurements with the g « 1.0 PICMI geom-
e?:ry gave G's less than 802 of theoretical for
a geometry with a stem length of about O.35X.
A special, copper plated-alumlnum cavity was
built for the B " 1.0 PICMI washer to make thj
stem length X/4, but again, less than 80Z of
theoretical Q was measured for the n/2A mode. A
series of measurements was then made to look for
effects as predicted In Fig. S, by using an alum-
inum pillbox cavity and copper washers of differ-
ent diameters, thus requiring different stem
lengths. The predicted trends were not observed
and there was no indication of a stem resonance
effect.

Conclusions

Incomplete agreement between theoretical
and experimental results on radial washer
supports in the difk-and-washer structure
indicate that radial iteu should not be used
unless further measurements and calculations
•hoy better results. There appears to be some
agreement for the B - 0.6 cavity, but not for
the 8 " 1.0 structure. The reduction in Q and
Z presently observed Cor the 6 - 1.0
structure, *t least, appears to preclude the use
of radial stem*. For low-beta cavities, it

appears that radial ateas should be about X/4
long and have the smallest diameter consistent
with other design constraints.
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BEAM LOADING EXPERIMENTS WITH A SIDE-COUPLED STRUCTURE
C.E. McMlchael, J. McKeovn and J.S. Fraser

Atonic Energy of Canada Limited, Research Company
Physics Division, Chalk River Nuclear Laboratories

Chalk River, Ontario, Canada KOJ 1J0

Experiments to investigate the performance of
side-coupled structures under heavy beam loading
have been carried out with the Electron Test
Accelerator at Chalk River. Initially, an 18-cell
structure was excited at 805 MHz by a 1.4 MeV cw
beam. The induced power dissipated in the
structure shows a square-law dependence upon beam
current (0.013 kW/mA2) up to 12 mA. With an
externally applied field to give an energy gain of
0.1 to 0.2 MeV/m, beam was accelerated under con-
ditions designed to achieve greater than 80% beam
loading, i.e. more than 80% of the klystron applied
power was converted into beam power. These condi-
tions are important in applications of accelerators
Lo nuclear breeding.

Introduction

In electro-nuclear breeding and other appli-
cations of high duty factor linacs, heavy beam
loading of the structure is anticipated. In long
accelerators with high duty factors,where the cost
of rf power is a dominant factor, it is important
not only that the structure have a high shunt
impedance,but to an even greater extent,that the
power from the generator be delivered to the beam
with maximum efficiency. In the general case of
high reactive beam loading,^ which occurs when the
synchronous phase is not zero, maximum energy
transfer is obtained when the complex generator
admittance is matched to the cavity admittance,as
seen by the generator.

Most theoretical studies on beam loading have
been carried out for pulsed linacs or cyclic
machines,-'and the representations are not directly
applicable to control systems developed for a high-
power cw linac. There is a considerable Imbalance
between theory and experiment in this field, and
experimental data on the behavior of standing-wave
systems at very high beam loading have not been
previously reported.

An approximation to the principle of maximum
energy transfer is employed in the combined
resonance, amplitude and phase control circuits5

of the Chalk River Electron Test Accelerator (ETA),
by minimizing the reflected power. Ultimately, a
dynamic matching device might be employed to reduce
the reflected power to zero. With the first of the
two accelerator structures delivering an electron
beam of up to 22 mA at 1.4 MeV, beam loading
experiments have been carried out in the second
structure, with widely varying field amplitude and
phase.

Experimental Arrangement

The Chalk River Electron Test Accelerator
(Fig. 1) is dedicated to the study of the various

OHAEfD M t-CCtltHAIIttQ STNUCTUM

lUCTWMMUKI

Fig. 1 Chalk River Electron Test Accelerator -
1.4 to 4 MeV, 0 to 25 mA cw.

accelerator properties which are important in the
understanding of the behavior of a proton linac
that might be used for breeding nuclear fuel. The ETA
is comprised of an electron gun,a buncher.a graded-6
structure,and a 8=1 side-coupled structure
modelled on the LAMPF design. Beams up to 22 mA
cw have been accelerated so far. The energy is
continuously variable between 1.4 MeV and 4.0 MeV.

The control system has been described
previously5'^ and differs somewhat from those of
other machines. There are three separate control
loops for amplitude, phase and resonance control,
as shown in Fig. 2. Phase control is accomplished
by varying the phase of the klystron drive. A
mechanical tuner is used to keep each resonant
structure at minimum reverse power. In this way
reactive beam loading is not compensated by cavity
detuning but rather by changing the impedance of
the source.

Fig. 2 Accelerator Structure Control System
Block Diagram
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The 18 accelerating cell, 6-1 structure is
powered by a 100-kW cw,805-MHz klystron and dissi-
pates 60 kW when a 4-MeV beam is required (acceler-
ating gradient % 0.8 MeV/m). Under these condi-
tions, there is only sufficient power available to
reach 40% beam loading. Beam loading in excess of
80Z can, however, be achieved with the available
tt power supply by reducing the accelerating
gradient to between 0.1 MeV/n and 0.2 MeV/a.

The resonance control system is sufficiently
flexible to allow the structure to run at any
arbitrary power dissipation level. In tho beam
loading experiments, the amplitude and phase of the
accelerating fields were kept constant to within
IX and 1° respectively.

Resistive Beam Loading Experiments

Effect on Impedance Match

To first order, if the centroid of a sym-
metrical beam bunch reaches the center of an
accelerator cell gap when the field is maximum
(beam phase $B » 0), the beam acts as a purely
resistive load on the cavity. The ETA accelerator
structures are iris coupled to the waveguides;
for the 6*1 structure, the iris was machined to
provide critical coupling at zero beam current.
The progressive undercoupling as the beam current
is increased at different accelerating gradients
is shown in Fig. 3. The match changes with beam
loading as follows :

P + P
C. „ (overcoupled)

PREDICTED CURVES

VSWR
B

where:

PS<°o "

(undercoupled)

P~" power dissipated in the structure,P.,=
power added to the beam, Pc " power added to the
beam to critically couple the structure to the
transmission line, and ao is the VSWR with zero
beam loading.

A key component in the resonance controller
is a mechanical tuner in the bridge coupling cell.
Because of the proximity of the tuning plunger to
the iris coupler, the impedance match at zero beam
current changes with tuner position such that oo

varies from 1.0 to 1.2. A value of oo « 1.16 gives
good agreement between theory and experiment.

Change in Q

When the structure is driven at a frequency
ddiffering by Af from the resonant frequency fo,the
admittance phase angle,$A,is given by

; VSWR
PS + PC

(VSWR Q-1)P S

/

VSWRQ - i 16 y /-

l\

BEAM CURRENT (mA)

Fig. 3 Resistive Beam Loading - Impedance Match
Changes

mid-position,

if - 80 S (kHz)

where S is the linear tuner motion expressed as a
fraction of its full range. ^ was measured by
connecting the inputs of a vector voltmeter to a
field probe in an accelerator cell,and to a
directional coupler in the waveguide. The cavity
was detuned manually with the tuner and Q L

 w a s

calculated for beam loading factors up to 85%
(see Fig. 4).

BEAM LOADING FACTOR

Fig. 4 Resistive Beam Loading - Q, Changes

where Qj, = loaded quality factor for the structure.
For small perturbations about the tuner

Beam loading affects QL in two ways. Let
Qo = unloaded Q with no bean (for the 6*1
structure Qo - 24000). Bean loading haa no effect
on the energy stored in the cavity (the amplitude
controller maintains constant field), but the
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Internal energy loi« per cycle la proportional to
Ps f P.. Therefore the "unloaded" <J with beaa la
tlvcn by

r

Qb " PS + PB

However, beaa loading also changes the Impedance
aatch or coupling to the transmission line so that

for a structure critically coupled with zero bean.
Or, in terns of the beam loading factor

BL E -)100 (percent)

T. V200 - BL;#

In Fig. 4, this relation is shown to be in good
agreement with the experimental data.

Field Tilts and Shunt Impedance

The amplitude of the field in the acceler-
ating cells was found to tilt along the structure
less than 2% (field depressed in the cells remote
from the drive point at the bridge coupler) as
beam loading was increased from 0 to 85%.

Calorimetric measurements of beam power
delivered to the beam dump at the output of the
6=1 structure and of structure dissipation power
imply an effective shunt impedance of 33.6 ± 1 Mfi/m
(35.4 ± 1 Mf!/m if the bridge coupler dissipation is
excluded). A similar value was obtained when the
beam energy was determined from neutron threshold
measurements (y,n) using a D2O target after the
beam stop. No change in shunt impedance was
observed for accelerating gradients of 0.1 to 0.81
MeV/m and beam loading factors of 10 to 85%. The
theoretical effective shunt impedance for this
structure is 47.6 Mfi/m (excluding the bridge).

Reactive Beam Loading Experiments

For the beam phase angle $•% f 0, the beam
admittance is complex. The admittance phase angle
<fA was measured while $B was varied (Fig. 5). A
strong dependence on beam loading was noted. The
resonance conLroller permits small variations of
the structure resonant frequency about the
accelerator frequency during an experimental run,
causing a scatter in the measured values. Correc-
tions for this effect have been made and the data
shown in Fig. 5 are accurate to ± 2° for the 85%,
and ± 1° for the 67% beam loading cases.

The impedance match of the accelerator to
the transmission line was examined as the beam
phase was varied. The complex admittance of the

beam1, (I/V)e , combined with the conductance of

Fig. 5 Reactive Bean Loading - Transmitted
Phase Angle Changes

the tuned cavity gives, to first order,

P. + P. PB

In second order, tan *B and PB averaged over the
beam phase distribution, should be used. The
experimental data (Fig. 6) for two runs agree well
with the predicted VSWR, the match varying rela-
tively slowly while the incremental beam power
changes by more than a factor of two.

r - PREDICTED VSWR

Fig. 6 Reactive Beam Loading - Impedance
Match Changes

Cavity Excitation by a Bunched Beam

Under normal operation, an accelerator
structure is driven by two sources: the external
generator (klystron in the present work) and the
bunched beam itself. To investigate the coupling
between the beam and structure, the external
generator for the B-l structure was operated with
zero drive. Up to 22 mA from the graded-6
structure (1.4 MeV) was drifted through the 8-1
structures and the mechanical tuner manually
adjusted to keep the structure resonant at the
accelerator frequency (tuner adjusted to maximize
the induced field in the structure). The phase
and amplitude of the induced field were measured.
As expected, the phase was shifted 180" from the
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normal accelerating case. Indicating that the
structure appears as a resistive load to the beaa.

Field amplitude uas measured using probes in
the accelerating cells and a directional coupler
In the waveguide. The waveguide vas left connected
to the klystron through a 3 dB ferrite Isolator in
the waveguide. The power dissipated in the
structure (Fig. 7) was shown to vary as the square
of the beasi current for currents up to 10 mA, and
approximately linearly with beam current above 12
BA. A roughly equivalent power flow was observed
In the waveguide with a negligible amount reflected
back from the Isolator/klystron combination. Thus
the power lost by the beam was roughly twice the
power dissipated in the structure, a fact that was
confirmed by calorimetric measurements at the beam
stop after the 6-1 structure.

BEAM CURRENT (nA)

BEAM CURRENT SQUARED (mA)

Fig. 7 Cavity Excitation by Bunched l.i MeV
Beam - Structure Dissipated Power

Using the fact that the power lost by the
beam is approximately twice the power dissipated in
the structure, the fractional energy loss as a
function of beam current can be plotted (solid
curve in Fig. 8). Little additional deceleration
occurs above 12 mA which contrasts sharply with
the situation under 10 mA where the fractional
energy loss is proportional to the current. Cal-
culating shunt impedance in the same manner as for
the accelerating case,

. (Energy change per meter)2

SH Power in structure per meter

gives the dashed curve in Fig. 8.

The proportionality of induced power to beam
current squared, and energy loss to beam current,
observed here for currents up to 10 mA, has been
reported by others. Obviously with a finite input
energy beam, these relations must fail before all
the energy has been extracted from the beam. We
are unable to significantly vary the energy of the
input beam to the (s«l structure, so cannot confirm
our suspicion that the 10 mA break-point in the
curves is beam energy dependent. The shunt
impedance value below 10 mA is surprisingly low; at
15.2 M«/m it is less than half the value(33.4 MB/m)
measured when the structure was externally powered.

BEAM CURRENT (mA)

Fig. 8 Cavity Excitation by Bunched 1.4 MeV
Beam - Power Lost by Beam and Structure
Shunt Impedance

The excitation of spurious nodes, e possible
explanation for this discrepancy, is under study.

Attempts to represent beam loading with the
vector model favored by many theoretical studies
have so far been unsuccessful. However an equiva-
lent circuit model is successful in predicting
changes in VSWR with beam current and beam phase.
Fundamental considerations are adequate to under-
stand the observed changes in Q with beam loading.
For a more complete understanding of the beam-
cavity interaction further experiments are
necessary.
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DETUNING EFFECT IN A TRAVELING WAVE TYPE LIHAC

S. Aral, K. Kobayashi, E. Tojyo, and K. Yoshida
Itistitute for Nuclear Study, University of Tokyo

Tanashi, Tckyo, Japan

A 15-MeV traveling wave type electron linac is
used as the injector for the 1-3-GeV electron syn-
chrotron at the Institute for Nuclear Study, Univer-
sity of Tokyo. The resonant frequency of this accel-
erator waveguide is 2758.00 MHz at 30°C. The per-
formance of the linac, however, is improved when it
is operated with a frequency which is higher than the
design value by 200-400 KHz. It is shown that the
detuning due to the beam loading is serious in such
an accelerator waveguide in which the buncher and
regular sections are combined, and the detuning
effect can approximately be coapensated by changing
the operating frequency. The detuning effect in the
traveling wave-type accelerator waveguide was
studied both from experimental and theoretical as-
pects by using a short test waveguide.

Introduction

The microwave amplitude reduction due to beam
loading results in decreasing the energy gain, while
the microwave phase variation due to the detuning
effect not only reduces the beam energy, but also
deteriorates the energy spectrum by upsetting the
synchronism between the electron bunch and microwave.
The detuning effect has been studied by rany authors
for proton linacs, synchrotrons and storage rings.
The traveling wave (TO) electron linac, however, has
had little study except for the resistive beam load-
ing effect.1 In a linac used as the injector for an
electron synchrotron, a narrow beam energy spread is
required, so that the detuning effect is serious. A
15-MeV TW type electron linac* is the injector for
the 1.3 GeV electron synchrotron at the Institute for
Nuclear Study (INS), university of Tokyo. The INS
linac consists of a single accelerator waveguide,
which includes a buncher section and an accelerator
section. In this case, the phase shift produced by
beam loading in the buncher section is carried along.
The beam loading in the accelerating section becomes
reactive, and the detuning effect is severe. In
designing the INS linac, the effect of resistive
loading was considered but that of, reactive loading
was not.

Operating Characteristics of the INS Linac

The specifications and microwave characteristics
of INS linac are summarized in Tables I and II. It
has been confirmed by low power test that the accel-
erator waveguide was constructed with the resonant
frequency within +100 KHz of the design value. In
the actual operation, however, it is found that the
capture efficiency of injected bean, the energy gain
and the energy spectrum of output beam are improved
by setting the operating frequency higher than the
design value of 2758.00 MHz, by 200-400 KHz. The

above operating characteristics measured in rela-
tion with the beam current and operation frequency
are shown in Figs. 1, 2 and 3. Since the differ--
ence between the optimum and design frequencies
increases in proportion to the accelerated bean
intensity, these phenomena seem to be due to the
detuning effect in the accelerator waveguide. To
examine the phase relation between the electron
bunch and the accelerating field when the operating
frequency is changed, the microwave phase shift
caused by the beam loading in the accelerator wave-
guide has been measured. The phase shift is ob-
tained by comparing the rf phases of the input-to-
output rf with and without beam loading. The
experimental result is shown in Fig. 4. It is
seen from the behavior of the phase shift, that the
bunch surmounts the crest of the accelerating
field when the operating frequency is changed to
higher values. And, it is also clear that the
acceleration efficiency is best for the frequency
that produces a phase shift slightly greater than
zero.

Table I Specification
Length of accelerator structure

Type of construction

Huaber of c*vltle* In buncber section

Musber of cavities in Tegular section

Accelerating «©Je

Frequency
Unloaded Q

Total voltage attenuation

Filling tlae
Input RF power

Injection voltage

Beau energy

1MM current
lea* pulse length

Energy spread

•^petition rate

of IMS Linac
"-2.5 o

seal constant gradient

9 <3 sttj>)

51 (4 step)

2 / 3 *
2758.00 MU (at 30*C)

120O0

0.45 neper

0.5 usec

7HH

100 CT
15 HeV

2S0 aA

2 vsec

5 X

2i.s n»

Table 11 Dimensions and Microwave Character'
istics of Accelerator Waveguide

11

• I I
BUI

• I

( I I

K i n

KIT

2*

(—)

29.755
27.111

26.522

25.5M

24. 0t»

22.255

19.893

2b

( » )

ffl.236

M.3M
H.IK

J5.M2

«5.«»

»5.0»

M.5B7

t

<»>

28.0M

35.31*
35.900

36.233

26.233

36.233

36.233

h
0«tt)

27SS.0U

275B.02?
2758.051

J75B.0O5

2758.027 •

VC

0.7753

0.97W
O.fWt

1.0000

1.0000

1.0000

1.0000

V*

3.0»xlO"2

2.39
2.24

l . M

1.62

1.13

0.7S

Otfm)

2»
49

50

50

53

55

5*

* 1 mi * in etc firct calves Man tbe baacber and the regular

sections, respectively. fo>
 Vg/C, and rQ are exserlantal
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Experiment with a Test Accelerator Waveguide

In the actual linac, information about the
detuning effect Is obtained only fron the output
bean or the rf power to the dummy load, and the
Interaction of the bunch with the accelerating
field along tte waveguide cannot be directly
observed.

In order to investigate the correlation
between the 1W accelerator waveguide and the
detuning effect, a test accelerator waveguide
was fabricated. As shown ia Table III, the
structure of the test waveguide was exactly the
sane as a part of the regular section of Che INS
linac. By passing the hunched beam fron the INS
linac through the test waveguide, the detuning
effect was studied systematically and analytically.
The measurement system is Illustrated in
Fig. 5. The microwave power to excite the test
waveguide was distributed from the traveling wave
tube amplifier in the rf system of the linac, so
that the electron bunch and the microwave in the
test waveguide were synchronous wit!) each other.
The phase relation between the bunch and the rf
wave was determined by the line stretcher (A)
which allowed various conditions of beam loading
to be produced.

Table III Parameters of Test
Accelerator Waveguide

Type of construction

Nus&er of cavitlea

Dluaeter of Jlsk hols (2a)

Dimeter of cylinder (2b)

Distance between disks (d)

Disk thickness (t)

Accelerating node

Frequency

Morswllzed group velocity vg/c

Normalized phs.se velocity vp/c

Unloaded Q

Peak shunt lopedance

19.893 »
84.587 n
36.233 na
5.000 »•

2/3 i>
2758.00 HHi (at 30*C)

/.97 « 10"3

1.00

11600

58.0 HSI/B

The variation of the output power and the
phase shift due to the beam loading were
measured by letting the bunch ride on the various
phase of the external driving field. In this
measurement, the INS linac was operated with the
resonant frequency of the test waveguide without
the beam loading. The results are shown in Fig.
6. The rf power released from the exit coupler
varied sinusoidally with the phase on which the
bunch rode, and the phase shift of the accelera-
ting field varied most steeply when the bunch was
near the crest of the accelerating field. These
results are similar to that for the standing wave
accelerator.^

Studies were made to see if the phase shift
due to the reactive beam loading could be
compensated by changing the frequency of the
external driving field. The phase snifter was
adjusted with the beam switched off to minimize
the vector suamation of two microwaves to the
magic-T . When the beam was switched on, the phase;

of the accelerating field shift due to the
reactive bean loading, aad the vector summation
of the two microwaves, deviated from the miniinrn
value. To minimize the vector sunaation again,
the frequency of the external driving field was
adjusted and the degree of the frequency change
was recorded.

As seevi frcm the experiwentaJ. results in
Fig. 7, the frequency must be changed to lower or
higher value for the phase shift condensation when
the bunch is before or behind the crest of the
accelerating field, respectively.

Theoretical Analysis

The detuning effect in the test accelerator
waveguide Is analysed here by normal node analysis
for a microwave cavity, which has been developed by
J.C. Slater, T. NIshikawa and others.*-7

The TW accelerator waveguide can be regarded
as composed of a chain of unit resonant
cavities. The wave equation in the unit cavity is
represented as

df

(1)

where J is the current density of the electron
J>eam, I is the electric field in the unit cavity,
Ea Is the a-th normal mode field in It, u>a is
the resonant frequency of the unit cavity without
the beam loading, QQ is the unloaded Q of the unit
cavity and eQ is the dielectric constant of
vacuum. Ea can be written as I a - iaoe~^

z in
terms of the propagation constant of the micro-
wave, kz and the amplitude of the normal mode
field, Eao. In the TB type accelerator waveguide,
the stored energy of the microwave is propagated
with the group velocity Vg. It can, therefore, be
considered that the unit cavity, for which eq. (1)
holds, moves along the waveguide with the
velocity Vg.

The right hand side of eq. (1) represents
the external force of the forced oscillation and
can be expressed as

(2)

where $b is the phase of the external field on
which the bunch rides, F is the fora factor of
the bunch and Ij is the peak beam current. F Is
assumed here to be unity.

The relation between the amplitude of the
normal mode field E a 0 and the peak shunt impedance
r is given by the equation,

(3)

When the axis of the accelerator vaveguide Is
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defined as the r-exto, the entrance of the waveguide
belns the origin of the coordinates, the electric
field at i le obtained by substituting the rela-
tion, t • i/vg, Into the solution of eq. (1), as:

SB(z) - {Eoe"
D(l-e" 2vgQ<f)}

where Eg is the electric field amplitude at z » 0
and t - 0. The first and second terms of the
right hand side in eq. (4) represent the attenu-
ation of the external field and the build-up of
the bean Induced ffeld, E b - Ior, respectively.

The phase shift of the accelerating field is
regarded to be the result of the detuning of the
accelerator waveguide due to the beam loading.
The wave equation in the unit cavity, eq. (1), iB
rewritten by using the relation,
/EEjdv - constant •eJwt, as:

"a e0«*>a JiE*dV
The imaginary part In the right hand side of

eq. (5) represents the reactive component of the
beam loading and its contribution to the resonant
angular frequency shift, Aai • a - ua is:

Au = J ^ _ -E0T£bsin*frb
Au = J ^
"i 2Q0 E^T

2+E|(l-T)2-2E0TEb(l-T)cos*b '
(6)

where T represents the attenuation of the micro-
wave in the accelerator waveguide,

e~ 2vgQ0
z- 'lhe r e al Part represents the resistive

component, and gives the beam quality factor, Q, :

% Q° E2T2+E|(l-T)2-2E0TEb(l-T)cos*b •
(7)

The total Q, Qr, is given by QT - Q0Qb/(Q0+Qb),
and the contribution to the resonant frequency
shift is :

(8)

The whole resonant angular frequency shift due to
the beam loading is given by eqs. (6) and (8) in
the following form,

EoTEbsll"frb
E2T2+E|(l-T)Z-2E0TEb(l-T)cos*b

(9)

When the resonant frequency of the accelera-
tor waveguide changes by if, the phase velocity
of the accelerating field is, assuming the group
velocity to be constant around the resonant
f .equency, given in the fora,

(10)

where X. and f. are the guide wavelength of the
accelerating field and the original resonant
frequency.

The ohase difference between the accelerating
fields with and without the bean loading can be
written as

(11)

where vp is the phase velocity without the bean
loading and L is the length along the accelerator
waveguide passed by the waves. The rf power at
the position z is expressed in terms of the
electric fields as

P(z)

- 2 (12)

Ene 2v,ioe 2vgQ0

po <z> - ir *¥ v * - *m« w <13>
where Pin is the input power to the accelerator
waveguide and Pg(z) is the rf power at z,
without the beam loading. Numerical results are
shown in Fig. 6.

Finally, the subject of compensating the
phase shift due to the beam loading by changing the
operation frequency will be discussed. As &een in
eq. (9), the resonant frequency varies with the
position along the accelerator waveguide.
Therefore, when the operation frequency is changed
to make the phase shift zero at the exit of
the waveguide, the new frequency is a certain mean
of the resonant frequencies o£ the cells in the
accelerator waveguide.

The value of frequency change for the coapen-
sation as defined above has been calculated as a
function of the bean current and the phase of the
external field on which the bunch initially rides.
The calculated result is compared with the experi-
ment in Fig. 7. It is seen that both results
agree well with each other.

Analysis of the Operating
Characteristics of IMS Linac

A program for tracing the baam based on
the above mentioned theory of the detuning effect,
has been developed in order to analyze the opera-
ting characteristics of INS linac. In the beam
trace calculations to date, the rf power
loss due to the beam loading and the wall
resistance of the accelerator waveguide have been
taken into account, but the detuning effect due
to the beam loading has cot been considered.
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In the calculation, the following assumptions
are used: 1) the group velocity of the Microwave
rexains constant when the resonant frequency varies
due to the bean loading, or the operating frequency
is changed from the resonant frequency of the accel-
erator waveguide; .2) since the frequency passband
of the TW linac is wide, the rf reflection due to
the detuning of the accelerator waveguide can be
neglected; 3) the value of the phase shift due to
the bean loading, when the linac is operated with
the frequency different from the resonant frequency
as determined from the mechanical dinensions, is
obtained by the sane method as for the case of
operating with the resonant frequency.

Calculated results, together with the experi-
mental results of the output beam current and the
beam energy, are shown in Figs. 1 and 2, respec-
tively. The calculation of the energy spread is
shown in Fig. 8. The calculated results of the
microwave phase shift due to beam loading by passing
through the whole accelerator waveguide are indica-
ted in Fig. 4, with the experimental results. Since
the present program gives a good explanation of the
experimental results at the exit of waveguide, it
is concluded that the methods of the analysis and
the calculation are both correct. The state of de-
tuning inside the accelerator waveguide, which
cannot be directly measured, has been estimated.
The results of the resonant frequency shift, the
phase shift due to the beam loading, and the effec-
tive loading angle of the bunch, are indicated in
Fig. 9.

Conclusion

From the experimental results and the theoret-
ical analysis, it has been confirmed that the de-
tuning effect on the accelerating field deterior-
ates the acceleration performance of the linac which
performs bunching as well as the beam acceleration
in a single accelerator waveguide.

The detuning effect can be compensated fairly
well by taking the operating frequency higher than
the design value.

The disks and the cylinders of the waveguide
can be machined with an accuracy of a few um, and
the accuracy of the phase advance in the acceler-
ator waveguide is better than three degrees. This
mechanical accuracy has been regarded to be of
major importance in providing an electron beam with
as narrow energy spread as possible. Even if the
accelerator waveguide is constructed with extreme
mechanical accuracy, however, it is of little use
unless the detuning effect due to the beam loading,
which causes the phase shift amounting to some tens
of degrees, is taken into account.

The ideal design for the future accelerator
waveguide including a buncher section should be as
follows: when very narrow energy spread is required,
as in the case of an injector for a synchrotron,
each cavity of the accelerator waveguide should be
designed so as to resonate at the operating fre-
quency under the expected beam loading conditions.
However, it is complicated and not practical to

make an accelerator waveguide with cavities having
different resonant frequencies. It Is better to
design the cavities of the waveguide to yield the
phase advance which is correct when the beam load-
ing exists. Although such a linac is, to be exact,
for a specific amount of bean loading, the average
performance will be much better than that for no
beam loading. The phase advance for each cavity
can easily be determined by the bean loading de-
tuning theory presented in this work.
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Fig. 1

2J5I.O 27SJ.5
FREQUENCY (MHz)

Frequency dependence of the output beam
current of the linac for the injection
currents of 300 mA, 600 mA and 900 mA.
The curves are calculations.
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Fig. 2 Frequency dependence of the
output beam energy of the
linac.
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Fig. 3 Frequency dependence of
the energy spread of the
output beam. The solid
lines are the beat fit
curves to the experimental
values.
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Fig. 5 Experimental setup for
investigating the defuning
effect in the test waveguide.
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Fig. 6 Phase shift and output
power of the microwave
riding the bunch on the
various phase. Input
power is 8.2 Watt.
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Fig. 7 Frequency change needed in
compensating the phase
shift due to the beam
loading. Input power is
8.7 Watt.
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Fig. 9 Calculation of phase shift, resonant
frequency shift and change of the
effective loading angle along INS linac
for the operation frequency of 2758.00 MHz.
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Fig. 8 The calculated result for
the frequency dependence of
the energy spread.

Discussion

Miller, SLAC: I believe .1. Haimson has worked on
this same problem and many have reported on his
work in one of the IEEE Particle Accelerator Pro-
ceedings, or perhaps in the linear accelerator
book edited by Septinr.

My question is this: since the phase detun-
ing is dependent on beam intensity, doesn't it
make sense to correct for the phase detuning by .
adjusting the operating frequency as you have
done?

Aral: The designed beam current of the INS linac
is about 200 mA.

Miller: Or can one perhaps pick an intermediate
current over the range of which you want to run
and then have a pretty good design over a wide
range?

Leiss, DOE: Of course with a single cell machine
you have, not only possible beam dc. tuning, but
also the bunching and stable phase angle depend
on current, so it is very complicated in a one
section machine.

Miller: In a multiple section machine yon can
always correct for this effect by appropriately
phasing the downstream sections. And I think it
does not have a striking effect on the bunching
itself, rather on the phase with which the bean
rides after it essentially reaches the velocity
of light. This occurs because the bunching
occurs very early in the structure.

Aral; I agree with your opinion.
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PARTICLE ACCELERATION WITH T E O U CAVITY
Z. D. Farkas

Stanford Linear Accelerator Center
Stanford University, Stanford California 94305

Presently» the maximum effective electric field, Efl>
in an accelerating structure is limited by the available
peak rf power. If the structure is superconducting, the
peak power requirements are reduced by several orders of
magnitude* but E a is limited by electron loading caused by
surface electric fields. A right circular cylinder IEQ2I
cavity has no surface electric fields and therefore, E a

Is not limited by electron loading, but can reach a much
higher value, which is limited by magnetic breakdown- A
particle traversing the cavity along a chord of a cylin-
der wall circle gains a net voltage. This paper calcu-
lates the shunt resistance of a TEon structure. It con-
cludes that for the same E a > a 4.2°K TEQI, structure at
500 MHz requires 1/1000 the peak power and one fourth
the average power of a non-superconducting TMQJO
structure, and can sustain an E a several times greater
than presently allowed by a superconducting
TM 0 1 0 structure. Acceleration by a I^ill r i g h t circular
cavity is also considered.

Cavity Fields

The JJ cavity fields are:

= HJo(3.832r/a) sin (irz/L)

= Hn(A cA) J1 (3.832r/a) sin (uz/L)

- H(X A > J, (3.832r/a) cos (nz/L)
C g *where:

a is the radius and L i£> the length of the cavity. The
relative field values are shown in Fig. 1. Using PQ-uD

Fig. 1. Relative
field valuer along
a radius at z = L/2.
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and integrating E" or H over the volume of the cavity to

obtain U, we have:

H - Hzm = 2/2 (D/D/irnUDAMpQ)^
2; P - 2a

To obtain Q, it is necessary to integrate the square
of magnetic field over the cavity surface. It is given
by:

.168(D/L)2]1-5/£l + 0.

Figs. 2 and 3, a charged
given by:

E dx

particle gains a voltage, V,

Particle
Path

Fig. 2. Electric field circle and beam path
in a TE 0 1 1 cavity.

Fig. 3. Coordi-
nate system and
field lines at
z - L/2.

irlicle Path

For copper,Rs - 2.61 x 10~ f ' . Rs is the surface re-
sistance in ohms, f is the frequency in MHz. Thus, for
a given power dissipated in the cavity, the value of the
maximum electric field, E^m, and E^ at any point in the
cavity can be obtained.

TEflll Cavity Shunt Resistance

After traversing a path tangent to the E^ circle,
located at the middle of the cavity axis, as shown In

where E x is the amplitude of the instantaneous electric
field in the x direction, as seen by a particle which
arrives at the y-axis when the electric field is maxi-
mum. E x » Ei m at y » 0.48a and x - 0. E,; decreases
from its maximum value due to 3 factors:

1. The space factor S f ; the amplitude of E^ de-
creases as r deviates from r - 0.48a.

2, The direction factor D^j the x component of
E decreases as we move away from the y-axis.
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3. The tine factor, T^; E. decreases with time
as we move away from the y-axis. Thus,

where

Sf - J1(3.832r/a)/J1<1.84)

D. » cos $ » y/r

T, » cos (2irxA)

(x2 y 2 ) *

The value of ̂  as a function of x/a at y» 0.48a with
D/L»l is plotted in Fig. 4. After integrating E dx

Fig. 4. Acceler-
ating electric
field, E^, vs
normalized dis-
tance, x/a.

numerically the voltage change along the particle path per
Watt dissipated in the cavity is obtained, and hence its
shunt resistance. The ratio of the TMoio shunt resistance
to the TEon shunt resistance for a \/Z length cavity,
which is defined as the degradation factor, Df, of a TE011
cavity is 39:1. Nevertheless, a superconducting TEon
cavity requires less rf and line power than a copper v

cavity.

The rf and line power ratios which are defined as the
rf and line power inproveroent factors, respectively, are:

multlpactoring, which has so far resisted solution,, is by-
passed. True, the beam hole creates a surface electric
field, but the field is localized, and is 3maller than
the TMQIO surface fields. But even if not lim-
ited by the maximum effective electric field, the
cavity might be preferable because of its following
unique characteristics:

1. There art no axial currents, and no currents
between cylinder wall and end plates, so it
can be put together without the need for
exotic methods, such as electron beam weld-
ing.

2. The simple topology facilitates chemical
processing and coating the surface with
exotic superconductors.

3. The surface can be protected by aa oxide
coating so that exposure to air will not
deteriorate the cavity. In a TMoio
cavity, the electric field lines are
normal to the surface and pass through
the oxide layer and cause prohibitive
losses.

For an Nb cavity at 4.2°K, the maximum accelerating
gradient is 13.7 MV/m, the maximum accelerating loten-
tial, at 500 MHz, is 8 MV, for an rf input of 3 kW and
line power input of 1 MW. For the same 8 MV, a copper
cavity requires 7 MW rf and 10 MW line power. If
Nb3Sb is used, the rf and line powers are further re-
duced by the improvement factor of Nb^Sb compared to Nb.
At Wuppertal, 2 an Improvement factor of 50 has been
achieved. It is possible that with TEQJJ cavities
the theoretical value of 200 can be approached.

Accelerating Structure

Several cavities can be placed in tandem to form
an accelerating structure as shown in Fig. 6. Because

frf Sif/Df> Ir£/E*rfReff

where S^f is the superconducting (surface resistance)
improvement factor, Ejirf is line-t o-rf power klystron
efficiency, and Rgff is the refrigeration factor. For
Niobium1 at 4/2°K: Sif = 109f-l-5, Reff » 350. Asaume
E£rf = 0-7- T h e r f a n d l i n e Power improvement factors
are shown in Fig. 5.

2500

Fig. 6. Coupled cavities accelerating
structure.

L. 500 -

Fig. 5. RE and line power Improvement factors

vs frequency.

Why not use superconducting TMQIQ cavities? One
reason is that at frequencies less than 1 GHz, the ef-
fective accelerating field of a superconducting TEQJ^
cavity, 14 MeV/m, is greater than can be sustained by
a superconducting TMQ^Q cavity. The electric field
lines are generated by induction and do not end on
charges. (The"hang-loose'inode.) Thus, the problem of

the length along the particle path of an optimized cav-
ity Is approximately X, the degradation factor per unit
length (the ratio of the per unit length shunt resis-
tances of the TMoio over a TE Q 1 1 cavity) is twice as
large as Dj for a single cavity. Thus, for structures
the values of the improvement factors given in Fig. 5
should be halved. The cavities can be parallel-coupled
with a TEM line similarly to the CESR 3 structure.

Perturbation of Cavity Geometry

It Is hoped that the holes for the beam passage and
for coupling into and between cavities, will not perturb
the TEQJJ mode sufficiently to negate its advantages.
The geometry can be adjusted, put drift tubes inside
the cavity to shield the particles from the E field near
the wall, or the cavity made elliptical. Both perturba-
tions will increase the norrsuperconducting shunt resis-
tance and the maximum gradient.butwill cause E-lines to
terminate on the surface and negate the main justification
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for using the T E o n mode. If these perturbations
are carried to their logical extreme, a ridged
cylindrical T E m cavity (shown in Figs. 7 and 8), or

Fig. 7.

Fig. 8. E--- cavity with rectangular ridge.

an elliptical T E m cavity result*- The ratio of surface
area and volume of a TEii, to a TMQ^Q cavity, and hence
their shunt resistance and R/Q are comparable. There-
fore, even though a TE-QJ cavity does not have the main
advantages of the T E Q H cavity, I.e., no E field termi-
nating on the surface,and no current between cylinder
and end plates, it should still be considered for
particle acceleration because it offers the following
advantages over a THQIQ cavity:

1.

2.

3.

Asymmetrical transverse cross-section - the
width can be made arbitrarily long (at the
expense of shunt resistance).

A

As with the Muffin-Tin structure, there
are no cavity wall currents across the plane
of the maximum E-field, and there is no
current across the plane z = L/2. There-
fore, blind-holes can be machined in two
half-blocks,which can be linked together
to form a TE^l structure as shown in
Fig. 9.

No E-flelds teirainate on a flat surface.
Generally, a T K Q I O structure cell is cir-
cular in the transverse direction and
rectangular in the beam axis direction. To
prevent multipactoring, Wuppertal^ made the
cell also circular in the beam axis direc-
tion, resulting in a spherical cell. The
TE111 c e l 1 £ o e s o n e s t e p f u r t h e r a n d makes
the transverse cross section rectangular.
Even though there Is a flat plane, there
are no E-lines terminating on it because of
the nature of the mode, and therefore the
^111 c a v^ ty should resist multipactoring,
as does a spherical cavity.

Because of cylindrical geometry, the TE 1 1 1

structure is easy to machine and make
mechanically rigid. Also, tubes can be
drilled across the cylinder wall and end
platea to achieve good cooling-of the cavity
material near the beam aperture.

Easier removal of higher order modes, and
lower higher order modes shunt resistance.

Fig. 8. Accelerating structure formed by
ridged cylindrical TE11_ cavities in tandem.

Other Types of Geometric Alterations

One reason for the low T E Q H cavity shunt resistance
and low maximum field gradient ,1s that only a fraction
of the electric field circle Is used for acceleration.
One way to get around this is to place a toroidal con-
ductor along the E-circle with a gap for the beam path.
This will substitutetover a large fraction of the E-cir-
cle fconduction current for displacement current. The
complete E-clrcle voltage will not be recovered,because
the cavity will become smaller and the unloaded Q will
decrease. This modification makes this cavity the same
as the *onne cavity -* except without the twist.

A way to make use of the high Q and large energy
storage capacity of a TE 0 1 1 cavity and still have an ef-
fective high shunt resistance and field gradient,is to
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1.

place a sapphire, gas-filled tube similar to the one des- References
cribed by Birx and Scalapino,6 along the B-field cir-
cle with a gap at the beam path. When the field in the
cavity reaches a given value, the gas breaks down and
the tube becomes a conductor. Because the nagnetlc field
threading the tube does not change instantaneously, the
full E-ring potential should appear across the gap. In
effect, the storage and accelerating cavities are one
and che same. If the above postulates are indeed true,
then for one watt input to a copper cavity, the ac-
celerating potential across the cavity is (itD/2) E^,m -
5000 volts. The effective shunt resistance is 25 meg-
ohms ,about the same as for a TMoio cavity. For a nio-
bium cavity at 4.2°K, at 500 MHz, the maximum voltage
limited by magnetic breakdown is 90 MV and the maximum
gradient is 100 MV/m.

4.

Conclusion

It was shown that the TE 0 1 1 and TBJJ, cavities
have possibilities for particle acceleration and merit
further study.
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C-BAND SUPERCONDUCTING CAVITY RESEARCH AT KEK
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Fabrication and surface preparation techniques
have been studied on C-band TMQIO niobium single
cavities. A Qo of 1010 and effective accelerating
field strength of 10 MeV/m have been obtained by
electro-polishing, anodizing and vacuum firing.

Electron acceleration has been tested with a
nine-cell n-mode structure. A preliminary test re-
sulted in an accelerated beam at 0.64 MeV with 70
keV injection energy, corresponding to an effective
accelerating field strength of 3 MeV/m.

Introduction

Superconducting cavity research is being car-
ried out at KEK to obtain further understanding of
rf superconductivity, and explore the feasibility
of applying superconducting rf structures to a
future accelerator such as a large electron storage
ring. Cavity geometry, cavity fabrication tech-
niques and surface preparation methods have been
investigated to obtain high quality factor QQ and
high accelerating rf fields in a pure niobium TMOio
single cavity.

C-band (6 GHz) has been chosen as the n, .oro-
wave frequency because the size of cavities are
convenient to handle, and microwave equipment is
commercially available, as this frequency band is
being used for the satellite communication.

Electron acceleration by a nine-cell C-band
structure has been demonstrated and used to study
problems typical of superconducting accelerators.

In the future TRISTAN1 project, the orbit
bending radius will be at most about 250 meters,
which comes from the limited area of KEK campus.
If a normal conducting rf structure is applied to
the electron ring of TRISTAN, the electron and
positron energies will be limited to ^20 GeV due
to the huge rf power requirement. To obtain
higher energy for the electron ring, the feasibility
of a superconducting rf structure is now being con-
sidered at KEK, and 500-MHz niobium cavity research
has been started.

This report describes the results obtained up
to the present for C-band cavity research.

Single Cavity Experiments

Cavity geometry

From the viewpoint of the reduction of surface
electric and magnetic fields, and concern about
electron multipactoring, several kinds of cavity

geometries were studied, both by LALA computation
and experiment. Three typical geometries are
shown in Fig. 1. Type A is round-cornered with
the beam-hole edge of circular cross-section.
Type B is sharp cornered2 with the beam-hole edge
of elliptical cross-section,3 and Type C is a
spherical cavity with the beam-hole edge of ellip-
tical cross-section. Beam-hole diameter is 10 mm
for Type A and IS mm for Type B and C.

Cavity fabrication and surface treatments

Each half cavity was machined from solid
niobium rod and electro-polished, removing 100-150
Urn from the surface, and welded together to form
complete cavities. They were electro-polished
again slightly, anodized at 50 volts in NHitOH
solution and heat-treated at 1500-1600°C in iO"8

"orr vacuum.

For the 5C0 MHz, it is planned to form the
half cavities by spinning or coining. C-band
cavities are also under preparation by spinning.

Most of the cavities were welded by electron
beam welding; argon arc welding was also tested.
The welding torch and rotating jib were mounted
in a vacuum vessel, which was filled with pure
argon gas after first evacuating the vessel.
Argon arc welded cavities showed almost similar
rf test results compared to the electron beam
welded cavities.

After firing in a vacuum furnace, cavities
were assembled to a coaxial window. This process
was done mostly in the air, after which the cavi-
ties were evacuated and pinched off.

Results of single cavity tests

Fifteen cavities were fabricated and tested.
Some cavities were tested several times after re-
processing each time by anodizing and firing.

Figure 2 shows the results for these tests.
Open circles are for cavities of Type A, triangles
are for Type B and squares are for Type C. Black
dots represent multipactoring breakdotm for Type A.

Figure 3 shows Qo for increasing rf field at
1.5°K for the typical Type A cavity.

Several observations can be made from the
present results:

Multipactoring breakdown was observed for a
few cases of Type A cavities. The electrons were
observed by a biased voltage collector.

The effects of various cavity shapes are not
clear in this frequency band but surface
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preparation effects are more dominant.
No x-ray radiation was observed.
In recent experiments, heat pulses were ob-

served at the bottom wall of the cavities at the
breakdown field level.

Electron Acceleration by a Kine-cell Structure

A C-band, ir-mode, nine-cell structure as
shown in Fig. 4 was fabricated by a method of
preparation similar to that of the single cavity.
Phase velocity was 0.85c for the injection elec-
tron energy of about 80 keV. End cavities have
slightly different diameters to obtain the flat
field distribution on the axis. Dimensions were
determined by calculation and also from the exper-
imental results of the three-cell structure. The
irregularity of the axial field distribution
measured by the bead measurements has not yet
been compensated by squeezing the cavity wall.

A schematic drawing of the arrangement for
the acceleration test i s shown in Fig. 5. Elec-
trons were injected from a 100-kV gun through an
inner conductor pipe of a coaxial rf line, into a
niobium structure.

The preliminary test showed that Qg for the
ir-mode was 5 x 108. The effective accelerating
field was 3 MeV/m and accelerated electrons reached
an energy of 0.64 MeV with injected energy of 70
keV. Beam intensity was a few yA and FWHM of the
energy spectrum was 0.1 MeV.
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Discussion

R.H. Miller, SLAC: Is the 500-MHz cavity intended
for use in a storage ring or a linac?

Kojlma: We are now considering the feasibility
of using superconducting rf cavities for the
TRISTAN electron ring.
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Two models are considered for defining the
electrical parameters of biperiodic slow-wave struc-
tures (BSWS) with beam loading. The first model is
represented by a chain of coupled cavities and the
second one by a chain of lumped-parameters circuits.
The feeding waveguide is accounted for in both
models. Two computing programs which use a finite
difference Method on a square mesh were written.
Some computational results are given.

Introduction

A number of requirements in radiography and
medicine, strongly demand development of compact
standing-wave electron linacs. Theoretical and
experimental research on the performance at low
and high power levels, at bip<iriodic slow-wave
linacr, made it possible to start commercial pro-
duction of these machines.

The design of standing-wave electron linacs
requires the development of. computer programs. In
the modelling of biperiodic slow-wave structures
(BSWS), two models were considered. In the first
model, the BSWS was represented by a chain of
coupled cavities; in the second a chain of coupled
lumped circuits was used. In both models the
rectangular feed guide was taken into account, and
considered to be essential for the design of a
standing-wave linac with a 3 db hybrid junction
rf feed scheme.

Biperiodic Slow-Wave Structures
As A Chain Of Coupled Cavities

In this model all if and accelerating systems
are divided into two regions: the biperiodic slow-
wave structure proper, and the feeding waveguide
(Fig. 1). This separation is quite practical be-
cause it allows regular and irregular regions to
be considered independent of each other. The
boundary lies on the surface of the coupling iris.
The thickness of the separating wall is assumed to
be negligibly small. Considering the tangential
component of the field at the boundary to be known,
one can evaluate the electromagnetic fields in
regions I and II. Indeed, to preserve continuity
of magnetic field as one goes through the opening
in the iris, the following equation mist be valid:

excited by some external sources and ̂ by a tangen-
tial electric field, Etg. ^"t, and Flij are
normals to the boundary surface directed corres-
pondingly into regions I and II. Assume first
there is no current in the BSWS. Then, according
to the superposition principle, and taking into
account that ieam0, for a linear system it is found:

The Ritz-Galerkin method2 can be used to solve
equation (2). In this method, the field is repre-
sented as an expansion in the full system of co-
ordinate functions :

Substituting (3) in (2), and after the usual
transformations, yields a system of linear equa-
tions with respect to unknown coefficients «)•
(the order of the coefficients is determined by
the number of the coupling slots and the number of
coordinate functions taken into account):

dS

where-Jm is the complex conjugate of 9 m , "slot
is the surface of the coupling slot. The
accuracy of solving (4) depends on the number of
terms in (3). For terms of (3), take a set of
coordinate functions Vjj and ifo which have to
satisfy the wave equation and homogeneous boundary
conditions on the coupling iris:

where fT is the normal to the surface. In this
case

Here H and H are boundary magnetic field
vectors in regions I and II. The fields are
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The next step i s to find H1 and H11 in («).
The Kysun'ko method2 can be used for the deceraln-
scion of the magnetic f ield H1 In the feeding
waveguide. According to this method, the electro-
magnetic field i s represented by a series in
eigenvector functions

(5)

It ia assumed that the electric and Magnetic fields
to be determined in (8) can be expressed as

CL

where unknown coefficients TJo,T-f are derived
from the so called waveguide equations. To fjjid
the first term in the left side of (4), WJ(0, 9<>)
must be determined (the value of the magnetic field
which is excited in the rectangular waveguide by
the component ̂ p a t the iris). Then, in accor-
dance with (5), and taking into account that in
(4) the unknown field if a part of the vector
product, it will suffice to derive only the field
transverse components in region I at the coupling
iris.

For the ultimate solution of (6) i t is necessary
to write eigenvector functions ott> 35ft an<* coor-
dinate functions S in explicit form. Eigen-
vector functtonsAandJ^J are formed in a similar
manner to Jr, P^Ogfyxn the right-hand side
of (6) is defined likewise, but the source here
is j?ex > a microwave generator and the coupling
ir is is metal coated, i .e . E*. - 0. In this case

(7)

where A^ depends on. magnetic wave power (with index
h) flowing into the iris:

= L
Z

The last term in (4) must be defined. This problem
is similar to the definition of fields in a BSWS
with a side hole in one of its cells. The struc-
ture is excited by tangent field Et or its compon-
ent Jp • For ̂e solution Slater's equation3

will be used with the method described in Ref. 4,
5. As shown in Ref. 6, a set of equations with
respect to complex amplitudes Un and 1̂ , for a chain
of cavities coupled by slots, has the following
form:

=2_, Um*X>mn. ? fin." £_ linn.

where n is the cavity number,&ait an&flmn are
electric and aagnetlc field eigenvectors in cavi-
ties without slots. In (S), (jimn is the frequency
of the m-mode in n-cavity, Qmn is the quality
factor of the cavity, E ^ is tangent electric
field on the surface of the coupling slot. In the
following considerations, the fields in cavities
of a BSWS will be represented by the first term
of expansion in functions £m andf[rn . In case
of axially symmetric cavities, it is similar to
considering the Eoio mode (m=l). If the coupling
slots are narrow enough and cut along the azimuthal
coordinate near the side wall, they can be repre-
sented by a transmission line with a T-mode wave.'1'3

Then the integral over the slot between cavities
n and n-1 looks like:

Here r3 is the location of slot radius; f, is the slot
length; k - m/9k . The equation set (8) is non-
homogeneous, due to the tera

(10)

Since Etj in (10) is identically equal
the definition of the remaining term in ^
is carried out in the following way. After substi-
tuting «pB/ for Etj in (10) and taking the
integral, (8) must be solved with the right-hand
side in the form of (10). The solution is carried
out separately for every component of the tangent
electric field Etj . From (8) amplitudes In, Vn

of the fields in cavities of BSWS with a feeding
waveguide are obtained. The value of the magnetic
field at the coupling slot is substituted into (4)
for the ultimate integration. When all the terms
of equation (4) are finally determined, it may be
solved with respect to Bf by any appropriate
method. The solution allows evaluation of the
dispersion relation, input impedance, reflexion
coefficient and the electric field distribution in
the structure. The beam loading problem for the
first model of BSWS is solved by the introduction
of terms containing the beam current J^ into (8)

(11)

To express (11) in explicit form, assume that the
continuous beam entering BSWS has constant density.
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Divide this beam at every time Interval (0,T there
j n CT/co } into M eleaentary bunches. Each bunch
can be represented by the f irs t harmonic of the
Fourier series . Then (11) becomes

where r/< is the field phass when the bunch appears
at the cavity entrance and xpix. is the field phase
when it leaves the cavity. I is the peak current.
With the terms like (12) present,the equations set
(8) and consequently (4) become non-linear, and an
iteration method is used to solve them. At each
iteration, the solutions of (8) and (4) were com-
bined with the solution of the longitudinal motion
equation for the bunches in BSWS. This method
allowed evaluation of the longitudinal electron
dynamics in BSWS, and takes into account the beam
loading influence on the parameters of BSWS.

Biperiodic Slow-Wave Structu.ee As A Chain
Of Coupled Lumped-Farameters Circuits

Figure 2 shows an equivalent circuit of a beam
loaded BSWS with a feeding waveguide. To each cell
in BSWS ascribe capacitance C, inductance L and
resistance R. The interactions of the cells are
due to the mutual inductance, which is character-
ized by coupling coefficient Kc . A microwave
generator is simulated by a voltage source "U*
with resistance W. A feeding waveguide is simu-
lated by a transmission line with the wave imped-
ance of the same value W. The coupling of the
feeding waveguide with BSWS is simulated in Che
equivalent circuit by inductive coupling with
transformation coefficient m. The power is fed
into the g-cell at the terminals "a-a". The beam
luading effect is taken into account by an ideal
current source X/n . For the circuit of the type
shown the Kirhgoff equations with respect to the
mesh currents have the following form after some
transformations:7

netA( ~ cJ

ASM =
M

Here X»i'* t«|ZLnj 2. 1 ̂ nl i s the stored energy
in c i rcu i t n, tyrt* ]~(*tin/ti}¥ + UJ"/lQn^> Gin
i s the circuit n quality factor, lOn i s the reson-
ant frequency, V«« i s the voltage amplitude at
"a-a" terminals. The second term in the right
side of g equation (13) may be transformed to

U

Hare $»« " \ ^ « * >"J is the complex power at
the input circuit terminals. For the input volt-
age:

(15)

where Z<w is the input iiqpedance of the chain at
the "a-a" terminals. Keeping in mind that the
microwave generator is represented by an ideal
voltage source with inner resistance tf, an expres-
sion for compleK power S<w can be obtained in
tarms of the generator's power:

boa"

Combining (14), (15) and (16) one can get

(14)

(16)

(17)

£ . Note that \ f H ^ is
g circuit characteristic impedance .J& = tff- Vi/Z**
is the coupling coefficient between BSWS and the
feeding guide at the operating mode. Divide each
equation of (13) by Xg and introduce new variables
in1* ̂ "Ai- These equations show that for deriving
the unknown value, one has to solve two equations
for the circuits adjacent to the one with the
feeding guide. In case of the negligible beam
loading, all "Jn are,equal to zero (n=0fN) and a
set of linear algebraic equations are obtained
from which dispersion relation, BSWS parameters,
fields distribution along the structure and their
dependence on the generator power may be defined.
The beam loading problem is solved similarly to
the first model.

Electrical Parameters of an Axially
Symmetric Cavity Excited in the Lowest Mode

For the solution of practical problems re-
quiring the use of equations (8) and (13) one
should know the electrical parameters of cells,
such as frequencies, quality factors and shunt
impedances. The values of these parameters were
defined with the help of a computer program simi-
lar to LALA,8 The program was written by convert-
ing the equation to finite difference forms using
a square mesh. This approach uses relaxation
method for the iterations.

Since there are two unknown values (magnetic
field H«j ar.d wave constant K^wVfc ) the double
iterative process for field and wave constant is
used. To speed-up the convergence, the program
provided iteration on the mesh succession, when
the mesh length decreased from one iteration num-
ber to another. For the same purpose, smaller
meshes were used when the field changed rapidly.
For simplicity of use, the program provides auto-
matic mesh superposition and boundary point
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specification, which reduce preparation time before
computing. The program described has the follot*ing
features: If the EC-1040 computer and 6000 mesh
nodes are used, the confutation time is about five
minutes. The error of the wave constant computa-
tion appeared to be less than 10"'.

Some Computational Results

TWo confuting programs, "CAHEA" for the first
model, and "LUCH" for the second model, were writ-
ten and executed by the EC-1040 computers. The
development of these programs was stimulated by
the design of standing-wave linacs and the study of
their performance.1 The use of a 3 db hybrid
junction seems to be the main difference of the
linacs under investigation from standing-wave
linacs operating elsewhere. The function of the
hybrid junctions are to isolate the rf generator
from the resonant load and to increase the fre-
quency stability. From this point of view, param-
eters of interest of BSWS are input impedance and
reflection coefficient, and their oendence on
frequency. Some results computed t>> the programs
are presented herewith: Figure 3 shows the experi-
mental dependence of the VSWR in the feeding guide,
on the coupling iris width.1 The accelerating
guide here has 6 on-axis coupling cells. The solid
points on the curve indicate the results obtained
by the "CAMEA" program. They show a good agreement
of the calculated and experimental data. Figure 4
shows the dependence o f ^ (see eq. 17) module and
phase on the frequency. The dependence is computed
by "LUCH" program. As can be seen from (17) ,/=
module is proportional to the input susceptance,
hence Fig. 4 may be interpreted as a frequency re-
sponse characteristic of the accelerating guide.
The accelerating guide under consideration consists
of a regular BSWS with on-axis coupling cells. The
respective values for accelerating cell and coupling
cell Q factors are equal to 12x103 and 3xlO3; the
coupling coefficient is equal to 0.24. The rf power
is fed into the 6th cell. Curve 1 corresponds to
the negligible beam loading case and curve 2 cor-
responds to the peak beam currentl, equal to 100
mA. It is of interest, that without a beam, the
input susceptance phase at the operating frequency
is equal to zero, while with the beam of 100 mA
peak current, it differs from zero. This effect
shows that the guide is detuned due to the reactive
beam loading, i.e. shifting of the bunch synchronous
phase. This leads to the feeding wave guide coup-
ling change: overcouplingfi = 2.1 when I » 0 and
overcoupling jj- 0.5 when I • 100 mA.

Conclusion

The investigations carried out shewed good
agreement between the data calculated by means of
the "Caraea" and "Luch" computing programs and ex-
periments. Thus the developed computing programs
may be recommended for the design and adjustment
of electron standing wave linacs using BSWS.
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Fig. 1 Biperiodic slow-wave structure with feeding rectangular guide
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RP QOADWIJOLS BEAN DYNAMICS DESIGN STUDIES*
K. a. Crandall, R. H. Stok«a, and T. p. Mangier

Los Alaaos Scientific Laboratory
Los Alaaoc, New Mexico 87S45

The radio-frequency quadripole (RFQ) linear
accelerator structure is expected to pemit con-
siderable flexibility in achieving linic design
objectives at low velocities. Calculation^
studies show that the RFQ can accept a high-
current, low-velocity, dc beaa, bunch it with
high efficiency, and accelerate it to a velocity
suitable for injection into a drift-tube linac.
Although it is relatively easy to generate a
satisfactory design for an RFQ Unix; for low
beam currents, the space-charge effects produced
by higii currents dominate the design criteria.
Methods have been developed to generate solu-
tions that Bake suitable compromises between the
effects of emittance growth, transmission effi-
ciency, and overall structure length. Results
are given for a test RFQ linac operating at
425 MHz.

Introduction

Soon after the linear accelerator was
invented, searches began for Methods to circum-
vent the incompatibility between longitudinal
and radial stability. The use of drift-tube
foils or grids, externally applied fields, and
alternating phase focusing have met with success
in specific areas of application, however, each
of these solutions has serious disadvantages,
particularly in the acceleration of low-velocity
ions. Since 1956, there have been suggestions
that linear accelerator electric fields could
be used for radial focusing as well as for
acceleration.1" Th3se proposals were based on
non-cylindrically symmetric electrode shapes
that would generate transverse quadrupole
fields. This rf self-focusing is an important
new idea especially at low velocities because
the electric force is velocity independent.

In 1970, Kapchinskii and Teplyakov5>6
(K-T) proposed a particularly attractive form of
these new ideas. The previous proposals to
generate quadrupole fields used specially shaped
gaps between drift tubes or waveguides to
generate localized focusing forces. However,
the scheme proposed by K-T was a more basic and
flexible idea in which the quadrupole focusing
field was spatially continuous along the z-axis.
This structure is called the RFQ. Figure 1 shows
a schematic view of a four-vane resonator that
is the fern of the RFQ being developed at the
Los Alamos Scientific Laboratory (LASL).

The RFQ nay have important applications in
the low-velocity part of many types of ion
accelerators. It can provide several necessary
functions in a continuous manner to produce a
final beam suitable for injection into a conven-
tional accelerator. Briefly these functions are
the following: (1) acceptance of a dc bean
(50-keV protons, for example) and radially
matching it into the following sections of the
RFC; (?.} bunching this beam adiabatically with
high capture efficiency (>90%); ano (3) accel-
erating tile beam to an energy fl-MeV protons,
for (trample) that is convenient for injection
info th* next acceleration stage. In this paper
we will consider the next stags to be a drift-
tube linac. Through proper design it is possi-
ble to control the particle distribution in the
phase-stable bucket so that nonadiabatic accel-
eration effects are minimized. Also, the final
synchronous phase can be brought to a value (say
-30°) that is suitable for capture by a drift-
tube linac. Because the radial focusing forces
are electric and retain their full strength at
low velocity, and also because the forces are
spatially continuous, the above functions can be
accomplished at low velocities with miniical
effects frcm space charge. Also, as suggested
by K-T, space-charge effects can be further
minimized through proper control of the bunching
process. This idea is an important contribution
that is compatible with possible choices of RFQ
design parameters.

There are several possible applications of
the RFQ now under consideration at LASL. These
include: (1) a high-intensitv deuteron accel-
erator for the Hanford Fusion Materials Irradia-

*Work performed under the auspices of the D,
Department of Energy.

S.
Fig. 1. Four-vane resonator.
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I

Fig. 2. RFC pole-tip gsaaafcry.

peacUoa only mrery other cell contain* a
psrtlcla band;.

in the coordinate aystea of Fig. 2, the
lovest-ordec potential function given by K-T 1»
written la cylindrical coordinates (r, i, x) aa
follow*.

• «ln (wt + «) ,

whore V la the potential difference between
adjacent pole tips, and k - 2/f&

Fro this the following electric field components
are obtained:

ooa kx (2)

tion Test (FMIT) Facility, (2) the Pion Gener-
ator for Medical Irradiation (PIGMI), a high-
intensity proton accelerator for use in pion and
neutron radiotherapy, (3) a heavy-ion accel-
erator for lnertial fusion, and (4! a high-
energy accelerator for ions auch *t neon.
Methods which have been found useful in choosing
b«am-dynanics parameters for RFQ systems are
presented. As a specific example, the results
of these methods are applied to a proton linac
designed to test the RFQ principle.

RFQ Electric Fields and Pole-Tip geometry

In the RFQ the electric field distribution
is generated by four poles arranged symmet-
rically around a central z-axis. The pole* are

..excited with rf power so that at a given time,
adjacent pole tips have equal voltages of
opposite signs. If the pole tips have constant
radius as z is varied, then only a transverse
field (mainly quadtupole) is present. In the
x-z plane for example, this quadrupole field is
focusing for one-half of the rf period and
defocusing the other half. The structure has
the properties of an alternating-gradient
focusing system with a strength independent of
particle velocity. To generate a longitudinal
accelerating field the pole tips are period-
ically varied in radius. The variation is such
that, at ;> value or z where the pole tips in the
x-z plane have minimum radius, the pole tips in
the y-z plane have laaxiiwm radius. This Is
shown in Fig. 1. Figure 2 shows a cut through
the x-z plane, and shows the mirror symmetry of
the opposite poles. In Fig. 2 the radius param-
eter a, the radius modulation parameter m, and
the cell length are defined. The longitudinal
field is generated between the x pole tip that
has minimum radius at z » 0, and the y pole tip
that has minimum radius at z « BA/2. The unit
cell is 0A/2 in length and corresponds to one
acceleration gap. Adjacent unit cells have
oppositely direct Bz fields, so that in

•^ r sin 2
a

B - •531 I (kr) sin kzz * o (4)

A

X

m

- 1

m 2 -
2Io(ka) +

- Ayka)

1

,(mka)

each multiplied by sin (o>t + <(>). Our method of
calculating RFQ beast dynamics is based on these
fields and is described in Ref. 7. The
quantities A and X are given by:

(5)

(6)

The quantity VA is the potential difference
that exists on the axis between the beginning
and the end of the unit cell. This means that
the space-aveiJay« longitudinal field is given by
S- - 2RV/BX. ih«! energy gain of a particle
with charge q and synchronous velocity Be
traversing a unit cell is approximately:

AH « qEoJ-T cos $g , (7)

where I - &A/2, a™3 * • V * *• the value of the
transit-time factor for a longitudinal field
with space variation sin kz. This notation is
similar to K-T except thai A squals their e
divided by T • w/4.

A radial stability diagram for the RF i»
given in Fig. 3. The abscissa is given by:

IT qVA sin 6

2MC2B2
(8)

This is proportional to the usual "rf defocus"
force that gives radial defocusing when a linac
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-1.5

Fig. 3. RFQ radial stability diagram.

is operated with a negative phase angle in the
range -90 to 0 degrees. The ordinate in Fig. 3
is:

XV (9)
Me

Thia is proportional to the radial focusing
force, and depends on the magnitude of the elec-
tric quadrupole strength XV/a2. The electric
quadrupole strength does not explicitly depend
on z. This means that for given values of a, n,
and B, the focusing strength is constant through
a unit cell. It also means that one can Main-
tain the same focusing strength in every unit
cell by varying the paraneters such that XV/a2

is held fixed. Except for the short, initial
radial Matching section, the linac discussed in
the section 'Design of the 425-MHz RFQ Test",has
been designed to have a constant radial-focusing
strength. Later it will be shown that this has a
geometrical consequence that may be beneficial
in the design of RFQ resonators.

The pole-tip shape required to produce the
above electric fields Is given by:

x
2 - y 2 « r

2 cos 24> - f- [l - AI (kr) cos kz J .
* ° (W)

To obtain the shape of one pole tip in the x-i
plane, let ^ - 0. This gives:

1 - AIo(kx) cos kz
(U)

This equation was solved numerically to find
values of x as a function of z. Call these
values of x, which are solutions, <*(*}. To
dsicribe the geometry in the transverse plan*

aft equation was derived for the transverse
radios of curvature of the pole tip. This
curvature is:

R(z) --o(«) ~T^ > (12)

where

P - Io(xa) + Io(nlca)

and

Q - — (m2 - l)I1(ka) cos kz .

In the pole-tip geometrical design, the radius of
the pole tips have been made equal to o(2). The
pole-tip shape in the transverse plane was
approximated by requiring the pole tips to have
the radius of curvature R(z). The pole tips are
constructed by repeated cuts in the transverse
plane by a tape-controlled Billing machine.
This procedure is discussed More fully in Ref. 8.

At z - BA/4, half way through the unit
cell, the RFQ has quadrupolar symmetry. At this
point both the x and y pole tips have a radius
equal to ro « aX~

1/2> Also, at this point
the radius of curvature R « ro. The quantity
rQ can be regarded as a characteristic average
radius of the RFQ pole tips. As has been
stated, if V is constant, keeping the focusing
strength at a fixed value requires X/a2 to be
constant, and also this is equivalent to keeping
ro fixed. In general, a fixed value of ro
can be expected to minimize variations In the
vane-to-vane capacitance, and should facilitate
the design of an RFQ resonator in which the
pole-tip voltage distribution is required to be
flat over its entire length.

RFQ Design procedures

If the ion species and the initial and
final energies are given, and if the frequency
and intervane potential art- specified, the RFQ
design is determined when the three independent
functions a(z), m(z), and <j>s(z) are given, ...' .
where z is the axial distance along the accel-
erator. Although it may be more convenient to
explicitly 'ise other related functions such as A,
X, or B, the designer must determine three inde-
pendent functions that produce the desired
objectives in tet«a of adequate radial focusing,
capture efficiency, radial emittance growth
overall length, or other stated criteria.
Simple linear forms for the above functions can
achieve these objectives for low beam currents
as long as the rate of change of the variables
is slow enough to approximate an adiabatlc
condition. However, as the magnitude of the
space-charge force increases, more complex forms
for these functions appear to become necessary
to minimize both particle loss and radial
emittance growth.
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One possible solution to this problem has
been proposed by K-T. in this Method Ro, the
longitudinal saall oscillation angular fre-
quency at zero current, an* Zb, the spatial
length of the separatrix, are held constant. If
the functional form of B is specified, then the
three independent functions a, m and <|>s are
determined. Expressions for ilo and Zfc aret

and

qWto2|sin

4Mc
(13)

a*)

where 4 is the angular length of the separatrix,
which is related to the synchronous phase <f>s
by:

tan 1 - cos $
(151

In the region of small longitudinal oscillations
and for adiabatlc changes, constant flo implies
a bean envelope of constant length. For a
longitudinally matched beam this also implies an
Invariant longitudinal charge density distri-
bution and fixed beam length. This result holds
for zero current and is also true in the pres-
ence of space-charge forces, if one assumes the
beam bunch to be uniformly distributed in a
three-dimensional ellipsoid of constant dimen-
sions. Constant Zb together with constant
fto , can be shown to make the charge-
density distribution approximately constant for
large longitudinal oscillations at zero current.
As can be seen from Eqs. (14) and (15), the
invariance of Zb determines 4>s (S); Then
equation (13) determines A(B).

This nethod of attempting to keep the
charge density distribution approximately con-
stant, while accelerating and bunching in phase,
is expected to reduce those space-charge
effects, such as radial emittance growth, that
appear to be correlated with longitudinal com-
pression of the beam bunch. However, after the
resulting velocity profile $(z) is determined,
the function A(z) takes on small values, espe-
cially for large synchronous phases, and
increases very slowly except near the end. This
can result in an excessively long structure,
particularly as the input synchronous phase
approaches 4>s • -90°. To reduce the length,
the initial value of ij>s must depart appre-
ciably from -90°, but this reduces the initial
value of 4, and results in reduced capture
efficiency.

A generalization of the above method has
been studied, in which the two constants ftg and
Zj, are replaced by the new invariants' e and a,
given as:

(16:

(17)

Hhen e • 0 this reduces to the K-T method. For
positive £, the small oscillation frequency ilo
decreases at a constant percentage rate, and the
separatrix length Zb gradually increases. This
approach is expected to yield a charge distribu-
tion that car; slowly compress or expand in size
depending upor: fcfcff value of e. in addition, for
fixed final values of A and 4>s, the overall
length decreases as £ increases. Generally accept-
able solutions have been found with e in the
range 0 < e < 0.2.

The use of either the K-T approach or the
generalized approach has been found to be effective
in reducing radial emittance growth, while the beam
is being bunched. This section of the BFQ is
referred to as the Gentle Bunching Section. To
obtain high capture efficiency, it is necessary
to introduce a section before the Gentle Buncher
in which the input variables are specified as a
function of z rather than @,so that the input syn-
chronous phase can start at $s = -90° and the initial
value of A can be A • 0. in order to reduce the
overall length following the Gentle Buncher, a sec-
tion was added that maintains a high value of A
at the final synchronous phase. The remaining
problem of radially matching the beam into the
time-varying acceptance of the RFQ requires an
initial section for matching. This leads
to four stages in the overall design as shown
schematically in Fig. 4.

The first stage, The Radial Matching Section,
will be described. The matched ellipse parameters
in the RFQ depend on the rf phase and are relatively
independent of position along the linac. There-
fore, the orientation of the acceptance ellipse
depends on time. Tor proper matching into the
RFQ, one must provide a transition from a bean
having time-independent characteristics to one
that has the proper variations with time. This
means that at the input, a time-indep4ii>3ent set
of ellipse parameters is required, which will
depend on the beam current. The present
solution is to taper the vanes at the input of
the RFQ so that the focusing strength changes
from almost zero, to its full value over a dis-
tance of several (5-10) focusing periods. This
procedure allows the time-independent beam to
adapt itself to the time structure of the
focusing system. Quadrupole symmetry is main-
tained throughout this section (no vane
modulation).

This procedure is illustrated in Fig. 5, A
display generated by the prc-gran TRACE,9

has been modified to include rf quadrupoles,

RADIAL
MATCH INS
SECTION

SHAPER GENTLE
BUNCHER ACCELERATOR

Fig. 4. Functional block diagram.
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Fig. S. Radial Matching Section.

either of constant or tapered strengths. The
matched ellipse parameters are first found for
various phases in the constant-strength sec-
tion. Three such matched ellipses, corre-
sponding to phases 90° apart, are shown in the
upper right side of the figure for both the x-x'
and y-y' planes. This graphically demonstrates
hew different the matched ellipses can be as a
function of phase, and also shows the relatively
small area of overlap that is common to all of
these ellipses. The phase-space plots at the
upper left are the result of following these
same three ellipses backward through a tapered
section of the RFQ, 5-periods long (10 cells).
One can see that these ellipses are very similar
and have a high degree of overlap. The bottom
graph in the figure shows the horizontal and
vertical profiles that result from following
these three ellipses through the tapered rf
qusdrupole. Space-charge effects were included
in this calculation, which assumed a beam
current of 30 it*.

An unexpected benefit of the Radial
Hatching Section is that the increase in aper-
ture at the input results in weak fringe fields
and negligible fringe effects Cor both longi-
tudinal and radial motions. The longitudinal
field generated within the matching section is
also negligible because of the fact that the
change in 6 occurs over many rf cycles.

The second stage, called the Shaper
Section, can begin at Qs « -90°. The accel-
erating field is increased steadily from zero,
while ij>, is maintained at a large value,
to obtain a high capture efficiency. Under the
influence of the rising axial field, an input dc
bean with small energy spread will rotate
through many cycles of longitudinal oscillation.
The filament in phase space wraps around itself
to approximate a matched bean in longitudinal
phase space. Some compression of the beam

within th* phase stable area 1> desirable to
anticipate subsequent ncn-adiahatic behavior,
which could lead to particle low. At high
currents, such compression should be limited,
however, because of the large radial emittance
growth that can result when the beam is tightly
bunched. Bran no, drastic effect* of space-
charge repulsion will be especially apparent at
the first phase foci for an input dc beais with
small energy spread.

tor the third stage, the Gentle Buncher,
the generalized method is used, where Eqs.
(16) end (17) are satisfied, and .Hold B constant.
The Gentle Buncber Section completes the
bunching begun in the Shaper Section and accel-
erates the quasi-matched beam from the Shaper
until the final synchronous phase is reached.
The hunch length and the charge density undergo
no large change in the process.

When the final synchronous phase is
reached, the Acceleration Section begins. In
this section <j>s, m, and a ace held at constant
final values to apply a relatively large
fraction of the intervene voltage on axis, and
to bring the beam to it* finjl energy within a
short distance.

An important step in the design procedure
is a choice of operating intervene potential,
which normally should be as large as possible,
consistent with the sparking limit. The results
from program SOTERFISH10 show that for the OTQ
vanes constructed at IASL, the highest surface
fields, E , occur in the middle of each cell
at the point of pure quadrupole symmetry. The
maximum field does not occur at the pole tip,
but occurs at the point where the vanes have
minimum separation. The field at the pole tip
is V/ro and the peak field E g « <V/ro where
for this geometry K - 1.36. Once the
choice of maximum allowable surface field is
made, the ratio V/ro is determined.

After a choice of B is icade, which provides
a good compromise between radial stability and
adequate aperture size, the quantities V and
r_ can be obtained from the relations:

Mc2BK

Mc
2B

(18)

(19)

It is seen that higher surface field E s and
smaller B will increase both ro and V. The
average axial field then becomes:

2qAAE

Me
(20)
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Choose an initial value of • - 1. A
final value of •- 2 produces a good compromise
batmen acceleration efficiency. A, ami focusing
efficiency, X, at the end. If X is too snail,
the constraint that B is constant may aake the
final radius parameter too sull.

Brror Tolerances

After a linac has been designed, one Bust
try to deteraine how sensitive the design Is to
all probable sources of error. The quantity and
quality of the output beaa can be degraded by a
variety of things, such as a mismatch and a ais-
steering of the input beaa, and alignaent errors
and excitation errors in the ltncc. Tolerances
can be specified for some of these errevs only
by running a large number of nuaerical simula-
tions. For other types of errors, it is pos-
sible to aake aore general statements, and It is
these types that we will be concerned with in
this section.

The results can be specified in teras of
the magnitudes of the aultipoles of the focusing
field relative to the quadrupole strength at the
bore radius. The radial component of the nth
aultipole at radius, r, and angle, <|i, is defined
to be:

(21)— cos (m|i - 6 )

where An is the aaplitude and 6n is the
phase of the nth aultipole, and ro is the
bore radius.

The values given below, as well as those
given for image charge effects, (see Appendix)
were obtained using a computer program that cal-
culates the charge density induced on equipo-
tential surfaces.il The unperturbed calcula-
tions were made with the vanes approximated by
four circular cylinders symmetrically placed
about the z-axis. The cylinder walls were a
distance r0 from the z-axis and the diameter
of each cylinder was 2ro.

Alignment errors

The vanes are displaced slightly from their
proper positions. Symmetric displacements of
opposite poles, inward or outward, have no
significant effect other than changing the quad-
rupole strength slightly, which is equivalent to
changing the operating voltage. Non-symmetric
displacements introduce odd-order multi-
poles. An example of a nonsynmetric displace-
ment is a horizontal displacement of the ver-
tical vanes. A small displacement, d, has been
calculated to produce raultipoles of order 1, 3,
and 5 having fractions of the quadrupole term of
0.16 d/ro, 0.64 d/ro, and 0.024 d/ro,
respectively. The dominant term appears to be
the sextupole (n *= 3), and bv placing an accept-
able limit on it one can specify a tolerance on
d/ro. If it is desirable to keep the sextupole

tax* below 1«
approximately 1.5%.

Kxdtatlon errors

The Ideal excitation for the potential
on each of the four vanes o oselllat- between
+V/2 at all points along the linac. ariations
in the potential in the longitudinal .irection
will probably be gradual and amall. Information
about the longitudinal field can be obtained
from beadpull aeasureaents.

Errors in the transverse fields can be
represented aost generally by assuming that each
vane is oscillating at a different potential.
The potential on the ith- vane would oscillate
between ±(V + AVi)/2> and the excitation level
could be adjusted so that the average potential
Is correct, which would aake

;, A vi
(22)

The voltage errors, AVj, can be divided into
symmetric and antisymmetric parts. The sym-
metric components correspond to errors on oppo-
site poles having the saae magnitude and the
same sign; the antisymmetric components corre-
spond to errors on opposite poles having the
same magnitude and opposite signs. The sym-
metric components have no effect on the aulti-
pole spectrum, but the antisymmetric components
will generate odd-order multipoles. Let vx

and vv be the fractional antisymmetric com
ponents in the horizontal and vertical vanes,
respectively. That is, the potential on the
opposing horizontal vanes would oscillate with
the magnitudes (l+vx)V/2. The magnitudes of
the odd multipoles are found to be proportional
to v - (vx

2 • w , 2 ) 1 / 2 , and the ratio of the
first four to tne quadrupole strengths are
given below:

0.397 V

A3/A2 = 0.308 v ;

A5/A2 = 0.029 v I

V A2 0.041 v

(23)

(24)

(25)

(26)

That is, a 10% antisymmetric component (v » 0.1)
would cause a 4% dipole field and a 3% sextupole
field, rf It is necessary to keep the sextupole
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field below 1%, then one must keep v < 0.032.
The dipole field would simply cause a dis-
placement of the electrical axis of the quafl-
rupole by the sane percentage.

Design of the 425 -MHz RH3 Test

One of the applications of the RFO under
consideration at LASL is for the high-Intensity
35-MeV deuteron accelerator being designed for
the Ranford Fusion Materials Irradiation Test
(FMIT) Facility to be installed at the Hanford
Engineering Development [laboratory IHEDL) at
Riehland/Washington. An important step in eval-
uation of the RFQ for this linac is a full power
test/ which uses an existing proton injector and
an existing source of rf power. As an example
of the design method discussed above, the RPQ
design for this test is presented, which will be
called the 425-MHe Test Design. Table I shows a
list of parameters. Because of limitations imposed
by the existing hardware, the frequency was
chosen at f • 425 MHz and the length was
constrained to be equal to L • 110.8 en.

The surface gradient, Es, was chosen to
have the conservative value 27 MV/m, After the
Radial Matching Section, a constant value
B * S.8S provides a compromise between radial
stability and tolerance requirements arising
from the small aperture. The resulting
characteristic average radius is ro * 0.2 cm
and the resulting intervene voltage in
V * 44 lev. The objective of the test is to
capture a dc bean of energy Wj » 0.1 MeV,
bunch and accelerate it to some energy greater
than about 0.5 MeV, and to study the performance
as a function of input current. The exact value
of the final synchronous phase is not important,
as long as good bunching can be demonstrated.
Two computer programs have been written to help
generate parameters for the beam-dynanics
program PARMTEQ (see Appendix). The first
program generates the Gentle Buncher parameters
as a function of axial distance z, given initial
and final energies for this section and given
the e parameter. The second program takes the
initial Gentle Buncher parameters as final
values for the Shaper Section, generates Shaper
parameters as a function of z, then traces
particles through the Shaper In longitudinal

TABLE I

425-MHZ TEST DESIGN PARAMETERS

Ion
Frequency
Input Energy
Output Energy
Intervane Voltage
Minimum Radius Parameter
Overall Vane Length
Mumb«r of Cells
Nominal Current

H+
425 MHz
0.100 MeV
0.540 MeV
44 kV
0.12S cm
110.8 cm
165
IS nA

phase space, thus giving an estimate of expected
capture efficiency. In addition, both programs
calculate several quantities as a function of z,
such as the ratio of space-charge to focusing
force (see Appendix).. and longitudinal and
radial oscillation frequencies. These results
are useful as a guide to predict and interpret
subsequent PARMTEO results.

The chosen design is one with a Gentle
Buncher parameter £ « 0, which corresponds to
the K-T approach. Several designs made
with e <° 0.2 gave comparable results. Figure 6
shows the resulting profiles from PARMTEO for
several variables. The four basic sections o2
the structure are indicated. The final energy
after 110.8 cm and 165 cells is Wf * 0.640 MeV.
The radial matching is done in the first ten
cells or 5.2 cm, where B is linearly varied from
an initial value of B • 0.20 to a final value
8 • 5.83, and is kept constant throughout the
rest of the structure. The slow increase of m
during the first half of the structure appears
to be necessary in order to reduce radial
space-charge effects as was discussed
previously. As m increases and the acceleration
efficiency A (not shown) also increases, the
focusing efficiency, X, decreases. The constant
value of B then implies a decrease in the radius
parameter a. The transverse acceptance is
determined by the final aperture and has a
normalized value An » 0.09^ cm-mr at the
nominal current of I - 15 mA. This can be
compared with an expected input beam from the
ion source having a normalized emittance of
E n >» 0.05TT cm-mr. The input particle
distribution used in the PARMTEO. calculation
gave 100* of the beam within this phase-space
area, and 90% within a normalised area of 0.0341T
cm-mr.

Table II lists the PARMTEQ results for

the beam transmission efficiency, the output
beam current, and the radial emittance growth.
The emittance growth is the normalized emittance
of the transmitted beam divided by the nor-
malized emittance of the input beam. Both
eaittances are obtained fror ellipses which
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Fig. 6. Parameters for the 425-MHz test design.
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TABLE II

RESULTS FROM 425-MHZ TEST DESIGN

Input
Current

(•A)

0
15
30
45
60
100

Transmission
Efficiency

(%)

96.7

9S.1
8S.4
73.6

68.6

54.4

Output
Current

(«a)

0
14.4
25.9
33.1

41.2
54.4

Racial Eaittance
Growth

(90% Contour)

1.04

1.13
1.23
1.19

1.22

1.07

contain 90* of their respective beans. As the
input current increases, a larger number of
particles is lost radially to the bore, which
decreases in size from the input to the output.
This selective radial loss explains the
decreasing enittanee growth for the- higher
currents.

Figure 7 shows the phase, energy, and
radial profiles and the transverse phase space
in both planes for 1-0 and for the nominal bean
current of I«15 n*. The dotted lines on the x
profile plot indicate the aperture size.
Figure 8 shows the longitudinal phase space at
several cells along the RFQ for both 1*0 and
1*15 aA,.starting with an initial dc beam with
zero energy spread. Space-charge effects, which
become apparent near the first phase focus,
persist throughout the remaining 1*15 mA plots.

It is of interest to compare the results of
the 425-MHz Test Design with those that are
obtained by a more simple approach, where, after
the initial matching section, tyB is linearly
increased from -90° to -40° and the
modulation parameter m is linearly ramped from
g ' 1 t o 2 over the total distance of 110.8 cm.
This design is referred to as the Linear Ramp
Design, and it is characterized by the lack of a
Gentle Buncher Section. The Linear Ramp Design
gives a larger final energy of Wj * 0.719 KeV
in 150 cells, which exceeds that of the 425-MHz
Test Design because of a larger average axial
field. Results showing the beam transmission
efficiency, output current and radial emittance
growth for the Linear Samp Design are presented
in Table III.

TABLE III

RESULTS FROM LINEAR RAMP DESIGN

Transmission
Efficiency

96.9
79.2
41.4

Radial Emittance

Growth

(90% Contour)

1.1.2
1.48
1.16

(a)
-

C5= .10. *S=-»0 00

(b)

ES= 10. m-tl 91

(c)

(d) .

(e) •

E-E; VS
ES= 5- PS--6

s

/j

_^>

ceo

N,

&1
I = 0 mft I = 15inA

Fig. 8. Longitudinal phase space at center of

cell for 425-MHz test design: (a) cell 1
(beginning), (b) cell 32 (near first
phase focus), (c) cell 42 (after first
phase focus), (d) cell 100 (start of
Gentle Buncher), (e) cell 165 (end).
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Figure 7

Results from the 425-MHz Test Design:

(a) phase profile.

(b) energv proiile,

(c) x profile,

(d) final radial phase space.
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If we compare the results in Table III with
those presented in Table II, it is seen that the
simple linear camp approach gives good trans-
mission efficiency when space-charge can be
neglected. But, as expected, the 425-KHz Test
Design is clearly superior in term of trans-
Mission effJceney at the non-zero beam currents
shown. The radial emlttanee-growth numbers at*
significantly perturbed by particle loss at the
larger be&m currents in both designs.
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Iraaqe Charge Effects

He have tried to estimate the xtagnitude of
the effects on the bean caused bv the image
charges induced on the vanes bv the beam itself.
The simplifying assumptions made in this analysis
overestimate the image-charge effects.

In the high-energy end of the linac, where
the beam is bunched and the vanes have a rela-
tively large Modulation, it appears that the
image charges actually produce an alternating
focusing and ijefocusing effect for both the
longitudinal and radial motions. At present we
have no quantitative estimate of 1-ho image forces
at the high-energy end but we have calculated
the effects at the low-energy end, where the
main effect is radially defocusing.

The image charges produced by a continuous
btMn with a circular cross-section, centered on
i.xis, will cause multipole fields of order 4, 8,
. . ., proportional to the beam current. For a
bean with radius rb, the ratio of the magni-
tudes of the image force to the space-charge
force at the edge of the bean was calculated to
be:

image force
space-charge force - | +0.118|-|

(A-l)

If
r b - 0.5 ro, then this ratio is less than
3t.

A displacement of the beam center from the
axis produces image charges that cause other
multipole components, the main ones being the
n « 1, 3, and 5 terns. The magnitudes of the
n - 4, 8, • . . multlpoles are relatively
unchanged by small displacements of the beam.
The strength of the dlpole field is approxi-
mately 0.78 B r</ro' i

placement of the b«asi -renter from the axis, and
E Is the space-charge field produced by t\e bean
at a distance ro frc.-» Its center. The &&gni-
tude. of the n • 3 and n • 5 multipole fields
are each approximately half of the magnitude of
the dipole field.

Based on these results, the following con-
clusion can be made: as long as the beam is
well centered ( rc < 0.2 ro) and the bean
does not fill a large fraction of the aperture
( rfc < 0.6 ro) then the image forces are
at least an order of magnitude lower than the
space-charge forces and can he neglected without
seriously affecting the results. It these con-
ditions are violated, then the Image forces
might become comparable to the space-charge
forces a,id could cause an increase In the beam
lose and In the emittance growth.

Outline of PARHTEQ

The computer program used to study
the beam dynamics of the RPQ linac is called
PARMrBQ, (Phase and Radial Motion in Transverse
Electric Ouadrupoles). It is a modified version
of PARMILA, and performs four basic functions.
It generates an RFQ linac, generates a variety
of input particle distributions, performs bean
dynamics calculations, and generates a variety
of outputs.

The information required for generating an
RFQ linac consists of the following: the vane
voltage; the linac frequency) the mass of the
particles; the initial and final energies; and a
table of values specifying the radial focusing
strength B, the vane modulation parameter m, and
the synchronous phase, all at specified dis-
tances along the structure. The linac Is generated
cell-by-cell, in an iterative procedure.

The beam dynamics calculations are per-
formed as follows: each cell Is divided Into a
number of segments (typically four, with a maxi-
mum of eight). Initial values of the dynamical
quantities x, x', y, y1, $, and If are trans-
formed tc final values through each segment.
The phase and energy coordinates are the first
to be transformed. In the radial transforma-
tions, the quadrupole and the rf defocusing
terms are treated separately. The quadrupole
transformation is that of a rtandard quadrupole
having a length equal to the segaent length, and
a strength that dupends on the rf phase as the
particle passes through the segment. Conse-
quently, each particle will experience a
different quadrupole force depending on its own
phase. The rf defocusing tern is treated as an
impulse or thin lens, whose strength depends on
the rf phase as well as on the location of the
particle in the cell.

At the middle of each cell, the particles
are given an Impulse to simulate the space-
charge forces. This is the most difficult
transformation to sake satisfactorily. In order
to calculate properly the space-charge forces,
one needs to know the positions of all the
particles at a given instant in time. Instead,
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one knows the particle coordinates as they
arrive at a particular location along the linac.
There is a big difference between these two
situations when there is a large phase spread in
the beaia, as there is in the low energy portion
of the RFQ. Consequently, before calculating
the space-charge forces it is important to esti-
mate the particle positions at a given instant
in time, which was chosen to be the time
vhen the rf fieW Is zero. At this particular
tine, the ;ross-section of the beam should be
very nearly circular. A series of transforma-
tion matrices is generated, considering only the
quadrupole term, that transforms the radial
coordinates fro* their values at all other
phases within +180° in 5° increment"-. For
each particle the transformation matrix is
found that most nearly agrees with the particle
phase, and the inverse of the transformation
is applied, giving an estimate of the particle's
radial coordinate at the desired phase. The
longitudinal position is estimated from the
particle's velocity and phase. After doing
this for all of the particles, the space-
charge forces are calculated and the impulses
are applied by changing x', y', and W for each
particle. The radial coordinates are then
similarly transformed back to their modified
values at their original phases, and this com-
pletes the space-charge transformation for one
cell.

After the space-charge transformation, the
coordinates are transformed through the
remainder of the segments in the cell. A
variety of output subroutines can be called at
the end or any cell, or at the middle of any
cell, either before or after the space-charge
impulse is applied.

bution of charge within a three-dinensio.ial
ellipsoid. For longitudinal motion it is
found that:

90 I(amps)X3B2f(b/rb)

7i2V(volts)brb
2A|sin *

(A-2)

where r b
2 - rx rv and b is the half

length of the bunch. The function f(b/rb) has
the approximate value f(b/rh) - rj/Sb in the
range 0.8 < b/rb < 5.

For radial notion we use

4SqI(amps)A('l - f<b/rfa)j

2 "? 2 ?
Me (eV)B r, bk

D r

<A-3)

where k =

Generally Uj> and Mr are kept less
than about 0.5 in order to control beam losses
due to a reduced stable phase space area. Since
l)£ and Ur affect the frequencies of longitudinal
and radial motion, the additional condition must
be met, that resonance must be avoided.

Limiting current expressions can ba ob-
tained if tiie liraits are assumed to occur when
p. = 1 and p r * 1.. Assume that the bunch
half-length is related to the synchronous phase
by:

Some RFQ Scaling Methods

Some RFQ applications may require a method
of scaling an existing design to some new fre-
quency. At fixed 6 a change in frequency will
cause a change \n the operating point on the
radial stability chart, which changes the trans-
verse beam dynamics. An exactly equivalent
structure may not be obtainable when the
frequency is changed. A useful guide
for generating solutions at new frequencies is
to impose a direct geometric scaling of dimen-
sions in proportion to wavelength. Thus at each
cell the radius parameter, a, is proportional
to X, and m is unchanged. The frequency depen-
dence of a ana E s tends to make B, A, and V
decrease as frequency increases and makes E o

increase somewhat with increasing frequency.

For high-current applications of the SPQ it
is useful to have some means of evaluating the
expected importance of space-charge effects.
It is useful to compute the ratio u of the
space charge force to the average or smoothed
restoring force. Assume a model where the
beam bunch is represented by a uniform distri-

(A-4)
2TT

The approximate form for f(b/rb) is assumed and
sin <t>s is replaced by <ps. For the longitudinal
limit.

120A
(A-5)

where rb is the beam radius. The radial limit
is:

I =
STT2A] (A-6)

720TT3A2q[l - f]

The longitudinal limit decreases rapidly as
the beam is bunched in phase. The radial limit
increases with 8, but also decreases while the
beam is bunched in phase.

At the front end of the RFO, where the beam
is in transition between a dc and a bunched
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beast, these formulas will not apply. The lack
of separation of bunches will be expected So
reduce the longitudinal space-charge repulsion,
but the conditions arising at each phase focus
can create localized unstable regions, where
space-charge forces «ay exceed the focusing
forces.
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Discussion

(Editor's Note: The first comaent refers back to
Discussion following the paper by D. Swenson,
"Low Seta Structures".)

Teng, Feral Lab: I think the misunderstanding of
this radial matching Is just a matter of semantics.
It is usually called adlabatic capture, not match-
ing. Matching is something in which you catch the
phase ellipse on-the-fly, when the shape is exactly
right. In your case, you are just turning It on
gently.

Wrangler: Yes, I guess we've been thinking of
adiabatlc capture as a longitudinal effect prim-
arily, but this would be the transverse version.

Miller, SLAC: Could I see your first slide again
with the equations of the. fields. I think that I
see that the quadrupole fields are indeed spatially
constant but you have a solenoidal field that has
a z-dependence. Ef has a z-dependence, but Ey
does not. (Crandall; That's what we interpret as
an rf de-focus term.)

Miller: You probably shouldn't call it "de-focus"
because its alternating gradient and the net
effect is focusing.

Wrangler: This is the rf de-focus term associated
with the accelerating field.

Miller: But it has a ̂ -dependence, so it's alter-
nating and it gives a net focusing.

Wrangler: The dominant term is th^ quadrupole
term which arises when we turn on the accelerating
field. It gives us a transverse force which de-
pends on the particle phase. When particles are
being accelerated there is going to be a de-focusing
force in the transverse plane. These terms are
dominating in the focusing.

Miller: Oh yes, I see.
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Considerations of beam dynamics for heavy
ions within the frame of linear approximation at
very low velocities are carried out. Decrease of
acceptance due to space-charge for axial and radi-
al motion is estimated. The behavior of idealized
axial and radial beam envelopes with respect to
space-charge and linac parameters is studied.

Necessity of Linear Theory

Theories of accelerator beam dynamics have
always benefitted advantageously from the estab-
lishment of linear equations of motion. However,
any linear approximation involves problems
as soon as space-charge effects have to be consid-
ered. Yet, under certain assumptions, linear
equations may still be used. For example; special
geometric shapes of a particle beam permit the
application of the well-known Kapchinskij-Vla-
dimirkskij (K-V) model1. Within this frame Reiser
derived his formula for the maximum charge in a
FODO channel2. Adaptation to realistic charge
distributions has been performed by Sacherer^ and
Lapostolle1* using an RMS formalism. Basically, all
these theories have to be restricted to transverse
motion, requiring axial dimensions of the beam to
be assumed large compared to transverse ones.
This postulation seems violated in many linacs,
especially at initial velocities, and certainly
for the case of low charge state heavy ions in a
fusion linac, where the axial envelopes are com-
parable to or smaller than the transverse ones.
This paper discusses two models, deriving linear
equations for the axial motion.

Linear theory in the presence of space-charge
seems effective for many reasons. The many-body
problem may be treated within the convenient frame
of a comprehensive envelope representation, as
only linear transformations conserve the ellipse
character. IThis formalism collapses; however, as
soon as at least one of the driving forces proves
non-linear. The alternative is the use of long
and expansive computational efforts. Validity and
applicability of these models involve problems
associated with the self-consistency of the theory.

Linac Models

For the first case, consider the K-V model1,
but replace one of the transverse motion compo-
nents by the axial one. In the linac, assume a
uniformly charged cylindric beam with an elliptic
cross-section as Fig. 1 demonstrates. Axes are
a , a , respectively. The beam does not move

Fig. 1 Elliptic cylinder assigned to K-V model

along the y-direction but is accelerated trans-
versely in the z-direction. Acceleration is pro-
vided by a plane wave, although it is understood
that longitudinal plane electromagnetic waves do
not exist. Dimensions should be regarded as
infinite in the y-direction. With respect to
Ref. 1, identical emittance areas in both phase
space planes x-x, z-z yield equations for axial
and radial synchronous particles, respectively:

d2z
dtT

e .01 -) z = O (1)

(2a>

There is a certain degree of freedom in the choice
of a proper charge Q, which has been taken advan-
tage of by cutting out of the beam rod a rotational
ellipsoid with axes ax, ax, a2, which fully con-
tains Q, giving a relation for the uniform charge
density p:

p = _Ji

Focusing is formally expressed by an elastic force
Dx, where the elastic constant may be produced by
an extended uniform axial magnetic field:

An essenLial difference from Reference 1 must be
pointed out. References 1 and 2 employ identi-
cal forces, disregarding the phase in the case of
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quadrupole lenses. Consequently, a restriction to
identical emittance areas certainly proves to be
unimportant in the K-V case, whereas, this means a
severe restriction in the present case, as axial
and radial emittance areas usually are not equal.

tn Eqns. 1 and 2a form factors Fx and Fz were
introduced, which are expressed as:

, F x = 1 - F z (3a)

for the charge distribution of Fig. 1.

As a second model consider a uniformly charged
ellipsoid with axes ax, ay, az as shown in Fig. 2.
As with model 1, this form yields linear equations.

In the general case of ax 1 ay the equations are
still linear, but the form factors have to be cal-
culated numerically with elliptic integrals.

Self-Consistency

Beyond doubt the first model seems self-con-
sistent, but an explanation should be inserted here.
The space-charge field is assumed to be generated by
the proper K-V particle distribution, covering the
surface of a 4-dimensional ellipsoid, as will be
shown later. Synchronous particles (z = 0, z • 0)
with respect to equations (2a), (2b) do not belong
to these in general, but to some extent do not
cause any disturbance of the external K-V field.
This K-V distribution actually corresponds to the
general equation:

d2x
" [m(v E zcosif>t

-) - Djx = O ,
2

where a coupling term, u>2Eozcos.J>s/v
2, is added for

the non-synchronous K-V particles. In this inter-
pretation equations (1) and (2a) together with (3a)
are still valid.

In Table 1, the course of analysis in Ref. 1
is extended to the cases of one and three dimen-
sions. After comparing all columns of Table 1, it
is seen that the uniformity of charge distribution
in real space remains intact only when two dimen-
sions are considered. Both of the other cases are
not consistent with uniform charge distribution in
real space; consequently, equations (1), (2b) in
combination with (3b) describing M.-del 2, turn out
non-realistic.

Fig. 2 Rotational ellipsoid as 3-dimensional
beam model

Specifically, consider the case of rotational
symmetry, ax • ay, admitting an identical axial
equation (1), but a formally different radial
equation5.6.7:

d2x re ,1 u,
dtT" lm l2 "

(2b)

Fx = (3b)

The following one-dimensional example shall
illustrate this: for reasons of simplicity, take
the emittance ellipse in the two-dimensional phase
space to be on its principal axes. Additionally,
units are chosen such that this ellipse becomes the
unit circle. Electrical charge is distributed
uniformly on the circle arc and according to Fig.
3a, the charge density projected on the x-axls
appears non-uniform. This suggests a non-uniform
charge distribution on the arc such that its pro-
jection becomes uniform, as Fig. 3b indicates.
Now, taking this as a synchrotron ellipse, and
transporting it through the corresponding optical
system, all points in phase space, including those
carrying charge, are rotated by an angle u, where
u stands for the Flocquet exponent of the optical
system8!9. Obviously the initially uniform charge
density has turned out inhomogeneous after trans-
port, as Fig. 3c illustrates. Thus,, it appears as
illogical in the case of 3-dimensions as it does
for 1-dimension, to enforce uniformity of the
charge distribution in real space, by laying on the
surface of the corresponding 6-dimensional hyper-
ellipsoid, an inhomogeneous charge distribution
according to
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Table 1

I
to

Real space
dimensions

Phase space
dimensions

Ellipsoid
equation in
phase space

S x - 6x) + ~ = Fx x ,2

« x - fix) 2 + ^
fi2

+ (<S z - 6 z ) 2 + ̂ r = F

Charge density Uniform charge per arc unit Uniform charge per unit area on
in phase space length on plain 2-dimensional 4-diiuensional ellipsoid surface

- - p
o

n = n 6(F - F ) ellipse periphery FQ

Charge density p(x) = Jn(x,x)dx
in real space

Substitution
polar coordi-
nates

p(x,z) = Jn(x,x,z,z)dxdz

6 x - fix = acos(|>

>zz = ci3in<!>

2irada

(«xx - « x)
2 + 2-

62

- «

+ <«,« " «zZ>2 +J2 = F

Uniform charge per unit area on
6-dimensional ellipsoid surface

p(x,y,z) = Jn(x,x,y,y,z,z)dxdydz

6 x - 6 x = acos$cos6

- S y = asinijicos8S y

= asinS
dxdz =

x z

in

2 , 2 neni . doc . ; . , . _ o

dxdydz =

p(x,y,z)
space

Integral
formula

Uniform?

Is

S(x - a)

noi

r. z

J S(x - a) dx = 1
o

yes!

4ira da

x y z

2nn »

x y z o
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x y z

J 6 (x - a) /xdx = /a
o
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a) b) o)

Fig. 3 a) Uniform surface charge density on
phase space ellipse. Inhomogeneous
charge distribution in real space

b) Inhomogeneous surface charge density
on phase space ellipse. Uniform
charge distribution in real space.
Rotated phase spac-; ellipse after
transfer over optical period, angle
M. Phase space and real space dis-
tributions both inhomogeneous.

Thus the 6-ditnensional hyperellipsoid of Table 1
is not capable of producing a 3-dimensional uniform
charge distribution. Both models prove non-physi-
cal. In one case, one trades conservation of
uniformity for the sacrifice of a dimension, while
in the other, uniformity must be abandoned because
of the requirement for 3-dimensions.

Computational Results

The computations presented in this paper took
into account mainly model 2, in spite of the lack
of self-consistency mentioned, because of the con-
siderable deviations associated with the extra-
ordinary factor 2 in (2a) due to the plane wave
assumption. Effects of different form factors,
(3a) and (3b) cause less severe deviations. Fig.
4 shows a maximum decline at ax = &z with 0.5 (3a)
compared to 0.33 (3b), whereas both form factors
merge at ax << az and ax >> az.

As a linac (neglecting any practical realiza-
tion at the moment) a chain of rf-resonators (helix,
spiral, splitring, etc.) is favored. The scheme is
shown in Fig. 5. Focusing should be provided by
superconducting coils wound on the resonator tanks.

Data are summarized in Table 2.

For the calculatejns, a computer program has
been developed, which gives the axial and radial
synchrotron acceptances of the first section,
using equations (1), (2b), (3b). Envelope radii
required for the solutions of (1), (2b) are com-
puted iteratively, where the chargeless case Q » 0
is taken as a zero approximation. Elements

0.5

FOfiMfKTOR z

TOR K.V. MOOEL

ELUPSCO

0 1 2 3

Fig. 4 Form factors for K-V model and ellipsoid

RF- RESONATORS

3pX
SUPERCONDUCTING COILS'

d 3p\ •• d •

Fig. 5 Scheme of the linac considered

Particle:

Table 2

2
130

Initial energy: 1 MeV
Final energy: 23.4 MeV
Constant voltage gain per section: 0.28 MV
Linac frequency: 13.5 MHz
Number of sections: 40
Synchronous phase: 30o (45°)
Initial axial envelope: 30o
Section length: 3B>.
Drift length: 10 cm

of all beam transports form WKB transfer matrices10.
. A more detailed report on this computer program will
soon be published. It should additionally be noted
that the basic implied postulate of identical emit-
tance areas' with respect to both motion components
is not included in this paper. For that, a further
iteration procedure is required, for which work has
started.

The program obviously admits similar computa-
tions of Hideroe (SA/2) and Alvarez (6A) structures.

Figure 6 shows a typical slope of acceptances
with bunch charge, where Q = 10-1" C corresponds to
a particle current of 4.22 • 1015 particles per
second (duty factor 1).
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ACCEPTANCE WITH SWCE CHARGE
ACCEPTANCE WITHOUT S(*CE CHARGE

Fig. 6 Decrease of acceptances with space charge.
10-10 c ^ 4.22 - 10

15 particles/s. Radial
envelope radius 1 cm.

Defining "maximum" charge as the one which
reduces the smaller of the two acceptances to 50%
with respect to the chargeless case, Fig. 7 indi-
cates an extraordinary behavior, caused by the
aperture dependence in the form factor (3b) of Fig.
4. Here this maximum charge is shown versus the
radial aperture indicating that restriction of
maximum charge is due to axial losses at large
apertures, independent of the focusing field. Im-
provement with a stronger magnetic field1 is only
seen at smaller apertures. This coupling effect
of both motions, where coupling is exclusively
caused by space charge effects, is more obvious in
the next figure. As Fig. 8 indicates, charge and
magnetic pressure, when sufficiently high, give
rise to a squeezing effect to such an extent that
the beam moves axially, where the pressure is less.
Thus a tendency to incompressible behavior is ob-
served, causing instabilities especially due to
envelope coupling effects, as the magnetic field
does not show up explicitly in the axial equation
(1). With regard to the case with zero space-
charge, Flocquet exponents range from uo = 30° at
11 Tesla up to uo = 80° at 22 Tesla.

Figure 9 shows an example of beam envelope in
a long llnac, data being given in Table 2. Here
axial and radial beam envelopes are traced through
40 sections. Due to a rather moderate acceleration
field, the phase oscillation amplitudes are in-
creasing in the first sections, damping being de-
layed due to space-charge. Several pairs of en-
velopes which were considered, give an explanation
of the beam behavior, namely; a strong envelope
coupling between axial and radial motions after
starting together with a rather unfavorable de-
velopment of the axial Flocquet exponent. Axial
and radial amplitudes turn out similar. The
electrical field together with a more advantageous
synchronous phase is increased, but still damping
of phase oscillations is essentially prevented by

Q

20

AXIAL RESTRICTION

RADIAL RESTRICTION

0,5 2 a X m a x cm

Fig. 7 Typical aperture dependence of maximum
charges at two magnetic focusing f ie lds .

100

50

ACCEPTANCE WITH SR4CE CHARGE
ACCEPTANCE WITHOUT SFfcCE CHARGE

MAGNETIC
1ELD

)1 15 20 TESU

Fig. 8 Squeezing effect of strong magnetic field
on axial acceptance. Radial envelope
radius 1 cm.
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Fig. 9

39 SECTION

Radial (above) and axial (below) envelope
behavior at several bunch charges

space-charge, as the dashed curves indicate. For
a comparison of the two models, the dotted curve
illustrates even a more unfavorable beam behavior
in case of Model 1. Doubling of rf at high
space-charge should be handled with utmost care,
since extrapolation of zero space-charge situa-
tions seems dangerous.

Conclusion

In the future, an iteration routine for
identical emittances will be included, as dictated
by the K-V formalism. The extension to 3-diman-
sions will be pushed forward, and a fast sub-
routine for numerical calculation of elliptic
integrals will be installed. Investigations shall
be extended to periodic linacs like Wideroe and
Alvarez. Finally the model will be tested using
data of existing proton linacs as well as other
multiparticle programs. This might support an
rms formalism for axial motion with regard to the
model discussed in this paper.
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LONGITUDINAL CURRENT LIMIT IN A LINK ACCELERATING CELL
Juris G. Kalnins

Lawrence Berkeley Laboratory
Berkeley, CA

A Simple analytical expression is derived
for the maximum number of particles, and Che
corresponding average current, that can be
transported in the longitudinal potential well
of a 11nac cell. The calculation Includes only
the linear part of the self-fields, with the
beam taken to be matched in the transverse phase
space.

Introduction

The proposed use of Intense beams of
heavy ions for inertial fusion has generated new
interest in space-charge current limits in linacs.
A number of analytical studies have been made to
evaluate the longitudinal current limit.l~10
Most have evaluated the linear static limit for a
variety of charge distributions. These have
consisted of a uniform charge-density longitudinal
acceptance area,2>3,4 axial cylinder"'1" and
ellipsoid, 5 »6» 7 a a wen as a particular form of
the (r,z)~distribution function.9 As has been
pointed out by a number of authors,2.3,4,6 the
current limit depends on the model used. In this
paper, the space-charge limit will be re-examined
by separating the analysis into two parts.
First, the matched longitudinal acceptance area
parameters as functions of the linear space
charge parameter, will be calculated. Then in
the last section, a general expression for the
current limit, will be obtained which will be
evaluated for a specific constant charge density
ellipsoid model.

The Longitudinal Equations of Motion

For an ion of charge state Q and atomic
mass number A, the longitudinal phase equation
over one linac cell is given by

+ KB
2H'(e,eJ = o

where

(2)

* T h i s work was supported by the High Energy &
Nuclear Physics Division of the U.S. Department
of Energy under contract No. W-7405-ENG-48.

with M = Lc • accelerating cell length

8 * phase of the ion relative to the
accelerating field
6 s * synchronous phase angle

*' ) (_£!_)

"A = ^pJc * mass °f * amu

\ r * wavelength of the accelerating
field with rf frequency fc = c A c
cfe = synchronous velocity
W c s

 x (Q/A)(eEcLcTs) = peak
energy gain/arou
E c • accelerating field amplitude
Ts = transit time factor

Transverse coupling is neglected, except
through the space charge term H „ (e), which
can be expanded as follows:

(3)

where Ez(z) is the space-charge longitudinal
electric field, which integrates to zero for
phase angles. The linear space-charge
parameter6*'

u s=-sin8 s

is taken to be constant - the same for all ions
in the beam bunch. Its value will depend
primarily on the mis coordinates,11 and so
should be relatively independent of the
particular particle distribution. The remaining
non-linear terms Mn(e), if not too large,
could be included self-consistantly by an
iterative procedure.

Integrating Eq. (1) once, keeping only
the linear space-charge term, gives the energy
equation

(6W .2 Ho - H(8,6S)

where Ho is the integration constant

H(e,e ) = [sine-ecosec]

(4)

(5)
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and

This equation allows the changes in the phase-
stable acceptance area to be calculated as a

function of the space charge parameter v^.

The Longitudinal Acceptance Area

The Ions move 1n the potential well given
by the function H(8, ej, whose form Is shown In
Fit). 1 for 8S « - 30° and u#« 1/3. The
shaded area, Ho & hV, Is the longitudinal
bucket where particles are trapped.

The two envelope phases 6i < 8S and
82 > e s , the maximum energy spread «WS (half-
width), and the phase-space acceptance, area As -
JJ5W56, as functions of 8S and u t . They are
shown in Fig. 2, and generally agree with results
obtained using an analytic approximation to the
accelerating potent ia l . 6 ' '

Figure 3 shows the results_for the accep-
tance-area weighted average phase 8 and rms half-
width 69 rms. As has been noted previously,1"7
i t is possible to make the approximation

69
5 1 (6)

where 6S0 is its value for u»= 0, with the
acceptance area vanishing at v£ 1.

_ Though the acceptance area is independent
of 6, i t does produce a shift in the synchronous
phase, »6 which would require a small decrease

5E /E
C C

Pp(e-efi) tan 8

in the accelerating field to keep the bunch
synchronized.

The Longitudinal Particle and Current Limits

To evaluate the space-charge parameter )i ,
the self-fields of a uniform charge-density 3-D
spatial ellipsoid can be used. The potential
has the general form:

3eQN +y 2

with longitudinal field

3eQN
(8)

where IV is the number of ions in the
ellipsoid and ax, ay, a2 are the matched
Semi-axes.

Poisson's equation requires that

f x + fy + f z = 1 (9)

and the remaining parameter Is fixed by the
boundary conditions.

Evaluating the space-charge parameter 1n
the Impulse approximation, that is, M^=
EZ/ECTS, the auaber of Ions in the bunch yields:

where

and we have expressed fz in terms of

a.

(10)

(11)

where az « ao is the sem1-ax1s with no space
Charge. For a2/ao= 66rms /68O the approximation
of Eq. (6) was used to express
QNg as a function of Vr. The explicit
relation between az and t9rins can be
estimated for a particular distribution by
matching the rms values; that is ,az= *5 * -

For example, for a matched uniform
density_S-D phase space ellipsoid:
az =

The maximum number of ions fir. • N^,
b t d i d t i d by d(QNc'that can be trapped is determined

which gives an equation for u«

-1 (12)

Since the actual linac boundary
conditions are difficult to evaluate
analytically, three cases of interest will
be studied:

(i) The vacuum field as given by
Lapostolle5.'

2 *

(1i) A field with E2 « const, on the
ellipsoid surface

(14)

which reduces in the limit az-*- °° to the
usual transverse envelope equation for an
elliptic cylinder.10.11

(iii) A field with * = const, on the
ellipsoid surface:

a 2 + a 2

V1 = ] + ( \ a / ̂ ' • (15)

The % -dependence of f^ is shown in Fig. 4.
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Al l three potentials give the same result
for a spherical bunch (ax

the part ic le jiumber being
QN=3NHa3

(16)

This agrees with the result obtained in previous
calculations "•' for £ =1, which give v ^ V l

In general it 1s not possible to
evaluate U H in Eq. (12) for an arbitrary Stf
In Table I therefore, JĴJ has been evaluated
along with the maximum particle number QNy( in the
limits So < < 1 and Co

 > * *•
The maximum average current in all cases

is given by

TM = ef (17)

From Table I it is seen that the range of
yMis quite restricted, i»i agreement with
uf! =0.3 ->0.4 given by a number of
authors.*.6.7 The space-charge limit also
appears to be relatively independent of boundary
conditions for 50«l-

5. P. Lapostolle, CERN Report AB/Int.,
S6-65-15, 1965.

6. T. Nishikawa and S. Okumura, Proc. 6th

Int. Conf. on High Energy Ace,
Cambridge, 1967, p. 162.

7. R.L. Gluckstern, Proc. 1966 Linear Ace.
Conf., Los Alamos, 1966, p. 237.

8. L. Smith, ERDA Summer Study of Heavy Ions
for Inertia! Fusion, Berkeley, LBL-5543,
Dec. 1976, p. 77.

9. W.P. Lysenko, Los Alamos Report,
LA-7010-HS, Oct. 1977.

10. T.K. Khoe and R.L. Martin, IEEE Trans.
Nucl. Sci., NS-24, 1025 (1977).

11. F.J. Sacherer, IEEE Trans. Nucl. Sci.,
NS-18, 1105 (1971).

12. G.R. Lambertson, L.O. Las ett and
L. Smith, IEEE Trans. Hucl. Sci., NS-24,
993 (1977).

Conclusions

Expressions have been obtained for maximum
i-article number and average current for a
general class of linear ellipsoid fields. These
have been evaluated for a number of different
boundary conditions to illustrate their
dependence on the specific boundary conditions.
These Unear static space-charge limits could be
used not only to set upper current limits, but
also for scaling purposes. It would be useful
to evaluate the space-charge potential for more
realistic linac boundary conditions, as well as
to include the non-linear terms in some self-
consistent manner.
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Discussion

Qhnutna, FNAL: What would be the maximum current, in
your estimate,for the Fermilab linac? At Fermilab
we used to have sort of a game, and the game was
played this way: somebody would predict the linac
current limit and the linac people would try very
hard to exceed it. And then the theory guys would
try very hard to put larger limits on the current.
I was wondering, taking,for example the Fertnilab
linac, what would be your prediction on the maxi-
mum current we can accelerate?

Kalnins: I haven't done the calculations for the
Fermilab linac. The cases 1 have looked at were
for the linacs that we have at LBL, as a reference
for example, for numerical simulations. I agree
this is more space charge for pedestrians; it is
more to get an idea of where you might be in the
ballpark. It is obvious that you have to look at
it in much finer detail to get more realistic
values of what to expect.
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Fig. 1 : The longitudinal potential H(e ,8 )
for 0s = -30° andn£=l /3. 5

-z

Fig. 2: The acceptance-area phase l imi ts e,
and e^ • the maximum energy half-width 6m , and
area fts for synchronous phase 8 and space?
charge parameter JI . . s

Fig. 4: The geometrir form function f z (s) .
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Fig. 3: The acceptance-area weighted average
phase e and RMS half-width 6 9 ^ .
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THE SIGNIFICANCE OF BEAM OPTICS CONCEPTS AS APPLIED TO THE M2W CERN LINAC
M. Weiss

CERN, Geneva, Switzerland

The beara dynamics equations are in general valid
only for ideal situations, i.e. ideal machines and
ideal beams. To deal with reality, certain assunp-
tions and procedures have to complement the theory so
as to form Kith it a logical or "reasonably" logical
entity. The beam dynamics approach used for the new
CERN linac is reviewed and important points are under-
lined. Computer calculations justified the procedure
at the start of construction; comparison with meas-
urements and machine performance should now evaluate
the true "figure of merit" of the whole approach.

Design Methods

Beam optics problems can be approached in various
ways, each approach being usually a combination of
analytic and computer treatment. The analytic treat-
ment gives an insight into the importance and inter-
dependence of various machine and beam parameters,
but to solve the equations, several simplifications
have to be made. The computer treatment is more pre-
cise and is usually divided in two parts; one where
linearized optimization programs are used to determine
the machine and matched beam parameters, the other
where beam simulation programs are applied to check
the validity of the established settings.

The CERN beam optics treatment consisted of the
following steps:
1) beam model
2) analytic considerations
3) optimization programs
4) simulation programs.

These topics will be treated in some detail;
in particular the analytic considerations, which are
the basis for the subsequent computer treatments.

Beam Model

The beam is represented by a hyperellipsoid in either
a four-dimensional phase space (unbundled beam) ,
or a six-dimensional one (bunched beam). The space-
charge forces are computed from the projection of the
beam density distribution in the two- or three-dimen-
sional real space. It has been shown that for dis-
tributions with ellipsoidal symmetry, the evolution
of the me beam envelope depends almost exclusive-
ly on the linearized part (least square method) of
the self-forces. This important fact is extensively
used in analytic calculations and linearized optimi-
zation programs, where the real bean is replaced by
an "equivalent" one, having the same xns values of
coordinates but being of uniform distribution.

Via rms coordinates, one can compute the matching
parameters for beams with different density distri-
butions; the results will be the more significant
the more the density distribution approaches an ellip-
soidal one ("well-behaved beams"). It should be noted
that no direct indication is obtained about the evo-
lution of the marginal bean envelope, which is only

estimated from the
density distribution.

envelope and the real beam

Analytic Considerations

Analytic considerations are essential for choosing
the basic parameters of the accelerator under space-
charge conditions. It is convenient to analyse the
betatron and synchrotron motion separately.

Transverse Beam Dynamics

The most useful equation to start with is the envelope
equation, and it is sufficient for our purpose to ana-
lyse only the mean "smocth" envelope. Assuming that
this envelope is essentially the same, over a period,
for both the transverse directions x and y, one can
write

x" + Rx - |1 - M = o
x3 x

where x, K, E, I, k represent the smooth beara enve-
lope, the mean outer focusing, the equivalent beam
emittance, the beam current, and the space-charge fac-
tor, respectively. The condition for a matched beam
is x" = 0 and the mean focusing per period must satis-
fy the expression

where ov is the transverse space-charge parameter,
and !5g and g are the smooth betatron frequency and
amplitude function, respectively. If o~t » 1, the
mean focusing is mainly "space chaTge determined":

Xask-i- .
xz

Some typical values of o t in the new CERN linac are:

LEBT

LINAC

HEBT

0t
^ 20 (unbundled beam)
> 10 (bunched beam)

3-5

2.5-5

The reliability of computed settings usually drops
with o>; in the LEBT, for example, it is essential
that the beam is "very well behaved" in order to-
apply the computed settings.
To keep O£ small (for a given I) becomes increasingly
difficult for beams with a small fiittance; one ends
up with very narrow beams, requiring more focusing
strength and possibly creating longitudinal space-
charge problems.
The situation in the linac c?n be analysed a bit fur-
ther: the constants of all linearized forces in the
smooth approximation satisfy the expression

Q '
with beii.g the mean force constants of
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the quadrupole focusing, rf defocusing, and space-
charge defocusing. Taking into account that the FD
focusing in the linac is in fact a sequence of quadru-
pole doublets2, one can write for the quadrupole
gradient

V
Inserting in this expression figures of a "nominal"
acceleration with the new linac (I = 150 mA), one
obtains roughly

G 5 us (l + 1 + 3 ) % .

The increase of quadrupole gradients in the linac
due to space-charge is

= 1.6

a figure confirmed also by more detailed computations
(optimization programs). It is interesting to note
that the ratio of betatron frequencies of the beam
center and an average particle is

= 2

Longitudinal Beam Dynamics

Tlie basic set of equations governing the phase and
energy differences relative to the synchronous par-
ticle is

A
mc;

-4- AW = eET6rc[cos

The meaning of the symbols is the usual one, a A being
the longitudinal space charge parameter for the equiv-
alent beam:

am-_ _J
2rE0@rcET|sin <J> ]A<Ji

with A$: smooth phase amplitude, and f: smooth beam
radius. It is assumed that AW is small compared to
the energy of the synchronous particle.

To solve the set of differential equations some assump-
tions are necessary, depending on the question one
wishes to answer.

Linearized equation (analysis of the evolution
of small synchrotron oscillations with time): for
A4> « 1, one can linearize with respect to A<)> and get
the set of equations in the form:

^ A* = - b2(t) AW

3j AW = a2 (t) A<f> ,

a(t) and b(t) being slowly varying functions of t.
At a given moment t 0, the motion (smooth) in the phase
plane is given approximately by an ellipse with the
axis ratio:

f l = f- AWd AWj / z
 = AW.

b 0 ' A<(> d Acj> J Alp

This ratio varies during the acceleration as

The set of linearized first-order equations can be
transformed into a second-order equation:

A ~\ 2ireETS_|sin 4 |

Assuming o, = const and multiplying by B2Y3 and sub-
stituting,

this equation can be solved for the independent vari-
able u by the BKW method; returning to the variable
t, the solution is written as:

A<Kt) = C[e£Y
where C is an integration constant and

Sln J U?.Y3 J

One sees from the solution that the smooth synchro-
tron frequency is given by

2ireET|sin <|>,_|
(1 - >r- (1 -

Qs is the frequency in the absence of the space-charge.
During acceleration ^s varies as

• »
:'• T- a - c

The amplitude of small phase oscillations is damped
in the course of acceleration; for ET|sin $s\ = const
one has

- 3/ - 1 /

A* - (6rY)
 A (1 - °t) '" •

The parameter aj. is, in fact, not constant during
acceleration, but varies (see its formula):

for A* = const

+ V,
for (SrY)

In most cases, a^ increases along the linac.

The described analysis, valid for A<J> « 1, is usually
also applied in optimization programs for bigger Aip.
Several precautions are, however, necessary when a
parabolic potential function (linear motion) replaces
the true one.

Non-linearized adiabatic equation (analysis of
synchrotron oscillations with large amplitudes): to
solve the non-linear equations, one must assume adia-
baticity (0rY = const); the second-order adiabatic
equation is

cos ($ + A()>) - cos A

I sin * I *J = 0 ,
and due to the assumption (d/dt)fl| = 0, one can ob-
tain the energy integral as:

= 0
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with tite potential function
sin ($ + A<f) - A<(> cos

Isin <j>s

From V'(A<fO = [dV(A<j>)/dA<|fJ =
limit (unstable point) as

A*, a 2 | $ s | (1 - a,J

0, one gets one s tabi l i ty

(see Fig. 1) .

The other stability limit can be obtained from
V(A4) - V(£*>,) = 0 (in the easiest way by expanding
this expression in a Taylor series):

A4>2 s " !*sl 0 " V •

The stability limits are not symnetric around the syn-
chronous phase. To place more beam in the steole
region, one injects off the synchronous phase, <j>s

+<ji,,
see Fig. 1. There are several points of view accord-
ing to which <pa can be chosen. If one decides to
inject in the middle of the stable region, then the
stability limits are a function o£ af and <i>0:

satisfying

The maximum allowable phase amplitude is

The potential function V(A<J) now has the form:

V(A« =
+ A<(>) -

V

0

T

and the integration constant C can be chosen so as to
make the minimum of the potential function equal zero.
The condition V'(Aiti) =
< 0l and [minimum

= 0 gives A<f>, [maximum, V"(A<f>) <
, V"(A<J)>0], see Fig. 1. Pro-

ceeding as before, one computes A<t>2 and

The space-charge parameter c)£ has not yet been fixed;
it can be chosen in such a way as to maximize- the
trapped beam:

To obtain a
.

3rcET cos 4>s | tg <(>s |

it suffices to differentiate

- Hoz)

Taking this o^ opt and the typical settings of the new
CERN linac, one W i l d get

* 75

which is the optimum filling of the stationary bucket.
In fact, at injection into the CERN linac one has

and this means that the stabl'" region is drastically
reduced and that a good part of the beam lies ini-
tially outside of it. The beam starts to grow longi-
tudinally, but the bucket length (in iron, not degrees)
increases « Br» and quicker than the beam; after

^(10-15) cells, the o> has dropped sufficiently for
the beam to be now fully in the new bucket. Figures
2 and 3 show the initial potential V(A4>") and bucket
of the CERN linac for two values of o^. Figure 4
(simulation program result) shows the phase damping
of beams with 1 = 0 and I = ISO mA, respectively. In
both cases, no particles are lost. The matching and
machine parameters correspond to computed settings
(optimization program results), and no attempt was
made to annul the residual phase oscillations. The
initially unstable beam gives rise to a large increase
in the longitudinal emittance (y 2 computed, > 5 meas-
ured), but this does not adversely affect the accel-
erator (booster) downstream of the linac.

Linear Optimization Programs

All parts of the linear accelerator complex have been
designed by using linearized optimization programs.
Programs treating the LEBT and linac have been entire-

ly developed and written at CERN3 and subsequently
improved. They apply matrix formalism, linearized
Lapo5tolle-Schnizer gap equations'1, and have the
following special features:

1. Space-charge forces are computed for uniformly
filled, infinitely long cylinders (unbundled beam) or
ellipsoids (bunched beam). In the bunching region,
both models are used to account for the action of the
subsequently trapped as well as non-trapped particles3.

2. The longitudinal beam emittance is formed by the
non-linear energy modulation of the beam in the bunch-
ing system. This is the only "non-linearity" con-
tained in the optimization programs; it is also re-
sponsible for the transverse beam emittance growth in
rf gaps.

3. The linac (quasi-periodic structure) is treated
as a periodic structure, when computing matching param-
eters; space-charge forces are included.

4. Die gap forces are linearized around an "average"
beam radius reff (effective beam radius), which is re-
lated to the envelope of the equivalent beam as

reff 12

The divergence theorem holds.

5. The synchronous particle is abandoned as the rep-
resentative particle and replaced with particles

lying on reff in the transverse median plane of the
beam bunch. These particles have to get the nominal
acceleration.

6. Emittance increase (non-linear effect) can be ar-
tificially introduced in all phase planes.

Linear programs having the above features also proved
satisfactory for setting the running machine param-
eters; in particular the linac. Some corrections were

necessary in the LEBT (quadrupole focusing, not bunch-
ing) , where the high ot value, intensity oscillations
during the beam pulse ("grass"), and the presence of
non-protons, made the situation more difficult to
handle.

Beam Simulation and Experiments

In the linac, important questions concerning the
design5 and operation6 were settled by rultiparticle
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programs. In particular, conditions minimizing the
transverse emittance growth were analysed and a strong
preference for rather narrow beams found.

However, some experiments have recently been performed
confirming the importance of initial a} values: a
beam of 65 mA has been accelerated and,' contrary to
previous runs, a smaller IJ value (y 30 ) has been
chosen, so as to have the beam longitudinally stable
at injection. As expected, the longitudinal output
emittance decreased (by a factor of 0.57), but sur-
prisingly the transverse one was also improved (fac-
tors of 0.7 and 0.9 for 90% and 63$ of beam, respec-
tively). Perhaps this allows one to conclude that
in each case an optimum combination of o9 and u can
be found. .

Conclusion

The Collowing may be said concerning the CERN beam
optics approach:

1. It is complete in the sense that it contains pro-
cedures for determining al] the parameters of the de-
sign;

2. All design options were subsequently proved
correct;

3. computed settings of accelerator parameters
(focusing) are in general satisfactory, but correc-
tions are necessary in areas of high at values;

Vf.ifc)

^o J4iJ
$ B feynchronoui phaM) (unstable fixed point)

•tabia region

Fig. 1 Potential function for synchrotron
motion with space charge.

4. Phenomena such as emittance growth. In particular In
the longitudinal plane, were underestimated by beam
simulation programs, which, however, did not include
steering errors. The qualitative dependence of these
phenomena on machine and beam parameters was rightly
foreseen.

Pinally it should be noted that the CERN approach was
developed for "classical" proton linacs, where varia-
tions in beam losses of the order of a percent are
neglected.

References

1) F. Sacherer," RMS envelope equation with space-
charge" , CERN/Sl/Int• 70-12

2) B. Bru and M. Weiss,"Tolerances for quadrupole
focusing in the linac",CF.RN/MPS/LINP/Note 73-7.

3) B. Bru and M. Weiss,"Computational methods and
computer programs for linearized analysis",
CERN/MPS/UN 72-4.

4) M. Prome,"Effets de la charge d'espace dans les
accSle'rateurs lineaires a protons",thesis, Orsay,
No. 761/1971.

5) D. Warner,"Accelerating structure of the CtKN new
50-MeV Hnac".Proc. 1976 Proton Ace. Conf., Chalk
River.

6) D. Warner and M. Weiss,"Beam optics in the CERN
50-MeV linac",same proceedings.

Fig. 3 Separatrix and trajectory in the A<J>,
AW plane with a. as parameter.

Fig. 2 Potential function with a. as parameter. Fig. 4 Phase damping in tank 1 of the new linac.

- 230 -



1979 LIHEAB ACCELERATOR COHFERBICE

ON EMITTANCS GROWTH IN LINEAR ACCELERATORS*

R. A. Jameson and R. S. Hills
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Factors affecting eaittance growth in
linear accelerator applications requiring high
beam quality and low In-machine beam losses are
explored. A generalized method is developed for
•etching the average properties of an arbitrary
particle distribution to an accelerator struc-
ture in the presence of space-charge and other
perturbations. The effects of the particle dis-
tribution and the accelerator parameters on the
preservation of input enittance and other
measures of beam behavior are investigated, to
study optimum performance under carefully
matched conditions, and to show the degradation
of performance in the presence of mismatch,
steering and other errors. The concept of
detailed matching invoking desirable correla-
tions is discussed briefly.

Introduction

Growth in the effective emittance of linear
accelerator beams has been observed in all
operating machines, and has been the subject of
much study. Gluckstern1 pioneered in the
analytical treatment of K-V distributions. R.
Chasman^ did numerical simulation experiments
that demonstrated lower limits to output emit-
tance as input emittance was reduced, which
identified the importance of longitudinal-
transverse coupling. P. Lapostolle' and
coworkers at CERN did numerical and analytical
work with cylindrically symmetric, continuous
beams that demonstrated the presence of violent
growth modes under certain parameter conditions,
leading to severe filamentation of phase space.

Recent work with continuous beams has clar-
ified a number of points. Laslett, Smith and
Hofmann*'5 have catalogued the characteristics
of parametric oscillations in K-V distributions
and have discussed unstable modes in terms of
hydrodynamic models. Numerical calcula-
tions6'7 agree with the theory and have
addressed some questions concerning numerical
effects in the codes.

The general scalability of the problem over
the parameter range is beginning to be better
understood;6'8 Reiser's important work in this
area demonstrates that the scaling laws do not
have a single simple form, but depend on the
constraints imposed on the problem by the
designer, and on the zero-intensity phase
advances. In the examples below, all detailed
variables were deliberately submerged and are
described only in terms of phased advances.

•Work performed under the auspices of the U. S.
Department of Energy.

These are widelv scalable, and are a very useful
simplification.

Adding bunching and acceleration complicates
the problem substantially. Lysenko4 extended
the equilibrium distribution work to ?-D, and is
presently working on 3-D. Crandall10 elab-
orated on the effect of rf gaps on emittance
growth. Another example or the impact of the
constraints on the design problem was shown in
the somewhat surprising result9'11-'12 that,
for given current, input emittance 1s best
preserved Wy raising the frequency of the
machine. Development of the radio-frequency
quadrupole structure1^ has required that
attention be paid to the optimum rate of change
from a continuous beam to a bunched, accelerated
beam, to minimize transverse emittance growth.

Comparison of code models to actual machine
performance has also progressed, with detailed
analysis of measurement techniques,1* and
several examples of exacting modeling
studies15'16'17 that resulted in agreement with
experimental results to a few per cent or better.

All of this work lends confidence to the
further use of numerical simulation models for
more detailed exploration of the causes and
effects of emittance growth. The PARMILA code
was used in the work below; it is a full fi-D
simulation including nonlinear effects. The
space-charge subroutine uses a ring model on an
r-z area-weighted mesh. Five hundred macro-
particles were used for most runs; salient
points were checked with 5000. The random
number generator was restarted for each run,
except for specific checks of the effect of
randomness.

Generation of A Matcher! Linac

It was desired to generate linacs that would
be well matched under various conditions, and with
arbitrary particle distributions, eventually in-
cluding measured ones.18 For the initial studies,
the phase advances along the linac were specified.
First, an adequate measure was needed, over each
structure period, of the phase advance, o, and
the ellipse parameters, o and B, that characterize
the nearly periodic system. A least-squares
solution in each plane using all particles gives
values that work well for matching. The space-
charge parameter, y = 1 - (a/do)^, also is avail-
able. Using the desired pa tide distribution, a
linac can be generated with a given prescription
for the phase advances, using an iterative, least-
squares procedure. The quadrupole strengths are
adjusted to get the proper transverse phase ad-
vance. A constant longitudinal phase advance, for
example, requires the quantity E T sin $ /B to
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Fig. 1. Emittance growth after 20 cells, as a
function of tune shift from various
initial zero-intensity phase advance
per transverse focusing period.

remain constant. The procedure converges more
slowly as the tune is depressed, hut is quite
effective. Starting values are obtained from
the envelope equations.

Emittance Growth with Matched Beams

The parameter space was explored by
selecting a range of zero intensity, transverse-
phase advances and depressing the tune of each
by increasing the current in steps. As stated
above, the detailed parameters are submerged ,
they are in fact quite ordinary and well within
the scaling range of the proposed Fusion
Materials Irradiation Test {FMIT) linac to ihe
Clinton P. Anderson Meson Physics Facility
(LAMPF), and CBRN class of machine. Figure 1
shows the growth in the cms emittances and in
the effective emittance for 100% of the beam at
the end of 20 cells,* for a set of runs where
the initial transverse emittance and longi-
tudinal beam size are the sane. An input
distribution approximately uniform in real space

Beam Current —

Fiq. 2. Behavior of matched solutions from
envelope equation, for fixed e*i£-
tance, e, or fixed average beam radius,
a. For example, for a given radius and
current, a certain emittance is
required for a matched beam. A fixed
accelerator and no emittance growth are
assumed.

was used. The quads were set to give constant
transverse phase advance, aot , at zero current;
this resulted In ofc remaining approximately
constant also. The synchronous phase was held
constant. The acceleratinq gradient started from
the same value, but was raised linearly with B,
along with adjustment of the initial energy
spread to keep the longitudinal phase advance
nearly constant for each case.

There appears to he an underlying growth
pattern, plus an anomalous feature^'" in the
transverse growth, which will be discussed later.
Much of this "underlying" growth is attributable
to the immediate shearing effect of the rf
longitudinal-transverse coupling*2,and to the
steadily accumulatinq effect of the series of rf
gaps.'" For each Co*-, the current was
increased until it became quite difficult to
find a solution because of the loss of adequate
lonqltudinal focusing in the initial few cells.
For tune depressions, oVffi < 0.4, the longi-
tudinal growth increased rapid1^ For the
do*" 50° case, the electric field was raised
to keep some longitudinal focusing, and the current
was increased to depress the transverse tune
further. The transverse growth also increased
rapidly for aV&o* < 0.4 (open circles.
Fig. 1). The envelope equations indicate that
for a fixed accelerator and fixed emittance, a
match»d solution should be attainable at any
current by choosing the proper beam size, as
Indicated In Fig. 2. The emittance anil space

•Total effective emittance is found by fitting
ellipses with the rms emittance ellipse param-
eters through each particle and taking the
largest.
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charge contribute quadraticallv to the required
size, and at a/0o • 0.4 (0.25), the emittance
term has 0.8 (0.5) the weight of the space
charge term. In those cases where the tune is
depressed in the first few cells to less than
0.4, there is an immediate growth that tends to
push the tune back up until a balance is
achieved. The beam has not yet been followed
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enough bo deter»ine the asymptotic behavior,
although it would be unrealistic to
sustain the raiiped accelerating gradient
indefinitely.

This series of cases was repeated
with the accelerating field held constant at the
value used above in the initial cell. The
results are very similar to Fig. 1, except there
is less longitudinal growth (see Fig. 8). This
observation, plus the fact that the lonqitudinal
growth In Fig. 1 is a smooth curve, indicates
that the anomalous transverse growth for the
tunes with Co* in the range 100° - 120° is
essentially a transverse phenomenon.

This drastic growth behavior appears similar
to an unstable mode reported in Refs. 4-7 * jr
the K-V distribution. Figure 3 shows the growth
in average transverse total emittance for the
crfc/ao* * 0.75 tune depression for each aot
case. Some evidence of heat frectuencies is
apparent, and the growth rate is extremely
fast. Fiqure 4 shows a y-v' scatterplot for
oVaj* » 78°/100° at Cell 20, with the four
arms characteristic of this instability mode.
Figure 5 shows the ratio of average cross-
correlation products at Cell 20 to those at
Cell 2, out to fourth order in each axis. If
the size of terms is compared as the tune is
depressed, a pronounced peak is found in the
vicinity of the instability, in yJx, y3, y*x anfl
a number of^the x'-x tei-ms, particularly x'x",
x^x*, x'3x', x'^x3 and x' x . Other terms show
a steady increase (or both ramp and peak),
especially yV, yV, yV, yV, yV, x'V,
X1 x3 and x ' V . This mode may be, in

*"
X , y ,
fact, the Rayleigh-Taylor instability*"
arising from the atternatino-tjradient focusing
system; the x-y nature,and the fast growth
would fit this hypothesis. Theoretical
development of this approach is in progress.

Figure 6 shows a histogram of the phase
advance of particles in the bunch, in the frame
of the least-squares parameters derived for the
Cell 17-18 period. The second peak indicates
that a group of particles is persistently
rotating at a separate rate. This group appears
to be a result of the "underlvinq" mechanisms
and not of Wie instability mode. It consists of
particles originating at transverse radii out to
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0.4 rmax, is uncorrelated with particle phase
at injection, and is within the 90% core of the
beam in the transverse emittance projections.

Practical parameter choices for applications
commonly result in <V" < at. A preliminary
search was made for resonances of the 2a*- =
no4 type. Keeping ab « 50°, Eo/0 wss adjusted
for constant c* with n from 2 to 8. No
difference in emittance growth was seen out to
60 cells, which is beyond the point to which the
E o ramp could practically be sustained. Other •
possibilities should be studied.

In another slice of the parameter space,
starting with the at/ao

t = 51.5°/70° case,
and, keeping the current constant, reduced the
input transverse emittance by factors of 2 and
4. The transverse emittance growth increased,
and the longitudinal growth decreased for this
example. Such transfers among the projections
are commonly observed, including transfers
between x-x1 and y-y' if the initial emittatises
differ or during oscillations. This indicates
that ratios of emittances are also important
parameters, and suggests multi-dimensional
matching with equal emittance areas, especially
if the parameters change along the machine, it has
been found, however, that full 6-D matching is
not necessarily advantageous in all
applications—another example of the influence
of designer constraints on the scalings.
Other sets of parameters typical

100 SO CO 40
% of torn

Fig. 7 Typical variation in rms transverse emit-
tance growth with input distribution.

Uniform in 3-D real space
Uniform in 4-D transverse space,
separate 2-D longitudinal
Gaussian in real space, truncated
at 3d

of various applications will be explored, in an
effort to sort out some of the basic calculations.

Influence of Particle Distribution

The Oo = 100 cases were rerun for input
distributions uniform in 6-D, and Gaussian in
6-D (truncated at 33), keeping the rms emit-
tances constant. The quadripole strengths were
those used to achieve a constant phase advance
for the original distribution, approximately
uniform in real space. The 6-D distributions
grew more rapidly In the first two-to-three
cells. Prom Cells 3-20, the growth in total
emlttance was very similar, but the rms growth
for the 6-D cases was about double that of the
3-D case. The 6-D cases became somewhat mis-
matched as the beam progressed through the
cells. The quads could be reset using the
above procedure, for each particular distribu-
tion; it is expected that this would smooth but not
necessarily reduce the growth—it mav in fact
increase (see below). Similar general
influences of the distribution have also been
observed for other choices of parameters.
Figure 7 shows a typical redistribution of emit-
tance.17 It is concluded that the shape of the
distribution does influence emittance growth,
with greater effect as the beam brightness is
increased, and with greater growth as the cen-
tral density in increased. The unstable mode
evidenced in F.ig. I is not the result of a
particular particle distribution.

Influence of Matching

Mismatched beams will be smeared by the
action of nonlinear space-charge forces and
eventually will assume an emittance conqruent
with the machine acceptance. Figure 8 demon-
strates how emittance growth is affected by
mismatching the input beam size up to a factor
of Jl at injection, for the range of linac
parameters under discussion. At a
given aQ

t, the sensitivity to matching becomes
more pronounced as the tune is depressed.
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Fig. 8. Sensitivity of transverse emittance
growth to input matching. Linac has
constant accelerating gradient Eo.
At each tune, the smaller dimension of
the input beam is varied by changing
the input matehing-ellipse parameter 6
by ± 1/2 and ±2. The y and z inputs are
matched. Growth is shown after 20
cells.

As o0
t increases, the sensitivity for a given

tune depression increases, an effect of the
alternating gradient. The smaller absolute size
of the beam (in one dimension) also becomes more
important in terms of the required measurement
resolution. For K-V beams, a "mismatching*
instability mode has been identified4

for do* > 90°; its analog for these distribu-
tions may be a factor here.

In the vicinity of the unstable mode, the
behavior becomes somewhat unpredictable. For
the parameters in Fig. 8, the betatron oscilla-
tions generally subjected the beam to a lower
average Pt (higher a*-) over the 20 cells, some-
times resulting in less growth. The avUi' -
70°/110° case is particularly dramatic in
this respect. The changes in transverse emit-
tance growth from mismatching are generally
rather uniform with respect to the shape of the
distribution function, as shown in Fig. 9, or
sometimes show more growth for higher

percentages
17

Influence of Off-Axis Trajectories

For a single gap without space-charge,
Crandall10 showed that the increase in total
emittance is proportional to (a2 + d2) if
|d| < a, and 2ad if |d| > a, where a is the
half-width of the beam and d is the displacement
of the beam center from the axis. The Increase
in rms emittance is proportional to (1+ a/a*"),
where a^ denotes the rms half-width of the
beam. I t i s seen that the rms emittance grows

•- I
100 60 60 40

*U of beam

Fig. 9. Typical redistribution of transverse
emittance growth foz* mismatched beams.
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Fig. 10. Sensitivity of transverse emittance
growth, after 20 cells for 100* of
beam, to horizontal offsets equal to
the average input beam radius.
Solid -no offset; Dashed - offset.

relatively faster than the total emittance. The
growth over n gaps will depend on what happens
to the relative sizes of a and d. Figure 10
shows the emittance growths for (x-offset/
average input-beam radius) « 1.0 for the cases
of Fig. 1. Again the sensitivity increases for
larger tune depressions and for higher (Jo*, with
a diminishing of the unstable mode's effect.
The longitudinal emittance growth also is
increased by the transverse oscillation. Figure
11 shows the typical redistribution that occurs
in the transverse-phase space. This feature,
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Fiq. 11. Typical redistribution of transverse
growth for mis-steered beams.

and the contrasting signature of the mismatched
beam. Fig. 9, can be valuable aids in machine
tuning for detecting the presence of a centroid
oscillation or mismatch.

Detailed Matching

9 12
It has been hypothesized ' that detailed

matching procedures, which prepare the input dis-
tribution in ways more specific than just the
average properties, might result in reduced emit-
tance growth. This idea finds a general form in
the theory of equilibrium distributions,1'9 and
also c--m be expressed in terms of introducing
certain desirable correlations in the particle
distribution.20 A simple example concerns the
smearing of the transverse emittance caused by the
finite phase spread of the bunch, illustrated in
Ref. 12. It would seem reasonable that a first-
order improvement, which might be practical using
an rf focusing system, would result from adjusting
the transverse focusing depending on the phase of
the particle. Starting with a Gaussian 6-D uni-
form distribution, the particles were sorted into
five bins according to their initial phase. The
average phase advance and matched ellipse param-
eters for the first two cells of the 0ofc = 70°
case were computed for each bin. A new input
distribution was then prepared in which each par-
ticle was matched to the transverse parameters
appropriate to the bin containing its phase. Over
the 20 cells a 5-7% reduction in emittance growth
resulted for both the transverse and longitudinal
planes, other cases, or other recipes, have not
yet been explored. More general systems, which
"adiabatically" introduce the desired correlations,
ars being studied. In particular, the development
of the RFQ low-beta structure to accomplish cap-
ture, bunching, and preacceleration is a complete
embodiment of this concept. Preparations are being
made to do combined RFQ/drift-tube-linac studies
in this context.

Conclusion

Some new tools useful for generating and
observing matched linacs in simulation studies have
been forged, and used to study some aspects of
emittance growth. Some general guidance on accept-
able tune ranges and the effects of some types of
errors is apparent. However, the parameter space
is large, and further study is needed. For
example, there is interest in how far the

particular parameters, such as voltages, fields,
frequency, and particle type, can be condensed
into relatively general parameters such as phase
advance or tune depression. The concept of de-
tailed matching appears worthy of further consid-
eration. A better theoretical foundation would
be most helpful.
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Discussion

Ohnuma, FNAL: If somebody is building a high
intensity linac right now, from your data or from
your experience, what would be your recommenda-
tion regarding the most important thing they have
to do to suppress the emittance growth?

Jameson: I have not tried to write down what all
the rules are, because I don't think we are at the
end of the study yet. I thin): if you study these
pictures, it would suggest that one should prob-
ably have a tune around 70° for no current. These
results so far, would suggest that in an acceler-
ating system we can stand a somewhat higher tune
than Lloyd Smith and someone found for transport
systems. They suggested that you should limit the
zero intensity tune to 60° and not de-tune it with
current down to less than 24°, which is the .4
constant of nature again. It looks like in an
accelerator,you can probably stand a somewhat
higher phase advance, but 70° seems to be a good
number to minimize the growth.

penner, NBS: I think you're cutting it a little
fine there. Bob. I don't think there is any
difference between what you would recommend at 70°
or so, and the 60° that Smith and Laslett recommend.
I think their point is, and I think it is true in
our numerical simulations and yours and everybody
elses, that you must not be at 90° or above or
there are these barometric resonances. They will
always be there because you always have part of
the beam that is at lower current than the main
part. So the real rule is below 90°.

Curtis, FNAL: Just a small point. You said when
you sliced up the beam you got a somewhat smaller
emittance growth. Did you end up with the same
density of particles or did you throw some of them
away?

Jameson: No, I didn't throw any of them away.
Ine paper that John Staples and I had in March
showed that if you slice up the beam anc! plot the
phase space of each slice, you will find that at
the end of the beam which has the least rf focusing
you will see the thing rotate so that the projec-
tion gets turned into kind of a cross and basically
that was what I was doing. I was just matching to
that, and it went through; no particles were lost.
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Computer codes, which transform a number
of pseudo-particles through a simulated machine,
form the backbone of accelerator design tech-
niques. When minimization of beam loss within
the machine is a primary design objective, it
becomes necessary to consider beam behavior in
detail, and questions of both the physics and
computational aspects of the simulation are
raised. Within the constraints of the former,
the effectiveness of the latter can be increased
for a given amount of computer resources by the
use of statistical techniques. A statistical
approach to (Jctermin Ing the maximum beam size and
hence required aperture of a machine is described
and illustrated. The method draws upon sta-
tistical theory to treat the maximum radius
attained by a finite group of particles passing
through an accelerator as a statistical vari-
able. Once the distribution of this variable is
obtained, radius values ecu be found in3ide
which a given percentage of the particles can be
expected. Confidence bounds can be placed on
these radii, and the results used to estimate
the suitability of the accelerator apertures.

Introduction

The estimation of beam spill has taken on
greater importance in recent years with the call
for higher currents in accelerators. LASL
interest in the problem arose from the need to
estimate beam spill in the Fusion Materials
Irradiation Test (FMIT) linac. Here three
factors combine to make an accurate estimate
necessary. These are the relatively high aver-
age current (100 mA cw), the acceleration of a
deuteron beam with consequent higher radiation
produced per lost particle, and the requirement
for no remote handling during maintenance.

At Los Alamos,the PARMILA code is used to
transform particles through the six-dimensional
phase space of a simulated machine. Because
practical computing considerations limit the
number of particles that can be followed to a
few hundred or a few thousand, compared to
io"-io' in the real beam, the code cannot be
expected to give good answers concerning the
absolute outer boundary of the beam even if the
mathematical formulation of particle movement
were exactly correct.

The Accuracy of the mathematical formula-

tion is a problem in physics and code design.

With any given model, however, the problems

caused by following only a small sample can be

alleviated by using statistical methods1*2 to

assess the position of the outer boundary.

The Statistical Approach

The parameter that determines beam spill

is, in the final analysis, the maximum radius

(r m a x) assumed by any particle in the bunch.

The maximum radius is dependent on the focusing

strength, the rf defocusinp in the gaps,

space-charge (hence the beam current), the

degree of mismatch, and the alignment and

quality of the quadrupole magnets and drift

tubes. All these factors are included in the

PARMILA code model.

Figure 1 shows the probability density
function (pdf) for the physical radius of a be*m
of particles randomly selected from a uniform
distribution in the four-dimensional transverse
••hase space. An actual pdf histogram for a
typical sample of 500 particles is super-
imposed. Such groups of particles are trans-
ported through the accelerator code, and the
maximum radius is observed at suitable inter-
vals. (In the strong-focusing system used as
the example here, the beam is observed at the
center of each quadrupole.) Although the

1.6

*Work performed under the auspices of the U. S.

Department of Energy.

Fig. 1. The pdf for the radius of a typical

input particle distribution is shown

by the solid curve, along with the

histogram resulting from an actual

sample of 500 particle". The dashed

curve is a hypothetical pdf observed

in accordance with the output

criterion. A particular r m a x for

the sample will occur.
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Fig. 2. Histogram of the maximum radius
observed anywhere in a section of
linear accelerator in 100 runs of
500 particles each. Scales unrelated
Co Fig. 1.

initial distribution is usually bounded, parti-
cles that are not properly accelerated or trans-
ported may reach arbitrarily large radii, except
that they would strike some limiting physical
surface in a real machine. The r m a x, observed
at any particular point, or over a suitable
length of machine that integrates over the vari-
ous oscillation effects, also may be considered
a random variable. A series of simulations,
starting with different particle samples from
the initial distribution, will yield a set of
maximum radii with a probability distribution of
their own, indicated in Fig. 2.

Let f(r) = F1(r) be the pdf of the
distribution of radii in the region of interest,
then F(r) is the probability that an observed
radius is less than a certain r. The proba-
bility that n independent observations all fall
short of r is then F n(r); i.e, this is the
probability that r is the 1 .rgest among n inde-
pendent observations. Let * n(r n) be the
probability that the largest yalue falls short

Then the derivative,

is the distribution of the largest among n inde-
pendent observations. These equations form the
basis for an exact theory of extreme values,
which proceeds to explore whether asymptotic
distributions valid for large samples exist,
their nature, how quickly they are approached,
and how to estimate their parameters from sample
data.

The parameters used to characterize the
pdf of the extremes, 4>(r), are the expected

value of the extremes, u n, and the parameters
ot̂  = nf(u nV ! L can be shown that:

n _ j__
d(log n) a '

n

which indicates that 1/<!„ measur-.'-s the
increase of the expected largest value with the
logarithm of the sample size. Distributions
fall into three classes, depending on whether
o n increases, remains constant, or decreases
with n. This characteristic indicates that the
exponential function underlies the theory. Dis-
tributions of extremes may also be placed
another way into three categories: those that
are unlimited (in one or both directions) where
nil moments exist, unlimited distributions with
only a finite number of moments, and limited
distri buti ons.

The distributions of the extremes share
properties with their underlying population dis-
tribution: limited (or not) to left or right,
possession of moments, and asymptotic behavior
dependent on the behavior of the parent distri-
bution. It is erroneous, however, to assume
that the distribution of extremes is normal or
tends to normal; most distributions of extreme
values are skewed and remain that way in the
asymptote. The few symmetric distributions to
be found are not normal. It is seen that the
empirical pdf in Fig. 2 is bounded to the left,
skewed, and could be unlimited to the right.

As with other types of probability distri-
butions, rules are derived for estimating the
parameters, for estimates of extrapolated
values, and for confidence bounds on the esti-
mates. The appropriate probability paper can be
derived; probability paper provides the simplest
way to evaluate whether an observed distribution
fits the theory (the data would plot on a
straight line), and to make estimates. The
fitted distribution provides a best guess as to
how an infinite number of particles would
behave. The effect of the finiteness of the
original data is now apparent only in the confi-
dence bounds on the fitted distribution. The
fitted distribution can now be used to provide
estimates of the maximum radius inside which a
given percentage of maximum radii will be found.

Application

The linac data fit an extreme value dis-
tribution used by Weibull, which also finds wide
use in reliability theory. The cumulative
Weibull distribution is described by

F(r) 1 - e

where o is called the scale parameter, f? is

the shape parameter, and y is the location

parameter.3 Figure 3 shows the data of Fig. 2

plotted on Weibull probability paper. The vari-

able x = r - y is plotted versus F. The

points are seen to very closely approximate a
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Fig. 3.

r*-B732cm

One hundred values of rm (from 100
PARMILA runs using independent input
distributions of 500 particles each)
plotted on Weibull coordinates. The
straight line is the fitted Weibull
distribution.

straight line. Chi-square goodness-of-fit tests
were made and show that the Weibull distribution
provides a suitable description.

When good confidence bounds are required, the
number of runs needed to determine the distribution
will be fairly large. For parameter searches,
however, as few as 10 runs can suffice. Estimates
of the parameters of the distribution can be
obtained from the plot; a computer program was
written which accomplishes this by direct fitting
of the data. Computer codes are being developed
to produce maximum likelihood estimates of the
parameters and to find the confidence bounds on
the parameters and the distribution.

In the accelerator cases studies, the average
value of the observed extremes is very close to
the Weibull median value. Thus the mean r~

max
derived from a small nupjber of runs, say 10, can
be used as a quick measure to plot the effects of
changes in the accelerating conditions. Figure 4
shows an example of the variation in Y in
sections of particular bore size of the Ft'TT iinac
as a function of how well the input beam is
matched.

• • 2 5 cm bora rodiui Mclion
A A 3.0 cm feoft ro4tus MClion
o o 4.0 cm bor« rodt«t MCMOI

*- VOf»in» 0, * -Va ry ing
/»»'9O *»•«•

20 40 60 80 100 120 140

7ig. 4. Average rmax observed in 10 runs at
each condition, in a study of the
maximum beam size in lengths of the
FMIT drift-tube linac having a certain
bore size, as the match of the input
beam is changed by varying the input
beam size. Bx and By were
varied independently.

Another way of obtaining a quick estimate
of the radius containing a given percentage of
the maxima that would ever be observed, without
fitting the distribution, is provided by median
rank order statistics.* For example, with a
sample of size 25, the largest of the 25 values
corresponds to 97.3% of all maxima that would be
observed. These points are shown on Fig. 5;
each point corresponds to the largest of
25 runs. The effect of 0.25-mn random misalign-
ment error is also shown. There is much more
uncertainty in Fig. 5 than in Fig. 4, because
the 97.32 estimate is based on less data than is
the mean.

Conclusion

The observed extreme values from linear
accelerator computer programs fit the statistical
theory for extreme values very well. This
theory should be used to develop estimates for
beam spill in these machines. Although better
models of the particle physics may also be
needed, many of the effects of finite sample
sizes are avoided by using the statistical
approach. Work is progressing on identifying
more precisely the characteristics of the parti-
cular distributions involved in the linac
problem, programs for fitting data and calcu-
lating confidence bounds, and application of the
results to judgments concerning the appropriate
safety factors in accelerator design.
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Fig. 5. For the matching experiment shown in
Fig. 4, the maximun rmax in each
series of 25 runs for each condition
is plotted. These values, within a
known uncertainty, should be greater
than or equal to 97.3% of all maximum
radii that would be observed as the
number of runs increased.
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GENERAL LEAST-SQUARES PITTING PROCEDURES TO MINIMIZE THE VOLUME OF A HYPE8ELLIPSC

E. Alan Wadlinger
Los Alan-os S c i e n t i f i c Laboratory

Los Alaaoa, NM 87545

Several methods are presented for determining
the shape parameters, which i n two dimensions
are the Courant-Snyder parameters, and the
voluse of an e l l i p s e or hyperel l ipse that
represent a set of phase-apace points i n a two
or more dimensional hyperBpace. The e l l i p s e
parameters are useful for matching a beam to an
accelerat ing or transport system.and in studies
of emittance growth. The f i t t i n g procedure
minimizes the to ta l volume of a hyperel l ipse by
adjusting the e l l i p s e shape parameters. The
tota l volume i s the sum of the individual
p a r t i c l e volumes defined by the hyperel l ipse
that paisses through a p a r t i c l e ' s phase-space
point . A two-dimensional space 1B treated
f i r s t , then generalized to higher dimensions.
Computer programs using these techniques have
been wri t ten .

Two-Dimensional Case

The equation for an el l ipse may be written

yx2 + 2otxy + By2 - E/ir • A , (1)

Yg - a2 - 1 - 0 , (2)

where a, f3, and Y are the Courant and Snyder
parameters^ and E ia the area of the e l l ipse .
The emittance required for an el l ipse centered
at the origin to encompass a particle with
phase-space coordinates X£,y£ is

+ 2axiyi • 3yi
2 (3)

If there are N particles and each particle has
an emittance, A£ (i « 1,N), a total summed
emittarce can be defined as:

N
(4a)

The rms el l ipse parameters minimize I .
These parameters are found most easily by multi-
plying Eq. (2) by a Lagrange multiplier \;
adding the product to Eq. (4a), giving J
[Eq. (4b3]; differentiating J by a, g, y, and \ ,
respectively; and setting the result to zero.
The Lagrgnge multiplier allows a, g, and y to be
treated as independent variables. It i s found
that with

•Work performed under the auspices of the U.S.
Department of Energy.

J - I + \ (yB - a2 - 1) ,

the results are

(4b)

Y -

and

D -

5>i' , B

'(5)

which is a standard method for fitting an rns
ellipse to a distribution.

If the emittance is defined to be the ellipse
area that encompasses all of the ben, then to
determine the ellipse parameters that minimize
this area, requires use of a fitting procedure
that moot heavily weights those beam particles
that lie farthest from the centroid of the
distribution. This is done by using A±2
instead of A£ in Eq. (4a),

- a2 - 1) (6)

Minimizing J with respect to a, $> Y> an<' * then
eliminating X gives [see Eq. ( 3 ) ] ,

YB - a2 -

and

0 .

(2)

(7)

(8)

Equations (2), (3), (7), and (8) define a, &,
and y. An iteration procedure issued to solve
these equations.2 The starting valuee for the
ptocedure may be obtained from Eq. (5).

Figure 1 compares the results of fitting an
ellipse to the given set of points using both
methods described above. For this distribution
the weighted fitting method (dashed line) gives
an ellipse with a smaller area.

Finally, it was assumed that the particle
distribution is centered about the origin. This
deficiency can be corrected by substituting
(x£ - x.) for X£ and (yi - yo) for y£
in Eq. (3) then minimizing Eq. (4b) or Eq. (6)
with respect to x,, and yo, where (xo,yo)
is the origin of the ellipse.
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Note that the SUB in Eq. (10) and the product in
Eq. (11) are over the n-dinensional vector
apace, not over the particle coordinate". How
let £ be an orthogonal matrix that diagonal!zes
A, Eq. (9), let D be the resulting diagonal
matrix, (D • UAUT), and let Y be the
transformed vector, (Y • UX). Then,

YrDY - 1 . (12)

Equation (12) is in the form of Eq. (10) with
components of D,

(13)

Fig. 1 Weighted and rms ellipses that encompass
all particles. The inner ellipse
(dashed line) resulted from the "weighted"
fit.

Higher Dimensional Hyperellipsoid

The equation of a hyperellipse in an
n-dimensional hyper-space is:

1 (9)

where A is en n x n -dimensional symmetric
matrix and X i s an n-dimensional column vector.
Given a set of k points (particles) represented
by X̂  ( i « l ,k) in this hyper-space, the hyper-
e l l ipse defining matrix Â  that best represents
this set of points i s found. The f i t i s by
minimizing the volume enclosed by the hyper-
e l l ipse characterized bv the data.
The technique3 of minimizing the function.

with respect to the elements of the symmetric
matrix A.was not considered. This technique mini-
mizes the distances between the data points and the
surface of the hyperellipsoid defined by A.

An explicit relationship between the volume
of the hyperellipsoid and the shape-defining par-
ameters of the e l l ipse was f irst obtained. The
volume of an n-dimensional upright e l l ipsoid,

(10)

where {,{. is the Kronecker delta function.
Using the determinant of D, symbolized by |I)| ,
it is found that:

(14)

The determinant value is invariant under an
orthogonal transformation. Define a new
matrix B whose elements are

then,

B

2/n

(15)

(16)

(17)

with
|B| - 1 . (18)

Note that with n * 2, Eq. (1) i s obtained.
The hyperellipse volume, determined from

Eq. (17), i s

From Eq. (9 ) , i t i s found that:

T . V_
X BX

Vn = K(n) [xTBxl
n/2

(19)

The hyperellipse volume (or some power of
the volume) i s minimized for k particles in an
n-dimensional hyper-space. Define

with semiaxes of length d. i s

V - K(n) T T *, ;
n/2

(11)

(20)

where i i s the sum over fc particles , m i s an
exponent, n is the hyper-spa^a dimension,and \
i s a Lagrange multiplier. Let IS be
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symmetric. Substituting Eq. (19) into
Eq. (20) and absorbing the K(n) term into the
Lxgrange multiplier, yields

nm/2

MI»I " (21)

The matrix B i s determined by minimizing I with
respect to each element ]ijj and A, giving the
series of equations

3l/3Bj_j - 0 (i < j = 1, . . . . n)

3I/3A - 0 .
(22)

V »£•*• - 0 (i ±1, m)

which can be used to solve for X; (j 4= SL, a)
in terms of Xj and X_. Substitute these
relations in Eq. (17) to get

/ X * . \ / V \ 2 / n

/xn,x \ R(

The area of this el l ipse i s

2/n

(74)

(25)

The restriction (i <_ j = 1, ..., n) accounts for
B_ being symmetric (Eij = J3ji)- Equation (22) is
used to solve for I!. In all but the simplest
cases, Eq. (22) will be nonlinear and will have
to be solved by an iterative approximation scheme.
If the distribution has a non-zero centroid,
(X± - Xo) can be substituted for X± in Eq. (21)
which can be minimized with respect to XQ.

Given the ellipse in Eq. (17), the projected
area in the two-dimensional plane defined by t
m can be found. The gradient of Eq. (17) can be
used to obtain

V(X BX) = 2 (23)

where i and j are vector, not particle, indices.
The maximum projection of Eq. (17) occurs

where the coefficients of l (i * Jt, m) are
zero. ThiB gives (n - 2) relations of the form

(26)
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FOCUSING OF HIGH CURRENT BEAMS IN
Robert L.

University
College

The recent development of high field perma-
nent magnetic quadrupoles by Halbach,opens up
their potential use in drift tube linacs, beam
transport lines, etc. In order to retain some
ability to adjust the focusing strength of a per-
manent quadrupole beam line, modification is pro-
posed of the standard H 1- - system to a system

where adjacent quadrupoles are rotated (axially)
with respect to one another by a constant angle,
which can be adjusted to yield different focal
strengths. The resulting motion in the two trans-
verse directions is coupled, and requires a 4x4
matrix analysis to solve. However, a "smoothed"
system consisting of continuously rotated quadru-
poles can be solved analytically without invoking
the usual alternating gradient matrix analysis.
This has been done in this paper, which also
extends the analysis to include properly matched,
self-con/Jstent, K-V space-charge distributions.

Int-oduction

The recent development of high field perma-
nent magnetic quadrupoles^ makes possible their
use in transverse focusing applications such as
transport lines, drift tube linacs, etc., without
costly systems Co supply magnet jwwer and
cooling. The simple means of adjusting focusing
by changing the magnet excitation, however,
is no longer available and must be replaced
bv some other mechanism which will permit changes
for beam matching, space-charge defocusing, etc.
The possibility explored in this paper,is the ro-
tation of the quadrupoles about the beam axis.
Although this couples the two transverse direc-
tions, the degree of rotation between successive
magnets in a periodic system provides an adjust-
ment of the focal strength in the transverse
directions. The general features of a rotated quad-
rupole focusing system will first be discussed, and
then a continuously rotated system analyzed In
detail, including the presence of space-charge in
a two-dimensional uniform beam of elliptical cross-
section.

General Analysis

In a system of quadrupoles periodically
spaced, and rotated with respect to one another by
a fixed angle, the 4*4 matrices corresponding to
the action of the quadrupole, to a drift, and to
an rf defocusing impulse, are given by:

CONTINUOUSLY ROTATED QUADRUPOLE SYSTEMS
Gluckstern
of Maryland
Park, MD

sin 6

* quad

"drift

1

0

0

0

coshB

k ,

L

1

0

0

sin he

0 0 \

0 0

y h

0 1 )

sin he
k

cos h 8

t

\

1

(2)

'3)

where the transverse vector has components x, x',
y, y' along the principal axes of t.'.e quadrupole.
Here the equations of motion are given by:

d2x = k 2 x djl _ k2

ds ds

and 8 = ki, where I is the magnet length. The
drift length is L and the rf impulse is given by:

A. (5)

The matrix appropriate to the traversal from
a given axial location to the corresponding loca-
tion one magnet period later,consists of the
product of matrices of the form in (1), (2), (3)
followed (or preceded) by the matrix

sin a

0 cos a

I -sin a 0

sin a (6)

0 -sin a

representing rotation by an angle a. Obviously,
the vector now corresponds to the rotated coor-
dinate: system.

The transverse dynamics are now controlled by
reDeated multiplication by the one-cell matrix
M, a process which is most easily accomplished by
diagonalization of M. For example, if

SMS = D

is a diagonal matrix, then

S.

(7)

(8)

The motion will then be stable if the diagonal-
ized matrix 1P of the form:

0
- io.

1

0

0

0

0
i o 2

e

0

0

0

0
- i o

e

(9)

with and ^ being real. If ^ = (n.u'jV.v1)
are components of the rotated vector, then one
eventually can write

+ A_. cos n Oj A^. sin n o^ (10)

where Aj A are (real) parameters determined by the
focusing configuration. Clearly (10) can be
solved for cosna,, sinnc., cosno-, sin n o^ as
linear combinations of the 5-. Forming „
cos2na, + sin2no]L = 1 and cos

2 n a 2 + sin n a 2
s

1 leads to two separate quadratic invariants
involving the transverse displacements and angles.
These invariants can then be used to evaluate
maximum displacements and angles in tenas of the
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Initial displacements and angles. Needless to
say, the algebra Is straightforward but tedious.
Some simplification nay occur becaune the matrix
M is symplectic and has a unit determinant. In
any event, computer calculations are feasible.

Continuously Rotated Quadrupoles

As a special model, a continuously rotated quad-
rupole system will be considered for which the
analytic calculation becomes tractable. Although
the details may differ from the cell-by-cell cal-
culation outlined In the previous section, patterns
of stability, variation of amplitude functions,
matching requirements, and the effect of space
would be expected to exhibit the same
general features. For this reason, the -alcula-
tions for the continuously rotated system will
serve as a guide to the organization and inter-
pretation of the computations for the cell-by-cell
case which must ultimately be carried out.

Consider a quadrupole magnet system
whose transverse axes rotate at an angular rate
8 per unit length along the axis. Since the free-
space focusing force must be derivable from a
potential satisfying Laplace's equation, the
general form of this potential will be

4> = const I_(Br) cos 2(6-Bs). (11)

Near the axis, only the lowest power of r will
contribute, and the equations for the transverse
motion will be

x" = -Kx cos 2Bs - Ky sin 26s - xA

y" = -Kx sin 2gs + Ky cos 2Bs - yfi

where K is related to the quadrupole strength,
and A represents the (smoothed) rf defocusirig
gradient.

(12)

Let the transverse displacements to the rotat-
ing system be transformed in such a way that

u = x cos Bs + y sin Bs

v = -x sin Bs + y cos Bs .

Differentiating (13), yields:

u' = x' cos Bs + y' sin Bs + $v

(13)

v1 = -x1 sin Bs + y' cos Bs - flu.
(14)

Differentiating (14), gives:
2

u" = 2Bv' + B u + x" cos Bs + y" sin Bs
n (15)

v" = -2gu' + B u - x" sin Bs + y" cos Bs.

Using (12) in Eq. (15) produces:u" = 2Bv' + B u - Ku - uA

v" = -2Bu' + B2v + Kv - vA ,
(16)

in which the Bs dependence has remarkably disap-
peared from the coefficients. What started out
In (12) as two coupled Mathieu equations, have
simplified to two coupled linear differential
equations with constant coefficients in (16).

The solutions of (16) are obviously of the
form exp(±ips), exp(iiqs), where z » p-'-,q2 are
the two solutions of

namely

where

^ 2

B + a +

B2 + fl -

(17)

(18)

u - (K +4B A ) x ' . (19)

2 2Clearly, stability requires that p and q
each be real and positive. This translates into
a condition on K given by

2$^E < K < B 2 - A (20)

which is represented by the shaded region in
Fig. 1, a familiar shape in strong focusing
systems.

In order -o explore amplitude considerations,
the general solutions of (16), will now be con-
structed. These can be written in the form

where P

u " A cos P + )i B sin Q

v = -oA sin P + B con Q

ps + a, Q = qs + b and

2B + K- in 2Bq

2B -K + t

2B - K - u

2BP

(21)

(22)

(23)

From (21),

u' = -pA sin P + AqB cos Q (24)

v' = -apA cos - qB sin Q. (25)

Elimination of the terms in P,Q leads to the two
quadratic invariants

(ou'-pv) 2 (v' + gpu) 2 _ 2 ..
2 h 2 \*-i)
V v

where p = p-Xqo, v = Xop-q. The maximum radial
excursion

) = (u2 + v2)
max max

(28)

is then determined from (26) and (27) in terms of
the focusing parameters and the initial condi-
tions. It can be shown, after some algebra, that
R is the larger of

XA + B or A + oB.

Self-Consistent Phase Space
Distribution/Space-Charge

It is well known that any function of the
constants of the motion yields a stationary dis-
tribution in phase space. In this case, the con-
stants of the motion are given in (26) and (27).

In order to apply this principle to the
present case with space-charge, phase space dis-
tribution must be restricted to one like the
Kapchlnsky-Vladimirsky (K-V) distribution for which the
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charge distribution Is unlfora and the space-
charge force Is linear, in the present case this
suggests a phase space distribution of the fora:

ffci.u'.v.v1) - const «[M A 2(26)+N B2(27) - 1] (29)
2 2

where A (26) and B (27) are written In terms of u,
u', v, v1 as in (26) and (27). The space-charge
distribution can be obtained directly by integra-
ting over u1 and v'.by appropriately completing
squares in MA 2 + NB 2. The result is the uniform
elliptical distribution

p(u,v) «
MA2+N

(30)
K+No

where the axes of the ellipse remain clearly
oriented along the principal axes of the quadru-
pole.

It must be verified that the forces appro-
priate to an elliptical space-charge distribution
have been used in calculating the equations of
motion. The semi-major and semi-minor axes are
given from (30) by

( S + B E V ) 2 . A2(n-BSu)2

2 2"
V v

o2U-Bfiv)2 , (n+Beu)2

u v

(38)

where
M-K

2(T
(39)

;..itegration of (29) over v and n yields the u,
£ phase space projection (the x, x' projection
at s « 0) as an ellipse with boundary

MNx MNx ,2

MX2-H) (62o2N+e2M)
(40)

Similarly, the v, n projection (the y, y' projec-
tion at s ' 0) is

MMy
,2

« 1. (41)
MHJa2 (S2X2H*-e2N)82

The emittances corresponding to (40) and (41) are

MN ' " MN
Since the fields within a uniform elliptical dis-
tribution with charge per unit length T are given

a(a+b) ' y 4ne b(a+b)

Equation (16) can be rewritten as

u" » 2$v' + B2u - K u - uA
m rf

+ uA
a

v" - -2gu'

(32)

(33)
+ g2u + K u - uA .

m rf
where Kg, is now identified only with the actual
magnetic gradient,A rf is the rf component of A,
and Aa, A|j are the space-charge cerms, derived
from (32), given by

120 ohms elc

Mv3(a+b)
(34)

Equation (33) returns to the original form (16) if
one makes the Identification

+ (-Vs) (35)

A - A^_f - (—j—)• (36)

These expressions are easy to understand. Equa-
tion (36) represents the enhancement of the rf
defocusing by the (average) space-charge defocus-
ing. Equation (35) represents the contribution
to the magnetic quadrupole gradient from the
eccentricity of the elliptical space-charge.

Phase Space Projections, Transverse Emittance

The appropriate momenta to use for the x and
y phase space projections, are the canonical momen-
ta derived from the Hamiltonian representation of
(16), namely

- gv, V + 6u. (37)

In terms of % and n. the invariants (26) and (27)
can be written as

In

am

In
lit

n

H

It
(MHto2)1'

the special case W

i
a
b

this case,
les in Fig.

M:

- <V / 2 •

lines of
1, given

B 2 <l

Selection

MN

/2 ( 62 A2 M + e2 N )l/2 g

MN

» W , one finds
y

V « No

B 2 + K - A 1/4

B 2 - K -A

constant a/b are

by

4 , 4

•>) v A *'•
B a +b

of Parameters

{**)

(43)

(44)

(45)

straight

(46)

A sequence by which the parameters can be
selected is as follows:

1) The parameters A/B and K/B are selected so
that the "operating point" will lie comfort-
ably within the region of stability in Fig. 1.
The known extremes of A rj then suggest a
desirable value for g, from which the value
of K follows.

2) The parameters A, a, z, 6 are functions only
of A/B2 and K/B2. and are therefore deter-
mined. From the predetermined emittances Wx

and Wy, one finds the necessary values of M
and N, using (42) and (43).

3) The matched beam parameters a, b and the cor-
responding angles can now be found from (31),
(40) and (41).

4) Equation (36) can now be used to determine
the movement of the operating point in the
presence of space-charge, and (35) will give
the necessary magnetic quadrupole strength.
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5) Equation (29) describes the matched four-
dimensional phase space, which, in effect,
requires some restrictive correlations be-
tween the two-dimensional projections in (42)
and (43).

It is possible to design a periodic trans-
port system, consisting of quadrupoles rotated by
a fixed angle relative to their nearest neighbors,
which will provide for focusing in the two trans-
verse directions. The general analysis can be
carried out by means of 4x4 matrices, and the
focal strength of the configuration can be adjust-
ed by increasing or decreasing the angle of ro-
tation between adjacent quadrupoles.

The analysis has been carried out in
detail for a simplified model consisting of a
continuously rotated quadrupole system, includ-
ing space-charge, in the form of a matched
K-V beam. Simple formulas have been derived for
the stability region, the amplitude variations,
and the transverse matching requirement necessary
to maintain a self-consistent equilibrium dis-
tribution. These results should serve as a use-
ful guide in the design of a periodic transport
system consisting of rotated quadrupoles.

Acknowledgment

I would like to thank Klaus Halbach and
Ron Holsinger ior useful discussions about appli-
cations of high field permanent magnets and
mechanisms to adjust their focal strength;
Ernest Coarant and Alex Dragt for helpful dis-
cussions about the general features of 4x4 matrix
analysis for transverse beam optics in periodic
systems, and Shoroku Ohnuma for alerting me to
the earlier literature on magnetic helical quad-
rupole channels.

References

K. Halbach, LBL-8906 (1979); also private
communication.
This calculation has been carried out earlier
for low space charge. See, for example,
L. Teng, Argonne Rpt. ANLAD-55 (Feb. 1959);
G. Salardi, et al., Nucl. Instr. & Meth. 59_,
152 (1968); S. Ohnuma, TRIUHF Rpt. TRI-69-10
(1969); R. M. Pearce, Nucl. Inst. & Meth. j!3,
101 (1970).

Figure 1 \ /
Region of Stability, X i
Quadrupole Gradient vs V
Defocussing Strength \

I I . !

r •

.1.2

/

Or

K//32

'7/Tlm?,It/ \ / / i / / i / / i |

-.5 -4 -.3 -Z 0
A//3*

A

- 248 -



1979 LINEAR ACCELERATOR COSFERENCE

LINEAR ACCELERATORS WITH INTERTANK FOCUSING
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Introduction

In 1978 different concepts for an extension of the
UNILAC energy range beyond the present limit of
about 10 MeV/u were discussed at GSI. For energies
up to 100 MeV/u linear accelerator structures as
well as sector field cyclotrons were reconsidered.
The straight-forward approach is the extension of
the present Alvarez structure operating at
108 MHz. There are, however, good reasons to study
linear accelerator structures that operate at
higher frequencies, e.g. 216 or 351 MHz. In this
high frequency range the well-known focusing
scheme of magnetic quadrupole lenses, which are
mounted inside the drift tubes, has the following
disadvantages:

a. The capacitive loading of the rf-cavities due
to drift tubes with a large diameter (20 om or
more) is rather high (216 MHz) or even not
tolerable (351 MHz).

b. A large number of drift tubes (N) with magnetic
quadrupole lenses is quite expensive (N ~ fre-
quency) .

c. Furthermore,an alignment system for the drift
tubes, which is only required with drift tube
quadrupoles, is quite expensive, too.

Permanent magnetic quadrupole lenses with a rather
small outer diameter could reduce the eapacitive
loading. However, they do not fit the needs of a
heavy ion linear accelerator, where a large
aperture and variable field gradients for a broad
range of ions are required. Therefore a different
approach was studied, which does not make use of
drift tube quadrupole focusing: short accelerator
cavities without quadrupole focusing and inter-
sections between cavities, which provide raaial
focusing with magnetic quadrupole lenses and,
eventually, even phase focusing by means of re-
buncher cavities.

Phase Focuaing

In linear accelerator structures that make use of
intertank quadrupole focusing instead of drift
tube quadrupole focusing, rather short cavities and
quite long intertank sections are used in order to
provide the necessary radial focusing. It has to
be proven that the phase motion is stable in
accelerating structures with intertank sections
which are long in terms of the rf cell length b\,
and that the phase acceptance is adequate.

For periodic strt etures the phase notion can be
described in the same matrix formalism that is
well-known for the radial motion. This linear
approximation was used to study the stability
criteria. In canonical coordinates J> and fW,the
transport through an accelerating gap is given in
the thin lens approximation by the matrix M« with

k = -{ell siny and through a drift space of length
L by M^with I - -(2TT/W0*»

3Y3)*(L/BJO

„ . I 1 O) M / 1 £
"G " \ 1c 11 "D " { 0 1

The resulting transfer matrix M~ for the coordi-
nates if and iW through one section can be written
as

]* jjj-sinNu ,

Jj (sinNu1+ |Lsin
2

where
N is the number of cells per cavity
u-̂  " -V-W is the phase advance per cell
d is the matrix clement for the intertank space
B, = (1/w)-/-l/k'
w = VTT + kl/1) * 1

The stability criterion for the phase motion is

I TR (Ms) =

For accelerating structures that have no intertank
sections at all (d=0),the phase motion is stable
for all phase angles with sin ip s < 0 and all
values of N. The insertion of drift spaces between
cavities will result in an unstable phase motion
for some ranges of N, even with phase angles in the

° °well-known
(Fig. 1).

stability region -90° < ip < 0°
s

Fig. 1: Instability regions of a linear accelera-
tor structure with intertank sections (a).
The phase motion for a continuous acceler-
ating structure is always stable with
sin ips < 0 (b).

In Fig. 2 the limitation of the cavity length is
shown as a function of the noraalized particle
velocity 6. It is well-known for the radial notion.
and it will be shown for the phase motion,that the
optinum acceptance is achieved for the phase
advance per section p L = n/S. Therefore the cavity
lengths for ut =TT/2 are alao plotted versus B. In
the velocity range froa 0.1 to 0.2 (5 MeV/u to 20
MeV/u), which has to be passed immediately behind
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the UNILAC, the optiaim cavity length lies in the
range froa 1 • to 3 >.

Pig. 2: Limitation of the cavity length I at v "
versus noraalized velocity B and optimum
cavity lengths at p, = Tt/2 for soae values
of the aean accelerating field Es, the
phase angle fs and the intertank distance L

The linear treatment for the phase notion has only
approximate answers for the following questions:

a. What is the phase acceptance in the non-linear
theory?

b. How many sections will be required to develop
the effects of unstable phase motion (Fig. 3)?

• * *

Fig. 3: Phase amplitudes for a particle bunch that
is accelerated from & = 0.1 through a
linac structure with 3,4 • long cavities
and 1 m long intersections. The three
sections marked with an asterisk are
operated in the instability region (Fig.T)
causing an exponential growth of the phase
amplitudes.

In order to study the non-linear phase notion,
first iso-Hamiltoniana of the phase motion in
periodic structures were derived numerically
(Fig. 1). These iso-Hamiltonians can be
transformed in a second step through the real
semi-periodic accelerating structure in order to
display the development of instabilities (Fig. 5).
From these studies the following conclusions were
derived:

a. The optimum acceptance is achieved at >iL = IT/2.
At an intertank distance of 1 m the acceptance
is comparable in size to the acceptance for the
continuous accelerating structure.

b. A phase advance much above p, =TT/2 is not
advisable. Even at ft, - 2TT/3 tne acceptance is
remarkably reduced.

c. In accelerating structures that are operated in
the instability region the phase acceptance
shrinks drastically.

y .PL=150°

Fig. V: Iso-Hamiltonians at 8 = 0.1 for three
different values of phase advance u, in
linac structures with 1 m intertank
distance and, for oonparison, the
separatrix (dashed) for a continuous
accelerator structure.

6W tOMeV

P=0.12

Fig. 5: Transformation of the iso-Hamiltonians (a)

°through structures with
°

= 90° (b,c),
g uc

(g,h,i) all with 1 m

ug ucture ^
p, = 120° (d,e,f) and through a structure
with 3.5 m cavities ( )
intertank distance.

If for technical or economical reasons linac
sections longer than about 1 m are desired,
rebunchers can be introduced in order to restore
phase stability. Two schemes for the insertion of
rebunchers were considered: either one rebuncher
cavity in the center of the intertank sections (I),
or two rebunchers before and behind the section,
which can be integrated in the neighboring
accelerator cavities (II). The rebuncher focusing
strengths required for perfect matching are
respectively:

(I)

DR =
1_
2d
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Figure 6 shows the amplitude functions Bj, for both
configurations. The rebuncher amplitudes for
0-0.1 and 8 - 0.25 are given in Table 1.

I 6 = 0.1
j * = 0.25
t

double

undefined
1.25

single

0.75
0.96

Table I Rebuncher amplitudes (in
schemes of insertion

DRIFT LINAC DRIFT

REBUNCHER LINAC

~7?

REBUNCHER

MV) for two

Q)

b)

Fig. 6: Anplitude functions Bĵ  for linear
accelerator structures with intertank
sections (a). The intertank sections can
be Hatched to the accelarator by means of
rebunchers.

It can be seen that for the double rebuncher,
system (II), the maximum intertank space is
restricted while for the single rebuncher system
the only limitation is the linearity range of the
rebuncher voltage, which does not appear in the
linear approximation. If rebuncher focusing is
provided, it is also possible to operate the cavi-
ties at a phase angle of *fs = 0°. This means that
neither phase focusing nor radial defocusing occur
in linear approximation; the cavity can be treated
as a drift space. Phase stability has to be
maintained by appropriate settings of the
rebunchers, giving about 90° phase advance per
period . Numerical calculations have shown,
however, that the acceptance decreases rapidly
with increasing length of the cevity. Sufficient
phase acceptance at a length of about 3.5 m cannot
be achieved. For the u.«.e of rebuncher matching
it may be concluded:

a. With rebuncher matching there is no limitation
for the lengths of the accelerator sections.

b. In the velocity range from B = 0.1 to 6 = 0.2
with the parameters considered here,
rather high rebuncher voltages are required for
perfect matching (Table i ) .

c. Although phase matching can be achieved for
longer accelerator sections, radial focusing
and radial acceptances will be reduced with
increasing cavity length as shown below.

Radial Focusing

In linear accelerator structures that have no
drift tube focusing,magnetic quadrupole lenses are
installed in the intertank sections. The maximum
radial acceptance is again achieved for a betatron
phase advance u B = rr/2. In Fig. 7 the radial

amplitude functions are plotted for two different
structures, one with short cavities, which are
matched in length to 1 • Intertank sections, and
the other with long cavities and rebuncher Batch-
ing. The focusing strengths, quadrupole para-

meters and radial acceptances for an aperture of
2R = M en are listed in Table II.

i/ur

II1111II III 11IIII • 111 • 111IIIII • • • • * • • •

b)

Fig. 7: Radial amplitude functions for structures
with u, = 90° (a) and with 3.5 m cavities
(b), all with 1 in intertank distance. The
intertank quadrupole triplets are tuned to
the radial phase advance jip = 90°.

0.1
0.25

short cavities
B' A

(T/m) (a
n :

i»nrad)!

long cavities (3.5 o) :
B' A

(T/m)
n

(mm*mrad)

15.0

25.3
9.39 J
12.67 !

t

14.0
25.3

1.05
12.67

Table II Focusing parameters for two accelerator
structures with intertank focusing.

Alternate Phase Fncuajlng

A structure with 3.5 m long cavities and 1 m
intertank distance has a very poor radial
acceptance due to the strong radial defocusing in
the first part of the linac. There are two ways
to reduce radial defocusing and to improve radial
acceptance. One can either shift the equilibrium
phase angle fa towards 0°,or one can introduce
sections with positive equilibrium phase angle and
hence, with inherent radial focusing (APF
structures). Both schemes improve radial
acceptance at the expense of phase acceptance.

For APF structures, alternate sections with TT/1
phase advance per period produce minimum
excursions of the amplitude function and thus the
best phase acceptance. Nevertheless, the phase
acceptance is reduced by a factor of 4 compared to
the continuously focusing structure in the linear
approximation and even more, by a factor of 10
taking into account the strong non-linear phase
motion. Thus the perfect APF structure designed
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for heavy ion bean parameters at 6 = 0.1 has an
adequate radial acceptance but only a poor phase
acceptance. A compromise with moderate acceptances
for both the phaae and the radial notion can be
found, if one reduces the length of the radially
focusing sections with positive phase angles in
the APF structure (Fig. 8).

For a heavy ion accelerator behind the UNILAC,a
frequency jump from 108 MHz to 351 MHz was
proposed. Therefore any reduction of phase
acceptance is unwelcome and as a consequence has
to be ruled out.

I ACCEPTANCE

0 0.5 1.0
Fig. 8: Phase and radial acceptance for APF

structures versus the ratio R of phase
defocusing to phase focusing sections at
B - 0.1

Pflralfittfir Discussion for a 100 MeV/u
Linear Heavy Tan Accelerator*

For an extension of the UHILAC energy range beyond
the present limit of 10 MeV/u, a 351-MHz Alvarez
structui-e with intertank focusing was studied. In
order to provide adequate phase and radial
focusing short sections starting with 1 m length
are required in the first part of the accelerator.
Ftgure 9 presents a scheme for an 100-MeV/u
accelerator with intertank focusing. The machine
parameters are listed in Table III. Even for the
acceleration to an energy of 30 MeV/u, about 36
cavities are required, which have, with intertank

sections, a total length of 120 •• The great
accelerator length is due to the assunption of
the acceleration of U at a mean accelerating
field of 2 MV/m. With a second stripper at 5.9
MeV/u and with an increased field of 4 KV/n, which
is still low compared to PIGMI prototype results,
the total length could be reduced to about 35 •
for 30 MeV/u and 120 • for 100 MeV/u. For
comparison with an 108 -KHz Alvarez accelerator
with drift tube focusing the following arguments
have to be evaluated:

a. Accelerating structure and quadrupole focusing
are Inexpensive at 351 MHz.

b. Rf power amplifiers operating at 351 MHz are
not yet commercially available.

c. Accelerator cavities of 1 m length are too
snail units for the 351-MHz Rf power ampli-
fiers. Thprefore methods of coupling several
cavities should be studied.

Since it was finally proposed to extend the UHILAC
energy range only to maximum energies of about
20 MeV/u, the 108-MHz Alvarez acclerator was
preferred as the most appropriate solution in
order to avoid the lengthy development of new
power amplifiers.

1 w (MeV/u)

! 4U (HV)
i Number of
| L (a)

i*x »y (""#

cavities

mrad)

i 0.
5

' 13
27

1 0.25 0
30

151
36
122

K03
66
299

(normalized)
MeV * Cjo

.42 t
100 1

for a 351-MHz Alvarez
At an average field of

E = 2 MV/m U"""r ions are accelerated from
5 to 100 MeV/u.

Table III Parameter list
accelerator.^

1m 1m

p = 0.1
£= 5

0,25

30

0,42

10D MeV/u

Fig. 9: Heavy ion linear accelerator wifh intertank quadrupole focusing
for the acceleration of U from 5 to 100 MeV/u
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7500 Karlsruhe, Federal Republik of Germany

Abstract

The frequency choice for a 600 MeV - !00 mA pulse -
10 mA average proton linac is discussed. A 108-MHz
Alvarez accelerates the protons from 500 keV to
100 MeV; a 324-MHz high energy structure follows.
Space charge effects play a dominant role in the
beam dynamics. This choice of frequencies insures
large longitudinal and transverse acceptances at
injection, small longitudinal emictance blow-up
in the Alvarez, and a large enough longitudinal
acceptance of the high energy structure. The trans-
verse emittance at injection must not be too small
in order to alleviate transverse matching, and to
avoid longitudinal emittance blow-up,which would
lead to particle loss after transition.

Introduction

For a neutron spallation source, a proton linear
accelerator with about 600-MeV final energy,2and
10-mA average current has been proposed. The cur-
rent in the beam pulse has been limited to 100 mA,
since otherwise the installment cost for the rf
power sources gets high, and the space charge prob-
lems in the accelerator severe. Lowering the pulse
current increases the power bill. The dc injector
voltage should not be larger than 500 kV in order
to insure a reliable operation with the relatively
high average beam current. From experience with
existing machines, the Alvarez frequency ought to
be in the 100 to 200 MHz range, and the frequency
of the high energy part between 300 and 800 MHz.
The availability of large rf power sources for a
high duty factor strongly favors frequency choices
around 108 MHz and 350 MHz, for which similar de-
mands exist presently at GSI - Darmstadt
and CERN (LEP). The total investment cost for the
rf power sources is smaller for a 108 MHz - 324 MHz
frequency choice compared to 200 MHz - 600 MHz.
This more than compensates for the higher con-
struction cost of the accelerator structures at
a lower frequency.

In the following the frequency choice will be
studied from the beam dynamics point of view. A
major concern is to minimize particle loss in order
to keep the activation of the machine low. To this
end, the transverse emittances will have to be
tailored at definite locations along the linac, at
which a higher activation will have to be tolerated.
At transition between the Alvarez and the high
energy structure, the longitudinal phase acceptance
is reduced by the frequency ratio (space charge
effects neglected). Hence, special emphasis h.js to
be given to insure a large enough phase damping in
the Alvarez, and to have a welt-defined longitudi-
nal emittance without tails at transition.

The space charge influence will be estimated during
bunching for a single buncher. The analysis can be
carried through analytically for two limiting cases.
First, neglecting space charge forces, one can
estimate the longitudinal focal length d,and the
bunching efficiency. Second, in the highly space
charge limited case, one can calculate the distance
L, after which a small longitudinal velocity modula-
tion produced by the buncher becomes zero in the
beam center. •* Comparing d and L one gets an idea
of the importance of space charge effects during
bunching, d << L is required. It Is seen that:

(1)

W is the injection energy, g the corresponding rel-
ative velocity, I the beam current, and AW half
the maximum energy spread imparted to the particles
by the buncher. In order to achieve longitudinal
matching in the phase-energy phase space at the
linac input, AW is set equal to the energy accep-
tance of the Alvarez (space charge included). Note
that AW is larger at the lower frequency. Taking
this as a criterion, the result is that bunching
for a 400 keV - 108 MHz system is comparable with
respect to space charge problems to a 750 keV -
202 MHz one, and for a given injection energy the
lower frequency is more advantageous (Fig. 1).
Neglecting space charge, the bunching efficiency
is independent of frequency. Also, the option of
using the rf quadrupole structure * as an acceler-
ating huncher looks more promising the lower the
Alvarez frequency is chosen.

Acceptances at Injection

The acceptances at injection have been studied
analytically as a function of injection energy and
Alvarez frequency. ̂ "'Linear transverse <];iadrupole
focusing (FODO), rf defocusing, and space charge
forces (the bunch is a uniformly-charged ellipsoid)
are assumed. The non-linearity of the longitudinal
motion is kept to second order terms. The rapid
increase of the acceptances due to acceleration is
neglected. The result is that all of the basic
beam dynamic parameters are the more favorable
the higher the injection energy. Further, the
acceptances of a 750 keV - 202 MHz linac are sim-
ilar to those of a 400 to 500 keV - 108 MHz one.

In Fig. 2,3, and 4 the acceptances and the required
quadrupole field at 500 keV injection energy are
shown as a function of the normalized transverse
input emittance BYE (I00J5 of beam). Having fixed
the transverse focusing strength (betatron phase
advance per focusing period,p » 40°.at a 0.1 A beam
current) the average beam radius® is /E2BA/1TU'
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In order to stay well inside the region of trans-
verse stability, u is kept constant when varying
the emittance. This means that a smaller transverse
emittance leads to a smaller average beam radius,
hence to larger space charge forces, which in turn
have to be compensated by larger focusing forces.
For normalized emittances smaller than 1 TT mro-mrad,
the longitudinal acceptance gets extremely small
and the required quadrupole fields can no longer
be obtained for a 202-MHz Alvarez.

A too sma'l transverse emittance is undesirable
especially for a multi-stage linac system opera-
ting close to the longitudinal space charge limit.
After injection the bunch would rapidly expand un-
til the longitudinal rf focusing force and the
defocusing space charge force are equal. TVie phase
damping would be reduced, and at transition to the
next higher frequency section the phase emittance
might be larger than the phase acceptance. On the
other hand, a too large transverse emittance re-
sults in a too large beam radius, and, because of
that, in a too large dependence of the transit time
factor on a particle's radial position. The influ-
ence of the transverse motion on the longitudinal
one would get too large. The maximum beam radius
that can be tolerated from this point of view is
set to 0.75 BX/2TT or 3/4 of the drift tube aper-
ture ac injection. At this radius a particle would
already get a 15% higher energy gain than an on-
axis one. The transverse acceptance in Fig. 3 is
calculated accordingly. For a given transverse
emittance, Fig. 3 shows a larger transverse accep-
tance for the lower frequency. Also,a relatively
smaller fraction of the drift tube aperture is
filled by the beam. It follows that the radial de-
pendence of the longitudinal motion and the
resulting longitudinal emittance blow-up is less
ac the lower frequency for a given transverse
emittance. The transverse emittance blow-up is
affected similarly by the radial non-linearities.

It Is concluded that 108 MHz is favored over 202
MHz from the beam dynamics aspects at injection: the
acceptances are larger, longitudinal space charge
problems are less severe, there exists a range of
transverse input emittances, for which both longi-
tudinal and transverse motion are stable (between
4 and 7 IT mm-rad) , and the required quadrupole
fields can more easily be realized.

Phase Damping

The phase damping along the linac can be calculated
analytically using the above-mentioned approxima-
tions, and in addition, linearizing the longi-
tudinal motion. ' The transverse motion
is coupled to the longitudinal via the space
charge forces. It can be expressed by a single par-
ameter, the ratio axoayO/ax|avj of beam cross-
sections at the entrance and exit of the linac.
Then the result is

MAo

AW
AW? = [ Vosin*sogoV „)

EiTisin<f>siSTml-lJ

-I5fl (IX) EX

•nSaT b2ET

(2)

(3)

EoTo s i"1'soB l Y ' axo ay0 .V
ElT 's in*siVoaxlayI

Tmax 2 T s • r%'

Aw = q [ - | i 2=%
max n 3n q

(4)

(5)

(6)

a:

Where: A4> ~ half phase width, AW - half energy
spread, E « average axial electric field, T » tran-
sit time factor, <j> = synchronous phase, X « wave-
length, b » half bunch length, nAd) AH = longi-
tudinal acceptance, mc^/q = mass/cEirge?331

Evaluating these formulae for typical parameters '
allows the following conclusions: I. In linear
theory,the phase width at the Alvarez exit depends
only weakly on the parameters of the Alvarez.
2. The influence of the longitudinal space charge
force along the linac is the larger the higher the
frequency and the lower the injection energy is.
3. The phase acceptance at the Alvarez exit is
reti iced appreciably compared to the zero space
charge phase acceptance. This reduction is less
pronounced at the lower frequency and higher in-
jection energy. 4. The longitudinal acceptance
reserve gets extremely small at the Alvarez end
if the average beam radius is not allowed to grow
along the linf . These results have to be modi-
fied if the non-linear parts of the phase
focusing force are considered. They yield, to-
gether with the space charge force,a strong asym-
metric depression of the potential well for par-
ticles with positive phases (that is,trailing
particles). For these the phase damping will be
smaller than for particles sitting close to the
bottom of the well, and the effect will be the
larger the larger the ratio of space charge to rf
force ClO. As u. is smaller for a lower fre-
quency,the linear phase focusing region is larger
at a lower frequency. A too small beam diameter
(e.g. caused by a too small transverse emittance)
would .ause a larger than necessary longitudinal
space charge force, and hence a too small phase
damping in the non-linear phase focusing region.

Emittance Growth

Transverse emittance growth is mainly caused by a
combination of the phase dependence of the rf plus
space charge defocusing, and the fact that con-
sequently the transverse matching can never be
perfect for all parts of the bunch. 8 A single
slice of the bunch will experience the phase de-
pendence of the rf defocusing at the synchrotron
oscillation frequency, the space charge forces
then will change at twice the synchrotron fre-
quency, and both together cause the beam radius
to oscillate about its matched value at twice the
betatron frequency. The combined effect will be a
rapid transverse emittance increase after injection,
settling down in the early sections of the linac,
because the amplitudes of the oscillations about
the matched solution depend only on the initial
mismatches. This effect can only be neglected
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if 2,10

U*]sin((>-sin(J>a

tp

4irA ET|sin<(>-sin<l>
« 1 (8)

kf is the longitudinal wave number for zero cur-
rent, and ktp * p/2f?A the radial one including the
space charge effect. At injection, for parameters
as in Fig. 2, the ratio (8) » 1.9; thus a large
transverse emittance increase must be expected,
being less severe at a higher frequency. The effect
is more pronounced the smaller the emittance
as reducing the emittance towards zero without
changing the quadrupole gradients " means also
p + o. On the other hand, if one keeps JJI constant
when scaling the emittance to zero, the beam radius
will go down making the space charge forces and
the tune shift with respect to zero current very
large. As a real bunch is not a uniformly-charged
ellipsoid, the radial space charge force depends
on the longitudinal position being smaller at the
ends of the bunch. This again causes a phase de-
pendence of the transverse motion, and hence a
larger transverse emittance blow-up the smaller
the emittance is. Also this effect is more trouble-
some at a 'oser frequency, as the ratio of trans-
verse space charge to focusing force and the tune
shift is larger.

Transverse emittance growth could also be caused
by transverse bunch instabilities 12 or by
temperature exchange between longitudinal and
transverse directions, both being more probable at
a lower frequency. However, at a lower frequency
the transverse acceptance is larger, and a larger
emittance blow-up can be tolerated. The current
carrying capability is larger at the lower fre-
quency; if on the other hand a high brightness is
the major design goal, a higher frequency choice
looks more promising.

To study emittance growth in more detail, multi-par-
ticle beam dynamic simulations were performed for
a 108-MHz Alvarez with parameters as at injection.
Note that p = 40° at I = 0.! A is kept constant
along the linac for all runs. The computer pro-

grams 6>13 used are of CERN origin. A total of 4 x
2000 macro particles were traced. The cut-off distance
for the space charge force was set equal to the aver-
age particle distance resulting in about 3 close
collisions per particle per cell of length BX. The
mesh of the "space charge cage" was 60 x 60 x 60
fitted closely around the bunch. Typical nns values
change by 10% when varying any of these program
parameters by a factor of 2.

In Fig. 5 and 6 the emittance increase and phase
damping along the Alvarez is shown for matched
beams. The emittance at 100% of beam is defined
e.g. as Erms'

raax(x)-'I'ax(x')/(rms(x)Tms(x1)).
Although these emittances scatter a lot, it is
clearly shown that they increase much more than
the rms ones. (Comparing measurements and calcu-
lations one has to refer to the same percentage of
beam!) This corresponds to the formation of tails,
being especially dangerous in a high average
current linac. Most of the growth has happened
after one synchrotron oscillation (at about 2.3MeV),
which fits into the picture given above. The growth
rate is larger for a smaller initial emittance. "
The phase damping is nearly che same for rms and
maximum phase widths, and is only slightly less at
the lower transverse emittance, as has been ex-
pected for our parameter choice. Figure 7 shows
the rms emittances and the phase width at 100% of
beam at the Alvarez exit (100 MeV). For these runs
the input matching conditions and the quadrupole
gradients are kept constant, equal to the matched
values for a 4.65 IT mm-mrad input emittance; hence
all other runs were mismatched at injection. A
large transverse emittance increase is noticed for
small input emittances (for which good matching
will be very difficult in a real linac). Due to
this the longitudinal motion is not affected much,
although a decrease of the phase damping at small
input emittances is observed.

At 100 MeV,a transition to a 324-MHz high energy
structure is proposed,5 which has about a ± 27°
phase acceptance, safely larger than the phase
emittance of about 3 x 7°.

Fig. l:

Influence :? space
bunching for 0.1 A

Acceptances and required quadrupole field at
' 500 keV injection energy as a function of the

FODO focusing, y(I = 0.1 A) - 40°
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Fig. 5: Transverse emittance increase along the
Alvarez for matched beams
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Fig. 6: Longitudinal emittance increase and phase
damping along the Alvarez for matched beams
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Abstract

In this paper a proposal is discussed to accel-
erate charged particles by an axially symmetrical
electromagnetic field of a focusing laser. The
axis of the field is the equilibrium orbit of
the charged particles. It is shown that the
charged particles a •>. be focused transversally
and longitudinally in the field. For continual
acceleration of the charged particles, the phase
of the incident laser has to be suitably adjusted.
It is estimated that with an incident power den-
sity of 5 x 1O10 W/cm2, the effective energy gain
for such an accelerator may be as high as 90
GeV/m, so the size and the cost of a Phase Adjust-
ed Focusing Laser Accelerator (PAFLA) may be
drastically reduced. This seems to offer an eco-
nomical way to a super high energy accelerator.

Introduction

The progress of high energy physics has al-
ways been associated with the development of
accelerators of higher and higher energy. The
size and cost of a machine accelerating particles
to such high energy as 10 Tev, for example, would
be formidable if it were built in the usual way.
In order to reduce this, it is most impor-
tant to increase the energy gain per unit length
of the accelerator. High frequency power sources
are used in the usual accelerators and the accel-
erating field obtained is limited by the power
density. Stronger electromagnetic fields are
available with a high power pulsed laser and
even stronger fields can be made available by
focusing. For example, in connection with the
pulsed laser fusion program, the power density
at the focus is as high as 10 1 7 - 10IS W/cm which
corresponds to an electric field of ]O10 V/cm.
As the focus is far away from the material and
lies in vacuum, the power density there can be
made to exceed by orders of magnitude the limit
which materials can tolerate. Hence, if particles
can be accelerated with the electric field of
a pulsed focusing laser, the size, and with it
the cost, of a super high energy accelerator will
be drastically reduced.

Many proposals for laser accelerators have
appeared in recent years,1"11 mostly working on
a slow wave pattern of the field. The accelera-
ting field strength is limited by the breakdown
strength of the material or the medium. It seems
so far as super high energy is concerned,
that laser accelerators working with a slow wave
field pattern will compete somewhat unfavorably.

"Now at the Institute of Theoretical Physics,
Academia Sinica.

In the present paper it is proposed to accelerate
the charged particles along the axis of an axially
symmetrical electromagnetic field of a focusing
laser. The phase velocity along the axis of the
focusing field is, quite the contrary to what is
usually the case, larger than that of light in
vacuum. It is easily shown, by studying the dy-
namics of the charged particles, that conditions
for the focusing of the orbits transversally and
longitudinally agree with one another under very
wide conditions without additional lenses. In
this way, it is possible to obtain an accelera-
ting field, higher by many orders of magnitude
than that limited by materials. But the phase
velocity of the accelerating field is also larger
than the velocity or the particles, so it is
necessary to adjust the initial phase of the ini-
tial phase of the incident laser by a certain
amount after a certain short distance along the
axis. It appears at first sight that the sooner
the phase adjustment the better the acceleration,
but we must remember that the phase adjustment is
done on the wall of the accelerating tube and
what we needed is the change of phase for the
field on the axis. Boundary value problem calcu-
lations based on Maxwell's equations show that,
for an accelerating tube of a radius of ten
thousand wavelengths, the distance for phase ad-
justment cannot be chosen smaller than a wave-
length or the change of phase will be completely
blurred on the axis. Taking this into account,
it is estimated that with an incident power den-
sity of the laser of 5 x 10 1 0 VIcm, which can be
tolerated by the material of the wall of the ac-
celerating tube, the effective energy gain may be
as high as 90 GeV/m. Thus, PAFLA seems to offer
a new way to super high energy accelerators with
drastically reduced size and cost. Such an ac-
celerator can be used for protons, electrons and,
more favorably, for short-lived particles.

Acceleration by a Focusing Laser Field

Take, for simplicity, a laser accelerating
tube of an inner radius larger than the laser
wavelength by many orders of magnitude. Consider
the axially symmetrical TM wave and use cylindri-
cal coordinates z, r and 6. The non-vanishing
components Ez, Er and Bg, as functions of z, r
and the time t, are of the general form

E z = ReSEhJo(kihr) exp (ihz - iut - i<»h)

Er = ReSEh(- ih/k )Jl(k r) exp (ihz - iut - ia )
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cBe « Re Eh(- ik/k,h)J1(k r) exp (ihz - iut Fsine W

with
h2 + k j - k2 • OJ2/C2 - <2irA)2

and

e - u - 1

Here c is the velocity of light in vacuum and
with the Bessel functions J()(x) and Jx(x) satis-
fying

J0 ~ " Jl> ^ X Ji' X J0

Maxwell's equations have been satisfied. The
laser wavelength in vacuum is denoted by X and
the longitudinal and transversal components of
the laser wave vector, by h and kjj,, the suffix
h referring to the partial wave. Thus, Eh and
a^ denote the magnitude and phase of the z-com-
ponent of the electric field on the axis of the
partial waves. In the summation only those par-
tial waves with h < k contribute to the focus-
ing field on the axis, the other partial waves
with h > k, being evanescent surface waves, decay
exponentially away from the wall of the accelera-
ting tube. From the properties of the Bessel func-
tion JQ(x), namely

JQ(0) = 1 and Jo(x) = (2ux)"
J5{expi(x - it/4) +

exp -i(x - 77/4)}

as x >> 1, introduce a focusing factor F
as an estimate of the ratio between the peak
value of the z-component of the electric field
on the axis and that of the incident wave on the
wall, namely

F = E (0)/E (2irk, R) •

Where R is the radius of the accelerating tube and
Ez(r)inc Is t n e incident field on the wall.

Intuitively, the above focusing field can be
realized by an axially symmetrical converging
wave with its electric field polarized in the
plane of incidence. A cross-section of the focus-
ing field is shown in Fig. 1. Thus, it is found
k x = ksinS, h » kcos6 and h < k is satisfied.
The focusing factor can be written as

F = 27F(RsIn8A)S5 (2)

Denoting the peak value of the incident elec-
tric field at the wall by Ey so that the incident
power density is

P = CEW
2/8TT (3)

( e,u of the incident region also taken as unity)
and noting from Fig. 1 that EZ(R)
it is found, approximately, that:

Now consider the notion of the charged parti-
cles in the field of the focusing laser. Although
their energy gain may be very large (say 100 GeV/m),
the energy gain per laser wavelength X is vtry
small (say, 0.1 MeV per A • lu) compared to :he
rest energy of the charged particle. Neglecting
many body effects, one may treat the motion 01* the
charged particles by perturbation methods and in
the first approximation consider each partial
wave separately. The partial wave which is re-
ferred to above as the principal propagating mode,
contributes most to the acceleration and it alone
will be discussed below.

For the particles moving along the equili-
brium orbit, r • 0, i.e., the z-axis, to
the zeroth approximation the equation of path:
t » to - z/(c 8), corresponding to the free
motion. So, the force acting on the particles
is, to the first approximation, given by:

eE
z

eE. CosA
h

where

(K"1 - h)Z} (5)

is the phase of the accelerating field as seen
from the moving particle. The condition for
acceleration is simply

ecosA > 0 (6)

Since t denotes the instant when the particle
passes z * 0 with velocity cB, the condition for
longitudinal focusing demands a greater accelera-
tion for the late-coming particles, or a smaller
acceleration for the faster particles. That is,

either 3(ec.os A)/3t < 0 or 3(etos A)/36 < 0,
gives the condition

esin A < 0 (7)

For particles moving in the neighborhood of
the equilibrium orbit, the transverse force is,
to the first approximation, given by

f - -(r/2)(h - kB)cEhsin A •

Since for the propagating mode of the focusing
accelerating field we have h < k, it la possible
to choose h and B to satisfy the rather wide con-
dition

(h - kg) < 0 (8)

in which case the condition for the transverse
focusing coincides with that for the longitudinal
focusing, namely Eq. 7. No additional magnetic
lenses are needed. This is so, as may be seen
from the two terms on the left hand side of
Eq. 8, because the transversal force due to the
magnetic field overcomes that due to the electric
field.
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From Eqs. 5 to 8 It may be seen that it
is possible to accelerate charged particles with
simultaneous focusing by properly adjusting the
phase of the accelerating field as seen from the
moving particles. For protons, it is limited
to within the fourth quadrant, for electrons
to within the second quadrant. Owing tc the
dependence of A on z, to continually accelerating
the charged particles along the axis, it is
necessary to change the phase a n of the incident
laser for the above conditions to be continually
satisfied.

Phase Adjustments

From Eq. 5 it follows that the phase of the
accelerating field, as seen from the moving
particles, will change by ir/2 after the particles
have travelled a distance % along the axis,
where

(S - cos 8)-1 (9)

This will be referred to as the distance for phase
adjustment. To compensate for the increase of A
by ir/2 we may change the phase an of the incident
wave by lengthening the optical path by a quarter
wavelength for every distance. For phase adjust-
ment, as shown in Fig. 2, the wall of the accel-
erating tube works then as a cylindrical grating,
with grating constant D = 4£,ruled in four steps.
According to Eq. 9, for small 6, the distance
for phase adjustment can be made very much larger
than the wavelength of the laser, so the change
of phase along the axis •' s guaranteed by elemen-
tary optics, but the accelerating field is then
reduced in accordance with the factor (sin9)3/2
of Eq. 4. For a higher accleration we prefer
to choose a bigger sine and hence a shorter £/A.
It becomes then vitally important to see that
diffraction effects ao not cause the change of
phase on the axis to become completely blurred.

Some numerical calculations were made
with Maxwell's equations, solving the appro-
priate boundary value problem.12"13 Primary cal-
culations for the case of normal incidence show,
taking R/A » 101* for example, that the change of
phase on the axis varies linearly with the change
of optical path on the wall, as shown in Fig. 3,
provided that S./A ̂  1 is satisfied. The fraction
n of the region o- the axis where the change of
phase is blurred increases rapidly as 9.1 \ becomes
smaller than unity, as indicated in Fig. 4.

The distance for phase adjustment depends
also on the velocity of the charged particles.
For particles of high energy, the variation in
8 is slight. For simplicity, choose the
grating constant fixed but introduce some leap
steps as leap days are introduced in the calendar,
the distance from one leap step to the next may
change in a long accelerating tube. In view of
the fact that allowance, however strict, will
accumulate in the long run, it is suggested that
the accelerating tube be made by fitting together
a large number of sections after testing and
additional proper measures taken during fitting.

A Conceptual Design

Among the many possibilities of building up
an axially symmetrical focusing laser field, one will
be described here in more detail. In Fig. 5a, the
ring-shaped laser output from a confocal resona-
tor, after going through a special polarizer, Is
largely reflected at the 45 degree cone-shaped
beam splitter and is made incident almost perpen-
dicularly onto the accelerating tube. The outer
surface of the tube is ruled for phase adjustment,
as discussed above, and the inner surface is ruled
as a diffraction grating, such that a large pro-
portion (say ng) of the incident energy will go
into the diffracted beam of a definite direction
with the longitudinal component of the wave vec-
tor as required (i.e., with h » ksinB, see Fig. 5b).
In order to make the best use of the laser power,
as indicated i the block diagram Fig. 6, the suc-
cessive laser amplifiers are properly delayed in
time so that the radiation of the laser and pas-
sage of charged particles along the axis may
synchronize. The coherent length of the laser
should be longer than the distance between the
successive amplifiers.

Energy Gain

From the above discussion one can estimate the
energy gain K per unit length of the accelerating
tube from the component of the electric field or
the axis,as given by Eq. 4, by multiplying it with
the utilization factors for the blurring (1 - n)
and for phase averaging

cosfl (10)

the phase A varying uniformly from A, to A,. Then
tor the energy gain per unit length of the accel-
erating tube, it is found that:

(sin6):>/^nA (1 - n) (11)

where rig denotes the utilization factor for energy
diffraction. Let x denote the pulse width of the
laser and take 20 joules per square centimeter
for the pulsed en>.-gy tolerated by the material
of the wall. Then:

rp - cE^/Bir < 2.108erg/cm2 = 20 joules/cm2. (12)

Evidently K varies as the square root of P. For
high acceleration, short pulse is preferred, but
the pulse must be long enough to guarantee the
required coherent length.

0 4R/A T. 10 4 £/A i. 1 sine - .66 (cose - .75)

= 3 x 102sec

+ 6 x 10 6 v/cm

P = 5 x 1 0 1 0 W/cm2

.9

•». .75 (1 - n) ̂  .65

and get K t 90 GeV/m. To accelerate charged par-
ticles to an energy of W = 1 Tev with laser wave-
length A - lu requires at least the total laser
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energy Q ̂  105 x 10 joules and the total length
of the accelerating tube L •>< 11 meters with R - 1
cm radius.

lo conclude, It is seen that for the realiza-
tion of the PAFLA a number of new problems will be
involved which, however, it seems, are just
suitable to be solved by optical means. If the
process of photo replica can be adopted in the
manufacture of the accelerating tube, then PAFLA
for 10 Tev energy becomes conceivable.

The authors are grateful to have benefited
from discussions on various occasions with a large
number of persons working here on the usual accel-
erators and elsewhere on lasers and it is a
pleasure to thank them all collectively. Specifi-
cally we express our thanks to Professor Chu Chi-ho
for his suggesting the special polarizer, and to
Mr. Wu Jianwu for his writing the early version
of the computer program.
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Fig. 1 - Pattern of the accelerating field
Ez of the focusing laser, the
wave vector k revolving around
the Z-axis.

Incident l*««r

Fig. 2 - Stepwise grating (schematic) for
phase adjustmenr, the grating and
the incident laser revolving to-
gether around the Z-axis. For a
four-step grating the optical path
is Increased by a quarter wave-
length for each step.

a

36CT

270'

180'

k= 2.66, R^IO3^
= 2.5Pi, (9=90*
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Fig. 3 - Variation of the phase delay a oi
E on the axis for various of the
thickness t of step.
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Fig. 4 - Variation of the fraction T\ of the
region on the axis where the change
of phase* is blurred for various
valjes of grating constant D = 2.

7YZZ7J777*

1

9

Fig. 6 - A PAFLA block diagram
1. Laser oscillator, 2. Laser
amplifier, 3. Reflector, 4. Special
polarizer,5. 45° cone-shaped beam
split er, 6. Laser amplifier,
7. 45° cone-shaped reflector,
8. Pumping source, 9. Tims-delayed
trigger, 10. Injector of charged
particles, 11. Collimating slit,
12. Detectors of charged particles,
13. Accelerating tube.

Fig. 5 - The accelerating tube
(a> Arrangement: 1. Beam split-

ter, 2. Laser amplifier,
3. Accelerating tube.

(b) Structure: 1. Grating for
phase adjustment, 2. Grating
for diffraction.

Discussion

Teng, Fermilab: I did not quite follow the details
of your scheme. But generally speaking there are
two difficulties with laser accelerators: (1) be-
cause of the very small wavelength, the acceptance
of the field is too small; (2) the fabrication pre-
cision and operating stability required are very
high. Can you comment on these in relation to
your scheme?

Zhuang: Yes, we have not gotten into the required
accuracy and detail, but it is expected to be very
high. However, it seems to us, the problem can be
suitably solved by optical means.

Blewett, BNL:
these ideas?

Do you plan experimental tests of

Zhuang: We want to explore the theoretical before
ve start on the experimental program.
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The linac of the Clinton P. Anderson Meson
Physics Facility (LAMPP) was designed to simul-
taneously accelerate If1" and 11" beams to
energies up to a maximum of 800 MeV. To
allow aore flexibility in the experimental pro-
gram, it is desirable to find an operating mode
such that the H~ bean nay be accelerated to a
lower output energy than the H + beam. There
are two possible approaches for doing this. In
one approach, the beams could time-share the rf
pulses, with the radio frequency adjusted to
provide the desired energy for each beam separ-
ately. In the other approach, which will be
the one discussed in this paper, both beams use
all of the rf pulses, and the H~ beam is
kicked out of the accelerating bucket when the
desired lower energy is reached. This paper
discusses a possible method of separating the
H" and H+ beans in longitudinal phase space
(energy -phase), and summarizes dynamics
calculations for various proposed schemes for
kicking the H~ bean out of the bucket.

Introduction

The LAMPF accelerator provides an intense
H + beam,used primarily for meson production,
and an H~ beam used for nucleon-nucleon and
nucleon-nucleus studies. Users of the mesons
coming from the H+ beam generally prefer as
high an energy proton beam as possible,because
the meson flux in most cases increases with
energy. This variation in meson flux with
energy is very strong if mesons near the kine-
matic energy limit are in use; conversely, the
variation is relatively weak if low-energy
mesons are desired. Typically, for intermediate
energies, the flux will drop by a factor o< two if
the proton energy is reduced from 800 to 650 MeV.
The users of the FT beam prefer a variable
energy beam permitting their measurements to be
carried out as a function of energy. For most
experiments, energy variation in 50-HeV steps is
adequate. The energy range of most interest is
from 400 to 800 MeV, giving an adequate overlap
rfith the energies available from other
accelerators.

The work reported in this paper is a
preliminary feasiblity study of one possible way
of modifying and operating the LAHPF accelerator
to obtain an H + beam of 800 MeV and a simul-
taneous H~ beam of lower energy. The method
discussed here involves separating the H+
bunches in the longitudinal (energy-phase) plane
and then dumping the H" bunch from the
accelerating bucket. Both beaas would be

*Work performed under the auspices of the O.S.
Department of Energy.

produced at the full duty factor of the accel-
erator.

The LAMPF accelerator has three types of
components: 750-kV dc injectors, drift-tube
linac tanks operated at 201.25 MHz and side-
coupled linac modules operated at 805 MHz. The
simultaneous beams of different energy would be
produced in the 805-MHz linac portion, which
accelerates the beam from 100 MeV. The method
discussed here involves a separator region in
the early part of the 805-MHz linac, and a
dumper region (in longitudinal space) further
downstream in the linac.

The purpose of the separator region is to
introduce,or amplify,a deliberate oscillation of
the H~ bunch in longitudinal space, yet main-
tain a normal H+ bunch. This would be done by
inserting special rf cavities at appropriate
points between the 805-MHz linac modules. These
special cavities would be operated at a subhar-
monic of the module frequency, and phased such
that the H + bunch passes through them at or
near a zero-crossing of the rf. When 201.25
MHz is used for the special cavities, the H~
beam arrives at the special cavities 135 degrees
away from the H +, and thus receives an energy
kick from these cavities. Assuming that 20-kW
peak drive power to a cavity can produce an
effective gap voltage of 350 kV, one sees that
each special cavity could shift the H~ energy
by 0.25 MeV.

The purpose of the dumper region is to
evict the H~ bunch from the accelerating
bucket while retaining the H* bunch. This
might be done by reducing the rf amplitude for a
series of tanks, reducing the stable region (or
fish) to fit snugly around the H + bunch , or
by moving the rf phase of a series of tanks thus
shifting the fish to leave the H + inside but

leave the H~ bunch outside , or by some
combination of these strategies.

There are four aspects of the problem:

(1) effect of separator region on H~ bunch,
(2) effect of separator region on H+ bunch,
(3) effect of dumper region on H~ bunch and
(4) effect of dumper region on H+ bunch.

Aspect (2) has not yet been studied. Because
the extent in phase of the H+ beam is about
±10 degrees at 805 MHz, it would be only +2.5
degrees at 201.25 MHz, and the degradation of
the H+ beam by the special cavities should be
very small. The other aspects are discussed
below.

Separator Strategies

With any separation strategy, one attempts
to get a large enough H~ oscillation to permit
a choice of points downstream along the linac
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where the H~ can be dumped. But it is not desir-
able to make the H" oscillation so large that
the H~ bunch is badly distorted, producing a
long tail in energy-phase space. The aore the
H~ bunch is drawn out, the aore difficult it
becoaes to duap all the IT particles without
dumping any of the H+ particles.

Special Cavities Alone

The special cavities of the separator
region Bay be used both to initiate an oscilla-
tion of the H~ bunch in energy-phase and to
aaplify that oscillation. The calculation
reported here assumes that special cavities aay
be placed only between Modules, because of space
liaitations. For any special cavity, one has
the choice between having it add or subtract
froa the energy of the H" beaa. Because the
longitudinal wavelength is only approximately
equal to four modules, the spacing of the spe-
cial cavities along the linac is irregular to
achieve the aost H~ to H+ separation per
cavity. Unfortunately, it appears that a large
nuiiber of special cavities (over 12) would be
required to both initiate and aaplify an H~
oscillation. The capital cost of installing the
scheae varies directly with the number of spe-
cial cavities, and of course it is desirable to
keep this number small.

Initial Oscillation Plus Special Cavities

The H + and H~ beaas take separate
paths through the transition region between the
201.25-MHz and 805-MHz linacs, and it is possi-
ble to start the H~ beaa into the 805-MHz
linac with an offset in phase. If such an off-
set is used, the H~ beaa will oscillate in
energy-phase space, and the special cavities
might be used to aaplify this oscillation.
Fewer special cavities are needed this way to
achieve a given amplituoe of oscillation. Cal-
culations indicate that eight specisl cavities
are sufficient to fully separate the H* and
H~ bunches.

changes in the duaper entrance energy or phase
produced large changes in output energy for the
duaped particles. For example, a change in
entrance phase of two degrees might produce a
change of over 15 MeV in output energy.

After about five aodules froa the start of
the duaper region, the S~ particles are far
behind in energy froa the H+ particles, and it
aakes little difference to the H~ bunch
whether or not the aaplitude for subsequent
aodules is increased.

Shifted Phase

Another way of duaping the H~ bunch is
to pick a position along the linac where the
tT bunch lies to the left (at reduced phase)
of the H+ bunch, and then to shift rf phase so
that the left side of the fish is between the
bunches (Fig. 1). For the next few aodules,
this will leave the H~ bunch outside and the
H+ bunch off center but inside. The H~
bunch will soon be left behind in energy
(Fig. 2). After the H+ bunch has nude one
oscillation, the rf phase may again be shifted
to stop or at least reduce the oscillation
(Fig. 3). This process introduces an additional
but tolerable energy spread into the H+ beam.

Because the dumper region aust begin where
the H~ bunch is to the left of the H+ bunch,
there are only certain points where the dumper
region aay be placed. The peaks in the oscilla-
tions of the H~ bunch are about 80 MeV apart.
However, by starting the H" oscillation with a
phase offset of the opposite sign and operating
the special cavities with the phase shifted 180
degrees, one obtains an oscillation with peaks
midway between those obtained before, and dumper
regions may begin there. Thus the available
H~ output beaa energies are roughly 40 MeV
apart.

Exploratory calculations for the dumper
region alone suggested that there may be regions

Duaper Strategies

In contrast to the separator region, which
has special cavities and occupies a fixed region
of the linac, the duaper region has no special
equipment and varies in position along the linac
according to the energy at which the H~ beam
is to be duaped.

Reduced Aaplitude

One way of evicting the H~ bunch froa
the accelerating bucket after the H~ particles
have achieved a desired energy, is to shrink the
fish such that the H+ particles arc still
inside but the H~ ones are not. This aay be
done by reducing the rf amplitude. One adjusts
the design phase $,such that although the
field E is smaller, E cos <|> is the sane.
Soae exploratory calculations were aade for the
duaper region using this strategy. Saall

BOUNDARY
OF STABLE
REGION

Fig. 1.

PHASE

Stable region (fish), shifted to the
right, leaving the H~ bunch outside.
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Fig. 2. Phase and energy profiles (relative to
a design particle) for the 805-MBz
linac for the H~ bea». The particle
continuing past the duaper region me
a reference particle not affected by
the separator region.

rig. 3. Phase and energy profiles (relative to
a design particle) for the 805-Wz
linac for the H+ beaa. The draper
region is Indicated by brackets.
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Fig. 4. Energy distribution for H~ bean at
exit of linac.

Pig. 5. Energy distribution for H+ beam at
exit of linac.

in entrance energy-phase space that give lower
spread in output energy for the shifted-phase
scheme than for the reduoed-aaplitude scheme.
It is not clear if one scheme is better than the
other for the Halted separations of H~ froa
H+ that appear plausible with eight, or fewer,
special cavities in the separator region.

Whole-linac calculations,as in Figs. 2
and 3, give distributions of H~ or H4" particles
versus energy as shown in Figs. 4 and 5. The
case shown in Figs. 2 and 4 produced an H"
beam with an output energy near 420 MeV. By
placing the dumper region at other places, and
using adjustments discussed below under
Additional Refinements , it was possible to
calculate cases with H~ bean output energies
near 450, 490, 525, and 585 MeV. It is not
certain whether H* beaa energies higher than
this could be obtained, because it becomes
increasingly difficult to maintain H+ - H"
separation as the distance between separator and
dumper regions is increased.

Other Strategies

Other duaper strategies are possible. One
might begin as in the shifted-phase scheme, but
after the H+ bean has made half an oscillation
(bringing the bunch back near design energy),
reduce the rf aaplitude to shrink the fish.

Additional Refinements

As one takes the H~ bean further down
the linac, it becoaes aore and aore difficult to
duap all the H~ particles without duaping any
of the H+. The following scheaes perait one
to make small gains in H* - H~ separation.

Initial H+ Oscillation. One may introduce
a longitudinal oscillation of the H+ bunch by
starting the H+ bunch in the 805-MHz linac
with a phase offset. If the H+ phase offset
is opposite in sign froa the initial H~ phase
offset, the separation Is iaproved. Because
longitudinal oscillations are significantly
damped in the early part of the linac, the
•aximum change in phase in the duaper regions is
only about one-quarter of the initial phase
offset. Thus the iaproveaent in separation with
this schene is Halted to a few degrees in phase.

Adjustment of Longitudinal Wavelength. It
nay be advantageous to slightly change the
longitudinal wavelength so that the peak of an
oscillation of the R~ bunch falls exactly at
the start of a duaper region. This may be done
by adjusting the rf aaplitude along the linac
(maintaining E cos $ constant) between the
separator and duaper regions; increasing the rf
aaplitude shortens the wavelength.

Conclusions

The preliainary studies suggest that by
adding a series of eight low-frequency cavities,
it would be possible to accelerate simultaneous
H+ and H~ beaas to different energies at
LAMPF. The IT beaas thus obtained are likely
to have a broad energy spread; the utility of an
B~ beaa with this large an energy spread is
still under evaluation. However, it appears
that it aay be difficult to achieve enough
separation of the H+ and B~ bunches along
the linac such that all the H~ particles can
be duaped froc the accelerating bucket without
duaping any of the H+ particles.
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A MICROCOMPUTER CONTROL SYSTEM FOR THE SUPERHILAC THIRD INJECTOR*

H.D. Lancaster, S.B. Magyary, J. Glatz, F.B. Selph, M.P. Fahmie,
A.L. RItchit, S.R. Keith, G.R. Stover, and L.J. Besse

Lawrence Berkeley Laboratory
Berkeley, California

A new control system using the latest technology
in microcomputers, will.be used on the third injector
at the SuperHILAC.1 This design incorporates some
new and progressive ideas in both hardware and soft-
ware design inspired by the revolution in micropro-
cessors.

The third-injector project consists of a high
voltage pre—injector, a Wideroe-type linear acceler-
ator, and connecting beam lines, requiring control
of 80 analog and 300 boolean devices. To solve this
problem, emphasizing inexpensive, commercially avail-
able hardware, a control system was designed consist-
ing of 20 microcomputer boards, with a total of 700
kilobytes of memory. Each computer board, using a
16-bit microprocessor, has the computing power of a
typical minicomputer.

These microcomputers operating in parallel
greatly simplify the programming, literally replacing
software with hardware. This improves system re-
sponse speed and cuts costs dramatically.

An easy to use interpretive language, similar to
BASIC, will allow operations personnel to write
special purpose programs in addition to the compiled
procedures.

Design Concepts

In most accelerator control systems, software
costs have been several times hardware costs,
because the software had to be developed for
each particular job. This has usually involved
substantial changes in the computer's operating
system, or the invention of new networks, message
services, etc., trying to solve the control
problem particular to that accelerator. Besides
being expensive, the systems software is generally
so complicated that only a few highly specialized
programmers can understand its function. This makes
it almost impossible for the accelerator engineers
and scientists to interact with the control system
when new instrumentation or control applications are
needed. Whereas hardware has increased in perfor-
mance and decreased in cost, software has not kept
pace. Therefore, it follows that one should buy
more hardware if it reduces or simplifies the soft-
ware task, at least until the two costs are equal.

* This work was supported by the High Energy &
Nuclear Physics Division of the U.S. Department of
Energy under contract No. W-7405-ENG-48.

In the last two years a number of very power-
ful, inexpensive 16-bit microprocessors have become
available. The commercial board-level implementa-
tion of these products riva] mir.xcomputers in speed
and memory, but are much more oriented toward con-
trol than general calculations.

The present implementation makes use of the
Multibus,2 which makes it easy to link these new
computers when needed. These computer boards must
have local busses, so that the Multibus is used
only for intercommunication, allowing true
parallel processing. (In standard single bus
systems the bus becomes the bottleneck.) It was
found that this approach opens up an entirely new
way to implement control systems which Is cheaper,
more versatile and faster. Since the only soft-
ware is for applications programs, they can be
implemented by accelerator engineers and scientists.

A new avenue for software implementation is
thus made available and one can now attack the
dominant cost in a computer control system, the
software. In this system the computer hardware
and software were tailored to the existing contro?
problem, rather than trying to modify the control
problem so it will fit some existing computer
architecture.

Each computer board performs only one perma-
nently assigned task, in a continuous loop or on
a hardware-interrupt basis. The programs are
stored.on-board in read-only-memory (ROM). This
eliminates the need for program loading, sched-
uling, and synchronization. Thus, there is no
need for an operating system! All programs are
applications programs. Because the program on
each board is self-contained, programming inter-
ference is virtually eliminated. Individual
styles of programming (even languages) are accept-
able.

The logical link between the various comput-
ers and processes is the database, which is avail-
able to all computers. This allows:

- fast, direct access to accelerator data
without .nessage exchanges,

- programs that are entirely unaffected by
additions to the accelerator hardware, because
these are only reflected in the database informa-
tion, which is interpreted by the programs,

- adding processing power or nev procedures
by simply plugging a programmed board into the
Multibus.

Through parallel processing of sections of
a particular task, very fast performance can be
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achieved. This allows the writing of all programs
in a high level language, PL/M-86 (in spite of its
slower execution), resulting in drastically short-
ened programming ar.d testing times as compared to
assembly language. Also, most accidental program-
ming errors are eliminated by this compiler's
elaborate syntactical checks.

This accelerator control system design, by
using the latest microcomputer technology, offers
a way to both lower costs and implement a system
which can be understood by accelerator engineers
and scientists. Experience has shown that a
person with both hardware and software experience
is best suited to apply this new technology.

Timing Considerations

The SuperHILAC (Fig. 1) is a relatively fast
pulsed machine, running at 36 Hz. It accelerates
ions from three injectors on a pulse-to-pulse
basis. This me.-ms, at the hardware level, tasks
are completed in at most 27.7 ms, with a new
machine state or mode, e.g., linac tank gradients
and magnet currents, being transmitted each pulse
if needed.

UMNCT CONTROL
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H V. TEAMWAl CONTROL
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EVE 1
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Fig. 1 Schematic layout of SuperHILAC. The
control system described in this paper
is needed for the third injector, com-
prising the 750 kv Cockcroft-Walton,
the Wideroe, and associated transport
systems.

Acceptable response to operator requests
should be on the order of 100 ms. Interactive
graphics at this rate impose a severe computa-
tional burden. The least severe requirement is
for storage and retrieval of accelerator param-
eters, which occurs at Che beginning and end of an
experiment and can take several seconds. With
parallel processing this range of timing and
execution requirements can be covered.

Architecture

The system architecture (Fig. 2) is of the
star type, which lends itself nicely to the Super-
HILAC because of its clustered equipment. Each
"module" in the system is an Intel SBC 660-card
cage with a Multibus backplane, containing up to
eight boards.

Fulur* Addition

Fig. 2 The third injector control system utilize'
the star concept, in which a central pro-
cessor, the MMM, acts to link several
hardware interfaces, the IOMMs, with sev-
eral operator stations, the DMMs. The
great advantage of this system over previ-
ous systems is that it employs distributed
intelligence so that the MMM is not over-
worked, which could cause it to be a
bottleneck.

There are several distributed input-output
modules (IOMM) which interface to the accelerator
equipment. The modules control the accelerator
parameters in synchronism with accelerator timing.
Data from the IOMMs is collected by a multiplexer
(MMM) which then disseminates it to the display
module (DMM) for data display and operator inter-
action. The MMM and DMMs are not synchronized
with the accelerator but mu t respond in 100ms
for adequate interaction between operator and
machine. These modules are described in detail
later.

To bridge the long distances between the IOMMs
and the MMM.seriai transmission (RS 232) over
fiber-optics at 19.2 kbaud is used. This limited
rate is acceptable since data is exchanged pri-
marily on demand.

The full data flow from the MMM to the DMM
is handled by a 16-bit parallel bus over a few
meters. This communications system is set up to
provide access to continuously updated copies of
the complete database (.total of all the primary
databases residing in the IOMMs) for every computer
in the MMM and the DMM.

Database

Each IOMM has its own database describing the
connected devices completely. After initializa-
tion, the MMM and DMM contain and have control of
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the sum of all IOMM databases. This gives immedi-
ate parameters and their descriptors for operator
analysis.

The IOMM database is composed of three major
parts' common passive, particular passive, and
active. The passive parts are stored in ROM.

The common passive part contains descriptors
required for every element, for example: element
name, element type, and pointers to the other two
parts.

The particular passive part contains the data
that is unique to that element and does not change,
for example, conversion constants and hardware
channel numbers.

The active part located in random-access-
memory (RAM) contains those element parameters
which change with time; for example, set points
and monitored values.

The database has two element typess the hard-
ware and the pseudo. The hardware type element
refers to parameters associated with actual hard-
ware signals. These are: analog control, analog
monitor, boolean (single bit) control, boolean
monitor, digital (byte) control and dJ.ital monitor.
These elements can be coupled to allow closed
loops, interlocks, and complex devices.

The pseudo-type elements are system or special
function elements that are required to fulfill
special software constructs. For example, examin-
ing pseudo element "Link-Error" allows monitoring
transmission errors between the IOMM and MMM.

Input-Output Microcomputer Module (IQHM)

Each IOMM has a common set of external in-
terrupts and accelerator mode data supplied by a
high speed serial fiber-optic link. This syn-
chronizes the IOMM's with the SuperHlLAC pulsing
sequence. To satisfy timing requirements and
simplify the software, it is required that all
I/O programs be completed in one pulse.

The IOMM (Fig. 3) is a card cage with two SBC
86/12 computers and additional boards with 16
analog channels, 72 I/O lines, and provision for
8-bit data exchange to external devices. The 16
DAC's and 16 ADC's are 12-bit converters. The
72 I/O lir.es are interfaced with the real world
using optically-coupled, Opto 22 modules. The
database and message computer (CPU1) transmits the
active data to the MMM in order of priority, which
is determined by operator demand and changing
parameters. Five records can be sent between
machine pulses. One of these five is non-
prioritized and steps through the database so
that a minimum trirV.ie rate of two seconds is
assured for low priority devices. CPU1 constantly
evaluates and tailors the priority based on infor-
mation received from the standard I/O computer
(CPU2). The MMM sends new set points to CPU!
which stores them in the active database, then
echoes them back to the operator for confirmation

1
i
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Fig. 3 Input/Output Microcomputer Module. It
provides the hardware interface to the
accelerator and holds the primary data-
base. The three computer boards (shown
in the lower boxes) work in parallel and
have access to every board on the Multibus.

of data transfer. CPU1 contains the IOMM's data-
base. CPU2 handles the interface to the acceler-
ator parameters; it observes monitored data for
fast and slow drift, and ability to follow the
set point. Data failing these tests are flagged
with an appropriate priority and sent to CPU1.
Closed or open loop operation is provided. I/O
channels can be treated independently or in
groups for special tasks.

A portable console-computer can be connected
to the IOMM in place of the MMM tor local control
and debugging of the IOMM and all devices connected
to it. After check-out, the IOMM can be reconnected
to the MtiM without disturbing the rest of the system.

Multiplexer Microcomputer Module (MMM)

COMMUNICATION C0MPUTE1I 180IS) J
COMMUNICATION COMPUTER <BOB5)

DATABASE DISTRIBUTOR COMPUTER

(BOBBI

1 from Hvdmn InWrfiw OWM

RI233 t i 3 KM

otm't

OparMn Canto* <DKO

Fig. 4 Multiplexer Microcomputer Module. Data-
base information is exchanged between
eight IOMMs and one of the display micro-
computer modules through this unit, using
both serial and parallel transmission.
Shared access to any of the IOMM data-
bases is essential.
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The MMM (Fig. 4) simultaneously collects data-
base information from all the IOMMs via the RS 232
links and forwards It asynchronously to the DMM.
Likewise, tuning data generated in the DMM is sent
through the MMM to the IOMHs. Since the MMM con-
centrates all the IOMM data, It is a potential
bottleneck. This problem was solved by parallel
processing.

The data from the lOMMs comes Into Intel SBC
544 communication boards via four on-board USARTe.
It is mapped into the dual-ported memory, with each
IOMM allotted a 4K-byte block of RAM. Each memory
block contains the full database of the respective
IOMM. The computer on these boards, an 8085, is
fully occupied servicing the USARTs and managing
the data. Each board handles four IOMMs.

A 16-bit computer, Intel SBC 86/12, then reads
the databases from the dual-ported SBC 544 memory
via Che Multibus and transmits it to the DMM over
the fast parallel link.

The MMM may also house an additional computer
which operates the link to a disc used for storage
and retrieval of injector parameter sets.

Display Microcomputer Module (DMM)

DATABASE COMPUTED <«0«»)

UAM OEVEL

[ ttaK-lnt»rOr»ti

BEAM OEVEL

SpacUl rrni*.

OPMENT COMPUTER

it | <M Hnt. «d hoe

OPMENT COMPUTER

«*ffl«nt> ft pfOCOdUTM f-oFUpoy w Magnetic

\_ J I spatial m

Fig. 5 Display Microcomputer Module. Up to three
independent computers (boxes 2 to 4 from
top) are planned to perform the operating
tasks. They have access to the accelerator
by writing into or reading from the data-
base. They control the console devices
by exchanging messages with the console
computer over the Multibus.

The DMM (Fig. 5) displays accelerator data and
generates control data from operator inputs and

built-in procedures. To the DMM,the accelerator is
fully represented by a database copy allowing the
reading of parameter values independent of machine
timing and actual access procedures. The database
copy in the DMM database computer is updated through
a fast link from the MMM at a rate of at least 10/
se;. The operating computer is the actual master of
the whole control system. It processes requests,
sends these or computed set points to the database,
monitors all error conditions and generates various
formats for displaying the accelerator data to the
operator.

The operating computer does not see the actual
hardware of the console. Console devices and dis-
plays are handled by three additional boards which
share the Multibus: the console computer, an
alphanumeric display board, and an IEEE-488 inter-
face computer. The console computer generates
alphanumeric and graphic displays and evaluates the
messages from such control units as knobs, keypads
and touch buttons. For alphanumerics, the memory-
mapped display board converts an 80 x 24 character
pattern into a video signal.

Generation of fast, high resolution live
graphics is more elaborate, using an HP-1350A
graphics translator that is addressed through the
IEEE-488 interface board. We plan to mix graphics
with real-time analog signals. For both types of
displays, the hardware choices assure a display
frame update of at least 10/second. This IEEE-488
board is also used for other compatible devices as
they are needed, such as a commercially available
BASIC-terminal.

The operator console holds up to forty input
devices and sixteen 12-character LED-displays. They
are controlled by a local microprocessor (8085) in
order to reduce cabling. Information is exchanged
with the console computer in the DMM through an
RS 232 link.

The beam development computers perform special
beam measurements, such as emittance or bunch
structure, and allow on-line generation and execu-
tion of one-time or prototype programs, using a
BASIC interpreter. They may utilize any of the
console input devices and display units by writing
appropriate messages into the console computer.
The interpretive language approach has proved its
usefulness at a number of accelerators, particularly
at the CERN SPS where the NODAL language was im-
plemented.

Schedule

At present, we have completed and tested the
software and hardware for the IOMMs, the serial
communication links, and a preliminary version of
the DMM. We plan to have the software for an oper-
ational control system and the operator console
hardware finished by January 1980. The other hard-
ware, which is mostly purchased, will be installed
in October 1980. The third injector project is
scheduled to be finished in June 1981.
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A distributed control system haa been designed
as a possible replacement for the existing analog
and digital interface equipment in use at the
Femllab 200-MeV linear accelerator. In addition
to replacing the present interface equlpaent that
is no longer supported by the manufacturer, the
goals for a new system include Improved reliabil-
ity, easier maintenance and faster monitoring of
accelerator parameters. About IS local microcom-
puters, one for each major llnac system, would be
fabricated from commercially available llultibus-
compatible hardware. These local stations can op-
erate as stand-alone systems, providing control and
readout of parameters to facilitate maintenance of
the accelei itor components. Values of all criti-
cal devices can be monitored at the accelerator
repetition rate (15 Hz),so that beam may be inhib-
ited by any out-of-tolerance reading on a pulse-
to-pulse basis,to prevent unnecessary and damaging
beam loss.

One of our design criteria is to maintain the
fast response and interactive nature of the exist-
ing system. The operation of a group of individ-
ual processors as a single integrated control sys-
tem depends on the type of communication link used
to interconnect the local stations with the opera-
tor's console computer. For this link, the
Synchronous Data Link control (SDLC) in the loop
configuration was chosen. Using SDLC interface cir-
cuits with direct memory access controllers, arbi-
trary length blocks of binary data can be trans-
mitted and received at bit rates of 1 MHz. De-
tails of the hardware and software organization of
this control system design will be discussed.

Introduction

The original Fenailab linac control system
has been in operation for about 10 years.1 Al-
though the system still operates: well, the inter-
face equipment and the X530 control computer are
no longer supported by the manufacturer. A change
of computer would necessitate a change in the
interface equipment because this equipment is
structured as an extension of X530 I/O bus.
How-aver, because the linac I/O is integrated into
the console computer itself, it is a very fast
system. Tha four linac digitizers are run simul-
taneously by the 530's I/O processor, placing data
in memory under DMA control. Because of this
capability, all the linac analog data (̂  800 chan-
nels) are collected for each accelerator cycle
(15 Hz) so that current correlated data are always
available to the application and monitor programs.
Although binary data are not collected for each
cycle, the status can be read as a single 6us in-
struction by the program that needs the status
information.

'Operated by Universities Research Association, Inc.
under contract with the U. S. Department of Energjt
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It 1* this type of high performance myttm that we
are attempting to replace.

Systea Overview

A new control system that Is being denlgned
today should almost certainly be built with saall,
modular, intelligent local stations, each control-
ling a part of the accelerator. Experience
with such systems in the Fermilab Cancer Therapy
Facility and Freaccelerator areas,has shown thea
to be extremely flexible and reliable additions to
the; control system. 2,3 The new design has a
microprocessor controlled station for each system
of the linac. The local stations are relatively
Ktralghtforward. They include the processor, a
small console, and the analog and digital inter-
face equipment. Each system is assembled from a
collection of commercially available cards that
are compatible with an industry standard bus
structure,such as Multibus^. The more difficult
part of the design,and the part that will deter-
mine the performance of the entire system,is the
communication link that connects the local pro-
cessors to the console computer. The response of
the console (or consoles) will depend in detail
upon the transmission speed, the message handling
overhead and the turnaround time for receiving
data requested from local systeas.

It was decided to use a serial bit-oriented
protocol,such as HDLC (High Level Data Link Con-
trol), to provide the communication to and from
the local stations because it is fast; It is an
industry standard4; it is supported by large-scale
integrated transmitter-receiver circuits supplied
by semiconductor manufacturers. The link overhead
when using a DMA controller is low to allow the
high performance required of the communication
channel.

HDLC is a superset of the original IBM bit-
oriented specification SDLC (Synchronous Data Link
Control) protocol.^ Both use the same message
format, but SDLC contains some simplifications and
includes a loop mode that is particularly useful
for control systems.

The SDLC Protocol

Data is transmitted on a SDLC link in a for-
mat called a frame. All frames begin and end with
a flag. Between the opening and closing flag, a
frame contains an address field, control field,
information field, and a frame check sequence as
shown in Fig. 1.

QPEWHQ
FLAO

•O0RESS
(1 BYTE)

CONTROL
(1 BYTE)

INFORMAi'lON FIELO
(ANY MUMfiER OF BYTES)

I t »IT CltC FRAME
CHECK SEQUENCE

CLOSING
FLAC

Fig. 1 SDLC Message Format

^Multibus is a trademark of the Intel Corporation.



The flag character 1B the binary pattern 01111110.
It provides the frame boundary and reference for
the position of other field* within a frame. The
addreaa and control field! are each one byte long.
The addreaa byte la uned by the primary station to
direct a metsage to a particular secondary. When
a secondary transmits a response, it includes lta
own address in the address field. The control
byte identifies the type of message. The informa-
tion field may be any length (including zero)—it
contains only data. The frame check sequence
field Is a two byte cyclic redundancy check (CRC) to
test the integrity of the transmission. In this
protocol, the link overhead Is the saae 6 bytes for
any length message so that long blocks of data may
be sent very efficiently. Only three special bit
patterns are used: flag, abort (8 "ones") and in-
active idle (15"ones"). All three are handled by
the hardware.

In the loop mode of operation, a link control-
ler or primary manages the message traffic on the
loop. Data flow is always in the same direction
eiround the loop and each station re-transmits the
data it receives, so that messages sent from the
controller are returned to the controller.

Two characteristics of the loop mode are ex-
tremely useful for the present system: 1) a con-
troller can send data to all stations on the loop
with a single transmission; and 2) with one poll
sequence the controller can poll all the second-
aries and receive a message from each secondary in
turn. This drastically reduces the link control-
ler overhead for most of the communication with
secondaries.

In the quiescent state, the loop contains a
continuous stream of flag bytes. If a secondary
receives no flag bytes for a period of time, it
transmits a special message, called a beacon, to
the primary. This flag timeout will occur if a
problem developed in the link,or in a station on
the link. When the beacon is received by the pri-
aary, the address contained in the beacon message
is the location of the last station that is opera-
ting normally. This feature is useful for loca-
ting malfunctions on the loop.

The SDLC protocol would be difficult to im-
plement if it were not for the LSI circuits that
have been Bade available by several semiconductor
suppliers. For this application the Motorola
MC6854 data link controller was selected, operating
in conjunction with the MC6S44 DMA controller.
Together they allow a processor to transmit and
receive messages at a 1-MHz baud rate under direct
memory access. The processor need only set up
pointers and byte counts and the rest of the work
is done by the controllers. An interrupt is re-
ceived when the message transfer is complete. The
link controller also performs the functions of
flag detection, CRC generation and detection, and
zero insertion-deletion—a technique that causes
flags to be unique while allowing binary data to
be transmitted. The transmitter inserts a zero
after any succession of five l's within a frame
and the receiver deletes any zero that follows 5

aucccaalva 1's. Only when a flag, abort or Inac-
tive idle 1* being aent will the controller permit
more than 5 conaecutlve l's. This operation la
handled entirely by the controller—the processor*
Is unaware that the zero insertion and deletion Is
taking place.

Hardware

The individual microcomputers will be fabri-
cated from commercially available Multibus modules
and card cages. Necessary cards that are not
available will be designed and fabricated to com-
ply with the Multibus specifications.

One card that will be fabricated is the
CPU-Link card. This will be an HC6809-based sin-
gle board computer that will include the MC6854
link controller and the MC6844 DMA controller.
The card will also contain RAM, ROM, a program-
mable timer (MC6840) an asynchronous interface
(MC6850) and a parallel I/O (2-MC6821). This com-
puter card is expected to become a general purpose
building block. Because of the bus arbitration
logic, an additional CPU can be inserted in a sys-
tem where more capability is needed. For example,
a second CPU card in the preaccelerator ground
station will provide an SDLC link to the 75O"kV
dome to operate the ion source electronics.

The processor's programs and fixed data are
programmed into UV erasable PROM memories. In
this way the local stations can restart in an op-
erating state following a power outage. Descrip-
tor information and nominal and tolerance values
for acceleratoi parameters need to be updated only
occasionally. These data will be placed in non-
volatile magnetic core memory.

Local Systems

Each major linac system will be controlled by
a small local microcomputer as shown in Fig. 2.

KEYBOARD
DISPLAY

KNOB
LIGHTS

SWITCHES

-

* * F J CONTROLLED

MEMORY

CONSOLE
INTERFACE

BINARY I/O

O-A

A-D

PftEDET TIMERS

— * - TJt DATA

L TO ACCEL
f HARDWARE

J
Fig. 2 Local Control Station

These will include a small console, loop inter-
face, A-D, D-A and binary I/O.

A single Multibus card provides the opera-
tor's console interface. It contains a 16-line x
32-character video display generator, a keyboard
input, an incremental shaft encoder input with
up-down counter, and three bytes of binary I/O
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Cor nltcellaneous sense switches and Indicators.

IJOP Primary

The primary station will control no hardwire
except for a snail console that Is used to monitor
Che operation of the communication ay Hem. The
link, controller can display the number and length
of ae««agog being transmitted and received each
cycle, the tine spent po'Ilng secondaries, link er-
ror rates, and link malfunction locations.

Connection to Consoles

The primary also connects to other computers
that service consoles In the control room. To
make the system separate from the console comput-
ers, that communication occurs through the use of
shared memory as shown In Fig. 3A. In a Multibus
system,multiple processors automatically share
memory bccnuse of the bus arbitration logic in-
cluded on the processor boards. A second method
of sharing memory Is possible through the use of a
pair of commercially available Multibus-compatible
two-port memory modules that connect two Independ-
ent Multibus systems (Fig. 3B).

and receive* date fro* the Ilnac through the shar-
ed wmory The connection to the console ccuputer
M y be SDt.C, byse serial DMA or some other commu-
nlcatlon link. A sasll console could be driven
directly by the microprocessor—that Is, no pro-
cenior In the box labeled conttolb. TheBC various
options are Indistinguishable to the link primary,
each Is simply * console,requesting data.

The Physical Link

Because the link is synchronous, a clock
must accompany the data stream. This clock will
be generated In the primary, transmitted around
the loop and returned to the primary. The clock
and data will be encoded and transmitted as a sin-
gle, self-clocking signal using either biphase or
Manchester format. Connection between chasses can
be RSA22, transformer coupled or fiber optic. The
link driver-receiver electronics may be built
as a separate chassis to allow loop bypass for an
off-line station that is powered down.

System Operation

Functions of the Primary

SECONDARY
SMTI0N5

PRIMARY
STATION

SHADED MEMORY

FRONT END CONSOLE
CONSOLE

COMPUTERSPROCESSORS

i

0J

COMMUNICATIONS
CONTROLLER

SHARtO MEMORY

Hf, LINK CONT

COMMUNICATIONS
CONTROLLER

SHARED MEMORY
ORfVER

*P

CONSOLE
COMPUTER I

Fig. 3 Interconnection of Primary,
Secondaries and Consoles

With thia method, the system can be expanded to in-
clude additional Front End Communication Control-
lers each connected to the Console Communications
Controller via separate shared memory. All con-
soles can then request data from any front-end
communications controller in the network.

In Pig. 3, the block labeled "Console" Is
usually some computer that executes application
programs, operates console hardware and requests

The primary station is, in a very real sense,
the loop controller. Ho data are placed on the
link unless the primary initiates or solicits the
transmission. Secondaries transmit only when pol-
led, transmit only the data requested in the poll,
and only one message per poll. In this way the
primary can maintain a synchronous character to
the link traffic. When a response is received, it
is the answer to a specific question, not an arbi-
trary message initiated asynchronously from an au-
tonomous secondary. This tight control exercised
by the primary implies that a poll sequence must
be sent to solicit all of the possible responses
from the secondaries. "his is feasible because
programs for the secondaries are static; that is,
it is not Intended that code will be sent to a sec-
ondary for execution. This possibility is not ex-
cluded by the design and could be incorporated for
some other application if needed.

Functions of the Second*

Secondary stations I T I , the task of data
acquisition and monitoring for the local hardware.
Each cycle, the secondary digitizes all the analog
data and reads the digital status from the hard-
ware so that a current data pool is available in
the secondary. Then the secondary prepares groups
of data to return to the primary. When this work
is completed, the processor executes the applica-
tion program to service the local console and up-
date the video display.

Link Messages

This sectlo. describes the organization of
the messages transmitted on the link to show how
the individual stations and the link controller
operate to collect the data required by the con-
soles. Three separate types of message traffic
occur on the link.
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Slngle-Ter»inal-Addre»» Messages

When the prinwry station has tin Individual
oersgage Co be s^nt to a controller, that aesiage
will contain the address oi the target secondary
station. This type of message Is used to trsnsnlt
settings to selected local hardware or to ask for
data that Is located only in that station, suih as
a memory duap. As in all other transmissions, the
response Iroa the secondary station nust await the
poll sequence froa the primary.

All-Parties-Addreas Transmission

The all-parties address is used when the pri-
mary irsr.ends to send data to all secondaries si-
multaneously. Through the use of this transmis-
sion, the prloary can assemble a group of readings
collected fro-c the present bean pulse and, with a
single transmission, place these data in the mem-
ory of all stations on the loop. A nominal list
of data will be sent each cycle so that each sec-
ondary will contain a "remote data pool" of select-
ed readings froa other stations. Then, for exam-
ple, the Tank 4 system C2n display a summary of
the linac operation without requesting data from
the primary.

Poll Sequences

The poll command instructs stations to pre-
pare to send data to the primary. The poll com-
mand will include an information field to allow
the primary to select the type data to be sent.
This is normally just t' e list ID number that had
been sent at soffit earlier tine. Many of the poll
commands will be directed to the all-parties ad-
dress (addr FF) and each station then prepares to
send its contribution, if any, to the requested
data list. Slngle-termlnal-address poll commands
can also be used to solicit response from a single
secondary.

Several poll sequences will be done each
cycle to request a variety of information; A-D
data, out-of-tolerance parameters, secondary sta-
tion status, etc.

tlst Organization

The primary communicates with the console and
with the secondaries in terms of "lists". Data
needed by the console, called a "request" list, Is
presented to the primary as a random list of chan-
nel numbers. When the data are acquired,a parallel
"answer" list is assembled to return the data
to the console in the order it was requested.
Each channel in the request list has an index num-
ber that is simply the" location of that channel
within the list. In the course of retrieving the
data, secondary lists are generated, containing
the index numbers, requested channel numbers and
the answers grouped according to the linac station
where the data originate.

A console request is serviced as follows:
the primary receives the request list, gives it a
list ID nunber and sends it to the secondaries

using the all-parties address. All secondaries
search the list for channel nuabers they recognize
and construct their own secondary request list and
a secondary Index list. Each machine cycle the
secondary station goes through its request Hat
and build* an answer list from readings In its
data pool. The primary will poll once for the
secondary index lists and poll each cycle for the
secondary anr-'er lists. When the primary performs
the index poll*it will receive all of the second-
ary index lists grouped by secondary stations In
the orJer the secondaries are connected to the
loop. When the primary polls for the answer list
(which It does at 15 Hz),the secondary answer list
will be in exactly the same order as the Index
list. The primary can then use the entries in the
index list as pointers to the console answer list
for returning the data to the console.

Using the technique described here, neither
the console nor the primary needs to know which
secondary is responsible for measuring each data
channel; the secondary Itself can recognize its
own channels and respond accordingly. Also the
primary does not know (or need to know) how many
stations will respond or how long their response
will be. The primary simply receives messages
till the poll is finished. Secondary stations may
be added to or taken from the loop without chang-
ing the primary's software. New data channels
would become active automatically; data channels
that are not recognized by any secondary would
simply not be updated. This sequence is repeated
for other consoles or requestors. Note that a
requestor may be a secondary station on the loop.
By this mechanism a local station can request data
from any other station on the loop, so that the
operator at any secondary could select a display
that would show, for example, the gradient of all
nine linac tanks along with the preaccelerator
high voltage and source pressure. By keeping the
lists separate for each requestor, the primary can
cancel a given list with a single short transmis-
sion to the secondaries. The addition or cancel-
lation of one list has no effect on other lists.

In normal operation the lists are relatively
static, changing on the order of seconds or long-
er, t-flien the operator calls up a new display,
that act will usually result in the cancellation
of an old list and the generation of a new one.
The new list will remain active as long as the
console display is selected. It makes little dif-
ference to the secondary if a given list is
polled on a given cycle or not. The primary can
choose to poll certain lists less frequently, such
as only on beam cycles. Answer lists in the sec-
ondaries would be overwritten with new data each
cycle in any case. Servicing the poll sequences
is done at an Interrupt level so that monitoring
of the data can proceed at the background level.

Timing Considerations

To achieve the interactive feel of the con-
trol room consoles, careful attention oust be
given to servicing the console requests imnediate-
ly. With the system described here, it is felt that
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a consala request Uct pres'antad to tht prlasry
during on* cycla will b« transmitted to chc second-
aries during tha aaaw cycl* *nd data will b«
polled tiou th« secondaries on the next and all «m-
cssding cyclea. Sittings a«nt to the primary will
ba passed on to th» accondary on the same cycle,
and changea In the hardware will reflect the
changed settings on the next cycle.

Detailed tilting la calculated ataualng, the
Inatructlon act of the HC6809 Cl'tJ. Thla processor
la now available and is particularly adept at
handling llata of data and addresses. The primary
station can service one Message nntl he ready for
the next Manage In about 100 us. To Uii« one r.unl
add SO 11« for the transmission t Itni- of tin- air.
byte* of SbtC protocol, ao the mvmu\y.r overhead in
about 150 us per responding secondary. For ,i poll
thfit retulte In 10 secondaries returning Vi bytes
of data, the total time of the poll Is leas than
2 mo. Even If 10 such polls were conducted each
cycle, only 20 us of the 67 ras cycle would be
needed for collection. The time to sort the data
for return to the console In the order requested
Is Z0 us per channel.

An application program that plota all the
llnac quadrupole currents at IS Hz, results In a
request for 171 words (342 bytes) of data. This
request takes 4.3 me to collect and 3.A ma to sort-,
for a total of only 7.7 ras. These times Indicate
that the system is fast enough to service several
consoles at 15 Hz.

Present Status

Although no decision has been made regarding
a replacement for the llnac control system, we are
implementing this system to the point that a link
controller will communicate with several second-
aries and with a separate processor that supports
an operator's console. At this stage we can con-
firm the timing calculations and study the integ-
rity of the SDLC loop communications.

A local console described here has been fab-
ricated using Multibus card cages and commercially
available A-D, D-A, memory and binary 1/0 cards.

Ilir (Ormole controller card,including th* Vldao
i!AM i!lgp)*y, keyboard, shaft encoder Interface and
two byt«-« of »*n>e (witches and ttatua Indicator*,
li.m been prototyped. Thla console It now bttlng
IIR<'<! to control tha negative Ion source in the
terminal of £h« second t'tmllab preaccelarator.

The SDLC-DKA link ha* been operated at 1 »Ht
and has shown that aaasaiea can be s*nt error
free froa on* proccaaor to another. A Multibus
single board cosputar card that Includes th«
MCf)S09-SmX-r*lA combination Is being fabricated.

The distributed control systea described here
1H a reasonable replacement for the existing linac
control systeH. The 1-MHz SDLC loop it faat
enough to collect all the data in A single cycle,
although we expect to transmit only the data re-
quested by the consoles. I.inlt checking and soft-
ware closed loops will be done in the locxl sta-
tions. Because of the modularity and local con-
sole facilities, the system should be such easier
to maintain than the existing systeti.
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The control systtei for tha Fusion Material*
Irradiation T»«t fflUT) Facility vtll provide
the primary data acquisition, control and
interface components that integrate all of tha
individual fHIT *yst«aa into a functional
facility. Tht control system conaiata of a dis-
tributed coaputer network, control conaolaa and
instrumentation aubsystaas.

The FttlT Facility will b* started, oper-
ated and secured fro* a Central Control Xcoa.
All mtT vfttmm and experimental function* will
be monitored froa the Central Control Kooa. Th*
data acquisition and control signal* will be
handled by a data tio—mnlcatlona network, which
connect* dual coaput«r> In the Central Control
Kooa to the microcomputer* In CMUC crataa near
the varioua subsystem* of the facility.

Introduction

The FMIT Facility will contain a 100-mA
eontinuous-beaa deutcron accelerator and lithlua
target that will be uaed to produce 14-MeV neu-
tron* for materials research,1'2 and will be
directed toward tha developaent of containment
aaterials for uae in a controlled theraonuclear
fusion reactor. The facility will be built at
Richland, Hashington, and will be operated by
the Ranford Engineering Development Laboratory
(HH)L). In addition to doing the FMIT accel-
erator design, the Accelerator .Technology Divi-
sion of the Los Alaaoe Scientific Laboratory
(LASL) will build a prototype of the front end
of the accelerator at LASL. The priaary purpose
of the prototype construction is to permit the
developaent of a suitable injector and appropriate
beaa-dlagnostica devices and to prove the
radio-frequency quadrupole (RFQ) concept for
this application.3,4,5

System Design

A layout of the proposed accelerator
showing where the control systea will connect to
the various facility subsysteas is depicted in
Fig. 1. The control systea consists of a
distributed coaputer network, centre'' consoles
and several Instruaentation Subsysteas (IBS).
The FHIT facility will be started, operated and
secured froa a Central Control Room (OCR). All

*Work performed under the auspices of the U. S.
Departir nt of Energy.
"tWestinghouse-Hjnford Company, Hanford
Engineering Development Laboratory employee
working at the Los Alamos Scientific Laboratory.

Fig. 1 The PMIT Accelerator showing facility
control system connections

systea functions will !?3 aonitored froa the CCFj
all data acquisition and control signal* will be
transaitted over a coaaunications natwork that
connects the aaln coaputer systea in tha CCK to
microcomputer* that are located in CAMAC6

crates near the various subsvsteas of the accel-
erator. A block diagraa of the distributed
control systea is contained in Fig. 2.

The aain computer system consists of dual
aid-to-large capacity minicomputers (PDP-11/608
for the prototype, PDP-11/70S for the FMIT
facility). Two large, dual-ported disks, with a
176-mlllion byte (67 million byte, for the
prototype) storags capacity will be connected to
the main computers. The operator will Interact
with the facility through the control consoles,
the primary control computer and (via a communi-
cations network) to LS1-11 computers with CAMAC
hardware at the local level.

The FMIT facility will have two system con-
soles, each consisting of a 19-inch raster-scan,
color-graphics display scope, with touch-panel,
track ball and keyboard. Two control knobs with
plasma and touch panels, and a small black/white
"menu" touch-panel/CRT complete the console.
The knob, touch-panel and display will be used
to connect control variables to the knobs and
input variables to the application codes. The
color scope will be used primarily to display
summary or detailed system diagrams with current
status of data channels associated with fchat
systea. Plots of the results of eaittance
calculations or of other data-reduction codes
can also be displayed on the color scope.
Finally, a high-resolution storage CRT will be
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Fig. 2 Block diagram of the FHIT Facility Control System.

included for display of information requiring
10-bit by 10-bit resolution.

The support computer will be used for soft-
ware development, data-base maintenance) oper-
ator training, data analysis and as a back-up
for the primary computer.

The concept of a support computer has the
advantage of making significant computer time
available for software development without con-
flicting uith facility operation. In a develop-
mental or experimental environment, software
development is not permitted on a process con-
trol coaputer for several reasons: a system
crash caused by an error in a program under
development is probably the main reason for this
restriction; overloading of the control computer
can be another significant factor. Functions
that do not fit well within real-time control
constraints can easily be accomplished on the
support computer. These include t^dating data-
base files (which requires manual' input))
retrieving data from the data base (which
requires a large number of disk accesses)j and
generating reports and operational logs. Large
data-analysis codas, requiring significant
coaputer time to run, would be included in these
functions; the support computer has the peri-
pheral equipment required to accomplish these
tasks. These peripherals include program and
data entry terminals, line printer, magnetic
tape drives and access to the dual-ported disks.
The primary computer is linked to the console,
the dual-ported disks and through the data

unicatlons network to the Instrumentation
Subsystem microcomputer nodes.

Interfaces Hardware

There will be at least si* Instrumentation
Subsystems, each of which will consist of one or
more CMUC crates and modules to interface FMIT
Systems to the Control System. In each ISS. the
node, or primary crate will contain an LSI-11
based Auxiliary Controller? (ACC) to serve as
a communications controller for the Digital
Equipment Corporation Network Software (DBCHST).
This ACC will also control a number of interface
modules In the node crate. When the required
number of CMUC modules for a subsystem exceeds
the number of slots available in the node CAKAC
crate, a CMUC Serial Highway* driver will be
added to connect additional crates via the
Serial Highway and Serial Crate Controller. It
will also be possible to install additional KCs
in these added crates to provide dedicated
processing capabilities at a specific area.

Software Design

The software is designed to be structured,
modular and data-base driven.9 The software
requirements Indicate the need for a layered
structure that consists of a set of modules that
interact with the console to interpret the
operator instructions and to control the
displays. There will be a number of modules
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(laplifled software organization.

that will do the process control. A Mt of
Equipment Modules (M) will Interact with the
different equipment types. The lowest layer
will contain hardware Interface Nodules (IN),
one for each type of CAMAC >odule used In the
systea. A block diagraa of the software struc-
ture for the FMIT Control Systea ia shown in
Fig. 3.

:*n«r* will be an executive taak that is
running at all times. This task is data driven
and checks, Interprets and calls the required
Operator Interaction Module (DIM). The OIH will
complete the interpretation of an operator coa-
aand and call the proper display nodule (If one
is required). After the required Process Con-
trol Module (PCM) is called, the OIH will trans-
fer the commands to the PCM. The PCM contains
the intelligence to progress through a sequence
of EM coaaands to perform the required task.
There will be no "wait" in the 0t so that the
system will not be required to wait until the
respon&e to the given coaaand is received.
Thus, coaaanda to various Bis can be given in
sequence, and other taaks can be performed
before returning to insure that the proper
responses have been obtained. The B( has access
to a data base that contains, for example, the
information to convert command settings to raw
units; i.e., volts, milliaaps, etc.; and to con-
vert data from raw units to engineering units.
The CAMAC addressee of the appropriate channels
will also be contained in the data base.

Finally, the oomands to the hardware are
delivered to the Interface Module (IM) that
interacts with the CAMAC hardware to complete
the required functions.

The OIH and the Interactive Display Modules
(IDM) aust reside in the primary control com-
puter so that operator response is acceptable.
In addition, the priaary control computer will
nake use of the disk for storing the large num-
ber of Process Control Modules that will be
required, and the large files required to drive
the color-graphics scope. The BSs will be
located in the LSI-11 microcomputers if memory
constraints permit. Certainly the IMs will
reside in the LSI-11 memory. The LSI-11 must

also have a surveillance Module (M) that will
check selected data channels In sad) subsystem
and notify the operator if any channel drifts
out of preset limits.

The m will be table-driven with scan rates
set according to the response time of the pro-
oeas being monitored. A requirement to support
• local terminal for equipment check-out and
stand-alone operation oan be satisfied by a
Local Interface Nodule (LIN). This aodule will
convert ooaaands froa the local operator Into
appropriate coaaends to the W . in addition,
the interpretative language, CAT*,™ will bn
available to test, or to exercise, the hardware
and requires only a knowledge of the various
CAMAC addresses.

network Communication*

Communication with the various Instruments-
tlon Subsystems will be accomplished rtuough the
utilisation of D K m T or a subset of DBCHET.
The D E m r software will be used between the
aaln computers (primary and support) and between
the priaary computer and the LSI-11s located lr.
the CAMK crates. Any other LSI-lls that are
needed, other than the node computers, will be
used to perfora a specific task and will commu-
nicate with the node computers over the CAMAC
Serisl Highway.

Conclusions

The control systea for the FMIT Facility is
a distributed, modular: aystem in both the hard-
ware and software. The computer hardware will
be purchased froa a single computer manu-
facturer. The priaary and support computers
will be identically configured, will use the
same operating system, and the microcomputers
will be of the same computer family. The micro-
computer operating system will be a memory-
resident subset of the operating system used in
the Bain computers. The software will be
structured and modular, and the same high-level
language will be used for all of the application
software. The software will be distributed,
with the portion supporting the operator located
in the primary computer and the portion inter-
acting with the hardware located In the LSI-11
Auxiliary Controller. The data base will be
distributed in the same way.

This approach should provide a control
system for the FMIT that will be flexible, easy
to maintain, and one that can easily be extended.
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1 9 7 9 LIHEAK ACCEUHATOH COCTEKEWCE

rmsT-TAULT IDENTIFIES TOK FAST TRANSIENT FAULTS*
Arthur «.. Swanson and Robert E. Hill
Lot Alamos Scientific Laboratory

Lot Alamos, H«w Mexico

SUB

The LAKPF accelerator la presently producing
800-MsV proton beau at 0.5 aA average current.
Machine protection for such 4 high-Intensity ac-
celerator requires a fast shutdown meshanlsa,
which can turn off the beam within a few alcro-
seconds of the occurrence of a Machine fault.
The resulting bum unloading transients cause the
rf systems to exceed control loop tolerances and
consequently generate Multiple fault Indications
for Identification by the control computer. The
problem la to Isolate the primary fault or cause
of beam shutdown while disregarding as many as
50 secondary fault Indications that occur as a
result of bean shutdown. The LAHPF Ftrat-Fault
Identifier (FFI) for fast transient faults Is
operational ai i has proven capable of first-fault
identification. The FFI design utilized features
of the Fast Protection System that were previously
implemented for benm chopping and rf power
conservation. No software changes were required.

Introduction to IAMFF Fast Protect System

During production runs of 500-pA average pro-
ton beam current, LAMPF typically has a 640-us
bean gate at 120 Jlz and 82 duty factor. With a
120-Hz repetition rate a machine cycle has a 8.33-
ms period. Within each machine cycle the beam
gate controls the proton beam by turning the
injector arc current on or off to follow the
beam gate.

The LAMPF Fast Protect System (FPS) receives
various timing gates and monitors beam-spill de-
tection systems, personnel safety, machine run
permit, rf stands, and injector parameters for
fault conditions to ensure beam gates are allowed
only when beam-on conditions are satisfied. If a
fault occurs during a prescribed gated period when
beam gate is allowed, the FFS will inhibit beam
gate or a fraction thereof and thereby turn off
beam. If beam gate is inhibited by FPS, a com-
puter interrupt is generated. Within the inter-
rupted machine cycle the computer interrogates
each device that inputs the FPS for fault detec-
tion and displays the results. The FPS and any
latched faults are reset each machine cycle. The
beam gate following an inhibited beam gate will be
allowed provided the fault ias cleared. Latching
circuits also prevent a beam-on condlclon during
a machine cycle once a fault has occurred just in
case a. fault clears or is intermittent during a
beam gate. This prevents fault modulation of the
beam which is considered an undesirable Injector
operating mode.

FPS Timing

The FPS dynamic characteristics sre con-
trolled by gates produced by the LAHPF Master
Tiser. Master Tlaer gates are manipulated accord-
Ing to accelerator nodes and conditions for power
savings and to blank rf beam loading transients.
The FPS uses the variable gates to generate in-
ternal gates and logic. Figure 1 represents a
typical set of gates generated during a rachlne
cycle for a 610-us beam gate.

JlMlC«l»t T TMKO AT IIP HZ

PROTECT OATt (MO)

%» »»amsaivi H i n t IMPPt)

EAST WI0T1CT WINDOW

• I* CHOPPED PULtE

7ig. 1. Fast Protect System liming

The machine T-zero pu.lsa marks the start of
a machine cycle and is used as a fault reset
pulse by numerous modules having Inputs to the
FPS. The rf gate (RFG) defines when rf power is
on. The leading edge of RFG and FP gate (FPG)
starts and ends the FPS reset pulse. RFG "ANDed"
with FPG defines the FPS window during which beam
gate is allowed. Error blanking pulses (EB1 and
EB2) are formed by the "exclusive OR" of FPG and
RF Permissive Enable (RFPE) gate. The actual
beam formed by the 640-ps beam gate has been
chopped for 16 us to allow for a fast kicker mag-
net turn-on to deflect the trailing portion of
the beam into a secondary beau line.

"Work performed under the auspices of the
Department of Energy.
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FPS Transmission Line

As shown in Fig. 2, a 15-Vtfc FPS trans-
mission line (FML) is routed in aad out of FPS
chassis located throughout the accelerator aad
terminates In a voltage level detector located In
tbe Injector FPS chassis. If the FPZL is less
than 8.2 Vdc, arc current is turned off by in-
hibiting tbe permissive pulses formed by
beam gate. All FPS chassis pull the TTZL down
to 5 Wdc outside of the FPS window described in
Fig. 1, thereby preventing bean outside the FPS
window* If any FPS chassis senses an input fault
condition durlag tot IPS window, it will pull
down the FIXL to 5 Vdc, thus turning off beam.
It takes approximately 2 to 4 Jis for a detected
fault to inhibit the beam gate permissive signal.
About 6 TJs after a fault, Injected beast intensity
Ktarts to decline. It takes another 6 ys for the
beam intensity decrease to translate to the end
of the beam line. The IAHFF First-Fault Identi-
fier for Fast Transient Faults (FFI) utilizes the
6- to 12-1J8 time delay between fault detection
and beam decrease for blanking fault Messages
resulting from rf bean unloading.

First-Fault Identifier (FFI)

The FFI system mechanization was a spiooff
from FPS design changes incorporated to solve
problems caused by an accelerator requirement to
chop beam. When a hole is chopped jjito a high-
intensity proton beam, the rf servo system re-
sponds to a rapid beam unloading transient condi-
tion that can cause rf stands to exceed phase and
amplitude error fault limits and go out of lock.
Tbe FFS which monitors rf stands would detect
faults at tbe chopping point, turn off beam, and
leave no trailing pulse to kick into the secondary
bean line. When the FPS turns bean off, the FFS
computer interrupt would cause the computer to

register fault messages for all ont-of-lock rf
stands omd overload the display scope. This
turned out to fce true, not only for chopped team,
but also anytime tha FPS happened to turn off the
high-intensity beam for any fault condition. The
need for a first-out fault Identification system
Tirrimr self-evident.

8F Permissive Enable Gate (EFPE)

In order to prevent rf stands from setting
faults during chopped beam unloading transients,
it was necessary to gain additional control over
rf stands. KFFE gate (see Fig. 1) was added to
all rf stand control modules to define the win-
dow when rf faults could be set. Tbe window also
defines when rf module inputs to the FPS must be
in a "go" state. Figure 3 shows a simplified rf
stand module. SFPE and rf gates must be present
in order to set the rf fault bit flip-flop for
the computer. RFFE is also gated through the rf
stand module to the sector FPS chassis provided
rf serva phase error is < 1*. amplitude error is
< 1Z, and cavity field is > 50Z. In the sector
FPS chassis the inputs of all respective sector
rf stand modules are "ASDed" together and then
"ORed" with error blanking pulses.

Error Blanking Pulses (EB1 and EB2)

The error blanking pulses (see Fig. 1, EB1
and EB2) are "ORed" with tbe.rf stand module in-
puts in order to complete the "Fast Protect (FP)
Window." As stated before, the FP window defines
when beam gate is allowed. Error blanking pulses
sake it possible to run beam during ESI and EB2,
even though rf stands may be out-of-lock. By
chopping beam under EB2, rf beam unloading trans-
ients can be ignored.

Fig. 2. Simplified Fast Protect System
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Fig. 3. Simplified First-Fault Identifier Logic

EB1 was originally Incorporated to save rf
power. The injector arc current coeld be turned
on under EB1 prior to having all rf servo systems
in lock. This allowed the injector to build up
beam intensity early, while rf servos were coming
Into lock rather than wasting power waiting for
in-lock conditions before turning on arc current.
Recent improvements in the rf feed-forward sys-
tem and reduced Klystron voltage have limited tie
usefulness of EB1. EB1 is still used to block rf
turn-on transients as an aid ahile tuning beam
after a shutdown. When future higher beam cur-
rents are employed, the usefulness of EB1 may In-
crease.

The variable error blanking pulses are
minimised and used with discretion, because masked
rf problems can cause serious beam spills. Beam-
spill detection systems are always active snd
offer some protection. As a precaution the FPS
limits EB1 and EB2 pulse widths to 70 us.

The most important feature of EB1 and EB2
is that In combination with RFPE they are ex-
tremely useful and flexible tools for handling
unforeseen aachlne requirements and conditions.

First-Fault Identifier Implementation

As stated before, anytime the FPS turns off
high-Intensity beam, secondary faults due to the
beam unloading transient can occur. Figure 3 shows
how the secondary fault messages from rf stands
are blocked. A voltage level detector in each
FPS chassis monitors the 15-Vdc FPXL. Whenever
any FPS chassis detects a fault, the entire FPXL
is pulled down to 5 Vdc to turn off beam. The
voltage level detector in all the FPS chassis
sense when the FPXL drops below 12 Vdc and re-
sponds by turning on a transistor, which grounds
RFPE gate to the rf stands. By grounding RFPE
gate before the beam unloading transient occurs,

secondary rf fault messages are avoided.

Conclusions

The LAMPF First-Fault Identifier for Fast
Transient Faults system has proven to be a very
effective and flexible tool. Being able to adapt
the FPS and FFI to new and different machine
requirements and conditions through variable
Master Timer gates has many advantages. In any
case, where beam unloading transients are anti-
cipated, one should consider implementing some
flexible mechanism for coping with potential
problems.
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1979 LINEAR ACCELERATOR C0CTEK2KCE

COMPUTER CONTBOLLED FOBU.TXON OF THE 750-keV ACCF.LEJATHIG COUJHH OK THE Mg CEBT 5O-HeV LIMC
H. Haseroth

C M , Geneva, Switzerland

The advantages of the simple design and cons-
truction of the CEEH high gradient double gap
accelerating column are partially counter-balanced
by a sometimes (depending on vacuum condition!)
lengthy and manpower watting formation procedure.
After the introduction of a radiation measuring
facility, rather than the usual cathode current
monitoring,as criterion for increasing tie HV, a
strategy has been worked out for automatic forma-
tion. This strategy has been implemented in a
computer program to run on the Linac Control Com-
puter (PUP 11/45). The advantages are : faster
formation, smaller nupber of breakdowns and no
operator needed. This paper describes the hard
and software necessary and the "teething problems".

Introduction

The 750-keV preinjector of the new 50-lfeV CERN
linac has a double gap short column (Fig. 1) based
on the design of the 500-keV unit of the old CERN
linac?'2 The gap sizes are 61 and 68mm, respec-
tively* giving a total gap, excluding the thickness
of the intermediate electrode, of 129 •>, which
gives an average gradient of 58 kV/cn. The elec-
trodes are made of titanium. The outside of the
column, surrounded by normal air, consists of 19
sections of 6.5 mm thick porcelain rings interlaced
with thin metal discs and bonded with epoxy (Aral-
dite). This construction is fairly simple but
requires very clean vacuum conditions, i.e.,
hydrocarbon partial pressure of <10 abar,
otherwise breakdown of the column occurs frequent-
ly and radiation levels can be extremely high.

Process of formation

The high sensitivity to pollution also makes
the formation of the column up to 750 kV a lengthy
and time consuming process. The total tine needed
to reach the operating voltage and the total
number of breakdowns occurring during this process
are very much dependent on the operator. There
are several "theories" about formation. Some
people believe that there is a ir«*<ii"— number of
breakdowns which one cannot avoid,in order to
reach, under given conditions, the operating volt-
age. Others believe the number of breakdowns to
be inversely proportional to the formation time.
Additionally there are several ways of increasing
the HV vhen watching, for example the column
cathode current ; namely :
- keeping the cathode current at a constant

a) low level ; b) high level.
- Increase the HV only when the cathode curr&at

has decayed to less than say lyA.
- Increasing the HV in large steps ;
- increasing the HV in small steps ;
- deduce the HV if the cathode current keeps in-

creasing ;
- reduce the HV only if the cathode current jumps

up ;
- never reduce the HV and tolerate the break-

down^). ;

It is very difficult to decide which of these
assumptions are correct, because the operator, as
a human being,does not apply his ideas consist-
ently over (sometimes) several hours. In addi-
tion, the e*»e of formation depends very much
on different boundary conditions such as vacua
(total and partial pressures), previous treatment
of the column, total amount of recent time during
which no HV was applied, number of breakdowns and
surface layers on the electrodes. It is clear
that only control by a computer can guarantee the
application of a certain strategy for a suffi-
ciently large number of times,so that a conclusion
as to which technique is the most successful can
be drawn. AD examination of old statistics (Vig.
2) 3 seems to confirm this.

Thus there i« a certain academic reason to get
the computer to do the formation. There are also
three very practical reasons :

- the operator's time can be used for something
else ;

- the computer is reacting faster than an oper-
ator, i.e.,
a) the formation tiae could be shortened;
b) possible breakdowns can be avoided by lower-

ing the HV before a breakdown might occur.
- a reduced mober of breakdowns (by applying

the proper strategy) gives a longer life to
the different HV components.

Hardware

There is a computer control (command) for the
HV with acquisition of the HV the radiation
level, the cathode current and the vacuum (total)
pressure from a Penning gauge. The cathode
current is read from a resistance connecting the
cathode to ground using the appropriate protec-
tions against voltage transients in case of break-
down.

It should be Mentioned here that the system
is- able to send out one set of command values,and
to acquire one set of parameters ,per "»**""» cycls
which is normally about 1 sec.1* This Implies that it
is not necessary to make complicated calculations
as to what loment to read or to set a parameter ;
for example, if the program asks twice to read a
parameter, the second reading vill be taken auto-
matically on the next linac pulae. This simpli-
fies the programming but limits, on the other hand,
the response time of the program if it decides,
for example, to lower the HV after having looked
at the radiation. Nevertheless experience has
shown that the response time seems to be adequate,
and is certainly such better than the response of
an operator who has stood in front of the control
panel for some hours.

The radiation is measured with a conventional
Geiger Mbller tube (Philips ZP1220 for sensitiv-
ity reasons), which needs only oae coaxial cable to
feed power to its associated electronics and to
transmit the signal. Thus it is possible to move
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the counter easily in order to find its optimal
position.

The reason for measuring the radiation is par-
tially the fact that it is easy to get a clean
signal that docs cot carry any transients to sen-
sitive equipment in cave the column breaks <!• wn.
In addition,the monitoring of the cathode current
does not necessarily measure all the current that
flows to ground, but only the current flowing
via the cathode. However, if there is cathode
current it will also produce radiation. So the
radiation is the more complete Measurement of what
is going on inside the column.

Program

The prograa is written in FORTRAN to run on
the PDP 7.1/45 Linac Control Computer. It would
have beea equally possible (and much easier for
debugging and modifications) to have written it
in BASIC, but then linking it to a tcuch panel
to call the program would have been impossible.
Therefore, FORTRAN was used, profiting from avail-
able subroutines for controlling and acquiring
parameters. Provisions have been made to store
all the relevant data of a forma£iott on two files
&o that some statistical analysis can be made
later on, or to produce plots of different form-
ations.

General outline of the program

The first part of the program consists of the
usual housekeeping, reading and preparing files
for storing the data. It asks the user also for
two radiation levels which will influence the
speed of the formation.

The second part contains essentially all of
the logic for running the formation except for
that contained in three subroutines:

- WATCH (Fig. 3)

This subroutine is called everytime a change
has been made to the level of the HV. It looks at
the radiation level and compares it to the refer-
ence values given by the user. It sets the cor-
responding logical variables to "true" if the
radiation exceeds those values and returns control
to the main program. If the radiation exceeds
only the lower level,there, is no immediate action
except for setting the first logical variable to
"true". The radiation will then be read again
and will be compared to the previous value. If
the radiation is going dean,the program will read
again and again until the radiation in uelow the
lower level. The lot; level variable will then be
set to "false" and control is returned co the main
program. If the radiation on the other hand is
going up, control will be returned immediately
with the corresponding variable set to "true".

This method had been adopted because low
levels of radiation nousally tend to drop down,
whereas high levels of radiation or increasing low
levels,will frequently be followed by a breakdown.

- BREAK (Fig. 4)

This subroutine is called to decide in case of
doubt whether there was a breakdown on the column
that could have falsified the command or the

acquired values. As a result of values read incor-
rectly, the program may decide that the format.'.on is
finishedr or increase the HV further.even if in
reality the radiation is already too high,thus'
causing another breakdown, or simply stay in a
loop. As the idea of feeding the output of a spe-
cial breakdown detector In the form of a status sig-
nal to the computer has been abandoned, a signal that
may itself suffer from the breakdown, this sub-
routine looks at the acquired values and checks if
they seem reasonable.

After having read the parameters,the latest
acquisition value of the HV is compared to the
previous one,as well as to the command value. If
either of those differences is too large, a break-
down is assumed and the logical variable (as well
as the two variables assigned to the radiation)
ar^ set to "true". If the result of the compari-
sons is normal, the cycle is repeated five times
to verify that there is a stable HV situation.

- FORHFI (Fig. 5)

This subroutine is used to check if a forma-
tion can be regarded as finished and that the
situation is not degrading after the desired volt-
age level has been reached. To check this, the
subroutine BREAK and HATCH are called successive-
ly, and the message of passing both successfully
is handed back to the main prograa via a logical
variable.

The formation is going on in a loop of the
main program. According to the level of the HV,
an increment is chosen for increasing (or decreas-
ing) the HV. After the program has sent a command
to change the HV value, the next request will be
issued only if the previous increment was set to
at least 80Z. This is again done by going through
a loop. After three unsuccessful iterations,the
subroutine BREAK is called to check for breakdown.
If there is breakdown, the prograo will reduce
the HV command value By five times the incremental
value and the cycle will start again. If there
is no Breakdown,there are two more trials to wait
for the desired result. If even this is negative,
the prograa will switch off the HV when the hard-
ware for the status commands is installed. At
present the program just ignores this instruction,
but until now there was no formation where the
program arrived at this situation.

At the next step, after having asked for an
incremental change in the HV, the subroutine WATCH
will be called to check that the radiation is
sufficiently low before the next increase of the
HV level. Otherwise the KV will be slightly or
drastically reduced, depending on the level of
radiation.

Before every increase of the HV,the acquisition
is compared with the nominal formation voltage.
If this is reached or exceeded, subroutine FORHFI
will be called and the validity of the formation
will be checked. If the result is positive,a
small correction will be calculated and the HV set
exactly to the nominal value. After this,the last
data are written onto the data files, some mess-
ages are displayed on the terminal and the program
finishes.
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Operational Experience with the Program

The first tests with the prograa vere done by
increasing the voltage only, because it was be-
lieved that vith sufficiently small incremental
values it would just be necessary to watch the
radiation, and perhaps to stop increasing the HV,
in order to avoid breakdown. It turned out that
frequently it seeaed nuch better to actually re-
duce the HV in order to avoid a subsequent break-
down. Another simple fault caj that originally
the program finished when one had reached the
operating voltage. Sometimes only a few seconds
later there were successive breakdowns and a drae-
tic increase in radiation. This was the reason
for introducing the subroutine FOKMFI.

Less trivial problems occurred when having
breakdowns in the course of formation. Sometimes
the program would stop and claim that the form-
ation was finished, sometimes it would simply stop.
In order to discover the cause of this problem,
command and acquired valuas were frequently dis-
played on the terminal together with information
as to what point the progrem was at. It turned
out that in the case of a breakdown there is not
only "noise" coming to the computer, but more
specifically the acquired values nay be wrong.
This was one reason for introducing the subroutine
BREAK,and also to check in the main program if the
previous command sent out was already successfully
executed. In critical parts of the program values
are read several times, to make certain that the
situation was stable before drawing conclusions
on how to continue.

Conclusions

With the computer controlled formation pro-
gram, there is now a very quick and reproducible
method of forming the accelerating column. A
considerable amount of manpower has been gained
and the formation is done without stressing un-
necessarily the HV components. It is interesting
to note that a typical formation after an ion
source change used to take about three hours and
cause about 20 HV breakdowns. With the help of
the computer, the formation taken about one hour
and causes only about ten breakdowns. By build-
ing up the statistics it is now possible to de-
cide which are the best parameter settings for an
optimum formation.
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Discussion

Eentlcy, HP): Can you give an equivalent radiation
level for your upper and lower thresholds?

Weiss: These lower and upper radiation levels de-
pend on where you place your counter. I have shown
that the counter has been placed a few meters away
froa the Faraday cage or the column. Placing it
closer or further away would change the signal, so
absolute radiation thresholds are meaningless.
However, as I renember, the lower level is 0.2 rem
and the higher is 1.4 rem.

Bentley: But that is not calibrated in terms of a
radiation level at the column or at any particular
distance?

Weiss: No, this is just soi
found from experience.

ething which has been

What is the time scale of your command

Weiss: All the coanands which are sent to our linac
are synchronized to the linac pulss which is about
once per second. So nothing will happen until the
next linac pulse. Then, we first perform the data
acquisition to see hov the command has been executed
and if the conditions for another command are satis-
fied. After that we can send out the next command.
We have found thiB procedure to be extremely useful
because one has just to press a button and go out of
the room and ccae back In an hour and the column is
formed.

Curtis. FHnL: When sparks or breakdowns occur dur-
ing voltage conditioning of the column, is the high
voltage power supply turned off or left on and just
turned down in voltage?

Weiss: This program contains a subroutine which
checks for breakdowns. If something unusual has
been observed, for example, the command of the high
voltage and the required valves are too far apart,
the program checks to see if a breakdown has occurred.
If so, it drastically drops the high voltage (I think
It drops it 5 steps) and continues in the loop to
check if it is enough or must go further.

Curtis: The power supply Is not turned off then?

Weiss: No, it is not turned off.
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Fig. 3 Flow diagram for subroutine WATCH Fig. 4 Flow diagram for subroutine BREAK

FtniMNwi

net
• k

Fig. 5 Flow diagram for subroutine FORMFI
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1979 LINEAR ACCELERATOR CONFERENCE

LONGITUDINAL AND TRANSVERSE BEAM OPTIMIZATION AT THE UNILAC

L. Dahl, J. Klabunde, P. Strehl, V. Schaa
GSI, Gese.llschaft fur Schwerionenforschung mbH

Darmstadt, Fed. Rep. of Germany

The different categories of beam optimization
procedures are described, including both longitudi-
nal and transverse phase planes. The description
of the transverse computer-aided procedures concen-
trates on the low energy beam transport system, but
these methods are applicable to the whole machine.
In case of the longitudinal adjustment, typical
procedures for the accelerator subsystems are pre-
sented. Present status, operating experiences and
future development of the programs are reported.

Introduction

The frequent changes of accelerating condi-
tions typical of a multi-particle, variable energy
machine, tend to decrease the overall operational
efficiency of the facility. Therefore efficient
computer-aided operating procedures become essen-
tial.

[ 3 COAXIAL FARADAY CUP

S SC«r CQNOJCWf)

( n ] HELIX [REBUNCHEM

[ ~ ^ 1 PHASE PROBE

0 3 BEAM DEGRADER

E 3 VARWBtE BEAM DEGRADER

Fig. 1 Schematic diagram of the Unilac

Figure 1 shows a schematic diagram of the
Unilac. From operating experience gained during
the start-up phase and the subsequent routine
operation, the major effort in the development of
optimisation procedures was focused on the follow-
ing subjects:
low energy transport system from the ion source
to the Wideroe preaccelerator; adjustment of the
multi-stage rf accelerating system and its asso-
ciated pre- and rebunching elements; energy
variation by the single-gap resonator chain;
high energy beam transport to the experimental
areas and matching to the experimental setup;

tune-up of time structure for the remote target
stations with the rebuncher-debuncher system.

In the final stage, most of the procedures
will be effective on-line programs which should
contribute much to the accelerator performance.
But the development of control programs featuring
such.advanced control functions requires a thorough
understanding of the accelerator behavior. All
hardware components have to be stabilized. Short-
comings of the computer system can have a consid-
erable effect upon success. The present status
of the Unilac is reported in a companion paper.1

Discussion of the development of optimization
routines will follow.

The extensive beam diagnostic system2'3 at
the Unilac proved to be extremely valuable for the
development of operating procedures. In case of
the longitudinal beam optimization, the signals of
the phase probes, coaxial Faraday cups and semi-
conductors are mainly used. For the transverse
optimization, the emittance measuring apparatus,
profile grids and Faraday cups are required. The
optimization procedures are based on combined use
of these beam measuring devices and different
transport computer codes. In the following sec-
tions the procedures will be described.

Longitudinal Matching Procedures

Many capacitative phase probes are positioned
along the Unilac (Fig. 1) for use in energy mea-
surements, correct setting of the rf amplitude and
phase and matching of the different rf substructures.
The time-of-flight method for energy measurements
was described in detail in 19762 and In a separate
contributed paper.3 The advantages of the method
are high accuracy and simple handling. The opera-
tions crew can quickly adjust and recheck the
output energy of each accelerating substructure.
The signals of phase probes Tl, T2, T3, T4 (see
Fig. 1) are now used for a computerized on-line
measurement of the energy. The energy is displayed
on the main control room console with a high re-
fresh rate. Electronic devices and data processing
are also described in Ref. 3.

Longitudinal matching procedures of rf sub-
structures will be described in the following two
sections: adjustment of the prebuncher system and
matching of the pre- and poststripper accelerator.
Up to now these procedures were under manual con-
trol; computer control was envisaged but with a
low level of priority.

Two buncher cavities at 27 MHz are installed
in front of the Wider5e prestripper accelerator.
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The beam pulses from the dc preaccelerator have to
be matched to the phase acceptance of the Wideroe
llnac. For correct setting of the rf amplitude and
phase of both cavities, the following adjustments
must be made: The unbundled beam must be injected
in the first Wideroe tank at the Injection energy
of 11 keV/u. The bunch structure can be measured
by the phase probes behind the first tank. Each
bunching cavity is powered separately. The rf phase
is adjusted to the value at which no displacement of
the bunch signal occurs. An indication of the cor-
rect phase is the increase of intensity and an im-
provement of the bunch structure. Now with the
correct setting of buncher phases, corresponding to
a reference phase of -90°, the amplitudes are opti-
mized for a maximum beam intensity. The structure
of the prebunched beam can be measured by the phase
probe (M5) in front of the Wideroe tank. Figure 2a
shows the time relation between the bunch signal
and the rf signal of the first Wideroe tank at the
correct settings of the buncher cavities.

Fig. 2a Time relation between the signals from
phase probe behind the prebuncher and the
rf amplitude of the first Wideroe tank

Fig. 2b Bunch position with respect to the rf
signal of the first Alvarez cavity

The operators use this display for the adjustment
of the injection energy. The sensitivity is quite
high; a change of the dc accelerating voltage by
10"3 results in a bunch displacement of 1 nsec.

The output energy of the prestripper acceler-
ator can be changed in a range of +2% without de-
terioration of the tine structure of bunches. In
this way it is possible to adjust the design
injection energy of the poststripper accelerator.
The energy can be measured very accurately by phase
probes S7 and Al (distance 14.4 a, sensitivity for
deviation from the design input energy of Alvarez
1 iW/W '.'/.) % 0.23 • (6.6 - At (nsec))). Taking the
fixed relation between the rf tank and S7 phase
probe signals, the precise rf phase of the first
Alvarez tank, determined experimentally, can be
adjusted and checked during routine accelerator
operation (Fig. 2b).

The change of energy due to the damage of
stripping foils at high beam intensities, results
in a noticable displacement of the bunch signal.
This change influences the beam quality consider-
ably. Measurements are presented in Ref. 3.

With intensities of few nA U9* at the strip-
ping foil, for instance, an energy change occurs
after only 1 hour of operation. At present the
operator has to check and readjust for correct op-
eration. Mainly for experiments, the efficiency
of the machine drops drastically. A project exists
for automatic control by a microcomputer based
system. The proposed procedure is shown in a pro-
gram flow-chart (Fig. 3).

MESSAGE VO OPERATOR
CHECK TRANSMISSION Of

PRESTRIPPER
ACCELERATOR.
RF-AMPUTUDE OF
REBUNCHEH HELIX.
STRIPPER FOIL

CHECK ENERGY BY
MEANS OF PHASE RELATION
BETWEEN S2. S3. S7 PICKUP'S

SWITCH REBUNCHER HELIX
ON/OFF AND MEASURE
PHASE RELATION S7
FOR BOTH CASES

Fig. 3 Schematic diagram of on-line control
in stripper section
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In the following paragraphs two procedures
are described which are largely computer-aided.
Since the rf system has not been under computer
control, the optimized settings of rf amplitude
and phase are manually controlled. The design of
a microcommter based control system tor the rf
system was started in parallel with changes of the
rf hardware and should be ready at the end of 1980.

The final energy of the Unilac can be varied
in a broad range by the 20 single-gap cavities; a
maximum effective accelerating voltage of about
24 MV can be generated. Energy changes are re-
quired often, sometimes 4 - 8 times during an 8-
hour shift. Therefore quick adjustment of the
cavities to save set-up time is the goal of comput-
erization of the procedure.

. The input parameters for the resulting opti-
mization procedure are as follows: mass number
and charge state, energy in front of the single-gap
cavity chain, rf phase of the last Alvarez tank in
operation in relation to the 108-MHz reference
line, and the requested final energy. The energy
gain of the i-th cavity is given by

(T Transit-time factor, U^ rf probe signal)

The factor U., , is a measure of the peak acceler-
ating voltage (T=l, $s=0) for the i-th cavity at
a probe signal of IV. These values were experimen-
tally found by measuring the maximum energy gain;
they differ among the 20 cavities. All the 20
values are stored in a database. For the computa-
tion of power levels and the rf phases, the pro-
cedure takes into account the range of possible
power levels which are also kept in a database.
The agreement between requested and measured energy
after setting the calculated values is quite good
(1 - 2%). Only manual (or later automatic) fine
tuning of the rf amplitude of the last cavity is
required afterwards.

Some experiments require a sharp time focus of
the bunch on the target, or an improvement of the
energy spread. Then a single-gap resonator at the
end of the linac and 4 helix resonators are used.
At the linac output, the pulse width is 0.6 - 1.5
nsec, depending on the energy and the adjustment
of the linac rf structures. Corresponding to an
energy spread of 0.1 - 0.3%, the pulse width in-
creases over a drift length of about 80 m to 2 - 5
nsec. The tune-up procedure for an improved time
structure is as follows. First, energy spread and
bunch width are measured;3 from that the longitu-
dinal phase ellipse at the end of linac can be
calculated. This phase ellipse is transported to
the position of the helix resonator (the debuncher
is switched off). If the pulse width is within the
limit of 70° (at 108 MHz), the bunch structure is
optimized only by the second rebuncher. The rf
amplitude is now adjusted for a minimum pulse width
on the target position. Depending on the energy
spread of the beam after acceleration, the phase
width sometimes exceeds the limit of 70°. In order
to avoid non-linear effects of the rf field, a

combined action of two resonators provides the
optimum transformation. The first is adjusted as
a debuncher; the energy spread is now reiueed and
the pulse width at the rebuncher is snail enough
for a linear transformation.

-ti ,n|;̂ 3 ]["»; ̂ u ']'['*,„',',.,,,,, -{"I
V | ' rf V 1: 0

Fig. 4 Output of the program for the rebuncher-
debuncher system
(right: measured bunch width on the target)

The output of this optimization program in-
cludes mainly the following information: Automatic
selection of the cavities to be switched on, the
rf parameters, and pulse width at target position.
After setting of the calculated values, normally
fine tuning immediately leads to an optimum width.
The measured pulse width is in good agreement with
the calculation by the computer program. An ex-
ample is given in Fig. 4.

Transverse Beam Optimization
of the Injection Beam Transport System

Compared to a proton machine, the low energy
beam transport system of a multiparticle acceler-
ator is much more complex. The Unilac injector
was described in detail in Ref. 4. Figure 5 shows
a schematic diagram of the beam line.

The most important properties are summarized.
With the two dc-preaccelerators symmetrically
arranged with the axis of the Unilac, ions of all
stable elements from a Penning source are acceler-
ated to 11.7 keV/u. One single charge state can
be selected; the momentum dispersion of the trans-
port line allows for a maximum mass resolution
Am/m i< 250. Alternatively, a non-dispersive mode
is used if isotope separation is not necessary.
The aperture of the beam line and the magnetic
lenses is 4 cm. The radial acceptance of the sec-
tion from gap to the switching magnet allows trans-
port of a beam with the maximum emittance of
32 irmm-mrad. The acceptance from the switching
magnet to the input end of the Wideroe accelerator
is 130 irmm-mrad. The operating experiences are
described in Ref. 1.
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Fig. 6 Calculated envelopes on the basis of
emittance measurements
(+ measured profile width)
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Fig. 5

The computer-aided optimization procedure
consists of the following steps. The magnet cur-
rents are set from calculated data or data stored
from earlier runs. These settings hardly ever
result in a sufficient beam transmission and mass
separation. The reasons are manifold: non-repro-
ducible emittance for different ion sources,
different parameter settings of the ion source for
optiaium intensities, tolerances of geometrical
dimensions, disabled elements, misalignments, etc.
If the beam intensity is - it sufficient at the
position of the emittance measuring device, an
improvement has to be reached by retiming of the
ion source and the beam matching elements. The
measured emittance is transformed to the input of
the transport channel with the actual settings of
the magnets. Now an optimizing program calculates
new settings for an optimum transport.

An important postulate of the described pro-
cedure is that the transport system is computable.
Therefore time-consuming activities were started
to bring all the components to their design values.
The effort has mainly included verification of the
calibration curves of all magnets, the precise and
reproducible reaction of the magnet power supplies
to the command signals, the physical locations of
magnets and beam diagnostic elements. The success
of this work is demonstrated in Fig. 6. The
emittances were measured at two positions of the
injection beam line (see Fig. 5) and in each case
the envelopes were calculated; both envelopes
agree very well. For a further check, the profile
widths were measured along the beam line; the
measurements confirm the calculated envelopes, too.
The transformation excludes the section from the
ion sourca to the gap. There were many changes of
hardware, focusing elements ware replaced, and the
gap was reconstructed. This section will be in-
cluded later into the optimization procedure.

For a successful optimization of beam trans-
port lines, the measurement of the emittance at
several positions is advantageous. The installa-
tion of more emittance measurement boxes is costly

and is excluded by space limitations. Therefore
an algorithm was developed using the profile data.
There are about 50 profile harps available along
the Unilac and in the experimental area. The
basic idea is described in Ref. 5; the moc'ified
algorithm and the program structure are explained
in Ref. 6. The ellipse parameters o,B,Y,e are
calculated by measuring the beam width (horizontal
and vertical) at 3 different quadrupole settings
from the equations

u 2
- 2a b a + h

Ac
1, 2, 3,

where a, b, c, d are elements of the 2 x 2 trans-
fer matrix from the quadrupole to the profile grid.
Afterwards the emittance ellipse can be transported
from the input of the quadrupole to different
places on the transport line. Tests of the algo-
rithm have shown that in many cases the measured
emittance is determined correctly. Sometimes
differences occur in tht size of the area, but the
inclination is correct. In few cases a solution
of the equations does not exist. Stabilization of
the routine may be expected with more sophisticated
evaluation methods, on which work is underway. The
first improvement was achieved by taking the pro-
file parameters at 16 different quadrupole settings.
The half widths and full widths are fitted by
spline functions. An example is given in Fig. 7.
For the evaluation three settings can be selected.

Fig. 7 Display of fitted profile data for the
horizontal and vertical plane
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In Fig. 7, on the right hand side, the dis-
placement of the beam center at different quadru-
pole settings is displayed. Since a shifted beam
influences the effectiveness of all the transverse
optimization procedures, an automatic beam steer-
ing program is available. It can be activated at
many places in the transport system. A schematic
of the steering section is shown in Fig. 8. First,
the displacement and slope of the beam center in
front of the first steering magnet are determined
by measuring the displacement on the profile grid
at two quadrupole settings, then, the computer
code calculates Che set values for the steering
magnets.

about better results and that the efficiency of
the Unlilac will increase.
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Qrganizaticm of the Optimizing Procedures

The optimization procedures are controlled
through means of an interactive graphic display.
Single routines can be selected. The main routine
for transverse optimisation starts with an emit-
tance measurement. The program structure is shown
in Fig. 9.

The basic idea of the optimization procedure
has been described in this ^aper. The program also
contains options which were originally provided for
machine development, but they are also a valuable
tool for adjustment of the machine during normal
operation. One of these options is as follows:
After an emittance measurement the envelopes are
calculated and displayed. Then, the settings of
the quadrupoles can be varied (on- or off-line)
and the resulting envelope will be displayed.
Furthermore, after selecting beam size constraints,
new quadrupole settings are calculated. Both pro-
cedures were successfully used for the matching to
the target position.

The development of a fully automatic opti-
mization routine is in progress. The fit pro-
cedures applied up to now are not always successful.
The different emittances at the input of the beam
line cannot be matched to the defined reference
envelope. The limited acceptance (see Ref. 1)
requires tight tolerances for the fit conditions.
Therefore, an upgrading program for the injection
beam line was started. There is no doubt that in
the future the optimization procedure will bring
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Discussion

Jae&chir.e, Heidelberg: What i s the energy resolu-
tion that sou can get vith your piase probe
detecting device?

Klabunde: In the region of 5x10""".

Jaeschke: How many of these computerized steering
sections that you describe are you now running?

MjbuTtte: Two in the injection line and two in
operation at the high energy end. 3ut, us nave
many places of this kind of arrangement, but these
are the only ones used so far.

Ohnuma. FNAL: What kind of device do you use for
your energy eraittance neasureraervts?

Klabunde: Just a single slit-collector system.
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Characteristics of various beam diagnostic
elements, including computation of signal shapes and
signal processing, will be discussed. Some pro-
cedures for determination of beam parameters in
longitudinal phase space are presented. Instrumen-
tation and the conputer program of a self-contained
on-line energy measurement will be described.

Int reduction

At the UN I LAC, frequent changes of accelerating
conditions (various ions, various energies between
3-6 - 10 MeV/u, use of foil or gas stripper) and
demands for perfect bean quality (required micro-
structure of bunches and pure energy spectrum on
target) are standard. For efficient tuning of all
rf substructures involved in accelerating processes,
a rather elaborated diagnostic system for measure-
ment of beam parameters in longitudinal phase space
is essential.

A short description of fast pick-up probes and
a survey of a temporary signal processing system
used in commissioning of the liNIiLAC is given in Ref.
1. Experience from routine operation in recent
years, and study periods for accelerator develop-
ment, led to improvement of signal processing and
utilization of measurements of longitudinal -phase
space.

In the -present paper, various methods of mea-
surement and signal evaluation are described in more
detail. On the basis of some typical examples, the
capability of procedures for efficient tuning of a
multiparticle, variable-energy machine will a multi-
stage rf accelerating system will be demonstrated.

Characteristics of Diagnostic Elements
and Measurement Procedures

To measure beam paraneters in longitudinal
phase space, the following types of probes are in
use at the UNI1AC:

— broad band coaxial Faraday cups
— semiconductor detectors
— broad band capacitive pick-ups.

Figure 1 gives a schematic layout of the UNILAC and
the experimental areas. The various elements pro-
duce signals with different characteristics, which
will be described below.

Coaxial Faraday cup

Design details (without pneumatic actuator for
positioning the device into beam) are shown in Fig.

2. Tne cup was designed to have a 50-ohra geometry.
Tne reflection coefficient measured by a TD.R (25-ps
rise time te=t pulse) is less than 5%- A grid in
front of the collector plate (not shown in Fig. 2)
repels secondary electrons and shields against the
longitudinal electrical field moving in front of
the bunch. Both effects would result in a broad-
ening of the fast current signals, as illustrated
in Fig. 3.

The influence of longitudinal electrical
fields on signal shape can be estimated for simple
bunch geometries. Tne true induced current is
given by:

TT J m

where R = radius of collector plate planed at Z=0
and Ez = longitudinal electrical field of the mov-
ing bunch. Assuming a bunch of lengths t, with
uniform charge distribution over tirse t, and neg-
lecting field distortions by the cup itself, the
result is (NR-approxination):

gcit-at/23

t2j

wb^re N = number of ions within the bunch and
^ = charge state of ions. The sum of the induced
current according to (2) and pure charge current
leads to a signal shape as shown in Fig. U.

Coaxial Faraday cups are used for bunch length
measurements, bunch shape observation and optimi-
zation, determination of correct rf phase settings,
and calculation of proper rf amplitudes for gener-
ating a good micro-structure.

Semiconductor detectors

Due to increased demands in the quality of the
energy spectra at the end of UNILAC, and the fre-
quently desired well-defined structure of bunches
on target, semiconductor detectors (ORTEC: TF-40-
400-60-S; SCHLUMBERGER: BTC-50-150-859) were in-
stalled. Detectors are mounted on -.-otapressed air
actuated feed-throughs, and can be moved rapidly
into the beam. A system of beam degraders for
fixed and variable attenuation of beam intensity,
protects the semiconductors. Movement of the
degraders is controlled by an interlock system.
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One of the detectors at the end of the UNILAC i s
placed in an approximately 1200-mB long diagnostic
chamber, and can be arced 1000 mm along the beam
axis with better than 1-an precision. Therefore,
time-of-flight measurements for energy determination
are possible using this detector.

Depending on bean parameters to be measured,
different preamplifiers were developed at GSI:

- charge sensitive preamplifiers (slow output)
for measurement of energy spectra, with a
gain of 1 - 20 zV/MeV and a b.3ndwidth of
about 70 MHz;

- voltage sensitive amplifiers (fast output)
with a gain of 44 - 2200 nV/KeV and a band-
width of about 450 MHz ( t r <_ 1 ns) .

Signal processi,lg following the preamplifiers
util ized procedures common to nuclear and high
energy physics.

At the UNILAC, semiconductor detectors are
preferred for the measurement of energy spectra.
Bunch length and energy determination are performed
much more eff ic iently by using capacitive pick-ups.
Figure 5 i l lustrates the capability of semicon-
ductors for optimization of energy spectra.

The energy resolution of semiconductor detec-
depends mainly on the enere

ions to be detected. For 81<Krl2
tors depends mainly on the energy and mass of the

r12+-ions, the resolu-
tion could be determined at W • 1.4 MeV/u to Atf/tf •
(0.7 + 0.1)%, taking advantage of the small energy
spread of the Wideroe prestripper accelerator, which
was measured to AW0/W0 = (0.08 + 0.02)Z with
capacitive pick-ups.

For observation of time spectra, semiconductor
signals , amplified by voltage sensitive preampli-
f i ers , are processed in the well-known start-stop
mode, using fast time-to-arplitude converters and
a 4096-channel analyzer. Figure 6 shows a typical
time spectrum of the bunches, where time calibra-
tion was made by subdividing the rf reference stop-
signal. Using more advanced techniques, time
resolution can be improved to 50 - 80 ps/channel,
as shown for example, in Ref. 2.

Capacitive pick-ups

Probe Optimization and Signal Computation

Most eff icient measurements in longitudinal
phase space (see Ref. 2 for details) are done by
using a system of capacitive pick-ups. Taking
advantage of an elaborate program for computation
of pick-up signals including probe and bunch param-
eters , the geometric shape of pick-ups could be
optimized. Soae insights into signal processing

and signal interpretation could be gained. Belevant
design parameters are shown in Fig. 7. Impedance
was approximately calculated taking advantage of
analogies between coaxial structure, as shown in
Fig. 7, and a planar microstrip. FJnal matching
to exactly 50 ohm i s done by the bending of seg-
mented diaphragms in front and behind the pick-up
cylinder. In the case of precise matching, the
reflection coefficient wi l l be less than 53! for a

test pulse vith 25-ps rise time.

Shape and amplitudes of pick-up signals can
be calculated to a good approximation under the
following assumptions: A bunch with homogeneous
charge distribution i s moving with v » Be. The
bunch has no dimensions in transverse directions
V and X. At tine t , the center of charge i s at a
distance of Z » get from the origin of the coor-
dinate system at Z-0. For such a bunch, with AZ
- gcAt, the charge distribution can be described
by:

ptx.y.z) = «(X3IS(Y; BcAt

where 6(X) and 5(Y.) are the well-known Dirac del ta-
functions and 0( t ) i s the step function of Heavi-
s ide . Neglecting again distortions of potentials
by the bean pipe and pick-up probe i t s e l f , the
extracted signal current can be written (NR-approx-
itnation):

Bctt+At/21_ Nee t L-8ctt+At/2) +

2 A t ^ ( L - g c t t + A t ^ ) ) ^ 2 •r[gc[t+At/2)) i

L-Bclt-At/2.1 BcCt-At/2]
R2

[4)

where L, K and probe l n g t h s and radius, respec-
t ively . In the chosen coordinate system, the
probe i s positioned from Z»0 to Z»L. Figure 8
shows Rome computed signals, assuming typical
UNILAC (S and At-values For comparison in Fig. 8,
one plot was calculates for a more real i s t ic
triangular shape charge distribution over the
bunch, defining At by full-width half-maximum
points.

Measured signal shapes agree very well with
computation. Due to some uncertainties In signal
amplification factors, cable dispersion, and
plasma oscil lations in the Penning source, i t i s
very diff icult , even within a 10Z margin, to
compare measured signal amplitudes with computed
values. If strong plasma oscil lations occur, as
shown In Fig. 9, a comparison i s impossible.

At the UNILAC, measurements of micro-structure
with capacitive pick-ups, however, are the only
possibi l i ty to detect such plasma osci l lat ions.
Experience has shown that optimization of a ion
source by observing only the pick-up signals can
be very efficient In terms of beam intensi t ies .
In some accelerator experiments, there was also
observed an influence of plasma oscil lations on
beam quality at the end of UNILAC. This effect
wi l l be studied in more detail .

Signal Processing

Taking advantage of experience with the old
temporary system as described in Ref. 1, some
improvements and modifications on the signal pro-
cessing system were implemented in recent years.
As shown in Fig. 10, this results in a micro-
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processor controlled pick-up signal selection,
including sone fixed programed options (for
example, automatic signal selection for energy
measureaents). The electronic system has been
extended to also enable an on-line confuted energy
measurement. The capability of a new electronic
system for fast determination of rf phases (also
shown in Fig. 10) -will be discussed in Ref. 2.

For signal amplification, a special broad-
band amplifier with the following characteristics
was developed at GS1:

Type
Infut impedance
Output impedance
Bandwith
Gain
Required input
voltage for S:N-1:1

Avantek UTO 1511, UTO 1521
50 ohm
50 ohm
5 - 1500 MHz
4<< dB

T- 40 uV

Determination of Bunch Length

Measurements in the time domain

Due to convolution of the moving electrical
bunchfield with the probe geometry, i t i s impos-
sible to extract the bunch length directly from
the observed probe signal. However, using Eq. 4,
a relation between measured time, distance from
positive-signal-raaximum to negative-signal-minimum,
Ak and bunch length fit, can be derived. This
relation i s "shown in Fig. 11. The procedure i s
mainly limited by the f inite bandwidth of the
500-MHz oscilloscope used. For UNILAC beam param-
eters and capacitive pick-ups with L = 1 cm and
R - 1.75 cm, the relation Ak(lim At ->• 0) •>. 2L/Sc
also holds.

Measurement in the frequency domain

For values of fit smaller than ^ 0.8 ns,
determination of bunch length, At, from an analy-
s i s of probe signal Fourier speqtra i s mo»-e effec-
t ive . Using the program FAST FOURIER TRANSFORM V
(FFT), computation of such spectra for i ( t ) accord-
ing to Eq. A and alsc for triangular shaped charge
distribution of the bunches i s straightforward..
Approximating a (typical, pick-up signal by a poly-
nominal relates the f i r s t minimum in the Fourier
spectrum (harmonic number n) , the period of accel-
erating rf (T) and bunch length At: , *

On-line energy measurement

A description of operator-aided procedure was
given in Ref. 1. The new self-contained on-line
procedure i s i l lustrated in Fig. 13. For a s ingle-
valued plain determination of particle energy, the
signals of probes Tl, T2, T3, T4 (see Fig. 1) are
used. Probe signals are sequentially switched by
a coaputer controlled device to ? selective rf
amplifier, and tuned to the third harmonic of the
bunch repetition frequency 0s 81 MHz). This har-
monic was chosen because SN ratio i s up to a
factor of 40 belter than with 27 or even 54 MHz.
Bunch uncertainty can be eliminated by analyzing
the phase relation of a l l 4 probe signals.

The 81-MHz signal i s fed to a sampler. A
27-MHz reference signal of the phase axis i s
tripled in frequency and fed to a second sampler.
Both samplers are controlled by a modified Hp-
Vectrovoltmeter, which i s synchronised by a
108-MHz reference signal from the po: ^ripper
accelerator phase axis . This procedure results
in two 15-kHz sine wave signals on the sampler
outputs, which are controlled in amplitude by a
standard operational amplifier. Both sine wave
signals are digiti2ed by two synchronized fast
CAMAC-ADC's (conversion rate 5 KHz, memory size
1000 points, corresponding to three 15-kH2 periods).
Digital data from a l l 4 probes and 27-MHz phase
axis are evaluated in a PDP 11/34 by determination
of the function

T_
At

(5)

This simple relation was confirmed, also by FFT.
Accuracy of,this procedure gets better for small
At, because from Eq. 5 it follows that

(6)

To estimate the bunch lengths At and compare
different bunches with respect to signal rise time,
observations in the frequency domain are very sen-
sitive. Figure 12 demonstrates this clearly.

sin(ut (7)

using a simple least squares fit. In Eq.r7, index
k represents signal number (Tl - T4, phase axis),
and Afc, % are amplitude and phase of the fitted
sine wave, respectively. Since the 27-MHz phase
axis serves as time reference, 1^m0 holds for this
signal. From computed dif fereices between % -
values corresponding to the probe signals, time-
of-flight )• and therefore also particle energy can
be determined very .precisely. Beam parameters
available by evaluating A^ are not interpreted at
present.

Based on good expediences with this on-line
measurement, some -more sophisticated, micro-
processor-aided procedures of beam parameter
control in longitudinal phase space will be imple-

1 roented in the near future (see Ref. 2).
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Fig. 1 Arrangement of beam diagnostic elements
for measurements in longitudinal phase
space along the UNILAC facility.
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Fig. 2 Design of coaxial Faraday cup
(dimensions in mm)

Fig. 3 Effect of secondary electrons and sub-
sequent signal suppression by means of
a grid in front of the collector plate.
Left: without voltage on grid,
Eight: - 800 volts on grid,
(mean beam current about 15 nA).

'/NCIpAl

T « 1-1.5
Insl

Fig. 4 Approximation of the effect of precursor
longitudinal electrical field on signal
shape observed by a coaxial Faraday cup.
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Incorrect setting
of ftl - Tank ampli-
tude (FUHM = 1.8 % ) .

Incorrect bunch in-
put phase (error
abcut 500 ps, FWHM
main peak on left:
1.2 %. Distance of
satellite peak to
main peak:
= 132 keV/u).

Correct settings
(FWHM - 1.1 % ) .

Fig. 6 Time spectra of bunches observed with a
semiconductor detector behind a drift
space.

CF35

N-Connectar

Fig. 5 Optimization of bunch input phase, rf
amplitude setting for Alvarez I and re-
huncher helix rf settings by observation
of semiconductor energy spectra. Particle
energy about 3.6 MeV/u, resolution
(2 keV/u)/channel.

Fig. 7 Design of capacitive pick-up probes
(dimensions in mm).
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At=0.3 ns ]
At=0.9ns f P = 0.1

t= 1.8ns J

Htfennce
References Capacitive Probes Rf Cavities 10tMHz

tins!

-50
riangular shape

of charge distribution)

Fig. 8 Computed signal shapes for capacitive
pick-ups using Eq. 4 and dimensions
given in Fig. 7.

! j T__ i

M̂ ajn_£ont£ol_ Room

Fig. 10 Improved signal processing system for
capacitive pick-ups and fast rf phase
measurements.

Fig. 9 Detection of ion-source plasma oscilla-
tions by means of capacitive pick-ups.
In the time scale chosen, single beam
bunches (At - 1.5 ns) are not resolved.
The lengths of the corresponding macro-
pulse was 5 ms.

0 05 10 15 20 25 30

Fig. 11 Computed relation between bunch length
At and measured time (Ak). Due to cable
dispersion-effects, Ak should be deter-
mined as two times distance between
maximum and zero crossing. Insert on
right side shows the corresponding
oscilloscope signal.
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Fig. 12 Comparison of bunch signal observation in
time and frequency domain, respectively
CB * 0.055).
Top left: Ak = 1.6 ns. At = 1.36 ns

(see Fig. 11)
top right: n = 26, At = 1.42 ns

Csee eq. CS))
bottom left: Ak = 2.0 ns, At = 1.BB ns
bottom right: n = 19, At = 1.95 ns.

PHASE A)(IS

o
BUNCH 27MHz

SINUS 81 MHz

MCR-CONSOLE

Fig. 13 Schematic block diagram of on-line energy
measurement at UNILAC.
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CALIBRATION DURING INSTALLATION AND DURING INITIAL OPERATION
OF TTE CERN 50 MeV LINAC

D.J. Warner
CERN, Geneva, Switzerland

This paper describes the connection between the design
and performance of the CERN 50-MeV linac.1 made by the
calibration aspects of the commissioning and of first
operation with beam. Essentially,one aims to set the
accelerator working points for transverse and longitu-
dinal motion . Both planes are treated under three
main headings: alignment, calibration on installa-
tion, and calibration with beam. Results of pertur-
bation measurements give detailed but relative fields,
needing beam measurements in the longitudinal plane to
fix the rf level and phase. The quadrupole calibra-
tions are sensitive and absolute, but, apart from de-
termining the input beam steering, the transverse beam
measurements so far add little to the initial calibra-
tion.

Longitudinal Plane

Alignment: Gap Lengths and Positions
The girder support2 essentially dictates the methods
and sequences of alignment. Given an overall toler-
ance of ±1 mm on the length of a cavity [6.7 m for

Tank 1) and drift tubes with length tolerances
±0.05 ran, the aim is to install them so that th.2 gaps
are correctly positioned. This sets the accelerating
field phase relative to the proton position; the
effective field magnitude can be set during perturba-
tion measurements. Cell lengths vary between 60 mn
and 465 mm (0.75 MeV to SO MeV), so +1° corresponds
to gap position errors of 0.16 mm to 1.3 mm. Note
that one wrongly positioned drift tube leads to two
nearly cancelling errors.

Ideally, before drift tubes are mounted, the girders
have been fitted on the cavities (in particular to set
the aluminium joint compression),so that the final
relative positions of tank ends and girders are known.
Thus, the drift tubes can be mounted with correct gap
positions, even for adjacent tubes on different gir-
ders, although these gaps and the end gaps are checked
when the girders are definitively installed. In prac-
tice, the placing of the drift tubes could be done
entirely via precise gap length measurements.

Calibration of the Electric Field

Bulk Tuning. The cavity is made slightly oyer-
size.and" for the first frequency tests, only drift
tubes and the bulk tuner bases are installed. The
copper bulk tuner has a "T" section and is made in
lengths of i 1 m (three per tank section) with a base
and a detachable top piece. The approximate field law
is determined by perturbation through "the post-coupler
holes. By introducing large field perturbations
through the tuner holes, one can deduce the position
and amount of bulk tuning to set the field roughly to
the correct tilt (Tank 1), or to be approximately flat
(Tanks 2 & 3). One has to allow for other components,
e.g. feed loops, post couplers, frequency tuners, and
"vacuum" (also ambient temperature), but with these
first bulk tuner modifications the resonant frequency
was within +10 kHz of 202.56 HHz.

Perturbation Measurement and Field Stabilization
Post couplers are mounted horizontally from alternate
sides of the cavity with periodicity 1 per two drift
tubes for Tanks 1 and 2, and 1 per drift tube for
Tank 3 .3 Using adjustable aluminium posts (25 mm

diameter with eccentric tabs initially pointing down-
wards),one can find the TMoin modes with a well-
defined set of post modes near confluence on the low-
frequency side.with all posts at the same penetration.
To make finer adjustments, one studies the axial elec-
tric field by perturbation (bead pull) measurements
(Fig. 1). Using a synthesized frequency generator and
a network analyzer, one can obtain the required mear-
suremettt speed by the phase-shift method for measuring
frequency perturbation. With constant input frequen-
cy, one measures phase shift between the cavity signal
and the forward wave to the main loops, or to a snail
auxiliary loop:

This has good linearity for 6<(i < o°. A dielectric
sphere with 6 = 9 and diameter 6 mm or 8 mm (Tanks 2
and 3) was supported along the axis of the cavity by
a fine nylon thread tensioned to > 20 N. The bead was
pulled with a computer-controlled stepping motor and
measurements were taken at t 4000 points, i.e. at
^ 2 mm intervals in Tank 1 (gap 1 = 13.5 mm). To make
the data collection at 50 points/s, the program was
written in machine code (DEC-PDP-11/20, 11/40, or 11/45
computers). The sensitivity was 10 mV/0, and after
amplification and A/D conversion,these data were imme-
diately stored in a temporary file for preliminary
analysis before transfer to a disk file.

The analysis of the perturbation data is made by pro-
grams in BASIC, where the interactive nature of de-
bugging is very useful. There are simple programs for
listing results on the video terminal (VT 50) or
plotting experimental points on a 611 storage scope.
These raw analyses are essential for debugging more
sophisticated programs or assessing the measurement
noise and stability. For comparisons with the theo-
retical fields, the center gap field ECg, is found by
identifying the maxima (or local minima for Tank 3)
and making a least squares fitting of a parabola
through five or more points near the turning point.
Measurements inside the drift tube can be fitted to
line segments, which define the base line while the
bead is in the gap. Thus,one finds £$ = 6f « E| at
all points,and hence E c g. In Tank 1 there is a linear
increase of the mean axial field E (by 21V from 0.75
to 10 MeV); E is constant in Tanks 2 and 3. The cen-
ter gap fields ECg,have a different variation (e.g.
Ecg = EL/g) but CLASL

1* results give Ecg corresponding
to E = 1 MV nr1. For Tank 1 (see Fig. 2a), there is
a discontinuity in E c g versus z where the aperture
increases from 20 mm to 25 mm.

A complete analysis to obtain E involves the integral
of the field across the cell, /E z dz. If Ez<0.1 E c g,
then 54>z < 0.01 6$Cg giving poor precision, so a theo-
retical exponential decay is fitted to measurements
at 6$z » 0.05 i5ijiCg. If larger statistical spreads
are obtained in E than in E c g, the constancy of bead
speed becomes suspect. Transit time factors (less da-
pendent on speed constancy) agree u'ell with computations.
For immediate appraisal of field stability; the peak
method is faster, more reliable, and less depen-
dent on bead speed.

One checks the field stability via three measurements
corresponding to normal conditions and to detuning at
tank input and output, respectively, analysing the re-
sults by an E versus z plot on the 611 storage
scope. Initially, all posts were set too far in, and
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they were withdrawn systematically to obtain field
stability.

On all tanks a large inprovement was quickly obtained
followed by a slow convergence to acceptable stabil-
ity. For Tanks 2 and 3, final posts are machined to
lengths predicted by the measurements (with a tolerance

±0.1 mm), and after installation one determines the
best orientation before making the vacuum seal. In
Tank 1 the post couplers rotate on a vertical axis to
make the asymmetric coupling (for the field tilt) and
their insertion can be varied by ±5 mm in situ. The
required tilt and stability were obtained for Tanks 2
and 3, but in Tank 1 the wide range of cell lengths
(60 mm to 220 mm) made the adjustment less straight-
forward and lack of time led to acceptir," a field
tilt of 23°6 (cf. 211 specified) and a discontinuity in
mid-Tank. Results are shown? in Fig. 2. •

Calibration of Input Loops and Monitoring Loops
The input loop coupling can be varied to cope with any
beam current, i.e. B = 1 to 4 (Tank 1) or B = 0.5 to
2 (Tanks 2 or 3 individual loops). Coupling varies
linearly with position over the 30 mm range.

The monitoring loops, set initially to -40 dB relative
to input power, provide the precise measurement of the
accelerating field after beam calibration.

Calibration of Field Levels and Phases on Initial
Operation

In theory one could use the monitoring loop calibra-
tion and cavity Q to set the rf, but for ±11 precision
in level and ±1° in relative phase,the beam behavior
is a better indicator. Several methods can be used;
namely: threshold of acceleration, the "3<t>s" method,
accelerated current, and variation of output beam
energy with input phase. The computed acceptance of
Tank 1 is given in Fig. 3 and the output energy as
function of rf level and phase for Tanks 2 and 3 in
Fig. 4. The notions of acceptance and threshold are
less clear for Tank 3, owing to the relatively
smaller change in energy (30 MeV to 50 MeV).

Calibration at 10 MeV. For all beam 'probe' ex-
periments,a limited beam (I < 50 mA) gives better dis-
crimination (less space-charge and radial effects).
In Tank 1, <(>s decreases from -35° to -25° along the
tank, and the threshold occurs when cj>s (output) = 0,
i.e. $s (input)=-25°. Thus, to determine this thres-
hold, one needs energy discrimination. A 53°
spectrometer was available during early 10-Mev tests
and now one can use the longitudinal acceptance of
Tanks 2 and 3. From single-particle and MAPRO1 3 com-
putations, this threshold is 894 of normal operating
rf level.

In the "3(|>s" method, one identifies the separatrix by
varying the bunched beam (i.e. buncher) phase relative
to Tank 1 and noting waen the 50-MeV (or analysed
10-MeV) beam current falls to half its maximum value.
This and other methods for setting the DDHB (double
buncher) phase,depend critically on preinjector energy
(±1 keV = ±4°). Another useful indicator is the high
current trapping as a function of rf level, which
levels off at ̂  80% for a bunched beam.

Calibration at 30 MeV and 50 MsV. For these
tanks the notion of threshold is much less useful and
the rf level is caliBrated by measuring output energy
as function of input phase,with the longitudinal emit-
tance measurement system.5 To minimize errors due to

finite bunch size, space-charge, and non-linearity
near the separatrix, the beam is limited (I < 50 mA)
and results with excessive emittance distortion are
rejected, making comparisons with single particle
dynamics well inside the acceptance. Qualitatively,
one seeks distinctive features, e.g. where output
energy varies slowly with phase, the synchronous
energy is defined, and the rf level is easily iden-
tified from the confutations. Hence, one deduces
the required rf level, and the synchronous phase is
where W = Ws on the corresponding W-versus-$ charac-
teristic. Further confirmation of levels can be
found by other distinctive features, e.g. threshold
and maximum energies. Theory and experiment are
compared for 30-MeV and 50-MeV cases in Fig. 5 (30-
MeV beam is transported through the unpowered Tank
3). With care, these methods can meet the required
Phase and level tolerances.

Transverse Planes

Alignment: Drift Tube Transverse Positions

The difficult tolerance for transverse motion concerns
the alignment of the quadrtpole magnetic axes. The
quadrupole is fitted into the drift-tube body so that
the magnetic axis is concentric with the cylindrical
surface of the drift tube, and one neutral plane is in
line with the support stem inner. When first mounted
on a support girder, the drift tubes are positioned
relative to the straight reference surfaces with a
precise jig and clock gauges.2 Thus the relative
alignment, drift tufce-to-drift tube, can be set with
sensitivity ±0.02 mm. It can be demonstrated that the
short distance alignment is important, by comparing
the errors in output beam trajectory when quadrupoles
lie on a smooth curve or when the quadrupoles have ran-
dom errors relative to a straight line. In practice,
mechanical methods are also used on the cavities to
check girder-to-girder alignment and the girder geome-
try (twist and sag) before mounting drift tubes. An
axis is defined which minimizes the required offset of
drift tubes relative to the girder reference surfaces;
thus each drift tube is correctly positioned using the
jig and calculated offsets. This method requires the
usual mechanic's skills, there is little measurement
fatigue, atmospheric turbulence does not affect the
measurement, and it is easy to recheck (1 min/drift
tube). After six weeds' operation, Tank 1 alignment
was checked and the same pattern of small errors found.
As a result, this linac has been aligned and operated
without looking along the beam axis.

Quadrupole Magnet Calibration

Before Installation in Drift Tubes. upon deliv-
ery,each quadrupole was tested at nominal current

with a long coil and integrator6 (controlled by an
HP-9831 computer) measuring harmonic content of field,
position of magnetic center relative to the yoke, and
angular position of neutral planes relative to a key-
way. The above measurements were repeated as a func-
tion of excitation current for at least one quadrupole
per type. One could thus assign quadrupoles to drift
tubes, e.g. for Types I and II (beginning of Tank 1)
they were mounted in descending order of efficiency.
The rms deviation in Tank 1 between magnetic and
yoke centers is < 0.03 mm. This deviation is larger
for Tanks 2 and 3 quadrupoles, so the mounting crite-
rion was that there should be minimum drift tube-to-
drift tube deviation in magnetic center position.
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Thus accurate concentricity of magnet yoke and
drift tube outer cylinder (simple machining) can
be relied on to give a smooth line of magnetic axes.

With Drift Tubes Mounted on Girders. This cal-
ibration uses a precise long coil to quickly confirm
the excitation curves, /B'dz versus I, with drift
tubes in their final configuration. Tne coil has a
preferential response for the quadrupolar field so
that, in particular, accurate centeripg is unneces-*
sary.6 In practice it was rotated slowly while
pulsing the quadrupole, and maxima and minima out-
puts were noted. Typically these calibrations, re-
peated for 3 or 4 currents, took 5 min per drift
tube (and checked connection polarity also). For
ease of control of the quadrupoles, they should
have the same excitation characteristics within a
type (and within allowable field tolerances). The
calibration extends into the saturation region so
the results are fitted to

a + b(I - I c)
2 for I > Ic

= a for I < L .

B'/I

Table I gives average results for a and b and the
standard deviation of a for Types I to V.

In contrast to the electric field calibration,the
precision obtainable here is ±0.3% absolute, depend-
ing on the accuracy of the coil, of the integration,
and of the current measurement.

Table I - Quadrupole characteristics

Quad.
type

I
II
III
IV
V

I,

CA)

120
100
12S
100
150

a

( W 1 A"1)

0.4318
0.4534
0.2335
0.2347
0.1066

s.d.
of a
(*»)

0.62
0.41
0.32
0.21
0.22

b x 10"6

(Tirr1 A"3)

-2.14
-1.14
-0.36
-0.42
-0.01

Nominal
current
CA)

230
175
230
150
225

Calibration of the Focusing with the Beam

Transversely, the analog OJ: input phase is the input
beam average trajectory, which at present cannot be
directly determined in the LEBT- * However, the beam
output coordinates will depend both on alignment of
drift tubes and on beam input trajectory, so the way
the LEBT beam steering (ST3 and ST4* is adjusted, is to
observe the mean beam position on the 50-MsV measure-
ment line5 as a function of the focusing level in
Tanks 2 and 3, or in the complete linac. The strategy
adopted is to minimize the size of the resultant
closed figure in the phase plane with ST3 and ST4
(Fig. 6},which takes ̂  45 min for each plane but leads
to a unique solution and improves the transport ad-
justment at 50 MeV. The smaller emittance traced on
Fig. 6 (0.9 TT mm-mrad), corresponds to a peak radial
beam excursion (in the linac) of < 1.2 mm. This pro-
cess would be quicker with position (profile) monitors
in intertank spaces and at 50 MeV.

When one varies the Tanks 2 and 3 focusing over a wide
range (e.g. 50t to 1254 of nominal level], the results
show a somewhat distorted periodicity, but it is cer-
tainly not feasible to interpret them in terms of a
global quadrupole calibration. A better experiment
would involve passing the beam through an unpowered
cavity (no rf defocusing), with accurate position
(profile) measurements at input and output, and
focusing adjustment directly from a keyboard, but one
cannot expect to deduce the average magnetic gradient
to within ±1?.

Thus one must accept the direct calibration, unless
very large discrepancies are found.

Conclusions

The calibrations described here concerning the
transverse and longitudinal working points of the
50-MeV linac, provide a firm basis for the present
operation. As the beam quality fully satisfies the
following accelerators,there has been no serious
study yet of the effect of these settings on beam
envelopes and emittances.
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Discussion

Miller, SLAC: In the case where you went up in
quadrupole current and the beam seemed to be dis-
appearing; do you think it may have been due to
getting close to a stop band in the periodic
focusing array?

Warner: It could well be. If we have about a mu
of 30° for the envelop oscillation, then for the
central motion we will have perhaps 70° at the
normal operating level, perhaps getting to 90° or
100°. Things get more stable as you go lower,
which again is natural. We can go a long way
down before the coherent motion is out of the
region. I think that is an appropriate explana-
tion.

Haaerman, LASL: How did you make the beam energy
measurements when you were studying phase and am-
plitude set points?

Warner: This is done with longitudinal emittance
measurement system and we assumed that where we
have the correct behavior we have the synchronous
energy. We do have calibrated magnets for this,
but

Hagerman: It has a momentum analysis system in it?

Warner: Oh yes, a two magnet momentum analysis
system.

Swenson, LASL: Is it your enperience that the
magnetic center of the quadrupoles in the drift
tubes coincides with the geometrical center of the
pole tips? Do you make use of die measured dis-
crepancies between these two quantities or do you
simply confirm that they coincide?

Warner: The measurements were not done relative
to the pole tips but the machining of the yoke, I
presume, was done with respect to the pole tips -
that's the first point; it's the yoke that matters
in this case. Now in the case of the quadrupoles
in the first tank, we had a very small deviation,
less than .03 millimeters (rms). In the outer
tanks this was worse, but the way we got around
this was to select the order of. mounting of quad-
rupoles so that the variation of magnetic center
from one quadrupole to the next was the minimum.
So in fact, we did not adjustment in mounting, we
just selected where we put them.

- 308 -



1979 LINEAR ACCELERATOR CONFERENCE

NEW LINAC THREE PHASE t-LANES PULSED EMITTANCE MEASUREMENT
P. Tetu
CERN

Geneva, Switzerland

To measure the new linac beam, a single pulse
emittance system was developed which measures the
beam pulse-to-pulse in the 3 planes.

Introduction

Within the framework of the building of the
CERN new linac, it has been decided that the 5O-MeV
beam would join the old linac-booster beam line in
BH3 allowing for the use of the old measurement
lines to verify the matching to the booster (emit-
tance line) and to adjust the debunchers (spectro-
meter line),(Fig. 1).

To test the new linac without involving the
operation of the other machines, a complete
3-phase plane measurement system (H-horizontal,

V-vertical and L-longitudinal) has been developed.
The L plane measurement, handled in the same way as
the H and V measurements,allows us to study spe-
cially the beam transfer to the booster by using
the program TRANSPORT.

The single pulse measurement principle has
been kept. The old lines can be used Kith the new
system via a simple switch. This system can be
matched by an interaction process to any charac-
teristics of the linac beam.

Phase Planes Measurement Principle

Transact3e plane (H horizontal, V vertical)

Upstream of a variable slit (0.5 to 2 mm), two
pulsed magnets of the window-frame type, are
powered in series and in opposite phase by a sine
shaped pulse (T=72 ps). The part of the sine wave
between 5ir/6 and 7TT/6 is used to sweep the beam.
See Fig. 2.

In this way, a linear time-beam position rela-
tion is obtained. Changing the kicker current
changes the diameter unit Uj. Between the
slit and a set of 24 collectors, two pulsed
quadrupoles maintain two conditions:

1. that each collector represents a given
angular unit U at the diameter sliti

3.

2. that no particles are lost in the
measurement; line before the collector.

Figure 3 shows the curves of the quadrupole
current versus the desired angular unit U .

Finally, during the sweeping of the beam, the
24 collectors measure the beam density distribution
as a function of the diameter.

Measurement of the longitudinal I. plane (phase
versus energy)

In order to have the same handling of the 3
phase planes, it is necessary that the information
given by the 24 collectors for the L plane be iden-
tical to that coming from the H and V planes. Each
collector covers an extension A<j>i in rf phase and
receives a current as function of the various ener-
gies contained in the beam, during the sweeping
of the first kicker magnet, K1V (Fig. 4).

The first spectrometer magnet works in a class-
ical way (Fig. 4). At the Ai exit a kicker magnet
identical to those of the H-V lines sweeps the
beam to be analyzed across the 22 slit, which
thus accepts the various energies AE], AE2, AE,,
sequentially. Z2 is the object-slit of a second
spectrometer magnet with the 24 collectors at the
image point. An rf cavity tuned to the linac fre-
quency works as a rotating lens in the A$AE-plane
transforming the phase dispersion A<j> into an
energy dispersion AE^=CA(|>, analysed by the second
spectrometer magnet.

The final transverse position Z3 of a particle
is a function of its energy at the output of the
rf cavity :

Z3 = f (E^AE+AEJ ,

Eo is the mean energy of the beam which defines
the central trajectory in the spectrometers,
AE=f(t) is the linac beam energy dispersion, which
becomes a function of time after the Z2 slit. In
order that Z3 be only a function of AE^ (and hence
of A$), a second kicker magnet (K2V) powered in
series with the first one cancels the effect of the
function AE=f(t).

When varying the kicker intensity, a variable
energy axis unit Ug is obtained. In varying the
effective voltage in the rf cavity,one can vary
the phase unit II..

Ai and A2 have a deflection angle of 54,3°, the
length of the mean trajectory being 1.2 m.

Collectors

Secondary emission collectors are used, transpar-
ent to the 50-MeV beam. There are 24 nickel
ribbons, 1.5-mm wide, with a thickness of about 4 u;
each ribbon is separated from the other by 0.3 mm.
The fiont and back sides are screened by a 4 u
aluminium sheet, biased to + 200 V and placed at
5 mm distance. In order to avoid mechanical
movements, two such collectors (for H and V phase
planes) are placed one after the other, in a sand^
wich arrangement (screen - H collector - screen-
V collector - screen).
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Analog; Signals Treatment

After having been awf>liii.ed on the spot, the
analog signal of the 24 collectors is transferred
to the equipment gallery where a single set of
electronics treat the information (Fig. 5).

Figure 6 gives the general layout of the sys-
tem with the old and new lines. Each signal enters
a conparator (IM319). At the output, the unit sig-
nal enters a shift register, with a series input
and a parallel output triggered by a 2-MHz clock.
Each signal is cut into 24 parts (measurement dura-
tion 12 us). In due course, the shift register is
read and the Information is transferred in series
via CAMAC to the computer which puts Into its
memory a matrix of 24x24 bits representative of
the phase plane. The parameters of an ellipse,
"the nearest to the measured surface", which, at
50 MeV, 1B almost elliptical, is calculated by the
program.

In parallel with the comparator, each collec-
tor is linked to two circuits which are unlocked
by a square pulse- One of these circuits gives an
output signal proportional to the input signal and
is gated on during the 12 ys measurement, while the
other one gives a signal proportional to the cur-
rent contained in the measured emittance and is
gated by the output signal of the comparator.
After integration of the 24 channels, two signals
are obtained : one Vt, proportional to the total
current and the other Vp,proportional to the cur-
rent contained in the emittance delimited by a
chosen equi-density line.

Operation of the Lines

Starting the operation
The lines are controlled via the consoles of

the nev linac, which allow access directly to
either one of t'.ie three phase planes, or the 3
synoptics of these planes,which display the tech-
nological state of the lines (see Fig. 7 for the
L plane synoptic). Calling one of the lines
directly, one obtains, pulse-to-pulse, on a color
TV display,the shape of the emittance and in addi-
tion calculated values as I o- total current of
the beam ; E - measured emittance ; FMAX — maximum
abscissa of the measured ellipse ; WMAX - maximum
ordinate of the measured ellipse ; Eo - emittance
containing 63% of the beara (from calculated Vp,
Ve and E)j Io/Eo - quality factor of the beam ;
PMEAH and VMEAN — position of the ellipse center
(Fig. S).

The touch button "Change Unit" gives access to
a new page, which allows the settings of the
various parameters of the line to be changed.

Settings of the line

Tnese settings have two aims :

1. that the whole measured beam arrives on the
collector set

2. tjhat one achieves the best measurement accuracy.

Five parameters sre adjustable vith acquisi-
tions pul»e-to-pulse on the display unit (Fig. 8):

i.) tyj. The dianeter unit can be varied from 1
to 3 mn f0r the H, V planes and from 7.5 to 15°
for the L plane.
2) ua or UE- Variation from 0.15 to 0.5 arad for
Ua (H and V planes) and fron> 30 to 90 keV for t%
(L plane).
3) Threshold. Variable from 1% to 100% of beam
density.
4) Delay. From 0 to 200 Vs to vary the measure-
ment momentum within the linac pulse.
5) Gains. From 0 to 7 as function of the total
current to be measured (from 10 to 200 mA).

A program .Titten by J. Stovall and modified
by P. Mead raises the threshold vol*age from C
to 100% in steps of 5Z, reads the numerical results
for each pulse and allows in 20 pulses to get the
repartition of current densities. One example of
this program (Ref. Autostep) is shown in Fig. 9.

Calibration

Before putting the lines in operation it was
necessary to check the accuracy of the different
measurement parameters.

Transverse planes H and V

A given change of current in BH1 produces a
certain change of the mean Engle of the beam,
and therefore a Bferific change of position
at the measurement s'it. Tn this way it was possi-
ble to calibrate the U D and UA-

Some measurements were done with a defined beam
as a function of the slit width to know the space-
charge effect in the line between slit and collec-
tors. These tests confirmed the calculations that
for the range of slit widths used, the global
effect is smaller than 5% in the beam angular
distribution.

Longitudinal plane

- Setting of the rf cavity :

The setting of the rf cavity phase must be
such that with and uithout rf the center of the
beam on the display does not change.

To check the calibration of the U^ the rf
phase in the cavity was changed by 30o, which moved
the mean position of the beam on the display ;
knowing the sensitivity of the second spectrom-
eter it was possible to measure the exact U..

9
A Typical Measurement

Figures 10a, b, c, show a typical result in
the three phase planes for £>=2EO. By variation
of the threshold the curves of Fig. 11 were obtained
and by integration the exact value of E was found.

CONCLUSIONS

This system has now been used for one year.
The final aim is to collect, in one pulse, the
values of the densities for the 24x24 matrix by
using a fast A/D converter and to have, what the
"Autostep KEF program" gives us now in 15 pulses,
in a pulse-to-'pulse way.
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Fig. 4 Layout of the apparatus for longitudinal
phase plane measurement

Fig. 1 Layout of the High Energy Beam Transport
(HEBT) line
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BEAM TOMOGMPnY IM WO AMD FOO* DIMIBIOWB'
0. X. Sander, G. N. Minerbo, R. A. Jameson,

ana D. 0. Chaaberlin
Los Alamo* scientific Laboratory
Los Alamos, New Merieo 87545

The coairig generations at high beam power
accelerators require new techniques to monitor
the eaittance an! the shape cf the beam in par-
ticular, aeasuresents that do not interfere with
the beam itself are necessary. A new computa-
tional algorithm, MtMT (Maxlaua EHTropy'/, will
be presented that ooabines nondestructive pro-
file measurements taken froa a number of sta-
tion* along the beam line,with beaa-dynaaics
calculaticns to compute a four-dimensional
phase-space distribution. A version of MSHT has
been used on experiaental data to reconstruct
the two-dimensional transverse eaittance of the
Clinton P. Anderson Meson Physics Facility
(UMPF) proton beam at 100 MeV and the
H~ bean at 750 KeV. Hire scanners at three
stations were used to get the one-dlmenclonal
profiles. Results will be compared *lth those
gained using the destructive slit and collector
aethod and with those gained using MART (Multi-
plicative Algebraic Reconstruction Technique) on
the saae three profiles.

Maxiaua Entropy Reconstruction Techniques

Two algorithms were used, MART (Multi-
plicative^ Algebraic Reconstruction Technique),
and MENT, to reconstruct the emittance of
LAMPF beans at 100-MeV and 750-KeV energies.
Both algorithms were used to reconstruct a
source froa the saae sets of projections or pro-
files. Both MENT and MART are designed tx. con-
verge to a aaxiaun entropy solution, or yield an
image with the lowest information content con-
sistent with available data; extraneous informa-
tion or artificial structure is thereby avoided.
Because a description of MEHT and MART for two
dimensional reconstruction has been given else-
where, 1»2 only comments on these methods will be
given. Theoretically both algorithms, when
applied to distributions of Gaussian shape,
should produce essentially exact reconstruc-
tion. HART and KENT are well suited for appli-
cations where the number of aeasured profiles is
small end where the source distribution is some-
what Gaussian in shape. These attributes Bade
the algorithms attractive for accelerator appli-
cation because particle-beam distributions are
usually smooth, uninodal, possess only noderate
amounts of asymmetry and are offcen available for
measurement at only a few stations. MENT has
been used for cross-section reconstruction of

*Work performed under the auspices of the D. S.
Department of Energy.

fuel rod-bundles3 and laser-imploded
pellets.* MART has been used to reconstruct
transverse ealttances of particle beam*.5 In
principle, MMT is siapler to implement because
it only requires the use of one-dimensional
aeasured profiles and one-diaenslonal back pro-
jections; MART requires not only the same one-
diaenslonal aeasured profiles but also an array
representation of the source. The array sice
can become considerable as one goes to three,
four, or n dimensions. The amount of computer
storage for the array is M", where M is the
nuaber of samples in a projection and typically
varies between 50 and 100. This storage
requirement eliminates the use of saall and
aediua-size computers. The array must be trans-
formed from one station to another by a compli-
cated mapping of the M» pixel-volume ele-
ments. This mapping has not been attempted for
any n greater than two, and appears quite for-
midable for any greater n. However, the exten-
sion of MENT to four or six dimensions is
straightforward. For these reasons, MENT was
adopted to reconstruct transverse emittance dis-
tributions and its performance investigated in
comparison to MART.

Method

Three wire scanners in the 100-MeV and in
the 750-KeV transport regions of LTMET were used
to measure the beaa profiles. The wire scanners
were separated by nearly equal drift sections
located near standard eaittance measuring sta-
tions consisting of slits and collectors. At
100 MeV, the H+ bean transmitted through the
slit was observed on a wire scanner. These
data were reported earlier.5 When compared
to the data collected with the standard
slit method, the MART reconstruction had
small differences in the ellipse param-
eters a and B, which could not be attributed to
statistics. In the comparison of the eaittance
area versus percentage of total beaa enclosed,
both MART and the standard method results were
in excellent agreement. These saae profiles now
have been analyzed with the MENT algorithm.

Similar measurements were made of the
LAMFF low-intensity H~ beam at 750 KaV. In
this case the standard eaittance station used a
collector consisting of a plate with conducting
strips attached to it. At both energies, it was
assumed that no space-charge effects were
present and that the transfer matrices con-
necting the viewing stations were simple drifts,
which they are in the zero current limit.
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Results

Figures 1 and 2 show plots of emittance
area versus percentage of total bean for beams
of 100-MeV and 750-KeV energy. In both cases,
MBIT and KURT are in good agreement with the
data gained with the s l i t and collector nethod,
which is assumed to yield a density distribution
closest to the true beaa distribution.

The »hape paraaeters a and B have been com-
pared by displaying the residual betatron oscilla-
t ion 6 AR/R for MSTT and MART. The true
e l l ipse parameters are assumed equal to those
gained with the s l i t and collector Method. In
Fig. 3 AR/R for the 750-XeV data i s shown. Both
algorithas give excellent reconstructions of the
enittanoe distribution. Similar plots for'the
100-HeV data are also shown in rig. 3 Both
methods give values of AR/R approximately equal
to 0.1. In this case the MBIT results aore
closely aatch the s l i t and collector results.
Contour plots of the reconstructed density
distribution are shown in Fig. 4 for the s l i t
and collector method, in Pig. 5 for the MART
algorithm and in Fig. 6 for the KENT algorithm.

Because situations could exist where the
matching of a bean emittance to a linac accept-
ance should result in a value of AR/H as small
as 0.1, an eraittance-raeasuring method whose
accuracy can be characterized by a value of AR/R
smaller than 0.1 is desired. Therefore, correc-
tions that will reduce the value of AR/R in Fig.
3 are sought. It has been determined that this
small but significant value cannot be attributed
to errors caused by non-ideal viewing
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angles or any artificial asymmetric eaittance
growth caused by the pixel mapping in HART.

An additional test of the algorithms was
made using generated asymmetric Gaussian
distributions. Both MART and MENT gave nearly
exact reconstructions. In this case our version
of MART is superior to earlier versions that
gave reconstructions with jagged peaks and
fluctuations. The improvement is apparently the
result of reconstructing profiles from column
sums of transformed pixels. Profiles were
previously calculated from rays intercepting
pixels.

Pour-Dimensional Reconstruction Method

The MENT algorithm was chosen
to reconstruct four-dimensional emittance
distributions because it gives equally good, or
slightly better, two-dimensional reconstruction
and because it is relatively easy to expand MENT
to four dimensions. For the present recon-
struction only In linac sections where no energy
change takes place, where first-order optics is
valid, and where space-charge effects can be ex--
pressed by a linear transfer matrix, will be
considered.

The phase-space density function of the
beam in a reference plane z * 0 can be denoted by
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where x and y are the coordinates of the
particle, and where the direction unit vector
n " P/P> (P 1» t h e particle aoaentin) has
cosponents x',y'. At etation j (in the plane
z - Zj) the particle will have coordinates
given by:

12)

where Tj is a 4 x 4 transfer aatrix. Computer
codes, e.g., TRACK? and TRWSP0RT,8 are
available to compute transfer matrices for
different accelerator components. The density
distribution at plane z ~ z* is, from Bqs, (1)
and (2),

f ( ) = M T : (3)

Consider now a scan measurement at station j
that produces a projection of the bean density
along a line Making an angle 6k with the
positive x-axis. These one-dimensional profiles
can be obtained, for example, with the wire
scanner technique, or by observing light quanta
emitted by suitable tracer materials or

background gas ionization. 'to express the
measured profile in terms of f, introduce a
matrix R that produces a rotation of axes
through an angle 8k about the i-axisi

(4)

where

R(9)

cose 0 sine C
0 cose 0 sine

-sine 0 cose 0
0 -sine o cose.

(5)

The measured projection profile for the angle
@k at station ij is ;

3kj(u) = /dv -1 -1
Tj h

j = 1.....J, k = 1.....K (6)

Now consider the entropy associated with
the distribution f. Assume that f satisfies the
conditions:
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) > 0 (7)

fix fix' /dy /dy1 f ( ) - 1,

so that £ can be regarded as a probability
distribution function. These conditions inply
that:

J - 1 J K-1.....K,

gkj(u) - 1 . w )

The entropy associated with f is:

H = -J'dxfiix'J'iyJ'dy1 f(
X

x'

y
.y'.

)ln f(

X

x1

y

. y1

)v

(9)

where V is the 4-dlmenslonal volume of the set D
where f is positive. Now maximize H with
Eqs. (6) treated as constraint*. This
prescription produces the solution that is the
"aost probable" consistent with the a«asured
data for q. The Lagrange Multiplier aethod is
used to solve this optiaization problea.

Introduce a Lagrange Multiplier ^(uj.for
each condition in.Eg. (6) and perfora a
variation of the functional:

n(f) = H -
kj

V")
9kj(u) -

u
u'

V

V'
(10)

By changing variables of integration the second
integral in Eq. (10) can be rewritten as;

X "

X1

y

.y.

) f(

" X

x1

y

y1
(11)

where Sk is a 1 x 4 subaatrix cf the aatrix Rk:

c o s 9n s i n 6n

The functional derivative of n with respect
to f is set equal to zero, giving:

(13)

Thus f aust have the fora:

7{, hkj
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where Future Studies

(15)

To find the unknown functions hkj,
solve the KJ equations obtained by substituting
Eq. (14) into the constraint equations (6):

9 k j ( u ) = 7 hki

(16)

The iteration scheme described in Kef. 1
must be modified ae follows. Initially one sets

l i f gkJ(u) t o

0 i f gkj(u) = 0

and one then applies cyclic updates:

(17)

i+1
hkj < hkj ' RJR J ( U ) «

i f gk.(u) t 0 and k + (M)K = iraod (JK)+ 1

i+1 1

"kj \\.A\i) otherwise,
Kj

(18)

where

-ln-1
* , hkd (V Tj' Rk (19)

This Iteration scheae has been found to
converge very fast numerically in two and three
dimensions.

We plan to use MEM.' to reconstruct
enittance distributions for the Hanford FHIT
Accelerator where the 3.5-HW beaa power
precludes standard interceptive sensors. Light
eaitted froa ionized or excited residual gases
in the bean region will be collected by
low-level TV cameras and digitized. Beat*
profiles from four views at each of three
stations will be used to reconstruct the
4-dlaensional distribution.

At LAMPF we are adding additional wires at
our 750-KeV wire scanner stations. These wires
will give us additional views with which to
reconstruct the 4-dlmensional enittance. Me are
also conducting studies to determine how
space-charge effects must be incorporated into
our transfer matrices connecting viewing
stations, and we plan to develop a method for
assigning coordinates from the reconstructed
distribution to a macropartlcle distribution for
use in computer simulation codes.
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SINGLE BUNCH ACCELERATION AND DETECTION
IN S-EAND ELECTRON LINEAR ACCELERATOR

J. Tanaka, I. Sato, S. Anaai, S. Fukuda, H. Hatsmuto
KEK Tsukuba Japan

Y. Tabata, H. Kobayashi, S. Tagaua, H. Washio
Nuclear Engineering Research Lab. Univ. of Tokyo.

Single bucches have been accelerated and
directly monitored for pulse radiolysis studies
since June 1977, at the 35-MeV S-band electron
linac of the Nuclear Research Laboratory of the
Univ. of Tokyo.

An extremely short, picosecond-range single
electron pulse was attained by means of a beam
compressing injector and an ordinary TW type
accelerator guide system. The measured maximum
charge density of the single bunches was 1 nano-
coulomb and the detected pulse duration was 16
picoseconds which is the limit of the monitoring
detector. This report also describes the low
jitter (less than 20 ps) triggering system for the
detectors and the injector,and a few of the
monitors to detect such a short pulse. ':

Introduction

Picosecond-range single bunches accelerated
by an S-band electron linear accelerator provide a
powerful means not only for the study of pulse
radiolysis in radio chemiBtry and of other tran-
sient phenomena but also for the study of the
performance of the accelerator itself.

Sub-nanosecond range single bunches acceler-
ator by an L-band electron linear accelerator
have been reported previously.1>2>3 The short pulse
beams produced by an electron gun (with duration
corresponding to one cycle of a sub-harmonic
frequency) were compressed by means of a sub-
harmonic buncher, a prebuncher and an ordinary
accelerator guide, and were detected by a coaxial
type Faraday cup and a Bi-planer photodiode.
However, the detected pulse durations were in the
50-picosecond range.

In order to study picosecond-range transient
phenomena a 35-MeV S-band (2856 MHz) electron
linear accelerator capable of accelerating pico-
second-range single bunches, nanosecond and micro-
second range pulse beams was constructed at the
Nuclear Engineering Research Laboratory at the
University of Tokyo.1* In addition to ordinary
physical, chemical and engineering research, the
linac has two main special research purposes. The •
first is to produce intense neutron pulses by link
operation with the fast neutron reactor "Yayoi",
for studies in reactor physics end engineering.
The second is to get extremely short electron
pulse beams to study transient phenomena including
picosecond-range pulse radiolysis.

General Description of the Linac

The NERL linac is composed of an injector
which consists of an electron gun, a sub-harmonic
frequency buncher(476 MHz), a traveling wave type
prebuncher (2856 Mhz) and focusing magnetic lenses,
two 2/37T mode TW type accelerator guides (1.7 m and
2 m in length) and three beam channels including a
beam transport line extending to the reactor
"Yayoi".

To be as flexible as possible for research

purposes, especially for pulse radiolysis using
picosecond range single bunches, careful attention
was paid to the design and construction of the
very short pulse, high current electron injector
and the triggering system which synchronize the
injector and detectors with the accelerator wave.

The general parameters of the machine are
shown In Table I and the schematic layout is shown
in Fig. 1.

Table I General parameters of the linac

1. Ordinary pulse mode operation
Energy 38 MeV(no load)

26.8 MeV (at 200 mA)
Beam current 230 mA(at 25 MeV)
Pulse duration 0.1, 0.6* 1.1, 4.5 vs
Repetition rate single shot^ 200 pps
Size of bean spot 2^3 mm

2. Nanosecond pulse mode operation
Energy 37 MeV
Beam current 2 A
Pulse duration 2.0, 10, ns
Beam current stability 1.5%/5min., 3%/60min.

3. Picosecond pulse mode operation
3.1 2,100 ps interval pulses (with S.H.B.)

Charge per bunch 1 nc
3.2 Single bunch

Bunch width 16 ps
Charge 1 nc

COMHOL ROOM

Fig. 1 Layout of the NERL facility

The injector is composed of an electron gun
and a dc biased grid-cathode pulse generator
placed on a -90kV, 5MS pulse transformer high
potential deck, a 476-MHa (1/6-2856 MHz) sub-
harroonic buncher, a 2856-MHz TW type 6-cell
prebuncher and focusing system. The schematic
diagram of the injector is shown in Fig.2.

In order to attain an intense single bunch
isolated from the fine-structure of the 2856-MHz
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accelerating frequency (350 pa Interval satellites),
a very short pulse electron gun Is required capable
of 2.1 ns pulses corresponding to one cycle of the
sub-harmonic frequency (476 MHz). The electron
gun is of the triode type and the grid-cathode
structure is similar to that of a planer triode
tube. The grid and cathode connections are coaxial
and have matched coaxial ceramic seals. The imped-
ance is 25 ohms and the VSHR la less than
1:1.5 over the frequency range from 500 MHz to
1,300 MHz. As the output of the grid-cathode

Fig. 2 Schematic diagram of the injector

pulse generator is designed for 50«-ohm cable, a
tapered coaxial transient adapter ia inserted
between the pulse generator and grid-cathode
connections.

The present cathode of the electron gun is an
impregnated cathode,and the duration of the
electron beam pulse is 1.6 ns at a peak current of
2.5 A. However, development of a new grid-cathode
assembly is proceeding, which uses a grid-cathode
assembly of a commercial planer tube and will be
able to attain higher currents.

To obtain a clean single bunch without satel-
lites, a triangular electron pulse form is pref-
erable over a rectangular pulse beam.

The grid-cathode pulse amplifier, which
consists of 6 UHF planer triodes coupled together
in series by broad-band coupling transformers is
placed on the -90-kV high potential deck. The
trigger pulse for the fast pulse amplifier is
supplied from a synchronized trigger system working
at ground potential via an isolation choke wound
of semirigid coaxial line.

The sub-harmonic buncher is a tunable re-en-
trant type cavity; the loaded Q value is 700 at a
coupling coefficient of 1.4. Due to the operation
of the sub-harmonic buncher and prebuncher, a 2-
nanosecond electron pulse is compressed to less
than 100 picoseconds prior to injection into the
accelerator guide. Consequentlys to reduce the
strong space-charge effects it is necessary to
accelerate the beam to higher velocity. The
prebuncher is a 2/3IT mode TW type 6-cell acceler-
ator guide and the phase velocities of the first
3 cells and the last 3 cells are 0.7c and 0.75c
respectively.

The output beam Is accelerated to 540 keV
with 600 kW of rf power and is compressed into the
acceptance angle of the first accelerator guide,
which has a short bunching section.

The focusing system of the Injector is

coaposed of three magnetic lenses and three sole-
noids, surrounding the sub-harnonic buncher, the
first drift space and the prebuncher.

Synchronized Triggering System

In a single bunch electron linac, one of the
Important requirements is to generate fast rise-
time, low jitter trigger pulses synchronized with
the accelerating rf waves in order to accelerate
an intense and clean single bunch and to be able
to observe the details of the picosecond-range
short pulses.

A new simple, stable and low jitter synchro-
nized trigger system was developed.5(Fig.3)

Fig. 3 Schematic diagram of synchronized trigger
system

In this system, a 476-MHz sub-harmonic fre-
quency wave, delivered from the cw preamplifier of
the modulated signal,is used directly for the
trigger signals. A double balanced mixer (HP
10514A) is available to slice the UHF continuous
wave into wave trains of more than 20 nanoseconds
duration, where the leading wave crest is used
as the trigger pulse. The rise-time of the modu-
lation pulse should be as fast as possible;
however, a risetime of 10 nanoseconds was suffi-
cient , because, even if the amplitude of the first
crest was too low to trigger the gun pulse gener-
ator or the detectors, the succeeding wave crests
would have an amplitude exceeding the trigger levels.

This triggering scheme enabled successful
acceleration and stable measurements of single
bunches with a Cerenkov-light and streak camera
system and other detectors using a sampling scope
with jitter of less than 20 picoseconds. This
scheme is also applicable for observation of
successive bunches or the fine structure in ordi-
nary beam pulses by adjusting the trigger delay
time.

When the NERL linac was first operated,
trigger pulses shaped from a 119-MHz signal (the
4th sub-harmonic of 476 MHz) were used because of
restrictions due to the electronic circuitry.
However, the trigger system had a time-jitter of
about 50 pico seconds.

The new system made the triggering not only
stable and reliable for the single bunch operation
and detection, but is also simple and low cost.

Performance of Single Bunch Operation

In single bunch operation of the machine, in
order to obtain the optimum conditions, it is
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important to be able to monitor the details of the
bunches with sufficiently rapid response tine to
allow tuning the machine.

There are several methods to observe sub-
nanosecond pulses. They are roughly classified
into three groups. The first is the optical,
method, that is a light-photodetector combination,
Cerenkov, synchrotron and transition light serve
as the light sources, bi-planer photo-diodes and
streak cameras are used for the photodetectors.
The second is the electro-magnetic method In
which fast coaxi?! Faraday cups, wall current
monitors, etc. are used. These sensors are
usually connected to a fast oscilloscope or
sampling scope.

The third is an indirect method. It is based
on measurements of the energy spread, higher
frequency components and phase detection of the
bunches.

However, at present, the most intuitively
appealing, rapid and exact method for the above
mentioned radio-chemical purposes is the Cerenkov-

Fig. A (a) 16 ps single bunch by streak camera
with S.H.B.

(b) Fine structure of 2 ns beam without
S.H.B.

light-streak camera scheme. With this detection
system, intense and clean single bunches or bunch
trains are easily and rapidly obtained by adjusting
machine parameters, for example the phase and
power level of the sub-harmonic buncher, pre-
buncher or the grid-cathode bias voltage of the
electron gun. Figure 4(a) shows an example of a
single bunch detected with the Cerankov light-
streak camera system; the pulse width is 16 pico-
seconds, which is the limit of the detector system.
Figure 4(b) shows the case of a 1,8 ns gun pulse and
no sub-hamonic bunching which shows 350 ps interval
bunches. Figure 5(a) shows small satellites around
the main bunch'. Figure 5(b) shows a picture aver-
aging 100 single bunches. The half width is
about 40 ps which shows that the time jitter of
the system is less than 20 ps.

The charge per bunch measured by averaging
current into a coaxial type Faraday cup was 1 nC,
under optimum conditions.

At the NERL, the bunch monitoring system is
used as a simple and powerful means for the tuning
of the machine.

Fig. 5 ( 0 Single bunch with small satellites
with S.H.B.

(b) 100 shots of single bunches

Development of Bunch Monitors

In order to study sub-nanosecond or nano-
second range short pulse beams accelerated by an
electron linac and to operate the machine as a
single bunch accelerator at the optimum conditions,
it is important to nondestructively monitor the
fine-structure of the beams at the appropriate
positions of the machine. To monitor the fine
structure bunches of the S-band linac routinely,
the nondestructive sensors are required to have a
time resolution of less than 100 ps and are desired
to be of simple structure, small size and low
cost. To meet the requirements, new bunch sensors
were developed jointly by KEK and NERL.

One sensor is a "One turn core monitor" which
originated from an ordinary "Ferrite core beam
current monitor". However, to increase the
resolution down to the 100-ps range, the secondary
coil is one turn and is formed like a re-entrant-
type cavity as shown in Fig. 6.

The gap is closed by a low resistance ring-
shaped solid resistor. In the prototype sensor,
the gap resistance was 1 ohm and the inside space
of the secondary coil was filled with a high
frequency ferrite core ring. The gap signal
voltage induced by a bunched bean was extracted by
a loop and was transmitted to a sampling scope via

SM« CWfCCTGR

Fig. 6 One turn ferrite core monitor
Fig. 7 Fine structure by Fig. 6 monitor
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.* semi-rigid coaxial cable 9 m In length. The
sensor was able to resolve the fine structure of
the bunched beam with a resolution of better than
200 ps. (Fig.7).

The experiments showed that the ferrite core
acts more as an absorber than as a magnetic material
for such a high frequency range, and the gap
should be made as small as possible to increase
the resolution.

Consequently, three different size sensors
were tested, and the ferrite cores were replaced
by materials which absorb the waves from 1 GHz to
10 GHz, and a tap length of 3 mm was chosen because
the bunch length is about 3 mm and that length is
at the manufacturing limit for the resister ring
thickness. The monitors and the measured single
bunches are shown in Fig.8.

Fig. 8 (a) Co) (c) (d) (e) (f)
(a) One turn absorber loaded monitor
(b) ID 40 mm, gap 5 mm, in, 500 mv^div, 200 ps/div
(c) ID 18 mm, gap 3 mm, 1R, 1 V/Div, 200 ps/div
(d) ID 8 mm, gap 3 mm, In, 2 V/div, 200 ps/div
(e) ID 8 ram, gap 3 mm, in, 2 V/div, 1 ns/div
(f) ID 8 mm, gap 3 mm, 0.M, 500 mV/div, 100 ps/div

The second type of sensor is a "Micro-stripline
monitor", placed perpendicularly to the beam line.
The sensor Is made on a glass epoxy board
(printed circuit) etched as shown in Fig.9.

Type A has a risetime of 60 ps and a half
width of 80 ps. However, as shown in Fig. 10, ghost
signals appear behind the real signal which are
caused by multiply reflected waves from the
borders of the strip line, and the first ghost is
delayed 600 ps (600 ps corresponds to the path
difference of 9 cm inside the line).

In Type B, the width of the line around the
beam hole is rather small compared with Type A.
Although the ghost signal levels were reduced, the
half width of the real signal is wider than Type A
due to the close approach of the first ghost to
the real signal (Fig.11).

Fig. 9 Micro-3tripline monitor, above (A),
middle (B), bottom (C)

Type C has a reduced width and beam hole.
It was placed behind a collimator with a 2-mrn
hole diameter; consequently the signal voltage was
reduced to about half. As shown in Fig.12 the
rise time and half width are 50 ps and 70 ps, re-
soectively and the ghost signals were fairly reduced.

Both kinds of sensors as described above seem
to be kinds of wall current monitors having vtL-y
narrow longitudinal dimensions at the limit of the
very high frequencies involved in the bunches.

The resolution depends roughly on the longi-
tudinal size but does not depend on the vertical
size of the sensors. However, to remove the
reflections of the concentrically propagating
signal wave, it 1B necessary to place good
absorbers around the gap for the one-turn monitors
and on the outer borders for the micro-strip line
monitors.

Fig. 10 Fig. 11 Fig. 12
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iMscussion

Penner, NBS: The last monitor you showed, the
version C, had rtactically no reflection. I'd
like to ask, hovi small is the beam hole to get: it
to behave like that?

Tanalca: This has a very small hole - the beam size
is about 2 or 3 mm and the hole is 2.8 mm.

Penner: What is the sensitivity; how many volts
pei ampere do you use?

Tanaka: About 4 volts.

Penner: For how much current?

Tanaka: One or two amperes.

Stein, LASL: Have you measured the emittance or
the energy spread of the beam from that machine?

Tanaka: We did not measure the emittance. The
usual energy spread is very small as can be seen
from the narrow width of the single bunch beam.

Witkover. BNL: The figures that you showed
indicated a 16 pico-second width. What did you
use for the monitor?

Tanaka: Cerenkov light and a streak camera.

Miller, SLAC: You said the input itnpedence to
y-. *• gun was 25 ohms and was a good ma':;h over a
wide frequency range. Is that a resistive match-
ing and is the resistor internal to the gun or
external?

Tanaka: This is measured to be resistive. It's
the actual beam due to beam interception of the
grid, or cathode current.
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The continuing need for accelerators of in-
creasingly sophisticated characteristics,requires
a great variety of rf sources to provide the energy
used by these accelerators. The present atatus of
gridded tubes will be reviewed briefly. Klystrons,
which are used in many large accelerators, will be
considered In sone detail. Their limitations in
paver and frequency will be reviewed and a study
of their reliability will be presented. Improve-
ments in their efficiency will be discussed, and
trends for the future will be considered. Some
limitations caused by material problems will become
evident aud a review of some of the potential im-
provements in that area will be considered.
Finally, new types of rf sources based on rotating
electron beams which are now in the development
stags will be described and compared to existing
tube types.

Introduction

The present status of rf sources for accelera-
tors has been discussed extensively by Tallerico
at the San Francisco Particle Accelerator Confer-
ence In March of this year, * and those interested
are referred to that paper. It should be stated
that She present power limitation of gridded tubes
(triodes and tetrodes), used at frequencies up to
200-250 MHz, is approximately 1/2 MW average at
200 MHz. Gains of 10 to 20 dB are typical. Plate
efficiencies up to 90% can be achieved, although
commercially the overall efficiency is only slight-
ly over 65Z. Technological developments, partic-
ularly the introduction of pyrolytic graphite
grids, shew promise to almost double the power
available at a given frequency from a single tube
in the next few years.

Probably because of a tendency to noding and
oscillations when feeding a non-matched load,
crossed-field amplifiers have never successfully
been used in large linear accelerators in spite of
the obvious advantages of high efficiency at fre-
quencies up to 10 GHz. However, magnetrons are
used extensively in commercial accelerators.

The remainder of this paper will consider the
status of klystrons which are most widely used in
high power accelerators. The SLAC experience with
klystron reliability will be reviewed, and the
physical basis for electron tube efficiency will be
discussed, pointing out why klystron efficiency has
been generally lower than that of other tube types,
and what is being done to improve it. Finally,
a promising development in field emission cathodes,2

and the possible advantages cf new tube types such
as gyrocons3 and trirotrons,1* which operate on the
principle of beam deflection modulation, will be
discussed.

Klystron Reliability and Operating Cost
Considerations

The bottom line on feasibility of not accel-
erator development or total operating tiiie of
existing machines,depends to a great extent on the
cost per operating hour of the rf sourcen. This
cost consists of three main components: capital
or replacement costs, energy cost, and maintenance
costs. Hourjy replacement costs can be expressed
as individual source initial cost,divided by Mean
Time Between Failures (MTBF). Energy cost is the
cost per ktf-hr, at the mains divided by rf system
efficiency. Klystron MTBF observed at SLAC sliould
be a good indicator of attainable reliability.

Good statistics have been gathered since 1965
from a line of approximately 250 puleed klystrons
operating at 2856 MEJz. Their power output has been
gradually upgraded fion 21 to 40 MW petit and from
20 to 40 kW average. Since the beginning of opera-
tions, SLAC has operated a total of slightly more
than 1,000 tubes, and the operating hours have
reached nearly 16,000,000. For energy conservation
reasons the repetition rate of the tubes,which was
mostly 360 pps during the first years of operation,
has now been dropped to 180 pps or less for the
najority of the runs. Hence, the statistics
availalle on tube life may be skewed by the changes
in operating conditions. One would expect an in-
crease in life due to the reduced repetition rate;
on the other hand, one would expect <. decrease in
life due to the gradual increase in both peak and
average power of the tubes on the line, since part
of the increase was achieved by increasing operating
voltage. With these caveats, Fig. 1 presents three
curves showing the overall tube life expectancy,
Including the Mean Time Between Failure
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Fig. 1. Klystron operating experi-
ence at SLAC.

Work supported by the Department of Energy under contract number DE-AC03-7 5SF00515.
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since initial operation, Bean age at failure, and
mean operating age of all tubes on the line. It
la worth mentioning at this time that 18 tube*
(over IX of the total complement) hare operated for
60,000 hours or more without noticeable degradation
in performance. Figure 2 gives the age distribu-
tion of all operating and failed tubes since the
beginning of operation,and Fig. 3 gives the failure
probability for all tubes and for SLAC - built
tubes.
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Fig. 2. Klystron age distribution at
SLAC (9/1/79).
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Fig. 3. Klystron survival probability.

The failures must also be analyzed for causes,
If one hopes to gradually improve the tube reli-
r.blllty. Results of this analysis are shown in the
table below, which gives the percentage of tubes
which failed by the major failure causes since the
caginning of operation.

As can be seen from Table I, the overall
percentage of failures is approximately 25X for
emission problems, 25Z for cathode anode arcing
problems, 25% for outprt windov problems; 1/6 of
all failures were caused by less of vacuum, 5% by
Instabilities in the rf output, and only 7X by

HV xeal failure. In addition, a few tubes were
damaged mechanically by Mishandling, and they are
not couuted la Table I.

Table I: Percentage of Failures by Causes

Vendor Vacuum Emis». Arcing Window Output HV Seal

A

E

C

D

A l l

13

49

18
7

16

9

6

34

38

26

19

21

26

32

26

51

16

17

J3_
25

5

8

4

6
5

3

0

1
_«_

2

Although the overall failure distribution is
reasonably uniform, it is interesting to note that
50Z of the failures of one of the vendor's tubes
were caused by window failures, whereas another
vendor had 50Z vacuum failures.

Obviously, no conclusions can he drawn from
the table without, knowing the age of failure by
the different mechanisms, but the indications are
that the existing technology is not uniformly known
or applied by the various vendors, otherwise there
should not be this great discrepancy In the per-
centage of failures caused by different mechanisms.

Other types of klystrons are also used at
SLAC, which has lately built all the tubes needed
for its operation. The total usage to date of
these types does not warrant definitive statements
about their reliability. However, the 125-kH cw
353-MHz tubes used at SPEAR have now accumulated
80,000 hours of operation in 4 sockets, and the
indications are that their MTBF will be as high as
that of our pulsed tubes. At PEP a dozen tubes de-
signed to operate at 353 MHz and to produce 500 kW
of cw rf are being installed. It is believed that
the life of these tubes will be similar to that of
ojr pulsed tubes, and that assumption will ba used
to demonstrate the effect of HTBF on rf hourly costs.

As an example of the total tube cost per
hour, let us consider the PEP 500-kW cw klystrons,
which cost about $100,000, or $200/kW.
Assuming 20,COO hours MTBF, the capital cost per
rf kW hour Is 1C. At SLAC, the cost per kW hour
is about 0.5C. With a tube efficiency of 63%, the
energy cost per rf kW hour is thus about 0.8c.
Increasing the tube efficiency to 70Z reduces the
power cost to 0.7c• It is interesting to note,
that for the above assumptions, a 10J increase in
HTBF will reduce the overall cost per hour as much
as a 10% increase in efficiency.

Efficiency Considerations

The electronic efficiency of a microwave
amplifier ran be defined as the ratio of the power
extracted from ths beam in the output system to
the beam power. To maximize efficiency, as much
energy as possible must be extracted frcm every
electron in the bunch. If a bunch of electrons
in the beam enter the output with exactly the same
velocity and the sarne rf phase, then the energy
extracted from that bunch will be the same for all
its electrons, except for space-charge effects.
In principle, 1002 efficiency can be obtained if
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all electrons are exactly stopped as they pass
through the rf output system.

The work towards improving klystron efficiency
has thus been directed at first decreasing the
bunch size so that as Bany electrons as possible
will be decelerated by the sane potential. The
addition of second harmonic cavities and changes
in the accelerating structure length have been
used to minimize the velocity differences of the
electrons as they enter the output gap.

An overall view of the present status of
klystron efficiency is given in Fig. 4.
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Fig. 4. Klystron efficiency vs.
perveance.

The two curves labeled Mihran5 and Hechtel6 were
obtained by analysis of the references given.
Mihran's work has dealt itostly with computer simu-
lation of the beam bunching by disc models, whereas
Hechtel considered mostly the effect of the poten-
tial depression in a solid beam. The points shown
represent measured data from actual tubes. For
SLAC, the best efficiency achieved under special
test conditions as well as the best normal effic-
iency is given. LASL represents the operating effi-
ciency of the Varian klystrons used on the LAMPF
linear accelerator. The PEP efficiency is that
obtained for the PEP storage ring klystrons.
Lien7 gives the results of a tube built at Varian
Associates to confirm theoretical predictions made
by Lien on the effect of second harmonic cavities,
and finally the two points PETRA/VALVO show the
normal operating point of a VALVO-built klystron
in the PETRA ring at microperveance 1, and the
best efficiency obtained in special studies of
the same tube after decreasing the perveance by
acidulating anode voltage adjustment and readjusting
the focusing conditions and the output load.

The general trend shows a decrease in effi-
ciency with increase in microperveance, which can
be understood froj general space-charge force
considerations. The increases in efficiency re-
sulting from the use of second harmonic cavities
and careful detuning of penultimate and pre-
penultiaate cavities of milti-cnvity klystrons
enables the formation of s. buncn of optimum size
in which all electrons have substantially the same
velocity as they enter the output gap.

One of the «ais reasons why rotating beaa
tubes such as the gyrocon and the trirotron can
have much higher Inherent efficiency than klystrons,
is because in those tubes,all electrons in the bean
can be aade to enter the output resonator at a sub-
stantially constant phase with respect to a traveling
wave in that resonator. This is because basically
the velocity spread is very much smaller, and the
beam area entering the output is much larger than
for a klystron of similar frequency range and power,
resulting in lower space-charge problems in the
output cavity.

From the above considerations,one can deduct
that further improvements in klystron efficiency
should result from the use of hollow beams to
minimize the potential depression. Also, in all
tube designs, engineering compromises have to be
made. For instance, higher cathode current density
might result in a higher efficiency, but the life
expectancy could be seriously reduced. Similarly,
higher beam current density might increase the
magnetic field requirements. In most cases, the
final choices are dictated by the availability of
materials, and new or better materials and tech-
niques could well result in higher efficiency with-
out reducing the probable tube life.

Further Klystron Work

Although SLAC has no specific plans for new
klystron types at this time, it is always useful to
speculate on the next improvements of existing
tubes, or on the next generation. At the present
time, the improvements to the pulsed tubes consist
mostly of material studies, particularly in the
cathode region. Based on experience to date, there
is a potential improvement in MTBF by a factor of
2,approximately, by simply preventing failures by
temperature limited cathodes. Unfortunately, this
is a very slow, tedious engineering work requiring
extreme patience, since the result of today's
changes will not be known for approximately "U years.

On the other hand, the PEP ew tubes have never
yet demonstrated the efficiencies which had been
predicted by our omputer results. Here, work is
proceeding on parallel approaches - one, a further
study of the assumptions used in the computer code
and their modifications; second, an experimental
approach where the present PEP gun will be replaced
by a hollow beam gun. The improvement in beam
coupling coefficient and the fact that all the
electrons in the hollow beam are decelerated by a
more uniform field in the output gap than those of
a solid beam lead us to expect a substantial effi-
ciency improvement.

For the future, SLAC is looking at klystrons
with two completely different applications. One
to be used in very high energy storage rings, would
operate in the 500 to 1000-MHz region, with peak
and average powers up to 20 MW and 1 MH, respectively,
at 500 MHz; and one half that at 1000 MHz. In
order to conserve power, the tubes would be designed
to operate pulsed, with a pulse length of approxi-
mately one microsecond, and a repetition rate of
between 20 an-' 60 KHz. The main development needed
to make such tubes practical is a gridded gun with
a low cut-off voltage. Some useful development
work is being done at Varian. it is felt that a
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follow bean gun could be another approach resulting
In a satisfactory design; and finally, that the
field collision gun to be discussed later may have
all the desirable characteristics.

the feasibility of pulsed klystrons operating
at 2856 MHz, with peak and average powers of approx-
imately 100 MM and 50 kW, respectively, is being
investigated. Some thought has been given to the
design optimization, looking first at the choice of
perveance. Taking a conservative average through
the data of Fig. 4, one can draw a single efficiency
curve, as in Fig. 5.

600

200

Fig. 6. Voltage-current design
characteristics of high peak power
klystrons.
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Fig. 5. Effect of efficiency on line
power requirements.

The reciprocal of efficiency is also plotted, and
shows the savings to be achieved in electrical
capacity by decreasing perveance. Figure 6 then
computes the beam voltages and beam currents needed
to achieve a given power output at a given per—
veaace. The final choice, which has not been made
yet, will be determined fay the best compromise
between magnetic field requirements, breakdown
voltages, and cathode loading.

New Cathodes

A technical advance,which has been waiting -
•any years but seems to be on the verge of success-
ful application to electron tubes,is that of field
emission cathodes. Work has been carried out at
SRI International for many years to develop field
emission cathodes which are fabricated using thin
film technology and mlcrolithography.z»8 Called
thin film field emission cathodes (or SPISDT
cathodes), they consist of a series of micro-cones
as illustrated in Fig. 7. These cones are capable
of c» emissions of between 20 and 25 microawps each
and they have been stacked in densities of t-p to

Fig. 7. Schematic diagram and scanning
electron micrograph of thin-film field
emission cathode (TFFEC).

22,000 per square millimeter. The evidence indi-
cates that the emission is stable with tine, Is a
function of the residual pressure but regains its
initial value after the vacuum Is re-established
to its original operating level (Fig. 8), and that
even after 38,000 hours of operation at a level of
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Fig. 8. Effect of sablent pressure on emission.

20 nicroanps per cone, the characteristics of these
thin film field emission cathodes do not alter
appreciably (Fig. 9).

If these cathodes can really be proven to be
a reliable source of electrons for high powered
vacuum tubes one must rethink the basic design of
many tubes. For instance, the PEP tube is now
operating at a beam voltage of 63 kV and a current
of about 12 amps; with a standard oxide cathode of
approximately 12 cm diameter, the cathode current
density is approximately 100 ma/cm1. Using a
SPINDT cathode, at a current density of 12 amps/cm2

an emitting area of only one cm2 is needed. This
in turn means that one could consider an annular
cathode of approximately 5 cm outer diameter and
4.9 cm inner diameter, producing a beam of equal
dimensions. Controlling such a beam may impose
difficult magnetic field requirements, but also
means that all electrons reach the gaps at the
same value of electric field and should result in.
a substantial efficiency improvement. Similarly,
a high power pulsed cathode could be operated at
current densities well in excess of 100 amps/sfj cm
which in principle would allow us to reduce the
beam and drift tube diameters or to use annular
beams. Finally, these cathodes should be of great
value in the design of easily controllable beam
current tubes, since a control potential swing of
less than 200 volts results in a current swing of
at least 5 orders of magnitude (Fig. 10).

Deflection Modulation or Rotating Beam Tubes

Work on different types of electron tubes has
lately shown promise of successful development.
Although the original concept was first proposed
in 1946 by J. W. McRae,9 and suggested again in
1966 by Preist,10 it is not until Budker11 demon-
strated efficiencies of better than 75% on pulsed

MO 300 200 100 0
VOLTS

III START OF LIFE TEST (MARCH ) , 19751

400 300 MO 100 0
VOLTS

<b> EMISSION AFTER 33.000 HOURS (DECEMBER H . 197B)

Fig. 9. Current-voltage oscillographs for 100-
cone array driven by a 60-Hz half-wave voltage
to a peak current of 2-mA for 33,000 hours.

gyrocons at Novosibirsk that work began in this
country on the study and further development of
these devices.

Basically, the deflection modulation or
rotating beam tubes are capable of extremely high
efficiency because of the special output circuit
design. The output circuit is a resonant waveguide
ring sustaining a traveling wave. The beam is made
to rotate at the resonant frequency of the ring.
Hence, an electron beam without any velocity modu-
lation can be made to enter the output resonator
at always the same phase with respect to the
traveling wave. Referring back to the efficiency
considerations, this gives what is probably an
ideal solution, since the beam always sees the
exact same fields in the output circuit, and all
electrons enter~with the same velocity except for
the variations caused by space-charge.

The gyrocon, which is being studied at Los
Alamos by Tallerico,12 depends on deflection modu-
lation of a cylindrical beam to produce the ro-
tating beam. Figure 11 shows the basic concept of
the gyrocon deflection and focusing. A solid beam,
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Fig. 10. Collector current vs.
cathode voltage (5000 cone array).

Fig. 11. The radial gyrocon: (1) gun
focus coll, (2) output focal colls,
(3) bender, (4) collector, (5) output
cavity, (6) rf output, (7) electron
beam, and (S) deflection cavity.

starting r.t the top of the figure from * standard
electron gun, Is focused by gun focus coll. The
deflection cavity can support two space-orthogonal
•odes at the saae frequency. If the two modes are
fed 90° apart In phase, a rotating electric field
normal to the axis of the cavity results. This
field deflects the beam by a constant angle,
generating a cone. The beam then enters the dc
magnetic field of the bender Magnet, increasing the
deflection angle until the bean direction is normal
to the axis. At that point, the bean is refocused
in the vertical plane by coilb tefore entering the
output waveguide cavity. The spent bean energy is
dissipated in the collector, and the power extracted
from the beam in the output resonator is transferred
to :he load by two or more couplers, usually ortho-
gonal in space.

A computer code has been developed to follow
the beam through the complete deflection and output
system of a gyrocon being built at Los Alamos. The
computer model, which includes space-charge effects,
indicates an electronic efficiency in excess of 90%
and an overall efficiency of about 85%. The tube
is designed to operate at 450 MHz. With a modula-
ting an; ie gun operating at 86 kV and 9 amps, the
power output should be in excess of 650 kW with a
gain of approximately 20 dB. As can be gathered
from the description above, the overall drive-
deflection system of che gyrocon Is extremely
critical. Any asymmetry in the drive cavity will
result in an elliptical cone, since the deflection
angle will be different for different rf phases.
Hence, the beam will no longer be deflected uni-
formly by the dc magnetic field. Also, any vari-
ations in beam voltage or deflection magnet current
will result in improper deflection. The result is
need for very careful monitoring and feedback.
With the use of micro-computers, it should be
possible to solve these problems.

Planar type gyrocons^in which electrons travel
radially from an rf driven cathode through an
accelerating gap and Into the output rasonator,
could alleviate some of these problems. The trl-
rotron1* work being done at SLAC is an attempt to
develop a possible solution. The crirotron's drive
system is a circulating waveguide resonant at the
drive frequency, and is concentric to the output
resonator. By adjustment of the phase propagation
constant of the two resonant waveguide rings, the
input resonator guide has a smaller diameter than
the output, allowing for the application of dc
accelerating field between them. The cathode,
insulated from the remainder of the waveguide, re-
places the central portion of the inner wall
(Fig. 12) and is opposite a series of grids on
the outer wall to allow the electron beam formed
in the drive resonator to reach the dc accelerating
fields.

By adjusting the relative values of Eg and
Ebias» ** *s possible to control the beam spread
from 0 to 180° and to vary the total emission,
although not necessarily independently. Some of
the current emitted from the cathode never exits
the input waveguide because of the reversal of the
rf field during the transit time. Those electrons
are then returned to the cathode, and absorb more
than half of the total rf power supplied to the
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Fig. 12. The input resonator:
beam formation region.

input circuit. Better choices of rf fields, dc
bias, and waveguide height "b" should improve the
situation, and the optimization process will con-
tinue before final design.

The production of a pure traveling wave in
the input circuit is essential if good performance
is to be achieved. Since a backward wave can
result from relatively small reflections in the
traveling wave resonator and input couplers, great
care should be taken to locate two identical input
coupling loops exactly 90° apart, each fed by the
same power phased TC/2 apart. Also, two sets of
tuners will be required to match out any residual
reflections in the input circuit.

The output efficiency has been analyzed using
a modified version of the computer program developed
by Tallerico for the gyrocon. The results are
shown in Fig. 13 for a beam assumed to extend
approximately ±9% from center of the axial output
resonator length. Indicated efficiencies of 85X
at 1 radian beam spread and 805! at 1.5 radians are
very encouraging. It appears reasonably easy to
produce a 1.5 radian beam; at 1 radian, the total
current available might be too low to be of value

for very high power Subes. An improvement of a
few efficiency points can be made by adding a very
snail axial magnetic field, which counteracts the
bean deflection caused by the rf Magnetic field.

The results of the studies carried out has
led us to design a trirotron to operate at 353.2
MHz, at beam voltages of 56 to 64 kV and currents
of 8 to 12 amps. The conceptual drawing is shown
in Fig. 14. The following dimensions have been
used:

Cathode diameter
Axial cathode length
Input resonator OD
Input grid fins
Output resonator ID
Output resonator OD
Axial output resonator length
Collector OD
Axial Collector length

27.65 cm
9.00 cm

29.65 cm
1 x 9 x .07 cm
37.65 cm
57.65 cm
51.50 cm
80.00 cm
20.00 cm

Efficiencies listed in Table II
were computed assuming a uniform density beam,
spread over 80° (produced by d drive power of
=• 10 kW), with an axial length of 10 cm and no
magnetic field efficiency enhancement.

Table II: KV
Amps

8

10

12

56

81.1
81.4
80.7

60

80.4
81.4
81.6

64

81.0
81.3
81.4

Fig. 13. Output efficiency vs. beam
spread angle.

The trirotron shows promise of being a highly
efficient device at frequencies of 200 to 500 MHz,
and power outputs of one-half to several MW cw.
The efficiency is not a critical function of beam
voltage, drive power, or bias voltage. Hence it
appears possible to control the power output over
a wide range by adjusting the dc bias or the drive
power without loss of efficiency and with minimal
phase variation between input and output. Soire>
possible disadvantages include the drive system dc
isolation, the need for accurate tuning of the
input resonator and its couplet, the cathode
heating by electron back-bombardment, and the low
gain computed at approximately 15-18 dB.

Conclusions

At frequencies of 200 MHz or less, the gridded
tubes will apparently remain the dominant type;
and one should, expect to see their power capabili-
ties double during the next few years. At fre-
quencies of between 300 and 1000 MHz, there should
be within a few years a choice between klystrons
and rotating beam devices. The maximum obtainable
power output should be the same for both devices,
since it will almost certainly be determined by
output window design considerations. One can
expect 20 MB peak and 1 MW average at 500 MHz,
varying in inverse ratio to the frequency. It is
also likely that this limit could be increased by
additional window development.

The rotating beam tubes will probably have
efficiencies of 80 to 85%, with gains of 15 to
25 dB. The possibility of rf leakage from the
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Fig. 14. Conceptual design of a 600 kW, 353 MHz trirotron.

output resonator through tha beam entrance slot
may produce unknown challenges and unpredictable
oscillations. Finally, nothing is known about
their probable life of operation, since the only
experience at Novosibirsk has not been too favor-
able. The klystron efficiency in that frequency
range is now between 65 and 70%, and computer
studies indicate that the next generation will
show efficiencies around 75%, with a gain of be-
tween 40 and 50 dB, The choice between the two
candidates will revolve around the merits of the
slightly better efficiency of one compared to
overall system simplicity and reliability of the
other.

From 1 to 10 GHz, the klystron is still prob-
ably the only candidate for large machines. Peak
powers of 100 MW should not be difficult to attain
at low repetition rates -rod short pulses, keeping
the average power to 50 kW, at frequencies around
3 GHz. The tube life is excellent and the effi-
ciency should gradually increase to about 55 to
60Z with good gain.

Above 10 GHT new tube developments are taking
place, but they have not been dealt with In this
paper, since they are probably of limited interest
to this audience.
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Discussion

Grand, BNL: There has been talk of utilizing third
harmonic super position on the primary of gridded
tubes, the Taylor efficiency approach. Would you
say a few words on that.

Lebacqz: No, it is outside of my field of exper-
tise. I believe that, in principle, what they're
trying to do is to obtain a flat-top voltage. The
gridded tube efficiency is based on the sane prin-
ciple as any of these devices. You want to stop
the electrons that come over a certain time inter-
val in which the voltage normally varies in a
sinusoidal fashion. If you superimpose a third
armonic on that to make a flat-top, then in prin-
ciple, you are going to get high efficiency. But
I don't know the details so I would rather not
comment.

Mittag, Karlsruhe: Could you please say a few
words about the frequency range over which the
gyrocon or your planar gyrocon could be used for a
high rf power source?

Lebacqz: My personal feeling is that the optimum
frequency range for those tubes is from 200 to 500
MHz and maybe up to a thousand MHz. If you go
below 200 MHz, the size of the waveguide you need
gets impractical. I think that's about as low as
you can go. If you go over a 1000 MHz, then the
last one I talked about, the Trirotron, is not
going to give you enough beam current unless you
can combine it with a field emission cathode.

Fraser, Chalk River: One of the criticisms I have
heard of the field emission cathode is the rela-
tively large transverse velocities that one gets
from the side of the point. What effect might
this have, say, on the efficiency of a klystron?

Lebacqz: We have not used those things on the
klystrons. These cathodes are being studied by
SRI under the sponsorship of NASA Lewis and, at
the present time, NASA is ordering or has gotten
some of those to build into millimeter traveling
wave tubes. If they can use them in millimeter
traveling wawe tubes, we can use them in klystrons.
We are talking about accelerating potentials of
several tens of kV and probably 100 to 500 kV, in
which case the transverse velocity is not that
critical.

Miller, SLAC: With respect to the last question,
isn't it true that in the high power klystrons that
are used as rf sources for accelerators, emittance
isn't very significant, that really space charge
so dominates the optics that large transverse
velocities wouldn't have much effect?

Lebacqz: I think that's correct; but since it
comes from you, I don't know.
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There have been several recent developments
in vacuum tube technology which will benefit the
next generation of particle accelerators now
being proposed. These improvements involve
devices covering the frequency spectrum from
HF through millimeter wavelengths. Significant
developments involving klystrons, gyiocons, or
gyratrons, at frequencies above 200 MHz are
being reported elsewhere in these proceedings.

The developments in the EIHAC line of con-
ventional gridded tubes for use at frequencies
below 200 MHz will be of particular benefit to
those machines which will be used to accelerate
heavy particles for neutron production, heavy
ion fusion, and other similar applications.
While some of these developments are aimed at
improving tube reliability, the main thrust of
these efforts is to develop high gain gridded
vacuum tubes which can deliver higher powers
at better efficiencies than those available
today.

This paper will describe how the use of
pyrolytic graphite grid construction makes it
possible to achieve the tight tolerances, close
inter-element spacing, and dimensional stability
necessary to produce high gain tubes capable of
handling higher power per unit volume. Other
new construction techniques and improved cooling
methods which contribute further towards improve-
ment in vacuum tube technology will also be
discussed.

Introduction

The next generation of linear particle accel-
erators all appear to have one common parameter
which is of keen interest to those in the busi-
ness of making vacuum tubes. These proposed
machines will require rf power of a scale here-
tofore unheard of. For example, the accelerator
breeder concept would require 300-500 MW of cw
rf and proposed heavy ion machines talk of
thousands of megawatts. While the peak power
requirements for some of these proposed machines
are not dissimilar to that required by existing
accelerators or large radar arrays, the combin-
ation of high peak power and high average power
place new constraints on the design of amplifier

tubes for these applications. The trend toward
higher average power is somewhat in contradic-
tion to the trend toward use of higher frequencies.
While the use of higher rf frequencies allows
for significant reduction in the size of the
various accelerator components, it likewise
produces a similar reduction in permissible size
of the rf amplifier devices to be used. Such a
reduction in size make* it .ecessary to handle
more power per unit volume and/or unit area, in
both the accelerator and in the rf amplifier
device. If smaller devices can be produced which
can handle high average power, then materials
must be used which are capable of operating at
much higher temperatures, and more efficient
cooling methods must be developed. Of utmost
importance, however, devices must be developed
which are basically more efficient, require less
cooling, and hence make better use of the avail-
able energy.

Good efficiency has always been an opera-
tional goal for accelerators if only to keep the
power bill to a minimum. However, some proposed
machines,such as the Accelerator Breeder or the
Heavy Ion Fusion machines, depend upon this
improved efficiency to achieve a break-even con-
dition and prove their feasibility. New devices
for rf amplification which address this require-
ment are required if these machines are indeed
to be feasible.

Old Technology

In considering where the EIMAC line of
gridded vacuum tubes will fit into these new
particle accelerators,it would seem appropriate
to draw the line between the use of these
devices and those applications requiring
klystrons, gyratrons, or gyrocons, at about 200
MHz. Below this frequency the last three devices
become rather large and expensive to build.
Above 200 MHz.it would be difficult to construct
a conventional gridded device large enough to
handle the required power and small enough to
operate efficiently at the desired frequency.

Examination of the data on tubes currently
in production and availalbe for these appli-
cations reveals that the largest gridded vacuum
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tube is the EIHAC X2I59/8974 rated at 1.25 MW
plate dissipation. However, at the present time
these ratings apply only up to a frequency of 30
MHz and a de-rating factor is then applied for
operation above this point. Host of this de-
rating is necessary to account for the heating
of the screen grid wires due to the rf current
flowing in the output circuit between the screen
grid and the anode. Likewise, the X2170/8973
made by EIHAC is rated for 650-kw anode dissi-
pation to 50 MHz above which the sane de-rating
phenomenon occurs. In fact, for the higher
frequencies in the range of 30-200 MHz, the grid
dissipation will almost always be the limiting
factor in the power handling capability of
super-power gridded vacuum tubes. To illustrate
how severely the dissipation capability of the
screen grid limits the power handling capability
of the tube, consider the case of the EIHAC
X2170/8973 operating at 50 MHz where more than
1100 kilowatts output are obtainable while still
staying under the 7.5 Kw screen dissipation
rating. However, if the same tube is c.oerated
at 100 MHz only about 620 ku output is projected
before the 7.5 ku screen dissipation rating is
exceeded. Under the latter conditions the anode
dissipation is only 300 l-.w. If the screen grid
were more robust and able to handle more power,
then the full anode dissipation of the tube
could be utilized and a power output of over
1200 kw would be available from a single tube
at the higher frequency.

Grids in vacuum tubes of this type are
usually constructed from wires of molybdenum or
tungsten which have been welded together in a
"birdcage" type structure. These materials are
necessary because the grid is located only a few
millimeters away from a hot cathode which is
operating at about 1650°C. The use of these
refactory materials still permit operation of
the grid wires at a maximum temperature of only
about 1000°C. Both tungsten and molybdenum
are fairly good emitters of both primary and
secondary electrons in this type of service and
measures must be taken to minimize both these
phenomena. If left unchecked, the primary and
secondary emissions of electrons from the grid
wires will make the current division within the
tube very unpredictable and somewhat uncontrolled.
To reduce both these emissions, the grid wires
are usually coated with a substance which helps
make the wire behave as a black body radiator,
lowering the temperature and reducing the
primary electron emission. At the same time
this coating roughens the surface of the wire
to help cut down the emission of secondary
electrons. The coating layer, made from
platinum, carbon, zirconium, etc., is applied
to the wire in a plating-sintering process which
is very difficult to control and usually accounts
for the sometimes wide variations in the grid
currents seen between tubes of the same type.
These wide variations are particularly notice-
able in operating regions where the anode voltage
Ts very near the screen grfd voltage. This of
course is the operating region where the highest

screen grid dissipation is encountered, and If
these variations are on thi high side of the
range the screen grid dissipation could be in a
runaway condition. Clearly then, it would be
desirable to use a material for grid construction
which is capable of operation at nearly the same
temperature as the cathode and which has a very
low primary and secondary emission ratio without
the need for any extra surface coating.

New Technology

An ideal material, pyrolytic graphite, is
available and is being used very successfully
in construction of gridded vacuum tubes. This
material, a graphite formed by vapor deposition,
was developed for use in spacecraft heat shields
and as brake pads for large aircraft. In addi-
tion to high temperature tolerance and low
secondary emission ratio, pyrolytic graphite
offers several other rather significant advantages
over a structure made from welded tungsten or
molybdenum wires. Pyrolytic graphite has essen-
tially a zero coefficient of expansion in the
directions of interest up to 2000°C. This means
that closer inter-element spacing can be achieved
without concern over element movements from cold
to hot conditions causing inter-element shorts.
Further, since the pyrolytic graphite grids are
of single plane construction rather than two
plane construction made of crossed and welded

Wires, it is possible to Close the inter-element
spacing down even farther. This close spacing
compensates for the nigher grid currents which
would normally result from the lack of primary
anJ secondary electrons from the pyrolytic
graphite. It also can result in higher gain.
Anoi.ier advantage of pyrolytic graphite is that
the grids are cut from a precision-machined
graphite cup by either sandblasting or laser cut-
ting, resulting in a much more precise repeatable
geometry than is attainable by either hand or
machine winding and welding of wires into a grid.
One can readily see how the use of pyrolytic
graphite for a grid material enables a tube to
be utilized more efficiently and pushed to its
maximum ratings at the higher frequencies. In
addition, it is obvious that the use of such
material will enable the tube maker to produce
a product with much more uniform and repeatable
characteristics. To this end EIMAC has committed
much of its resources to the introduction of
pyrolytic graphite into its product line. Over
the last 5 years, products with pyrolytic graphite
have been introduced into several tube designs L>
EIMAC and more tubes of this type will be avail-
able in the near future. Up to the present time
EIHAC has purchased the pyrolytic graphite cups
from an outside source and then machined them
into grids, but shortly after January 1. 1980,
we will have our own operational facility for the
manufacture of this unique material.

The next area to be examined is the one of
basic electronic efficiency in rf amplifiers and
how pyrolytic graphite can contribute to this
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Important parameter. As in the case of grid
heating due to the flow of high rf currents In
the output circuits at higher frequencies,
severe screen grid teating similarly occurs with
the higher screen currents which flow when the
anode volts'? is allowed to swing very low
during the rf cycle. Since the electronic
efficiency of the device is dependent upon the
minimum anode voltage swing, or Eb min, a
big improvement can be made 1f the Eb min 1s
allowed to go down near or below the screen
voltage. This will result in high screen current
and high screen dissipation, but a grid made of
pyrolytic graphite 1s able to accommodate this
vigorous service and thus contribute to the
overall device efficiency.

There are other areas which are being
Investigated which should help to improve the
"state of the art" in gridded vacuum tubes. As
previously mentioned, the largest gridded tube
-in production at this time is the EIHAC X2159-
/8974 rated at 1.25 MW anode dissipation. It
should be possible to further extrapolate the
usual "birdcage" construction used 1n this tube
to larger structures using pyrolytic graphite
instead of the welded wire construction,
Pyrolytic graphite grids should have a power
dissipation capability of three times that of
conventional grids of the same size. However,
it is felt that the limit for extrapolation
would probably only yield a 1.5 to 2.0 Increase
in overall tube capability. If improvements of
the order of 5 to 10 are to be realized in the
basic power handling capability, then some
alternate method of construction must be devised
which will permit better dimensional control of
the basic electronic package of cathode, control
grid, and screen grid. Since the tube charac-
teristics are relatively independent of the
screen grid to anode spacing, the relative
geometry between cathode, control grid, and screen
grid controls the quality and uniformity of the
electron beam,and in very large devices.such
control is essential to insure uniform loading
of electron bombardment on the various elements
within the device. For these new applications
where rf power output of 2-5 MW per device are
desirable, small differences in power density
can be catastrophic. Tubes are now in develop-
ment at EIMAC which should achieve the required
power handling capability.

New anode designs arc being used which feature
high velocity water cooling,utilizing swirl, tubes
in the water passages to achieve the necessary
turbulent flow. These are very similar to the
water-cooled beam stops used at ORNL for neutral
beam dumps and produce anodes which are capable
of handling 1000 watts per square cm or more.

Considerable effort has gone into investi-
gation of the so-called "Tyler" technique,for
efficiency enhancement. This technique which is
used very successfully at low frequencies and
produces final amplifier efficiencies of 90*

or more in the broadcast frequency band, begins
to produce diminishing returns as the frequency
of operation is raised. At the higher frequencies
the size of the output capacitance in the ampli-
fier tube becomes larger and larger When compared
to the capacitance in both the fundamental and
third harmonic resonator circuits and acts much
like an integrator, limiting the "squareness" of
the anode voltage waveform, and thus the improve-
ment in efficiency which is achieveabie. Tests
run at EIMAC on typical devices produced increases
in amplifier efficiency of over 10S at 1 KHz, but
these Improvements decreased to only 2-3% at
50 MHz. It would appear that for large devices
with their attendant large output capacitances
the practical frequency limit for employment of
such techniques would be in the range 10-20 MHz.

Other devices are being developed which
feature high efficiency techniques similar to
the depressed collector used for efficiency
enhancement of klystrons.

Conclusion

For many years now there have been those
who have forecast the demise of the low frequency
gridded vacuum tube, but with the further passage
of time it is apparent that the "state of the art"
of such devices can keep up with the demands and
a new generation of such devices is being born
to meet the stringent needs of the future.
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Discussion

Jaeschke. Heidelberg: How do the prolytic graphite
grids behave at arc-overs? Are they more delicate
mechanically and do you have any experience with
that?

Faulkner: Yes, the grids are as robust, perhaps,
even a little more so, than a tungsten or a molyb-
denum grid. They do have one disadvantage, which
of course, 1 wasn't going to mention, and that's
due to the way they're made. There is an increased
chance of particulate matter, or a roughness of the
surface, which might be more conducive to producing
arcs. However, if an arc occurred, they're quite
capable of withstanding it. Techniques are being
developed now for sealing this roughness without
destroying its secondary emission inhibiting capa-
bilities to cut down on the change for thes*i
particles.

Allen, SLAC: Are there any other significant
developments by other tube companies besides Eimac?

Faulkner: I'm sure that there are quite a few. A
great deal of this pyrolytic graphite technique was
done in France. The French government put a million
dollars a year for ten years into working with pyro-
lytic graphite for tube developments and also
Siemen's is doing quite a bit with similar material.

Stabley, RCA: The question was asked: What are
other tube companies doing in other areas? Some
of you might know that we at RCA have made a regu-
lator tube for Princeton University. It's a 200,000
volt device to be used with neutral beam sources.
We think we might be coming up with an rf version
of this tube which might be capable of about 7
megawatts of power under cw conditions at .about 50
to 1Q0 MHz.
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1«179 LINEAR ACCELERATOR

NSW EKOLAJiD KULCZAB LIHAC EF POWER SYSTEM
F. F. Lankshear

New England Nuclear Corp.
H. Billorica, K-isc. 01862

c>- proton linear accelerator,being constructed by
the Hew England Huclear Corporaticn.vill have a
design energy of ^5 l&V and an average current of
5 EiA. The machine will be energized by a pulsed
rf power system with a 12? duty factor .providing
600-kW averse and 5-!W peak power at 201.25 MHz.

Introduction

The rf system design requirements are to provide
adequate peak and average power levels for antic-
ipated operational dearanda, with precise control
of the- output phase and amplitude and at the same
tine provide test an^ conditioning facilities
without interruption of the machine operation.

To satisfy these requirements, the rf system will
comprise three semi-independent rf amplifier
chains, each with a 200-kW/5-lW capability. A
power combiner/splitter system with high power
coaxial switches will sua the rf amplifier out-
puts and feed the four accelerator feed loops.

Design Considerations

The choice of operating frequency has been ex-
tensively covered in the literature. In the preBent
design, a practical consideration was the require-
ment that the machine use existing technology and
proven design as CJI insurance of its successful
operation. This led to the adoption of 200 MHz
as the operating frequency, in common with Fermilab,
Brookhaven, and Los Alamos Linacs. Similarly,the
choice of high power r£ amplifiers centered around
the RCA 7835 triode,with a Continental Electronics
cavity.

Klystron and other tube types were considered as
possible alternatives; however the availability
of pover supplies having reasonable perveance and
efficiencies, together with possible early life
difficulties and lack of firm delivery and per-
formance guarantees, reinforced our decision to
use the 7835 tube arrangement.

Facilities to test tubes and high power components
are not generally available, so an important
consideration is the ability to take an amplifier
chain off-line for tube and component testing,
with the minimum Intel ruption of the machine
operation. Similarly, in case of rf system
failures, the operation may be continued with only
one of the three aaplifie. chains. The relatively
low peak power operation of the 7835 triode is
expected to provide an extended tube life •ŵ e*' the
three amplifier configuration is used for driving
the accelerator. A graph showing the expected
beam current yields versus one, two, or three tube
operation is given in Fig. 1.

Facilities

The building is fed with ac power at 13200 V. Two
transformers provide «60 V, 1.5 KVA, and 575 V,
2.0 M7A. The smaller unit provides power for the
builai;jg and services, ths. 2.0 '7!k unit supplies
the rf power system.

An electrical rooa houses the switch gear, and
distribution transformers, together with silicon
controlled rectifiers used to control the ac
inputs to the externally located plate pover supply
transformers. The 32050-volt, 3-* output of these
transformers is rectified and charges the capacitor
banks, forming part of the 7335 triode anode power
supi'ly

The linac building has been designed to provide the
power and cooling faciliti-js required by the
accelerator, together with the necessary lifting
and handling arrangements. The layout of the rf
gallery is shown in Fig. 2.

Three water cooling systems are combined to provide
the rf system cooling, each cysten is rated at
300 gpn at 100 psi, a total of 900 gpm. The rf
gallery air handling equipment is rated to handle
approximately CO kW. Large penetrations through
the shielding wall separating the gallery fron
the accelerator tunnel are provided for the 12"-
dlameter coaxial lines connecting the pover ampli-
fiers to the accelerator. A 3-ton overhead elec-
tric crane with 13' 6" clearance under the hook
covers the gallery area.

Control racks housing vacuum pump powtr supplies,
the preaccelerator and beam transport line con-
trols, are also located in the gallery area.

Description of the Equipment

Three rf amplifier chains with combined outputs
are arranged to feed "the four accelerator feed
loops. Each amplifier is capable of providing
5-HW peak and 200-kW average power. A trans-
mission line system with high power switches ana
power combiners/splitters, enable one, two, or
three amplifier operational modes to be selected.
One selected "Off-Line" amplifier may be used to
drive the test load necessary for fault finding
and tube conditioning.

Two buncher cavities, one operating at 201.25 MHz,
and the other at !tO2.25 MHz,are used to bunch the
r.'iaza before injection into the linac at 750 keV.

A low level rf distribution and control system
provides phase and amplitude control of the two
bunehers and the accelerator, together with input
signals to the accelerator and buncher frequency
controllers needed to maintain resonance condi-
tions.

Each of the three main amplifier chains is essen-
tially operationally independent. The arrange-
ment of equipment in the rf gallery is shown in
Fig. 2. The power amplifier stages are anode
modulated RCA 7835 triodes, controlled by hs-jr
tube modulators using Elmac 8973 tetrodes (Fig. 3)-
The 186 yfct capacitor ban&s are charged from a
35 kv, 15 A dc power supply, with silicon con-
trolled rectifiers in the transformer primary
circuits, providing charging current control,
voltage regulation, phase-loss sensing, fault
protection, and fast turn-off of the plate power
supply. The plate power supply transformer steps
up the 575 V primary voltage to 32,000, 29,000,
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or 26,000 volts line to line selected by taps.

A 2 MVA 13.2kV/575 V 3-phase transformer provides
ac power to the three outdoor, pad-mounted power
supply transformers via the switch gear and SCB
controllers located in the electrical coitrol
room (Fig. 3 ).

A hard-tube modulator using an Eimac 8973 tetrode
(x 2170) as a series tube will provide primary
fault protection for the power amplifier. In the
event that the modulator current exceeds a preset
value, (power amplifier arc), drive will he
removed from the modulator, causing an interrup-
tion of the power amplifier current in less than
five microseconds. A capacitor tank crowbar
will provide secondary protection if the fault
persists for more than five microseconds, or if
the fault current exceeds a second thrtshold level
indicating a modulator arc. The crowbar uses
an ignitron as a fast switch, and is provided
with a trigger tester and shorting device for
system testing.

Modulator analog control signals from ground
level are transmitted across the high voltage
interface with photon coupled isolators, which
in turn drive a solid state amplifier and the
non-inverting coamon cathode 4C350A, and i*CX5000A
stages, which drive the 8973 tetrode. The tetrode
will be used in a quasi high-mu triode arrange-
ment, where the screen grid is the driven element,
with resistance coupling to the control grid.

The frequency response of the modulator is such
that the output voltages and currents will have
rise and fall tines of less than 2 microseconds
(10 - 90%) into a resistive load at 36 kv, 300
A.

Rf drive power of 200-kW peak, is applied to the
power amplifier input from the drive amplifiers,
where an rf drive saturated pulsed screen grid
I*6l6 tetrode is used. Power supplies, capacitor
bank, and controls are provided,which make the
drive amplifier an operationally independent
unit for test purposes.

Power amplifier cavities for the 7835 triodes will
be sJjoilar to those used at the Brookbaven and
Los Alamos Linacs. Turbines and air/rfater heat
exchangers hc"=ed in their own pressure vessel
will provide recirculated air at U5 psi for the
cavity pressurization and cooling system. A
water-cooled power supply with an inductrol
voltage regulator will control the filament run-r
up sequence and provide regulated ac current for
the 7835 filament.

The 201.25-MHz and iO2.5-MHz buncher cavities are
driven by the two buneher amplifiers, which are
identical, but for their operating frequency.
Both use RCA 7^51 ceramic tetrode stages with a
nominal 5-kW peak output. Each of the amplifier
chains is provided with 20 Watts of rf drive
power from the rf distribution system (Fig. 5).
The frequency source is a crystal cont oiled
stable oscillator having a pulsed 201.25-MHz out-
put of Uo mW into the amplifier/power splitter

combination feeding the phase control units. A
frequency doubler following the phase controller
provide 1*02.5 MHz for the second buncher amplifier.

The phase controllers (Fig. 5A) are designed to
set and maintain the correct phase relationships
between tbe two bunchers and the accelerator.
Frequency controls (Fig. 5B) will maintain the
buncher and accelerator cavities at resonance.
Additional phase control units in each of the
three amplifier chains will maintain the 12"-
hybrid input phase relationships necessary for
their proper operation.

The three power amplifier outputs are coupled to
the four accelerator feed loops with 12"-diameter,
air-cooled, 50-ohm transmission Una. A combiner/
splitter switching system will allow seven modes
of operation. Figure 6 shows a high power phase
shifter, providing continuous phase adjustment be-
tween the accelerator and po*_i.- amplifiers. Di-
rectional couplers are provided for monitoring the
measurement of forward and reverse powers through-
out the transmission line systems. A test load
capable of handling 200 kW/5 MK is available at
all tines for system testing.

Conclusion

The construction of the equipment is proceeding
according to schedule. The high power rf com-
ponents, modulators, power supplies, power
ampli fiers, etc., are being provided by Continental
Electronics of Dallas, Texas, the 12"-transmission
line components by Microwave Techniques, Inc. of
Baymond, Ma^e, and the low level rf components
by HEH. Delivery of the major components will
occur during mid 1980, with high power testing
starting August-September of 1980.
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1979 LINEAR ACCELERATOR CONFERENCE

THE RF-SYSTEM OF THE CERN "NEW LINAC"

J. Cuperus, 7. Janes, U. Pirkl
CERH, Geneva, Switzerland

Summary

The rf-system of the CERN "new linac"1 con-
sists of ten separate amplifier chains of nodular
construction, with individual fast amplitude
and phase regulation systems,together with a slow
tuning servo. All the servomechanisms act on the
low-level part of each chain, without any high-
power modulators.

Construct, al details of the rf hardware are
given and performance figures presented.

Structure of the Rf-system

The basic design decision was to assign a
separate amplifier chain to each of the ten reson-
ators and to start at an rf-level of 2 Watts. The
feedback circuitry can thus be built around high-
speed, low power components, such as varactors or
PIN-diodes driven by operational amplifiers.

The "semiconductor part" comprising servo-
mechanisms and rf amplifiers up to 400 W, is essen-
tially the same in each chain, and only the "tube
part" is specifically tailored to the power
requirements. Table I gives a summary of the
latter.

A common master oscillator generates a quartz-
controlled reference signal of 202.56 MHz, which
is amplified in a pulsed 300-W-amplifier and dis-
tributed via the phase-stable reference line
running along the resonators in the accelerator
tunnel. Directional couplers derive the input
signals for each of the 8 fundamental frequency
chains with near-to-ideal decoupling- The second-
harmonic chains 2 and 10,receive their input sig-
nal from doublers in the corresponding 202-MHz
chains 1 and 9; this arrangement simplifies the
phase setting of the double resonators.

The Anatomy of a Chain
The feedback loop

The block diagram is shown on Fig. ?.. The rf
modulators work below 100 mW but are well shielded.
Stray rf from the high power components interfered
however, with the video circuits causing oscilla-
tions. With some additional filtering in these cir-
cuits, the problem disappeared.

Cross-coupling between the amplitude and the
phase loop is small, except in the cavity when this
is detuned for beam load compensation. In practice,
the cross-coupling .remains tolerable and the feed-
back loop is well behaved.

Bandwidth is limited by the phase Bhifts due
to delays in the loop (total length about 50 m for
the linac tank loops) and additional phase shifts
in the components. It was found that an adequate
safety margin was achieved at a bandwidth of about
150 kHz.

Chain

1

2

3

4

5

6

7

8

9

10

Designation

BUNCHER 1

BUNCHER 2
Second harm.
(405 MHz)
E—CHER 3
Energy
Corrector
TANK I

TANK II

TANK III

DEBUNCHER 11

DEBUNCHER 12

DEBUNCHER 13
Bunch
Rotator
DEBUNCHER 14
Second harm.
(405 MHz)

Amplifier configuration
(Tube type, output power)

RS
2024
30 kW

RCA
7651
3 kW
RS
2024
30 kW

RS
2024

30 kW
RCA
7651
5kW

RCA
7651
5kW

RCA
7651
5kW

RCA
7651
5kW

RCA
7651
5 kW

RCA
7651
3 kW

RCA
4665
22 kW

TH
170
0.5MW
RS
2024
90 kW
RS
2024
90 kW
RS
2024
90 kW
US
2024
90 kW
IS
2024
>0kW
RCA
4665
22 kW

TH
170
2.5MW
TH
170

P.9MW
TH
170
0.9MW

TH
170
2.5HW

ra
170
2.5KH

TH
170
2.5MW
TH
170

2.5MW

Table I General layout of the rf system

Other limitations to the bandwidth are reso-
nances, one of which is shown in Fig. 3. If this
resonance crosses the unity g&in line, the loop
oscillates at the frequency of the resonance. One
cause of the resonances is higher modes in the
linac cavities but, in this case, the next higher
mode was more than 1 MHz away and caused no diffi-
culties.

More troublesome are the standing waves between
the final amplifier and the cavity, which can be
considered a short circuit,some 50 kHz from the
nominal frequency. This short circuit, transformed
by the feeder line, combines with the amplifier
load impedance and builds up parasitic resonances.
The line length can be set between two extremes,
X/4 apart :
(a) "Maxiffium-Q" : resonances are at maximal distance

from the nominal frequency ; highest safety
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Fig. 2 Block diagram of the Feedback System
(1) 6-bit variable delay line for adjusting loop phase; (2) fast phase modulator with varicaps;
(3) fast amplitude modulator with FIN diodes; (4) rf power amplifiers; (5) trombone; (6) cavity;
(7) variable delay line fo- setting the cavity tuning; (8) control of the slow tuning loop;
(9) phase detector; (10) 3-way divider; (11) anplitade detector; (12) phase feedback control;

(13) amplitude feedback control; (14) trombone for setting cavity phase; (15) frequency doubler;
Signals (A) rf reference; (B) amplitude reference; (C) rf reference for 2nd harmonic cavity (chain 1 or

9); (D) feedforward signals to improve the transient response when the beam comes in.

margin against overvoltages ; however, the tank
rise-time is slowest and self-compensation of beam
loading is poor.
(b) "Kinianim-Q" : resonances are minimal distance,
with the other effects at the opposite extreme-

(1) without correction

(2) with correction

(3) resonance

Fig. 3 Gain-frequency diagram
of the fast amplitude and phase
feedback loops

In practice, one starts with the safe "maxi-Q"
setting and works towards the "mini-Q" until the
best compromise is achieved.

In the case of DB 13, which needs high power
at the end of a very long cable, the safest solution
was to include a circulator in the feeder line.

Amplifier

The 400-MHz power implifiers are commercial
units using the RCA tetrodes 7651 and 4665. These
are the only amplifiers that were bought ready-made.
The other anplifiers have been developed here at
CERN.

The transistor amplifiers are 4-stage linear
anplifiers with a wide dynamic range. The final
stages consist of 4-module units each delivering
100 W. Thanks to the low duty cycle, the transistors
operate without cooling fins.

Three other amplifiers were developed. One
started as a grounded cathode stage of 40-kW output
for 300 W of drive. The Siemens RS 2024 CL was
selected as the best tube for the job. By tuning-
out the cathode inductance and using screen-grid
inductor neutralization, the design goal was achieved.
A production model suffered from a parasitic oscilla-
tion at 2.3 GHz, which took some time to cure. Al-
though one amplifier of this type was used operation-
ally for about a year, on the grounds of increased
simplicity and higher output power, this configura-
tion vas aborted to a grounded-grid, grounded-screen
design. With this change, only 36 kW with a drive
of 400 W was obtained.

To ensure an ample reserve of power as drive for
the high power stages, an additional amplifier known
as the "pre-driver" was designed and built. Using
more drive power, the RS 2024 was driven up to an
output power of 100 kW. A particular feature of the
RS 2024 stage is the re-entrant plate cavity with an
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integral "fOLYPLON" plate blocker. This is a
Teflon cylinder with electrofonwd copper on both
•ides, Baking a distributed capacitance vith high
dielectric strength. The 14-kV plate supply is
obtained froei a capacitor bank.

The "pre-driver" alBO uaed an RCA 7651 in a
grounded-grld, grounded-screen circuit. An output
power of 8 kW for a drive power of 400 W has been
achieved. The plate supply is 5 kV, derived from
a capacitor bank.

Both amplifiers use identical screen-grid sup-
plies; these are 1 kV, 1 A units with built-in pro-
tection against overcurrer.t. Fast acting protection
is provided for both amplifiers by means of ignitron
crowbars triggered by plate overcurrent pulses.

Eight identical 2.5-MW amplifiers are usei. in
the final and drive stages of all tank chains. They
are equipped with Che TH 170 trioile, a water-cooled
version of the well-proven vapor-cooled TH 470
triode. It was found that this type Is the most
economical solution for this low duty cycle machine.
Ihe amplifier can, however, also accept the TH 116
triads, the water-cooled equivalent of the TH 516,
to deliver > 50% more power.

The amplifier is a re-development of the
original CERN l;nac amplifiers ; modifications
include larger resonator diameters (up to the
very limit of the first circumferential mode),
improved RF1 shielding, different tube cooling,
completely redesigned input circuit, easily adjust-
able output coupling loop, and grid neutralization.
The latter cured instabilities at the leading edge
of the pulse that were initially attributed to
tank-multipactoring due to very similar symptoms.
As in the earlier version, the amplifier is two
floors in height. The upper part extends into the
equipment gallery with a removable cover that is
part of the output reconator ; from here a tube
nay be changed in about 20 minutes. The lower part
is based in a service tunnel and comprises the
infra-structure such as blowers, filament trans-
former, drive mechanisms, etc., as well as rf-input
and output ports imbedded in their respective
resonators. A thyristor-controlled filament supply
and associated electronics with an analog multi-
plier keeps the filament power constant despite
mains fluctuations and resistance drop of the tho-
riated tungsten cathode. In addition, it provides
smooth turn-on and turn-off during a 3-minute ramp.

HV-modulator and charging supply

Each of the tank-chains, is equipped with a
40-kV plate supply, consisting of an LC pulse-
forming network (PFH), an ignitron as high-power
switch, a pulse transformer to provide voltage
step-up and ground separation, and a crowbar sys-
tem with ignitron and resistive termination.

All the (two in Tank I or three in Tank II,
Tank III) amplifiers of a chain are connected in
parallel to their respective pulse transformer.
The mo-lulator is designed for a pulse length of
up to 1.1 msec (H"operation), but is at present
only equipped with condensors for 250 usec (proton-
operation) ; therefore, many special features of
the circuit such as the resetting of the pulse-
transformer core by the capacitor charging current,
or the mere size of the transformer or the capaci-

tor cabinet,nay seen auch overdesigned at fir»t
sight.

The three FTOs are charged by a coanon 25-kV
supply via decoupling diodes. When the preset vol-
tage is reached on the capacitors, the charging is
interrupted by firing a set of parallel thyristors
across the 200-V mains side of the HV transformer
50 Hz chokes Knit the current in this aode as well
as during the charging cycle, thus providing very
high efficiency together with a minuawm of sains
disturbance. The modulator was designed by
A. Faltens of LBL.

Due to the internal resistance of the PFN
arrangement, the output voltage depends on the load
current which would normally change with the rf
drive. A stabilization circuit is therefore included,
which consists of cathode resistances in the tubes
together with a Zener-diode bank for polarization
at 1200 V. This reduces the variation of the plate
currents to less than 10% between full output power
and quiescent state. Severe overdrive of the output
tubes however, results in excessive plate currents,
low plate voltage and reduced rf output. To avcid
a latch-up condition with the amplitude-servo loop
closed, the maximum drive power has to be limited
by an adjustable threshold in the feedback circuit.

Rf plumbing

All cavities are fed by means of low-loss
feeders. Air dielectric semi-rigid Flexwell cable
is used in the buncher and debuncher chains, with
l"7/8 or 3"l/8 diameter. The three tanks are fed
by stub-supported rigid lines of 230/100 am diameter,
supplied by Spinner, via dust-proof trombones having
a range of 360° at 202 MHz. The feeder lines can be
relatively easily opened for test purposes and short
circuits or dummy loads inserted. While there are
trombones in the fs-eds to all tanks and in the in-
puts to the final amplifiers for Tanks II and III
(these for phase equalization), it was found
possible to operate with fixed lengths of feeder
for the other resonators, having first determined
the optimum electrical length.

Couplers supplied by Spinner are placed at
strategic points in the feeders. Detector heads are
connected directly at the couplers and their video
output is taken back to the monitoring system. The
heads are of special design in order to achieve
reliable power level indication. Each has two dio-
des, a balanced output, and a low-pass 225 or
450 MHz microstrip-filter incorporated, tow-pass
filters are also inserted in signal paths from
the tanks to attenuate higher harmonics passed by
the tanks.

Control interface

Normal operation of the rf system is through
the general control system of the linac. In addition,
there is a full set of local controls, centralized
for each chain, giving access to teat points and all.
mechanical and electrical settings. Each power
amplifier chain and the HV modulators are protected
by independent, hardwired interlocks.
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Performance

This Is best described by the following photos
taken for Tank III, while operating with a bean cur-
rent of 100 mA, i.e., 2/3 of the maximum value.

tank amplitude

tank phase
/i

tiae base
50 psec/div.

The amplitude shows a transient of 1.32. Tliis
has negligible effect for the tanks downstream.
To improve the transient response of the feedback
loops, feedforward signals can be supplied when the
beam comes in. This facility is not used at present
as the system works satisfactorily without it.

amplitude
control
7dB/div.

phase control
20°/div.

The second photo shows the control signals
operating on the loops. During operation, it is
essential that enough power is available during the
beam time. Also, due to the fact that the phase
modulator has only a limited range of 80°, one has
to make sure that the loop delay is properly adjus-
ted (by item 1 in Fig. 2). Note the large amount of
correction required due to the heavy beam loading of
100 mA. This can also be seen on the next photo.

forward power

reverse power

This shows signals from the directional
coupler at the output of the upstream final
amplifier, after rectification by the detector
head. 2.7 divisions correspond to 2 MW.

tia* bate
a* before

plate volte
10 kV/div.

plate current
50 A/div.

The plate voltage and current for the final
upstream amplifier are shown above. Due to the con-
stant-current configuration of the 2.5-MJ stages,
the load current and hence the plate voltage show
only moderate variations.

Conclusion

The system described Rives adequate performance
over the full range of beam current ,up to 150 mA,
without any resetting of parameters ; if this were
applied (e.g. for feedforward, adjustment of tank
loops and tank tuning for minimum reflection, etc.),
there would be potential for improvement at the
expense of a more complicated operation.

The system was not designed with low cost as
primary goal. However, we feel that the low expen-
diture of 3.5 MSfr. (including all temporary labor)
deserves mentioning.

Reference

E. Boltezar et al., "The New CERM 50-MeV linac"
proceedings of this conference.
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Experience with coupling devices of various
designs for the Wideroe, Alvarez and single-gap cavity
structures are reported. Done windows suffer from
pin holes in the ceramic if not propBrly coated.
Large domes tend to implode. Coaxial feed throughs,
if used in an unbaKable dBsign, develop copper de-
posits on the vacuum aids.

Improvements of the reliability of rf power
lines by the suppression of transients and a re-
designed ceramic support for thB center conductor
are described.

For the single-gap cavities, with their in-
herently high frequency detuning under rf power,
a capacitive tuner was conceived to replace, the
usual magnetic tuning slugs.

Introduction

In high duty factor linacs (the Unilac runs
at about 25% duty), electrical discharges on rf
power devices are an inherent problem. This has
been attributed to the buildup of high ionization
rates in air and insulators due to soft x-rays,
and charge accumulation which can develop on ce-
ramic surfaces. The increased thermal stress and
the higher net on-to-off ratio, enhancing time
dependent effects, are different from the situa-
tion in injector linacs. The large zoology of
electrical discharge phenomena is not understood
to such an extent that scaling laws in power,
frequency and geometrical properties can be form-
ulated. Coupling components, operating success-
fully in one accelerates, frequently fail if
adopted for a different situation. Thus for
every machine, individual solutions have to be
found. Since most of the detrimental effects are
time dependent, prototype programs do not necess-
arily reveal the problems. Instead, alternate
solutions have to be allowed for in the design
phase and have to be developed and examined in
the first years of routine operation.

Rf Coupling Windows at the Unilac

The rf power transmission by coaxial drive
lines into the resonant load of a high vacuum ac-
celerating cavity requires an interface element be-
tween the atmospheric pressure side and the high
vacuum regime. A variety of possible discharge
phenomena, which are inherently different on both
sides, impose considerable constraints on the ge-
ometrical and technogical design of the coupling
window. For this Interface element there are two
basic approaches: a) a ceramic window of disc shape
or dome shape,allowing for magnetic field penetra-

tion into the cavity from a coupling loop, termi-
nating the coaxial line on the atmospheric side;
b) a classical coaxial line feed-through by a vac-
uum tight insulating disc, associated with a coup-
ling loop inside the vacuum cavity. Both solu-
tions are in use in the accelerator fieldi the
second one, however, is more frequently used.

The window type approach presents a simpler
and more elegant solution. No vacuum seal for inner
and outer conductor is required, and the matching
of load impedance to the line impedance can be
effected without breaking the vacuum seal or
providing an expensive bellows feed-through for
the loop assembly. The latter feature associated
with a servo drive might become important for ac-
celerators operating in a high beam loading re-
gime. The BNL and the KEK injector linac. the
Unilac and several Russian machines are using this
coupling scheme. Its application is favored for
higher frequencies and higher Q-values of the cav-
ity, and evidently in case of waveguide feeders.
For high duty factor machines like the Unllac and
LA["IPF,this solution presents the so far unresolved
phenomena of pin-hole leaks in the ceramic wall
and even disastrous implosions of the whole win-
dow assembly.

The coaxial line vacuum feed-through,in gen-
eral,includes a flat disc, made from organic or
ceramic material,with an elastomer or a brazsd metal
seal at the inner and outer conductors. Temper-
ature and temperature gradient must be kept low,in
order to avoid excessive mechanical stress and
cooling provisions for loop and disc are somewhat
difficult to incorporate. This difficulty is aggra-
vated by the fact that the disc should be consid-
ered to be a limited lifetime unit; thus the whole
assembly must be dismountable. For high duty factor
machines, the decision on coaxial line dimensions
is governed by the considerably reduced break-down
threshold on the atmospheric side due to the strong
radiation flux of soft x-rays. This flux equally
destroys organic insulators and makes it im-
possible to use' Teflon, apart from its unfavorable
mechanical strength. An oversized line, however, if
continued by the same dimensions on the vacuum
side, gives rise to roultipactor phenomena in thB
10D - 200 MHz and 0.2 - 2 MW regime. A coaxial
line geometry under vacuum presents ideal boundary
conditions for the buildup of a high current flow
of oscillating electrons, which are slowly driven
into the cavity by the magnetic rf field lines. Even
if this discharge occurs only for a short time dur-
ing the buildup of the cavity field, it releases
enough gas from the line surfaces to sustain a
minor glow discharge, and metal sputtering results
in copper deposition on the insulating disc. If
a linac could be made as a clean and bakable sys-
tem, like electron storage ring cavities, this effect
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would vanish quickly. In practice, the sputtered klystron windows, was tried at first. Tiie conductiv-
particles stick more to the ceramic window surface ity was unstable, had to be controlled under vac-
covared to organic insulators and, as a consequence, uum and could not be brought to the desired speci-
tend to develop detrimental arcing en the vacuum side fications. A microwave tube manufacturer recommended
•are quickly. Therefore, the insulating discs may a coating of a semiconductor material, lithium-poly-
have to be replaced as a preventive measure more molybdate, for example. It turned out to be sinple
frequently, depending on the particular circumstances to achieve the conductivity according to the above
of the accelerator. In most machines, this discharge mentioned specifications and to obtain a homogeneous

problem of a vacuum feed-through was only a start-
up problem; in a few cases it tended to be persis-
tent.

In the early design phase of the Unilac there
was not much access to the state of the art in ac-
celerator engineering. Experience was limited to
the operation of a coaxial line cavity designed for
sparking experiments. This cavity had to be opened
frequently ana the ceramic disc feed-through failed
repeatedly. It was replaced by a ceramic dome
window which lasted indefinitely, probably because
of the low duty factor of a few percent and the
typically low electric field at the short circuit
plane of the coaxial line cavity. It was straight-
forward then, to adopt the dome window approach in
a prototype of the single-gap cavity structure res-
onating in the TNQIO mode.

This ceramic dome, shown in Fig. 1, item b,
was made from alumina and brazed to a Vacon ring,
which then was welrfed to a 150-mm diameter Con Flat
flange. It was easy to procure from commercial
sources and allowed for a simple loop design (Fig.2)
After 1D to 100 hours of high power operation, the
ceramic tended to become leaky and small pin holes
were detected on the bottom surface. This effect
was highly reproducible and did not depend on the
alumina quality. It was concluded that electrical
charges had built up on the vacuum surface, which
In time became clean and highly resistive under
high vacuum, whereas a higher resistivity always
remained on the atmospheric side. A high voltage
breakdown through the insulator was the result of
this charge-up. Domes with a deeper penetration into
the electric field of the cavity, like the example
c in Fig. 1, showed a much more pronounced tenden-
cy to develop pin holes. The latter dome was con-
ceived to keep the cavity tuner out of the vacuum)
it thus could be of an extremely simple design.
A tentative explanation of the breakdown effect
was based on the observation that a) it occured
only after a considerable clean-up time and b)
seemed to deppnd on the strengths of the rf elec-
tric field at the ceramic surface. Hence, it was
concluded that electrons were removed by soft x-
rays from the surface and sucked away during the
positive cycle of the rf potential. A controlled
conductivity of the surface would therefore elimi-
nate the problem.

It was not easy to find a highly resistive
coating, which was specified to contribute only a
factor of two to the already existent dielectric
lasses of the ceramic, the temperature or ••ihich
should stay below 150° C during operation. As a
safe velue, a surface resistivity of 109 13/D was
determined. If this figure was lower by one or two
orders of magnitude, the dome window imploded im-
mediately. A titanium coating, as anplied to

surface distribution of the deposit and reproducible
data. Pin hole leaks were not observed again
during 1000 hours of prototype operation. The prob-
lem was considered to be solved. It should be added,
that the aoove mentioned figure for the surface
resistivity applies only to the particular situa-
tion and domes treated to this specifications im-
ploded at L/WPF. For an application differing in
geometry and frequency, the admissible coating
thickness must be redetermined by tettperature mea->
surements of the ceramic window. For merely commer-
cial reasons,a different manufacturer got the order
for the large quantity delivery for the Unliac. This
manufacturer proposed a different coating (tin ox-
ide) and demonstrated the fulfillment of the con-
ductivity specifications at the time of delivery.
After half a year of machine operation, the problem
reoccured at the single-gap cavity section; the
coating was found to have disappeared completely.
The original source of resistant coating could not
be revived and damaged domes had to be replaced
every week. Curiously, the pin hole effect did not
occur with equally distributed probability over the
22 cavities; in a few cavities it never reoccurred.
Dentists cement turned out to provide t safe and
reliable cure for sealing t'c° leaks. After two years,
the threaded holes in the cavity wall were mostly
worn out by the frequent opening of the window
flange and restrictions in particle energy due to
failed cavities ultimately substantiated the demand
for a reliable window design. The decision on a com-
pletely different approach, which will be described
later, was impaired by the satisfactory experience
with dome windows on the other structure types of
the Unilac.

In the Wideroe section dome windows of type c,
as shown in Fig. 1, have been in use for four years
without any indication of the before-mentioned pin
hole problem. The position of the domes is near the
shorting plane of the coaxial stub line,as shown in
Fig. 1 and 5 in an earlier report.1 As the rf power
was raised in cavity IV,from 0.36 to 0.54 MW,in or-
der to accelerate U9+ ions instead of the design
particle U11+, heavy arcing in the coupling loop
occurred occasionally, which could not be eliminated
by pressurizing the coaxial line. In the case of
such an Incident, the dome window imploded. In cav-
ities III and IV, the rf power was divided and dis-
tributed over two coupling loops, which then had
Rexolite disc windows instead of domes. Figure 3
shows the Wideroe loop assembly, however, with a much
smaller loop geometry, matched for the single-gap
cavity structure. This Wideroe loop assembly,which
is highly flexible and adjustable,was conceived as
a universal unit riiich could be used with or
without dome windows and which easily fits into
every structure type of the Unilac.

The coupling loop for the Alvarez cavities is

- 349 -



shown in Fig. 4; it can bo installed with or with-
out dome window, type d In Fig. 1. Initially a
ceramic piece of this size (350-mm diameter] was
not easy to procure. Therefore,a Rexolite disc win-
dow was used. It failed on several occasions at
medium power levels,due to heavy arc discharges on
the vacuum side, which eroded the disc and spoiled
the cavity surface. After those repeatedly encoun-
tered incidents,a dome window was installed and the
Rexolite disc remained as a support unit on the
atmospheric side. The before-mentioned pin hole
problen never occurred at the four Alvarez domes,
however they suffer from an unexplained lifetime
problem. After about one year,the dome windows ten-
ded to implode at normal power levels. Fortunately,
no drift tube was damaged on the four occasions of a
window implosion. The ceramic material, which
in time loses its white color due to sputtered
metal and radiation damage, was examined for
its dielectric properties. No degradation was found,
the reason for the implosions remains unexplained.
In the meantime, due to a shortage in spare domes,
a Rexolite window is bacK in service in one Alvarez
cavity. It worKs perfectly well. Regular inspec-
tions reveal a coloring and the development of
cracks and visible deposits Qf copper material on
the surface. It is believBd that these Rexolite
windows have to be replaced yearly to prevent
this Lype of damage.

About SO small probe windows (of type a in
Fig. i)are in service at the Unilac. Initially they
suffered from the pin hole problem, though they
did 'not penetrate deeply into the cavity field.
After receiving a conductive titanium coating
pattern, the pin hole problem never reoccurred.
About once in a year, on the average, a probe
window becomes leaky due to a crack in the ceramic
or a braze failure.

After this review of the coupling ports on
the Wideroe and Alvarez cavities,the development
of alternate solutions for the single-gap cavity
section will be continued. From DESY at Hamburg
a loop assembly, as shown in Fig. 5, was obtained.
It is in service in the DDRIS and PETRA storage
rings2 and was tested up to 19D kW cw power at
500 NHz. This design is easily adopted for the
output port of the 600 kW PETRA klystron. With ma-
jor modifications,thB same loop assembly is in use
at the SIN cyclotron cavities at 250 kW and SO MHz.
It was tested for onB and a half years in the Unilac
single-gap cavity section; no damage and no metal-
lization of the ceramic disc was observed. However,
this design was considered to be too expensive to
be used in all 22 cavities and Wideroe type loops,
as shown in Fig. 3, were installed instead. They
have been in service one year and it is not yet
clear whether this will be the final solution. The
overly long coaxial section on the vacuum sidB is
often subject to multipactoring phenomena at
medium power levels at 108 MHz. Except for one
particular cavity.this Effect can be conditioned
away. However, the loops need a yearly inspection
and the Rexolite discs have to be replaced
eventually.

A coated dome window is now under test in one
single-gap cavity on a low priority basis. The

coating consists of C^Oa and was supplied by a
commercial ceramic manufacturer."1" Domes with a ti-
tanium oxide coating and doses with grooves ground
in the flat botton surface, will also be tested to
answer the question of whether one-side multipactor-
ing or photo-emission Is the reason for the charge-
up of the ceramic surface.

An alternate solution for the Alvarez loop has
been sought also. At first, an upscaled version of
the DORIS design was tried. It was impassible to ob-
tain a satisfactory braze on the ceramic disc of
320-mm diameter; therefore this approach was aban-
doned. At present,a redesign with a cylindric ceram-
ic insulator i3 in progress (Fig. 6). Inexpensive
ceramic cylinders of various dimensions are avail-
able from rf power tube manufacturers and are easy
to braze.

In conclusion, for small loop units, adequate
for 0.25 MW, the DORIS design is recommended. Dome
windows work too, but the controllea technology =f
a mechanically reslstent coating seems to be beyond
the state of the art. For large coupling devices
in the 1 - 2 MW region at high duty factors, no
satisfactory solution can be reported so far from
the Unilac experience. Large dome windows cannot
be recommended.

Rf Power Lines

High power coaxial transmission lines and
accessory components are commercially available for
communication systems in a large variety of power
ratings and standards. In the accelerator
field those products are occasionally considered to
be too expensive. This was especially the case at
the Unilac, for which about 500 m of power lines had
tu be procured. As an in-house effort, a 100-mm and
a 320-mm diameter line system were developed for the
single-gap cavities running at 0.2 MW and the
Alvarez cavities running at 2 x 0.4 MW, respectively.
Inner and outer conductor were procured as ordinary
copper tubing in sections of 3 m in length, and join-
ed together by clamping fixtures, which contain the
support insulators. This design proved to be con-
venient and flexible for temporary installations,
but tended to be unreliable for a large scale appli-
cation in a permanent system. No pressurizing pro-
visions were included. The Wideroe cavities are
powered at up to 0.58 MW by a commercially available
cable, which never presented a problem. The last few
meters near the cavity, however, were made from
flanged copper tubing which failed on several occa-
sions.

In about 15 events in which rf power lines
were heavily damaged, the failure occurred just near
the cavity and never at the retnotB end near the am-
plifier. Insulating supports of the center conductor
were found to be burned away giving rise to disas-
trous arcing in the whole line section. No partic-
ular reason could be associated with the breakdown,
from either the actual operation circumstances, or
from the mechanical status of the lines. In rare

+Anderman 8 Ryder Ltd.,. England
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cases an assembly mistake might have been at fault.
It is concluded, however, that the x-ray level near
the cavity and in the tunnel environment strongly
reduces the break-down threshold in air and on or-
ganic insulator surfaces. Pressurizing the line
sections near the cavity (WiderSe) or, if the line
design did not permit this modification (Alvarez),
a modest flow of dry nitrogen helped a little but
did not alleviate the problem. The power level had
to be reduced by providing a power splitter and two
feeder lines per cavity.

For the 22 lines of the single-gap cavity
structure,the approach was different. It was
realized that the leading edge of the drive pulse
was overly sharp and that ringing in the ampli-
tude control loop when the cavity was not properly
tuned during the run-up, overstressed the lines by
too much reflected power. The drive pulse was
preshaped and the run-up was closely controlled in
such a way that the tracking of the tuner was
locked-in first before raising the amplifier power.
This improved the situation to a large extent, but
not entirely. An appreciable reduction of line
failures was obtained as the result of a yearly
disassembly and inspection of all line components.
Support insulators with spark marks and overheated
center conductor joints have been discovered every
time, however, at a slowly decreasing rate.

Several types of line protection devices have
been discussed out were never installed or consid-
ered as a desirable interlock source. Instead,
sparking of the line has to be.prevented by design
measures as far as possible. If this cannot be
fully assured for an rf breakdown due to vacuum
sparking in the cavity, the line must be rated to
safely sustain an occasional arc-over. This means
that organic supports should be eliminated in the
line, ceramic shafts being considerably less sus-
ceptible to damage caused by sporadic arc events.

Figure 7 shows the front end of a A/4 test
cavity, assembled from 150/345-nm diameter line
components. As a result of a broad testing program,
ceramic shafts have been found to be a satisfactory
choice and even more desirable than the commercially
available triangular ceramic plate. The rods are
not damaged when continuous arcing is maintained.
Organic materials, like fycalex, Rexolite and Tef-
lon, are found to be damaged permanently when sub-
jected to an arc-over for a short time. The for-
ward power on a matched line, which corresponds to
the observed breakdown voltage, would be about 80
MW in an unpressurized line. The breakdown voltage
did not rise when the supports were eliminated;
thus A/4 stub lines instead of insulating supports
would not be a better choice in this respect. For
a duty factor of 30Z at 108 MHz, dielectric losses
in the insulators limited the forward power to
about 10 MW, which still left a reasonable safety
factor against voltage breakdown across the insu-
lators, enhanced by a totally reflected wave during
the early build-up of the cavity field.

The above-cited values appear to be in dis-

afraamant with practical figures experienced in
operating system*. However, a rational derating re-
commendation cannot easily be eitabllshad. The re-
flected power is of a transient nature and does not
contribute much to ohmic and dielectric heating and
was already mentioned to be tolerable from the volt-
age consideration. Harmonics can be suppressed such
that they contribute less than 1QX to the line
voltage. Imperfections of line components and as-
sembly mistakes cannot bt» excluded completely, but
should be subject to repair and improvement. Thus,
a derating of the above-mentioned 10-MW figure by
a tentative factor of 2 is really an arbitrary
statement. Though the test cavity, when placed
into the radiation environment of the linac tunnel,
did not reveal a substantial change of breakdown
voltage, nor is the degradation of electrical prop-
erties of ceramics generally known, accumulated
experience at the Unilac substantiate a further de-
rating of the admissible line cepacity in the tun-
nel area. An additional safety factor of two, or
even more, is recommended here.

The above-outlined results of a test line
section apply to a commercially available line
standard C150/345),which is in use at the CERN SPS
cavity supply at 0.6 MW and about 50Z duty factor.
This line will be Installed at the Unilac in the
future as part of the upgrading program.3 The pres-
ent homemade 137/320-mm line was tested also. It
broke down in the test situation at 4-MW pulse power
at 30% duty factor. The limitation was set by the burn-
out of the Hycalex center conductor supports. In the
practical application at the Unilac,this line was
felt to be marginal even at 0.8-MW pulse power. From
this experience the above-cited safety factors were
suggested. The present 43/100-mm lines for the
single-gap cavity section will be replaced by a
4 1/8" cable, which has been in service reliably for
three years as the rf power transmission to the
four rebuncher resonators in the experimental hall
and for the test cavity facility.

Cavity Tuners

In an early design phase of the single-gap
cavity structure in 1968,an overly large frequency
detuning under rf power was observed for a prototype
cavity. The detuning at full power, at about 50-kW
average power, was 12C kHz. The slug tuner, limited
in size by the flange standards, only could compen-
sate for 72 kHz. Since a 10s C rise of the cooling
water temperature only resulted in a detuning of
13 kHz, as one would expect, the large frequency
excursion was unexplained. The waterflow in the in-
dividual water circuits of the half drift tubes, the
end walls and the cylinder wall was tentatively
changed by a factor of 5 without any significant
influence of the detuning range. Temperature mea-
surements on various spots of the cavity did not re-
veal local overheating. A measurement of the most
sensitive geometrical dimensions, namely the gap
width, showed the existence of different thermal
time constants of cavity components, but did not
result in the detection of gap shrinkage in
thermal equilibrium; thus the action of ponder-
motive forces could be excluded too. The investi-
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gation of the transient behavior of the frequency
run-away revealed three nearly equal contributions:
one of instantaneous nature end two of a different
but typical thermal time constant regime. Lacking
an evident and satisfactory explanation, an entire
redesign of tha cavity components1 was decided
upon, which should result in a nuch stiffer end-
wall concept and intensified cooling of all
components. As a fall-back position, if the fre-
quency excursion should still persist after the me-
chanical alterations, sophisticated adjustment
gear was incorporated, allowing for retuning the
gap width from outsida the cavity.

As the 21 single-gap cavities of the modified
design were assembled and finally installed in the
accelerator tunnel, almost the same detuning range
under rf power was observed as vas In the earlier
prototype phase. The provided gap adjustment mechan-
ism proved to be inadequate for continuous adjust-
ment of the tuning device due to wear-out and scuff-
ing tendencies of the gear. The single-gap cavity
structure had to be run at half the thermal design
power level, which limited either the maximum
final energy or the admissible duty factor of the
Unilac.

A test program on an off-line cavity was re-
sumed, aiming at the final resolution of the de-
tuning problem. Host of the beforB-mentioned mea-
surements were carefully repeated, yielding no new
evidence. It was observed on the linac that the de-
tuning range of the individual cavities dlffBrs by
nearly a factor of 2 and that the range in one cav-
ity is reduced by about 10% if the two neighbor-
ing cavities are turned on. This stimulated the
suspicion that the stiff rf end walls, which differ
from one-to-another by flatness and hence by
stress load, execute bending farces on the support
spiders. One pair of end walls was modified in
favor of much reduced stiffness, by cutting
in grooves near the half drift tube and near the
outer seal area. A completely different wall of
only 1.5-mm thick copper sheet metal with soft
soldered cooling channels was examined too. Jr. both
approaches the effect was found to be unchanged or
even worse.

Sir.ce no idea was left of how to suppress the
detuning, concepts for a new tuning device have
been reconsidered. Resonant loop tuners were excluded
due to their high rf losses encountered in earlier
prototypes. An additional flange for a second slug
tuner was not available. Doubling the 150-mm stroke
was found difficult for bellow and ball spindle
procurement and space for an extended tuning le-
vice outside the cavity was not available eitier.
The net gain of tuning range would have been in-
adequate too, because the Increasing effect of
counteracting capacitive tuning become significant.

This led to the investigation of capacltive
tuning devices. Those tuners are widely in use on
spiral type resonators but are unusual far TWn,io
cavities because of a long movable stem required
to extend Into the gap area. Problems of sliding
rf contacts at the stem base were exoected due to
non-ideally synaetric positioning ia respect Co
the gap canter. An insulating stem, supporting
equally a metal plate or bar for shorting the elec-
tric field lines near the gap, was ruled out due
to excessive dielectric losses.

After cold probe measurements with bars of
different lengths and diameters oriented
parallel to the cavity axis and moved radially in-
ward, a standard slug tuner was modified, as seen
on the left in Fig. 8, in order to support a longer
stem topped by a bar. shown on the right in Fig. 8,
Instead of the mfjnetic displacement body. The bar
is 270-rrm long and its closest position to the
10-cm wide acceleration gap is also 270 mm. The
tuning range, maintaining the 150-mm travel of the
original drive mechanism, is about 200 kHz. The
frequency versus position law, of course, is non-
linear, however. In a favorable sense. At the
highest power levels the bar moves near to its outar
position where the frequency response is less steep
and the large clearance from the gap prevents
sparking risk. 0 measurements revealed no increase
of rf losses in comparison to the magnetic tuner. If
the tuning rangt would have been tripled by an ex-
tended stem length, then the TE mode resonance would
come close to the desired Til mode, resulting in a
drastic drop of the Q value. The tuner was subjected
to high power tests and the suspected contact prob-
lem on the stem base, marked by f in Fig. 6, was
found to be non-existent. One cavity of the Unilac
has been equipped with this new tuner for half a
year and due to the satisfactory service of this
prototype, mass production of stem and bat* compo-
nents will be initiated. The modifications are
scheduled to be complete in mid 1980.
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Fig. 1

21 yellow. damage changed the color of the ceramic from white into grey

rig. 3
Loop assembly of the WiderSe structure. Cooling
channels and adjustment mechanism are omitted on
the sKetch. The Rexolite disc can be used as a
vacuum seal or, if a dome window is used, is per-
forated in order to allow for pressurization of the
loop area. When applied without dome to the single-
gap cavities, the overly long coaxial section on
the vacuum side tend to build up multipactor dis-
charges.

Fig. 2
Original coupling loop of the single-gap cavity
structure with dome window. The center conductor
is supported by the loop strap. Cooling was not
necessary at 5O-kW average power at 10B MHz.
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Fig. 6
Redesigned loop assembly for the Alvarez struc-
ture. Cooling channels are not shown. The vacuum
window is formed by a ceramic cylinder. The cooled
loop strap has a width of 90 cum. No adjustment me-
chanism is provided.

Fig. 4
Loop assembly of the Alvarez structure. Cooling
channels and adjustment gear are omitted on the
sketch. Line diameter is 320 no. When U3ed with
a dome window, the Rexolite disc is perforated
and dry nitrogen flushing removes ionized air
compounds from the loop area.

Fig. 7
Test resonator assembled from 150/345-mni line com-
ponents. Part of the out-r conductor, which extends
to the right from the flange plane, was removed. In
simulated high power tests ceramic shafts.were
found to be the optimum choice for the center con-
ductor support structure.

Fig. 5
Loop assembly of the DORIS storage ring cavities.
The two separate water circuits and air flushing
nozzles for cooling the ceramic disc are omitted
on the sketch. It is essential to screen the
brazed ceramic joints from the electric field.
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a cavity Mil
b stepping Motor with magnetic break
c ball spindle with preloaded nut unit
d bellow
e ViR«ar potentiometer
f sliding contact
g Magnetic displacement piston
h capacitive gap bridge

FIG. 8 MAGNETIC (LEFT) AND CAPACITIVE (RIGHT) CAVITY TUNER
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1 9 7 9 LHBHC ACCELERATOR COHFE

DEVELOPMENTS OF THE RF SYSTEM FOR THE
FOSIOM MATERIALS IRRADIATION TEST ACCELERATOR*

M. V. Fazio, H. :?. Johnson^ and Dennis M. Riggin
Los Alaooe Scientific Laboratory
Loe Alamos, Hew Mexico 87545

Suiary

The rf system for toe Fusion Materials
Irradiation Test (FMIT) accelerator is currently
in the design pluise at the Los Alamos Scientific
Laboratory (LASL). The 35-MeV, 100 -aA deuteron
beam will require approximately 6 Hf of rf power
at 80 KHz. The EIMAC 8973 power tetrode,
capable of a 600-kW cw output, has been chosen
as the final amplifier tube for each of 15
amplifier chains. The final power stage of each
chain is designed to perform as a linear Class B
amplifier. Each low-power rf system (O.00W) is
to be phase, amplitude, and frequency controlled
to provide a drive signal for each high-power
amplifier. Beam dynamics for particle accelera-
tion and for minimal beam spill require each rf
amplifier output to be phase controlled to
±1°. The amplitude of the accelerating field
must be held to +1%. A varactor-tuned elec-
tronic phase shifter and a linear phase detector
are under development for use in this system.
To complement hardware development, analog
computer simulations are being performed to
optimize the closed-loop control characteristics
of the system.

General Description

Preliminary rf system design for the linear
accelerator (linac) portion of the FMIT facility
is in progress.1 The 35-MeV accelerating struc-
ture will consist of a low-beta radio-frequency
quadripole (RFQ) accelerator and buncher2 up
to 2 MeV followed by two pose-coupled
Alvarez tanks in series, with an intertank
spacer at the 20-MeV point. The 35-MeV, 100-mA
cw deuteron beam will require approximately
6.0 NT of rf power at 80 MHZ.

The basic layout of the IMIT rf system
includes a total of 15 piwer amplifiers driving
Ihree linac tank*.3 Bach rf amplifier chain
will b& capable of generating at least 600 kW of
pover. The HFQ will require two amplifier
chains and each linac tank will need at least
fix or seven. A multiplicity of drive loops
will be used for inductively coupling the rf
energy into the accelerator tanks. Each power
amplifier (PA) will have its own coupling loop.

•Work supported under the auspices of the 0". S.
Department of Energy.
Twestinghouse/Hanford Engineering Development
Laboratory *mploy«* working at LASL.
t+Cornell University, employed at LASL Sunwr
1979.

Phase Control System

The outnut of each rf amplifier must be
controlled to +1° in phase. A diagram of the
amplitude and phase control system is shown in
Fig. 1. The major components of this system are
a <00° electronic phase shifter, a linear rf
phase detector, and a phase controller.

Electronic phase shifter

A schematic of the phase shifter is shown In
Fig. 2. The phase shifter is a varactor-
tuned, circulator-type device, similar in prin-
ciple to those used at the Clinton P. Anderson
Meson Physics Facility (LAMFF). Because of the
non-existence of ferrite components (circulators)
at 80 MHz, it was decided to build the phase
shifter to operate' at 400 MHz. This aakeu it
possible to utilize strip-line techniques. A
double-balanced mixer on the input is used to
heterodyne the 80-MHz signal with a 320-MBt
signal to produce the 400 MHz required by Che
phase shifter. The 320 MHz Is derived by
frequency quadrupling a portion of the 80-MHz
input.

The 400-MHz signal enters Port 1 of the
4-port circulator. Ports 2 and 3 are terminated
with varactors and the appropriate lengths of
transmission line. Port 4 provides the 400-MHz,
phase-shifted output. This signal then is
heterodyned back to 80 KHz. All phase informa-
tion is preserved because the same -"20-MHz
signal is used for both up and down conversion.
An experimental model of this phase shifter lias
been operated successfully with 400-MHz inputs
from 0.1 to 1.0 watt.* This phase shifter
exhibits a linear response with a 400° range,,
as the dc bias is varied from 0-40 volts. The
insertion loss varies from 2 to 5 dB. Figure 3
illustrates the measured phase shift and
insertion loss versus varactor bias.

Linear phase detector

A linear phase detector is under develop-
ment for use in the feedback control loop. The
output will be a dc level between +10 volts,
linearly proportional to the phase difference
between the two inputs. The detector must have
0.5° resolution, a 360° range, and a 100-kHz
bandwidth.

Basically, the phase detector generates,
then integrates the waveforms shown in Fig. *.
These are variable duty-cycle square waves whose
signs are determined by whether the signal is
leading or lagging the reference. The wavefor
l."> than integrated to produce a dc level
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TANK PHASE L
FEEDBACK

\FREQ. CONTROL AND
PHASE REF. LINE

Fig. 1. A single rf amplifier chain-

proportional to the duty-cycle. For example,
when the signal (SIG) and reference {REF) are in
phase, a symmetrical square wave Is produced
that integrates to zero. When SIG leads REF,
the square wave becomes asymmetrical with an
increasing positive pulse width proportional to
the phase difference between the two inputs.
This will integrate to a positive dc level.

Figure 5 is a simplified schematic of the
phase detector. Both the 80-MHz KEF and SIG are
•ixed with a 79-MHz local oscillator signal to
produce two 1-BRz signals that retain the ease
phase information as the 8C~MHz inputs. Each
1-MHz signal passes through a voltage comparator
to generate a 1-KHz square wave. A D-flipflop
is used to provide a logic level that specifies
whether SIG is leading or lagging. The SIG line
goes to the D input of the flipflop and the REF
line goes to the clock input. The flipflop
changes output on the leading edge of the clock
pulse, so, if the SIG is leading, the flipflop
will output a high logic level and if lagging,
a low. This bit addresaes the Multiplexer.

The waveforms of Fig. 4 can be realized by
using SIG OR REF logic when SIG is leading and
by using SIG MID KEF when SIG is lagging. Only
two Multiplexer inputs need to be selected:
XQ, which hau the AMD input, and 'xj, which
has the OR input.

The variable duty-cycle square-wave output
of the multiplexer is then integrated,to produce
a dc level proportional to the phase difference
of the inputs. An alternate approach is being
pursued In the event it is not possible to aeet
tiie ripple (<10 mV p-P) ana bandwidth (100 kHz)
specifications with an op ainp integrator. This
scheme would involve counting the time duration
of the multiplexer output and using D-to-A con-
version to generate a dc level from the counter
output.

Phase control loops

Referring to Fig. 1, the phase control loop
behaves in the following manner. The innermost
phase control loop has a 50-kHz bandwidth and
maintains a constant phase across the amplifier
chain regardless of amplifier output power or
other system fluctuations.

The outer phase loop is used to maintain the
rf input to the accelerator at the proper phase
for particle acceleration. A phase detector
($/D) is used to compare the phase from an rf
monitor loop in the tank,with the phase of a
phase reference line. This dc output of the
phase detector is sent to each PA driving that
particular tank. This output signal is
subtracted from a Facility Control System (PCS)
computer-generated set point to produce an error
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Measured phase shifter characteristics.

signal. Proportional, integral, and derivative
(PID) compensation is used in a controller to
transform the erroi signal into the proper
voltage to drive the varactora in the phase
shifters ($), thereby forcing the error signal
to zero. Analog computer simulation of the
phase and amplitude control system is being done
to determine the proper amount of compensation
required for fast, stable, feedback loops. The
bandwidth of this outer loop is about 10 kHz and
it is determined primarily by the linac tank
characteristics.

Amplitude Control System

The amplitude control system must maintain
the accelerating field in each linac tank to
within a +1* tolerance. Two levels of control
are required to do this. First, the overall
gain of each rf chain must be maintained at a

BO MHZ. LINEAR PHASE DETECTOR

Fig. 5. An 80-MHz linear phase detector.

constant value regardless of the operating con-
ditions (e.g., power output) of that chain.
This is accomplished with an automatic gain-
control feedback loop around each PA. Secondly,
the power output of each PA must be adjusted to
produce the required tank fields. Because each
PA is a linear Class B amplifier, the output is
strictly a function of the input drive level.
An amplitude control system that monitors the
field in the tank wfi.1 control the outpua level
of each PA.

Referring to Pig. I, the amplifier preceding
the diode switch is a leveling amplifier that
provides one watt at 80 MHz under all operating
conditions. This amplifier is necessary because
the insertion loss of each phase shifter is not
constant, tfith this arrangement, the rf signal
into the diode switch has a constant amplitude
and a variable phase. The diode switch is
"open" except when the rf enable signal is
applied. The output from the diode switch is
passed through the voltage variable attenuators
(AT), which are the control elements for the
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amplitude and gain control circuits; the
•ignal froa the last attenuator drives the
constant-gain solid-state amplifitr. The output
froai this aaplif<«r (1 to 100 watts) drives the
high-power rf «y»te«.

Because FMIT has up to seven amplifier
chains per Unac tank, each amplifier chain sust
have the save gain. This gain also should be
independent of output power level. To accom-
plish this for each PA, the forward power fro*
the PA is measured and is compared with a power
saaple taken fro'j a directional coupler (DC)
between the twe attenuators. The ratio of the
former to the latter is the gain of the system
between those two points. This value for the
actual gain is compared with an PCS computer-
generated gain set point. If the actual gain i"
not equal to the desired gain, an error signal
is produced that is acted upon by the PID gain
controller. The controller adjusts the atten-
uator nearest the PA to drive the error aignal
to zero, thereby producing the desired overall
gain through the power amplifier system. This
automatic gain control system is being designed
for a 50-kHz bandwidth.

To control the field level in the accel-
erator, a monitor loop in the tank samples the rf
field. This rf signal (tank amplitude feedback)
is detected to produce a dc level proportional
to the tank field amplitude. This dc level is
coit̂ ared with an PCS generated tank amplitude
set point that corresponds to the desired field
amplitude (Fig. 1). The difference between the
tank amplitude set point and the feedback signal
is the error. This error signal is sent to the
PID amplitude controller of each PA driving that
tank. The controller will change this attenuator
setting of each amplifier chain such that the
error signal goes to zero. At this time, each PA
will be providing the required amount of power
to the linac. This amplitude control loop will
have a 10-kBz bandwidth.

Hlqh-ff»wer Amplifier

Amplification from 100 W to 600 kW will be
accomplished by several stages of vacuum tube
amplifiers. A preliminary design study5 has
been done to determine the configuration for the
high-power system.

The tube line-up is shown in Fig. 6. The
final amplifier will be the EIMAC 8973 (formerly
X2170) power tetrode. Preliminary design has
been done for a 600-kW cw system at 80 HBz. The
system will have a 3-dB bandwidth of 200 kHz.
Linearity should be better than 0.371.

Jfi*. KWMOOAT

Fig. 6. Power amplifier tube line-up.

Prototype

A prototype FMIT accelerator capable of
producing 5-MeV H2

+ particles ia under
development now at LASL. This accelerator will
require four rf amplifier chains to supply the
necessary energy for beam acceleration.

The rf system for the FMIT accelerator at
Banford must be designed for 85* availability.
To achieve this, each accelerator tank will use
one more than the minimum number of power
amplifiers necessary to drive it. This iieans
that if one amplifier chain fails, the output
of the remaining amplifiers can be increased to
compensate for the loss without having to shut
down the accelerator.
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CONDITIONING EXPERIMENTS ON THE 100Z DUTY FACTOR 3 MeV ALVAREZ LINAC
B.G. Chldley, J. Ungrtn and J.C. Brown

Atomic Energy of Canada Limited, Research Company
Physics Division, Chalk River Nuclear Laboratories

Chalk River, Ontario, Canada XOJ 1J0

A number of difficulties have developed in
the course of rf conditioning the 3-MeV Alvarez
linac of the Chalk River Nuclear Laboratories High
Current Test Facility. The tank had been designed
with the drift tube stems avoiding contact with
the tank wall except via external vacuum bellows.
This technique had been investigated in a prototype
and although it gave satisfactory rf performance,
overheating of the bellows limited operation to
25? of operating power. An internal rf shield has
been developed which has allowed tank excitation
up to the design field level.

Introduction

The 3-MeV Alvarez linac of the Chalk River
Nuclear Laboratories High Current Test Facility is
a 1.605 m long, 25 cell structure,designed to
operate at 1002 duty factor. The linac is part of
an ongoing CRNL program for the development of higji
current accelerators which could be used for
electro-nuclear breeding of fissile fuel.'

A number of problems have arisen related to
tha high average power dissipated in the linac
tank walls. The most serious one has been rf
heating of bellows on the drift tube stems of the
linac. An improved stem-to-tank joint has been
developed to solve this problem.

Description of Linac Tank

The linac tank is a 1.605 m long,by 0.711 m
diameter,25 cell structure,designed to operate at
268.3 MHz with an input energy of 750 keV. The
design gradient is 2.0 HV/m. The calculated rf
drive required is 112 kW with a Q -v 56,000. A
detailed description of the tank has been presented
at a previous conference.2

The tank design was based pp.itly on experi-
ence gained on a 3-cell test mod'il that was
operated successfully up to 50 ).W at 1002 deity
factor. One problem area on the 3-cell tank was
the drift tube stem to tank wall joint. Originally
copper skirts were welded from the stem to the
tank. These skirts, however, were partially
destroyed at t> 30 kW and the design shown in Fig- 1
was finally used. With fan cooling on fche bellows,
this design was able to operate up to 50 kW.

Computer calculations indicate that currents
along the drift tube stems are not necessary for
normal tank excitation and that wall currents can
flow around the hole. Low power field neasurenents
on a test t«ak showed no difference whether the
•tea* were grounded to the tank or insulated from
It.

The stem-to-tank joint first tried on the
present tank is shown in Fig. 2. Because of the
possible need to replace drift tubes, the vacuum
seal to the tank was changed to an 0-ring seal
from the weld used in the test tank. One other
significant feature is the size of the drift tube
holes,which are 36-nm diameter in the present case
as opposed tc 76-mm in the test tank.

Low Power Tank Characteristics

Measurements on the tank with a network
analyzer gave a Q i< 42,300,which is ̂  75Z of the
calculated value for pure copper. The required rf
power to produce the 2.0 MV/m accelerating field
for thi3 Qlsi. 148 kW.

Multipactor levels in the cavity were
encountered at tank power levels of 150 and 400
Watts and prevented direct cw turn-on of the rf
power. A pulse technique developed for a cyclotron
resonating cavity at CRNL5 has been successful in
breaking through the multipactor levels. In this
technique rf pulses with a turn-on tine such
shorter than the tank fill-time and greater than
5 kW in amplitude are fed to the tank. Ths power
level in the tank is monitored and if after a time
of 200 ys a level greater than 1 kW is reached,the
rf is kept on. If the pulse fails to puncture
through the multipactor levels,the rf is turned
off for i> 100 ms before the power is reapplied.
It seems to be necessary to turn the rf level com-
pletely to zero for a comparatively leng period
between pulses to ensure that all stray ions from
the previous discharge have been neutralized. It
was found accidently that puncture through the
multipactor levels often will occur only if the
vacuum ion pump has been switched off. A suffi-
cient number of ions can be scattered into the
linac tank from the pump to trigger the aulti-
pactor process. After exposure to atmosphere ,cw
operation is normally possible at levels up to
20 kW within 30 minutes.

High rf Power Operation

Heating problems on the drift tube stem
bellows were encountered at ^ 15Z of the required
tank power level. At t 25 kW the bellows, which
could not be easily cooled because of water
cooling connections and current leads to the drift
tube quadrupoles, reached temperatures up to 100*C.
The temperature distribution on the bellows
suggested that wall currents were In fact flowing
through the bellows in spite of the fact that this
was a much higher resistance path than the detour
around the stem hole. Therefore rf fields must
exist in the bellows. The effects are as though
wall currents are being driven by a "constant
current" driver.
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Bench tests on a spare drift tube bellows
Indicated that a current of ^ 50 A was necessary
to produce the observed bellows heating. This Is
about a factor of two higher than the current
estimated to be intercepted by the stem hole on
simple average power considerations. Calculations
by Lee-Whiting1* on rf cavities, however, indicate
that any. protrusion into a cylindrical cavity is
likely to increase the current density on the
protrusion and will increase local heating.

An initial attempt was made to reduce the
bellows heating by using finger stock in the gap
between the drift tube stea and the tank copper
layer. This proved to be unsuccessful. The
finger stock disintegrated completely at 30 kW.
Tight fitting Cu-Be coil springs were tried next
but resulted in a similar failure to produce the
required shunting of the rf currents. In both
cases the failure appeared to have occurred because
the low total mass of the materials|which had small
thermal contact areas, was unable to dissipate the
heat produced by the current flowing into the
stens through ohuic contacts to the tank.

A copper shorting collar design was tried
next. This collar,which was more massive than the
springs or finger stock,could be clamped onto the
drift tubes and could be cooled by them. Indium
wire was used to provide electrical contact to the
tank surface and the stem. This design was
successful up to 60 kW of rf power into the tank,
but at higher powers melting of the indium
occurred.

The final design developed is shown in cross-
section in Fig. 3. Figure 4 shows the collar,which
is nade in two parts to allow installation in situ
over the drift tube aten. The two halves are held
together by screws and two set screws are used to
fasten the collar tightly to the stem to prevent
vertical motion because of thermal expansion. The
cut in the collars was oriented along the tank
axis so as not to interfere with the current flow.
Finger stock with very short projections was
brazed both on the inside and outside collar
surfaces to provide good heat transfer and
electrical contact. Figures 5 and 6 show photo-
graphs of the collars mounted in the llnac tank.

With this collar design the required tank rf
power level of 148 kW has been attained. The long
term performance of the collars at this power
level has not yet been determined because of a
lailure of the teflon window in the rf drive line
to the tank. This failure,which occurred because
of a blockage in the air-cooling circuit,resulted
In a large amount of window material being
deposited on the drift tube and on the tank walls
and has required a complete cleaning of the tank.

On Inspection of the collars during clean-up
two drift tube collars showed alight burn narks on
the finger stock and are being replaced. Ho
probleu, however, were seen in the operation of the
tank at full design fields because of local rf
heating.
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Fig. 1 Cross-sectional view of drift tube stem
and bellows on test tank.
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Fig. 2 Cross-sectional view of initial design of
drift tube stem and bellows assembly for
3-MeV tank.

Fig. 3 Cross-sectional view of final design of
drift tube stem and bellows asseably for
3-MeV tank.

Fig. 4 Bellows rf shield.

Fig. 5 Collars Installed on drift tube stem.

Fig. 6 Close-up view of Installed collars.
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Discussion

Bonne,GSI: How do you align those drift tubes with
the very tight fit of this conical collar?

Ungrin: We did the alignment as carefully and as
closely as we could, prior to putting the collars
on. We clamped them very tightly up above. In
some cases, as we put the collars in, we did get a
very slight motion. It turns out that our drift
tube has enough "give" that we just mechanically
pushed it into place afterwards and it holds.

Boltezar, CERN: Why didn't you use aluminum joints
as rf contacts between the drift tube stem and the
tank wall?

Ungrin: On the drift-tube stem to the tank? We
didn't envisage this problem as existing from the
experiments that we did on the short tank. We
thought that the problea wasn't going to come about,
but were very much surprised at about 15 to 20
kilowatts. If we were doing it again, I think we
would use something that would be able to take
more heat than the rubber o-rings. Whether it
would be aluminum or not, I don't know.
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200 H z FAST PHASE SHIFTERS and PHASE DTTBCTICW for £ RAMPING ENERGY
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Laboratoira national Saturn*
C.E.N. Saclay, Franc*.

Su—ary

Injection using a rasped energy
is required at Saturne. The mean energy is linearly
increased during the 400 Us of injection by swans
of two rf cavities (ramping cavity and detwncher).
The phase of each cavity is shifted relative to
the linac phase. A set of fast phase shifters
using strip-line techniques have been developed,
which are presently in operation.

Introduction

The multiturn injection at Saturne is perform-
ed by a linear increase of the mean energy of the
beam, to follow the linear increase of the electro-
magnetic field (6 - 4.2 T/s) in the main ring.
This is obtained by meanu of a ramping cavity,
which is located just at the end of the linac. As
a consequence, the phase of the debuncher must be
shifted to deal with the variation of the mean
energy. The phase-shifting of these two cavities
is achieved using two ferrite phase shifters, which
operate between the rf linac feeder and each
cavity (Fig. 1) .

Y- J ' — .V ,
where i. ts the length of Che transmission line and
A is the wave length.

When a magnetic field is applied to the fer-
rite, the phase shift decreases due to the varia-
tion of the magnetic permeability, reaching a min-
imum value when Che ferrice is saturated.

The transmission line is scrip-line, in
which the inner conductor has a notched shape.
The line operates like a delay line Co avoid
prohibitive length of Che device and to Unit
losses In the dielectric material, the
driving magnetic field is provided by 19 coiled
ferrite toroids of rectangular cross-section.
Additional permanent magnets are placed on each
side of the strip-line (Fig. 2) and are used,

Fig. 2 Cross section of the phase-shifcer

along with a steady current in the coils,to
minimize the attenuation when no driving current
is applied. The strip-line is 1-m long, 6-cm
wide and 2-cm thick.1 The overall load connected
to the current generator is:L • 1.7 mH, H • .38,
and the permanent magnets give a 330 oe magnetic
field.

The line is made of printed circuit materials
in order to reduce eddy-currents. As the trans-
mitted power may reach 100 kW, the whole apparatus
is housed inside a pressurized tank fiiled with
SF6 at a pressure of 2 bars, to avoid sparking.

2.2MW R.F. FEEDER

Fig. 1 Block diagram of rf power system

Description of a Phase Shifter

The phase siiifter consists of an rf transmis- „
sion line whose dielectric material is an rf ferrite
having a dielectric constant e-e'-je" and magnetic
permeability uni'-jy". The propagation vector is
then given by

Fig. 3 Static response Fig. 4 Static response

Figures 3 and 4 show power attenuation and
phase shift versus a dc applied current for two
different cypes of rf ferrite. Figure 5 shows
Che driving current and phase shapes versus the.
duration of an applied rectangular voltage.2
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Calculation of the Phase Laws

Theoretical considerations

a) Ramping cavity

Let W be the mean kinetic energy of an ion
having a charge-to-mass ratio e = z/A. The duration

of injection is then T ± n j -ZSSlg..

X is the useful aperture in the main ring
and g the local chromatic function.

Since the rigidity (Bp> is the same for all
particles, one has for the kinetic energy ramp:

w = — A e2 B p2 B
m
o

Therefore, the maximum variation given by the
ramping cavity has to be:

Because the energy ramp must be as linear as
possible, the phase shift of the ramping cavity
must be from -45O to + 45°.

b) Debuncher

The shifting rate is going to be larger for
the debuncher due to the time-of-flight between
the two cavities.3 Let D be the distance, then:

.„ 2TO ,moC X 1

to r '"' Si eTipT

0 • - -t — ?e e (BP)'

c) Numerical Results

The main parameters are the following :
4.2 T/s Rg - 6.5 P - 6.34 m D - 8.4 m

The results are given in Table I:

T l n ,

Wrc

*rc

d̂ (

( (Us)

(kev/ys)

(°/ys)

C)

Vps)

Table I

p (20 HeV)

400

1.65

0.22

166

0.42

Driving

ions (5MeV/A)

400

0.825

0.22

332

0.84

Generators

0

0

P

200

.825

.22

332

1 .68

To get good working conditions, the attenua-
tions of the phase shifters must be smaller than
2 db and 0.8 db during the phase shifting time.
Therefore,the biasing current is greater than 7 A
or 9 A, respectively (see Figs. 3 and 4). A dc
power supply provides the bias current needed to
operate the transmission line at close to 1 db
attenuation and a pulsed generator, which is
schematically represented in Fig. 6, provides a
rectangular voltage shape delivering a sawtooth-
like current. The tune is then easily obtained
by properly adjusting the level of the voltage.

PHASE

SHIFTER

r u U 1 r

1

Fig. 6 Schematic of the ramping cavity driving
generator

As far as the debuncher phase shifter is
concerned, the problem is a bit more complicated
because of the larger spread of the phase varia-
tion. Non-linear regions occur requiring an
additional inductance in series with the trans-
mission line. Consequently the linearity of the
current sawtooth can be adjusted by shortcircuit-
ing this inductance at a given time in the pulse
(Figs. 7 and 8).

—*~1

*

J
if

PHASE
SWFTEf

1.36 mH

Fig. 7 Schematic of the debuncher driving
generator

- 365 -



Fig. Driving current shape using the
additional inductance

100 us /cm 20A/cm

Fig. 10 X-Y scope display of the phase shifting

Phase Detection

The phase shifting is measured with a phase
comparator. This device detects both sine and
cosine of any phase between two rf inputs. Let X
and Y be the output voltages, then
X = A sin 4> and Y = B cos * . The two coefficients
are amplitude dependant on the input signals.
Fortunately/ they show a good linearity if the
amplitude of the input voltages varies within a
range of 5 9b. The phase shifting is then given

= Arctg c —>with B , obtained by calibra-

tion of the phase comparator.

The dynamic phase shifting can be observed on
both computer display and X-Y scope display. The
former is done using a JCAH 10 microprocessor,
which gives the phase shifting versus time (30
measurements spaced by 15 Ms) while the later
directly shows i using polar coordinates.u

The dotted line is obtained by chopping the
electron beam. This method gives an idea
of the linearity of the phase shifting (Figs. 9
and 10).

Conclusion

The 200-MHz phase shifters have been.used
for 7 years at Saturne 1 with operating $ values
from 0.15°/ys to O.SVMs, using n° 6311 ferrites.
Due to the B increasing from 1.8 T/s to 4.2 T/s,
the Saturne 2 injection method required i be
raised to 0.84°/us, which exceeds the range of
the old phase shifters. So new devices were
developed using a new type of ferrite (n° 6912)
from L.T.T. Company. These are able to reach a
•-value up to l.l°Ais. This is good enough even
for heavy ion acceleration but is still under
the required performances as far' as polarized
protons are concerned (1.68°/us). For this use
it was decided to run two-phase shifters in
series, which are presently undet construction.
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1979 LINEAR ACCELERATOR CONFEtEHCE

HIGH POWER ISOLATOR FOR THE KEK PROTON LINAC

S. Anami, H. Baba, V. Mori, J. TanaVa, S. Fukumoto, T. Takenaka, C. Kubota, K. Ito and T. Sakaue
KEK, Tsukuba, Japan

K. Shlr.ohara
Nihonkoshuha Co., Yokohama, Japan

A high power 200-Mte Isolator wad developed
at the KEK proton linac In order to reduce coup-
ling interaction between the linac tank and the
amplifier and to ease the operational tuning of
the linac. The isolator consists of a ferrite-
loaded circulator with three coaxial ports and a
high power rf duomy load. The operational rf peak
power is more than 2 MJ and the VSWR, the
isolation and the insertion loss are 1.2:1, 20 dB
and 0.5 dB, respectively. The operational perfor-
mance of the linac using the isolator is also
described.

Introduction

As pulsed rf power is fed into a high-Q accel-
erator cavity, some rf power is always reflected
back towards the generator during the transient
phase while the rf field Is building up in the
tank. Also, when accelerating a high intensity
beam, a considerable reflection occurs due to the
resistive and reactive loading effect of the beam
on the cavity matching and tuning. In order to
compensate for beam loading effects,the cavity is
usually detuned and over-coupled, which then
results in further reflection after the buildup
time until the beam is injected.

Such reflected power is returned to the
generator where it is dissipated, but because the
generator voltage-current relation is disturbed,
the output power is reduced, as may be seen in the
Rieke diagram. Not only is the output power
reduced, but the wave shape is also distorted.

At the KEK proton linac, the single accel-
erator tank is excited by two rf amplifiers
(TH516-I,II) which affect each other,since they
tre closely coupled through the tank. For example,

if the output power from the first amplifier is
changed, the reflected power to the second ampli-
fier is also changed!, and just as though its own
load impedance had changed,the second amplifier
accordingly also changes its output power. There-
fore, operating adjustments become complicated
since this kind of phenomenon frequently occurs
and straightforward non-interactive adjustment is
impossible.

For a long time, a means was sought that
would isolate the amplifiers from the load. Fig-
ure 1 shows the amplifier (TH516-II) and tank rf
field before the introduction of such an isolator.
Due to the influence of the reflected power, the
rising edge of the output power is rounded,
lengthening the buildup time for the tank field.

Isolator Structure and Characteristics

The design parameters for the isolator are
shown in Table I. Basically,it is a Y-junction
type circulator (see Fig. 2,3); the inner conductor
is sandwiched top and bottom by five ferrite disks
and a permanent magnet for the external magnetic
field. The coaxial ports are of 203 mm diameter.
A tube for cooling water is soldered around the
circumference of the inner conductor and both ends
of the tube are brought out at the V4 position,
where they are electrically shorted.

In order to raise the breakdown voltage,the
entire assembly is immersed in oil. In the
original design,the inside was filled with SF6 for
better high voltage performance. However, after
about one month of operation, discharges occurred at
the circumference of the ferrite disks breaking
them. After that the design was changed to oil
immersion. This necessitated the insertion of
compensating rings on each of the inner conductors
of the three coaxial ports So allow matching. It
was feared that the insertion loss would become
larger because the oil used was not a special type
for high frequency use, but tests at low power
levels could detect no increase in loss.

Fig. 1 Upper: rf level in the tank
Lower: TH516-11 rf output power
Horizontal: 100 usec/div

Table

Summary of isolator

Frequency
Poser rating (peak)

(average)
Isolation
Insertion loss
VSWR
Insulation
Cooling
Connector

I

specifications

201 >Hz
2 MW
10 kW
20 dB
0.5 dB
1.2:1
oil immersion
water
HX-203D
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Fig. 2 Circulator agsaably drawing

Fig.3 Circulator inside view

High Power Teat

High power aeaaurcacnts were performed with
the setup shown In Fig. 5. Since a testbench was
still under construction, the Measurements were
•adc on the actual proton llnac. Sine* this had
to be done during the brief periods when the
accelerator waa shut down, there was no tlac to
•aVe corrections or to calibrate the rf monitor
rystea.

DRIVER

199 200 201 202 203 204 205
FREOUENCY(MHl)

1.0

Fig.4 Isolator characteristics

The results of measurements are shown in Fig.
4. At 201 MHz, a VSWR of 1.2:1, insertion loss of
0.5 dB and isolation of 20 dB were obtained. These
values measured, with oil immersion, were degraded
from the 1.1:1 VSWR, < 0.5 dB insertion loss and
> 25 dB isolation obtained with SF6.

Fig. 5 High power test setup

In Pig. 5, Pfl/Prl and Pf2/Pr2 stand for the
forward and reflected power of the respective
circulator ports. The reflections at each port
and from the dummy load also enter into it, but
Pf2/Pf1 Is related to the insertion loss and
Prl/Fr2 is related to the isolation. During the
measurements,Pfl was approximately 1 MB; the other
amplifier (TH516-X) had only the heater on and its
tank coupling was nade as loose as possible.

Power amplifier output

*• Pfl: forward power

Prl:reflected power

Isolator output

Pf2:forward power

*• Fr2: reflected power

Fig.6 Forward and
reflected power wave
forms
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Figure 6 shows the Pfl/Prl and Pf2/Pr2 wave
•napes. Without correction, their respective
•callage aay be in error by aa ouch as 10%.
Since only relative Measurements were -made, inser-
tion losi could not be calculated. However, froB
the circulator surface temperature rise of about
l'C.with an average power of 6 kW.it is clear that
insertion loss will not be a problem in normal
operation. Also, it is thought that the isolation
should be the same as in the low level tests.

Operational Performance

The most important result of installing the
isolators between the amplifiers and the tank (see
Fig. 7), is that it i.s easy to tune and adjust each
component. Even when using dual feed,each aapll-
fier can be tuned to optimum perfonunce by simply
tuning to increase the output power to its maximum
value. Likewise for the tuning of the load aide.
Because the output power of each amplifier is
stable and the wave shape is square, no matter what
the load condition is, the various tuning adjust-
ments are no longer interactive and each one has a
clear and independent effect. For example, before
using the isolators, the rf frequency of minimum
reflected power did not coincide with the fre-
quency of maximum rf level in the tank. With
the isolator, the frequency of minimum reflected
power and the frequency of maximum tank rf level
are the sane.

The only case in which interaction Is still
observed is when adjusting the tank coupling.
Because of the dual-feed, it is necessary to bring
the output power of each amplifier to an appropri-
ate level, otherwise the reflected po.er into each
amplifier will be different and this will affect
the coupling.

The result of this improvement is seen in
Fig. 8, which shows the detected waveforms after
tuning. Since the forward power from each ampli-
fier is almost square, the tank rf level buildup
time is shortened considerably compared with Fig.
1. Furthermore, improved amplifier tuning in-
creased the maximum power out of each amplifier
by about 20%.

Tank rf level

reflected power

TH515-II

*• forward power

-*- reflected power

Fig. 8 Wavef inns using isolators

Fig.7 Isolator Installation
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THE DRIFT TUBE AND BEAM U S E lfi:Al>!!l.T01.E F'WMANKNT MAGNETS FOR THE NEK PROTON LINAC

R. F. Holcinger
slew England Nuclear CGra.
B. BiUerica, Mass. 01662

One hundred and nine permanent tr-sgnet quadrupoles
of the new "Halbach type" will be installed in the
drift tubes of the JfJ-KeV KEH proton linac. This
new design concept utilizes, in a unique way, the
anisotropy and other magnetic properties cf
oriented samariun-cobalt magnets to achieve high
pole-tip fields and efficient use of the material.
All of the drift tube quadrupoles have been
designed, and the first group of 35 have been
fabricated and measured. Prototype design work
and computer modeling studies of similar large
aperture permanent magnet quadrupoles, for the
high energy beam transport system of the HEII
linac, have been completed. These beam line
quadrupolec wiP incorporate mechanisms by which
their focusing strength rcay be adjusted.

Design Principles

Previous designs

1 2
The author and others ' have been developing,
for the past several years, permanent magnet
luadrupoles for replacing electromagnets in
applications such as tlie drift tubes in protun
linacs. These previous designs were primarily
based on replacing the toils in an electromagnet
quadrupole with four suitably oriented pieces of
samarium cobalt. The magnet on the right of Fig.
1 is a Hew England lluclear prototype of such a
"coil replacement" quadrupole. This square yoke
quadrupole has an aperture radius of 1.3 cm and
a pole-tip field of approximately 3.0 kilo-Gauss.
These previous types of permanent magnet quadru-
poles are limited to about 6 kilo-Gauss pole-tip
fields using the best commercially available
Rare Earth-Cobalt (REC) materials. The NEN
lintic requires quadrupoles with nearly 10
kilo-Causs pole-tip fields in the low energy
end of the Alvarez tank.

In the section below a new design principle will
be briefly outlined, on which principle quadru-
poles may be easily designed to provide pole tip
fields of above 15 kilo-Gaus^. This new design
also makes very efficient use of the REC materials
to produce medium and high strength gradient, mag-
nets.

Segmented ring quadrupoles

Recently, several papers by K. IlrUbach ' and
the author^ have described the complete theory
and sor.ie practice! results of the new design
principle. Selected results of this previous
work will be reviewed here. It should be noted
that a key spark for this new idea came from dis-
covering the work of W. Neugebauer^ on the clever
use of the anisotropy of FEC materials to minimize
leakage flux in various permanent magnet assem-
blies.

J. P. Blewett7 several years ago described a per-
manent magnet quadrupole created inside of a u-
pile symmetrically magnetized ring. He derived
the relation for the pole -tip field strength of
sueh a quadrupole:

2 u H <J - -i ill

where r. and r are the inside and outside radii
of the rinj, Si" is the K-eoercive of the material,
and it is assumed that the slope of the B-H curve
is unity. With the Hc values of newer REC
materials approaching 10 kilo-Oerfited, such a
quadrupole would lead to very strong pole-tip
fields. The "missing link" in Blewett's work
was provided by K. Halbach in his derivation of
the required easy axis variation in anlsotropic,
oriented, permanent magnet material. The result
is, referring to Fig. 2, that the easy axis direc-
tion in a magnetized ring nust be varied as:

o = 36 (2)

Then, when the B-H function and the anisotropy are
completely described by the relations:

(3)V'c '

CO

where B is the residual induction, \i// and v^
are therparallel and perpendicular permeabilities
relative to the easy axis, a magnet made with this
"perfect" material produces an en oc- free quadru-
pole field. The strength of the pole-tip field in
such a. magnet is given by Eq. (1). Figure 2
is the flux plot of 1/8 of this type of quadrupole,
calculated with the computer program PANDIRA.6

The practical solution to building a ring quadru-
pole with the easy axis directions prescribed by
Eq. (2), is to divide the ring into a number
of segments. The curved segments may be further
approximated by trapezoids, and the resulting con-
figuration for sixteen segments is shown sche-
matically in Fig. 3. In this figure, the arrows
inside of the trapezoids represent the easy axis
directions, and thj arrows on the dashed lines
represent tht directions of the quadrupole field.
This sixteen-piece design hac m^-gnets witn three
different easy axis angles and five different
easy axis orientations, counting polarity.

Number and shape of segments

The two most important theoretical parameters to
consider when designing a segmented ring quadru-
p l e are: l) the decrease in the quadrupole
strength due to the non-continuous easy axis
orientation^ and 2} the order and raagnitude of the
harmonic multipole field errors introduced by the
geometrical shape effects of the pieces. For a
segmented ring quadripole with M trapezoidal pieces
made of "perfect" RJEC iruterial, the pole-tip field
is given by:

2Vric
M (5)

- 373 -



For M • 16, tq. (5) give* the result chat th*
pole-tip field ii reduced by only 6.3% eocpared to
the contlnuou* easy axi* orientation.

The rith-order haraonic aultlpol* error field*
which are excited in a symmetrical array of M
identically shaped (not necessarily trapezoidal)
and rotationally symmetric pieces are:

2 + kM; k « 1, 2, 3 16)

i.e., for M » 16 the first multipole error is
n » 16, the 36-pole. The magnitude of the
36-pole for the specific case of l€ trapezoidal
pieces vith r,/r » 1.1/3.0 is 6.8* of the quadru-
pole field at 100J aperture,or 0.2% at 80* aper-
ture. It has been pointed out by Haltoach,that
this error may be eliainated by a suitable thick-
ness shin betveen the trapezoidal pieces, in which
case the first theoretical error would be of
order 3k the 68-pole.

Efficient use of the REC material

The ring quadrupole with the continuous easy axis
orientation given by Eq. (2), obviously pro-
duces the strongest possible pole- tip fleldt as
given by Eq. (1), for a specific T±, He,
and volume of material. Such an arrangement
makes very efficient use of the REC material.
This can be understood qualitatively by examin-
ing the flux plot of 1/8 of an eight-piece
segmented ring quadrupole, such as shown in
Fig. U. One can observe how the flux is guided
into and concentrated in the aperture region.
This is in contrast to the large amount of leak-
age flux lost into the sides of the poles of a
conventional electromagnet quadrupole or per-
manent magnet quadrupole based on the "coll
replacement" design principle. A way to appre-
ciate quantitatively the efficient use of the
REC material in the new design,is to note the
fact that the material oloBe to the aperture
contributes a large fraction of the field
strength. By comparison, quadrupoles based
on the "coil replacement" design make Ineffi-
cient use of the REC material placed at a
significant distance from the aperture. For
example, using Eq. (1) one finds that,
in the new design, the material inside of the
averse radius rft = (r^ • ro)/2 contributes S0%
of the strength when r,/r0 = h, whereas this
material comprises only 35% of the volume.

HEN Drift Tube fluadrupoles

Specifications and characteristics

The, specifications of the 109 drift tube quadru-
poles for the HEN linac are sumarized in Table
:r. The quadrupoles are divided into three groups,
each groin? vith a different pole-tip field,
Aperture radius, and length, but all magnets
have the same outside diameter.

Two characteristics of these new quadrupoles
have important consequences for the HEH linac
design. Since no space is required for a coil
or cooling, the quadrupole can fill nearly the

•ntlr* length of the drift tube. Tttlt fact vas
us*d to advantage to achieve the required focus-
ing strength, $B'd» - BQ leff»in the early drift
tubes of to* Alvarez tank. A unique property
of the ring q,u*Arupole*,which was derived by
X. Halbach using syw^try arguments, is that the
effective length, lej>f, 1* equal to the physical
axial length of the ]*raanent aagnet asseably.
The second characteristic of this sew design,that
VM* used to advantage, is that since the required
focusing power could be achieved with quadrupoles
of only 7 ca outside diaaeter, it was possible to
ajsign the linac focusing structure with drift
tubes of 9 a outside diaaeter rather than the
conventional IB ca dlaneter. This leads to sig-
nificant savings in rf power, as well as having
other advantages.9

Computer Modeling and design

The natheaatlcal nodeling of REC nagnet asiieablies
is greatly simplified if one assumes "perfect"
material and no other saturable magnetic aiiterials
are present in the problem. In this case,on REC -
piece with a uniform and parallel easy axia
orientation can be replaced by current sheets, or
charge sheets, on each surface of the piece. The
fields and nultlpole components produced by an
array of charge sheets may then be calculated
analytically, since the fields superimpose
linearly. Reference k, for exavpie, gives a
derivation of this computational method. Much,
of the original developaent of the segmented
ring quadrupole was done using this computational
model.

For analyzing problems with "non-perfect" perma-
nent magnet materials and other saturable
materials, the program PANDIRA has been used.
PANDIRA solves anisotropic 2-0 field problems
with or without normal saturable magnetic
materials and allows for very general boundary
conditions and symmetries. Figure 5 shows the flux
plot of 1/8 of a group I drift tube quadrupole,
calculated with PANDIRA. The shape of the indi-
vidual magnet pieces Is a "modified trapezoid",
where the sides of the pieces have been cut
parallel towards the outside. This shape was
designed to reduce the width of the pieces and
accommodate a retainer spline which positions the
pieces.

The computer analysis with PABDIRA gives the field
quality in terms of harmonic muxtipole errors for
a specified geometry and material characteristics.
To investigate the accuracy of the program for
these types of calculations and to determine
the effects of "non-perfect" REC materials, a
series of problems was solved; Table II gives
the results of those calculations. In Table II,
the "perfect" material has Br » u-H,. • 8 kilo-Gauss,
and the "real" material has. Bj. « o\7 kilo-Gauss
H,, » 8,2 kilo-Oersted and Uj_ * 1.03,

The geometry of the magnet analyzed has r, = 1.1 cm,
r » 3,0 cm and the pieces are trapezoids in the
first three columns and modified trapezoids in the
last two columns, designated by "parallel". The
"parallel" geometry is that of the group I drift
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tube quadrupole*. The utalysia shows that PAXDIRA
has an accuracy of about 0.2% for high order nulti-
poles and that the "allowed" h»r»onle errors due to
nonr"perfect" material are lets than about 0.5J.

Production and Measurement of the S»Cog pleceu

A H ot the aagnet pieces for the HEM linac drift
tube quadrupoles have been nanufactured by Hitachi
Magnetics Corp., Bdaore, Michigan. The material
designation is Hicorex 90B, a SaCoc compound vhich
has nominal properties of Bj. » 8.7 kilo-Gauss,
H « 8.2 kilo-Oersteds, Hcl > 15 kilo-Oersteds,
wfiere Hci is the intrinsic coereivity, and a recoil
permeability of 1.05.

The magnet pieces for the group I and group II
drift tube quadrupolss were manufactured in the
following steps. First,a block of the SraCoj
material was magnetically aligned and pressed,
and then sintered. This block,with approximate
dimensions of 2 by 2 by 1/2 inches,has the easy
axis angle aligned parallel to a 3-inch dimension,
and the pressing direction Is parallel to the l/S-
inch dimension. At present, this block is the
largest piece of SmCoj being manufactured in
large quantity. Modified trapezoidal shaped
pieces are then cut out of this block, with the
cutting directions parallel, perpendicular and at
Ii5° to the easy axis orientation, so as to provide
the three easy axle angles. Next, the pieces are
finish ground to the required dimensions Mid then
given a further heat treatment to enhance the
coereivity. Finally, the pieces are magnetized
in an external field of the specified polarity.
The manufacture of the group III magnet pieces
differs from the above procedure in that indi-
vidual blocks are made for each piece In the
pressing, easy axis alignment, and sintering
stage. In this case, the three easy axis angles
are provided by rotating the die relative to the
alignment magnetic field.

The final stage of manufacture is to measure the
effective magnetic dipole moment per unit volume
of each piece and record this along with the
serial number. To verity the manufacturer's data,
this measurement is made at HEH with an apparatus,
as shown in Fig. 6, consisting of a Helmholtz ceil
pair with a mechanism for positioning and rotating
the pieces in the center of the coil pair, and an
integrating voltmeter connected to the coils, A
magnet piece is inserted in the positioning
mechanism with, its easy axes parallel to the axis
of the coil system, the integrator is zeroed, and
then the piece Is quickly rotated by 180°.. The
integrated induced voltage in the coil pair is
proportional to the dipole strength of the piece.

This measurement also includes the effect of mis-
alignment of the easy axis angle, since the
integrated signal is also proportional to the
alignment of the dipole axis with the coil axis.
It would be possible to measure the easy axis
angle alignment relative to the axis of the piece
with this apparatus, using a modified procedure.

The significance of this data is that ft provides
a measure of the variation of the "strength" of

the piecei due to Manufacturing variables. This
Information gives •saential]y one point (open
iM^netic circuit) on the B-B curve, averaged over
the piece. Figure 7 shows « typical distribution of
nagnet piece "strength" for one particular eaay axis
orientation•

Assembly procedure

The critical practical aspect of building permanent
sagnet quadrupoles is to minimize the low order
harmonic errors, especially the n * 3 3extupole
error. In contrast to electromagnet quadrupoles,
vhere it is simple to provide equal excitation of
each pole, the permanent magnet material variables
are difficult to control and somewhat tedious to
aeasure. Fortunately, two characteristics of the
new design make it possible to reduce the n » 3
imiltipole error to a very small value.

The first step in the assembly procedure, aimed at
producing high precision quaSrupoles, is to select
well matched pieces in terms of "strength" for each
magnet assembly. This will .'lelp assure the equal
"excitation" of each pole. The dipole strength per
unit volume aata for all the approximately 1800
pieces for the group I drift tube quadrupoles is
entered into a data base on a digital computer
system. A program was written which examines
this data base and makes the selection of the hQ
pieces wh-ch are the best matched in strength for
a particular magnet assembly.

The actual putting together of J48 magnetized SmCoj
pieces into a nearly zero-clearance close-packefl
assembly presents a real challenge. Thi minimum
clearance between the pieces themselves and the
pieces and the aluminum retainer spline is achieved
by determining the ratximum thickness of brass shim
strips to fit between the outer end of the pieces
and the slots In the spline. The photograph in
Fig. 8 shows the assembly fixture which is used
to clamp and position the pieces during assembly.

Since each group I quadrupole assembly consists of
three . lyers and the multipole fields from each
layer superimpose almost exactly linearly, it
is possible to rotate two layers by 180° with
respect to one fixed layer and in this way minimize,
the axially integrated n = 3 error in the quadru-
pole. To this end, each quadrupole is measured
after one layer is jn place, and then again
after two layers, and finally the complete assembly.
From these three measurements, the phase and ampli-
tude of the n = 3 error in each layer may be
inferred. If the n = 3 error in the complete magnet
assembly is larger than acceptable, one or two
layers are rotated by 180° so that the superimposed
sextupole fields approxititely cancel each other.
With this procedure, it has i.een possible to set
the allowable limit of the n = 3 error at 0.3/8 of
the quadrupole field at 100J{ aperture radius.

Harmonic multipole measurement

Usually the field quality in a multipole magnet is
described in terms of the strength and phase of
the haraonic nultipole errors relative to the
fundamental desired field distribution at the
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swgnet aperture- An tl«««nt and staple aathe-
•atlcal description of sijperfaposed multlpol*
field! In two dimensions can tx sw.de using the
concept of the coup lex potential. These idea*
*nd fontulse vlll be briefly revievei here. The
complex potential Inside the aperture of a •ultl-
pole magnet it written as

F(z) - E C (-£-)" - A(x.y) + iV(x,y) (T)
i

where z 1B the complex space variable x * iy, and
the dlotances are normalized by r^, the aperture
radius of the magnet.

The Cn'o In thin equation are the complex coeffl-
ciento for the potential of the superimposed
multipoles (n « 2 in the qu&drupole component),
and A and V are the real (vector) and imaginary
(scalar) parts of the complex potential. It can
be shown that the magnetic field 1B related to
the complex potential through the foll<wing
equation:

Larae Aperture 1»— line

n-1
B -
x (8)

The strength and phase of each nrultipole field
component is given by the coefficient nCn/ri ••* Bn

in this equation.

Equipment for meaau. ing the multipole field
components in small aperture <quadrupoles was
designed and built at NEW. Reference 5 gives
a detailed description of this equipment. Pre-
cision measurements of the multipole errors in
the quadrupole are made by slowly rotating a coil
coaxial with the magnet and recording the induced
voltage at 128 steps in one revolution. The coil
is long compared to the axial length of the mag.iet
and, therefore,measures the axial integral of flux
distribution, including the fringe fields, which
is equivalent to the vector potential A(4>} in the
2-D case, This integrated signal is Fourier
analyzed to yield the phase and amplitude of
each harmonic multipole, i.e., the BJJ'S, up to
n = 18, the 36-pole.

The right hand column of Table II gives the results
of the harmonic nmltipole measurements of the
group I drift tube qua^rupoles. The values in
this table are averages for the approximately
35 magnets that have been assembled. The "allowed"
harmonic errors n = 6, 10 and ill are primarily
due to "non-perfect" material properties plus
imperfect matching between magnet types, and the
n = 18 is inherent in this segmented ring quadru-
pole design.. The small remaining "non-allowed"
harmonic errors are attributed to a combination
of three factors! l) mechanical tolerances,
2). errors in easy axis orientation, and 3). varia-
tion in the B-H properties from the ideal straight
line, which is particularly probable in the third
quadrant of the B-H curve.

Daalstt study

If th* obvioim advantages of permanent magnet quad-
ruples cmx be utilized In large aperture beam line
magnets, significant ecoiumle* and slapllflcttloos
of such eyaceaa would result. Th* two aaln problems
to be aolved are 1) aak.tng the quadrupole focusing
strength adjustable, and 2) controlling the total
co«t of the quadrupole asteably to keep it compar-
able to that of jn eltctroaagnet, including the
power supply.

Toward* controlling the cost of the JtEC pieces. It
li lisportant to simplify the shape of the pieces and
relax the tolerances to reduce the Mchlnlng costs.
Only a sasll fraction of the cost of the Magnet
pieces for the drift tube quadripoles Is due to raw
material expense. Probably the least expensive
shape to produce Is one with a fsctongular cross
section.

Figure 9 shows the flux plot of 1/8 of the prototype
design for a SEN beanllne quadrupole. The aperture
diameter of this quadrupole is 3.1 Inches and the
REC pieces hive a cross-section of 1 by *j inches.
The PANDIRA analysis of this configuration with
Hlcorex 90B material, giveB a pole-tip field of 4.3
kilo-Gauss. The REC pieces In this design are sep-
arated by small gaps at the aperture, which will
allow the use of an external spline to position the
pieces, rather than the combination internal spline
and modified trapezoidal sh.voed pieces as in the
drift tube quadrupole design. This will signifi-
cantly reduce the tolerances on the pieces and still
allow for the posit inning accuracy required to pro-
duce precision quadruple fields. Although the gaps
between the pieces create a larger n - 18 harmonic
error than in the close-packed drift tube quadrupole
design, the error is only 0.1X of the quadrupole
field at 75Z aperture, which Is quite acceptable for
our beamline magnets.

Several different schemes have been proposed for
adjusting the focusing strength of permanent magnet
quadrupoles.1'.5 The most obvious way is to add or
subtract layers, which is quite feasible due to the
modular construction. For continuous adjustment,
the most practical arrangement is one that consists
of several axial layers which are rotated with re-
spect to each other to provide the adjustability.
Figure 10 illustrates a four-layer assembly in which
successive layers have been rotated alternately by
+22>s0. Since each layer produces a quadrupole field
and the fields from each layer superimpose linearly,
the axial integral is a quadrupole field with a
reduced strength proportional to the cosine of
twice the rotation angle. The mechanical design
of sucb a quadrupole requires that the magnet
pieces in each layer be clamped independently and
that bearings be provided for precise radial and
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axial alignaer.t (S-ring the rotation. The axial
force between the layers nus*. alio be luppcrted.
This force change* from Baximiac repulsion to
lunixj* attraction during * +45° rotation of
two l

copitldcr»cion»

The isulti layer adjustable tiuairupcle say bo ana-
lyzed, trot the bean dynaaics point of view, as a
series of short adjacent quadrupolen, rotated frem
the principle x and y focusing planes. Such a
configuration leads to x-y coupling teras in the
transfer matrices and sone preliainary work has
been done to investigate the significance of these
effects. One precising configuration that has
been analyzed consists of four 1/2"-long layers,
where the first and last layers ore rottted by
a. positive angle and the middle two layers are
rotated by the sane angle in the opposite direc-
tion. For exasple, consider the case where this
rotation angle is chosen to br 20°, which gives a
23J reduction in the integrated qutdrupole etrength.
For this quadrupole, the enittanee growth has been
evaluated for a typical beam and found to be less
than lit. An investigation is underwaylO which
may allow the elimination of x-y coupling in a
multilayer adjustable quadrupole. Thio scheme
would use the ratios and valueo of the rotation
angles of 3one number of layers as free param-
eters with which to minimize or eliminate the
coupling terms.

Multilayer adjustable quadrupoles will be incor-
porated in the high energy beam transport system
of the HEN proton linac. These quadrupoles will
have the following approximate specifications:
an aperture diameter of h inches, a pole-tip
field of 3 kilo-Gauss, an effective length of 2 to
8 inches. These elements will be arranged in
triplet configurations.
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IT
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6 . 9

Measured
H-908
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9609.

O.Zk%
0.33
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0.23
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O.H
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IS 79 LIMHU ACCELtKATO*.

TIPLKSS PKUMMENT WtOttt QUAOtUrOLE LOSES

N. V. Uzarcv and V. S. Skachkov
fnntitutt for Theoretic*], and Expcriatntal thyalc*

Moscow, USSt

S

Tlplesd quadrupole lenaca of the rod type are
proponed. Lensea with Haaarltm-cobalt rod* and
< 2-cm aperture ennure a Magnetic field gradient
up to 6 kC/cn and allow regulation of the operat-
ing field over a wide range. The advantages of
thtue lenses in conparlson with conventional ones
are shown.

Introduction

The avail ability of rjre-earth magnetic alloys
opens new poss ibi l i t ies for designing magnetic
optlcH elements with formerly unattainable param-
eters. For example, ftmall high-gradient quadrupole
lenses assembled from Sm-Cor, cylinders for the
PIGMI accelerator at l.os Alamos.' Two new types
of quadrupole lenses without pole tips were sug-
gested in 19 75-1977 In the USSR. They have some
advantages in comparison with the lenseu now used.
In a sector-type lens (Fig. 1) suggested by J. D.
Rabinovl.-.h2 and investigated at the ITEP,3 a grad-
ient of 6.2 kG/cm in a 2.3-cm* aperture was achieved
with a lens of 5.2 cm o.d. and 5.0 cm length. The
rod-type lens3 designed at ITEP can ensure a grad-
ient of ^ 6 kG/cm, i s simpler to manufacture, and,
although i t s size i s the same as that of i t s com-
petitors, i t can produce a lower gradient. Sorne
properties of the sector-type lens and the possi-
b i l i ty of manufacturing the rod-type lens were
discussed by K. Halbach.1" Tills paper deals with
analysis of the rod-type lens and the results of
measurements on the first prototype.

Analysis of the Lens

The rods of this lens (Fig. 2) are mounted
in ce l l s in a non-magnetic holder (1) at a dis-
tance Ro from the axis of the lens. The angle
between the intensity of the magnetization vector
1 and the radius vector Rp^.i/'p) of rod p i s
twice as large as !()„. The radii of rods generally
are unequal. The field of a multilayer rod-type
quadrupole lens can be determined by superposition
of the fields of a l l the rods. The operating
field for the closest f i l l ing of the lens can be
easily calculated when the neighboring rods in the
same layer ar.d in the adjacent layers touch each
other.

If the numbers of rods and of layers increase
to inf inity , then the field of the lens approaches
an ideal quadrupole:

B(r,if>) = Gra ,

where

^lj- - ̂ V gradient,

a • n co* 2* - T sin 2<,

r IN the aperture radius,

d Is the outer diameter, and

n, T are unit vectors of the polar sygten r,$.

In a lens with a finite number of rods, !<' in
a layer and a finite number of layers J, the base
(quadrupole) harmonic of the field

Bf - - sin - cos* ~ B

is less than B with the same o.d., d - dj (where
dj is the o.d. of a J-luyer lens), but the differ-
ence becomes negligible with Increasing number of
rods. The base harmonic is distorted by the
influence of higher harmonics. The contribution
of the higher harmonics, AB, can be defined in
terms of the ratio of this contribution to the
quadrupole harmonic modulus at the corresponding
point of the field in the aperture limits r » r*,
* • 0:

t s |flB(r»,0)l

f(r*,0)||fi3f

The values of 6 and of the ratio 2 ro/dj de-
pend on the numbers of rods and layers, N and J, as
shown in Fig. 3, where the points corresponding to
the same value of J, calculated with r* = 0.75 rQ,
are connected by smooth curves. Clearly, there
is no need to use more than three layers to de-
crease the nonlinearity, and the most effective
number of rods is between 10 and 16. For practical
realization, it is simpler to keep the ratio
2 r /d, close to 0.5.o J

The discreteness of the distribution of the
magnetization intensity leads to the appearance
of a dispersion field. As N and J approach infin-
ity, the dispersion field vanishes; at finite N
and J, it decreases almost to zero with increasing
distance from the surface of the lens. The de-
pendence of the dispersion field on the ratio
2 r/dj for different values of N from 10 to 30 is
shown in Fig. 4. The number of layers in the
lenses with different N was chosen to satisfy the
inequalities dj-i < 0.5 < dj. The graphs show
that in a lens with N » 20 (J - 3), for example,
at a distance dj/10 from the surface, the field
B is < 10"2 B r (i.e., <̂  100 G).
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1'ic Gradient pickup by turning let plane 90

k c i u c (he layer* ar« independent of each
other In a rod-type l«n», It 1* eacy to regulate
the gradient. This can be dooe by allowing for
the azlauthal displacement of one^group^of layers
relative to another. If Bj - Cjra and Bj • C,,ra
are the fundamental haraoolc* of the fields of an
Inner and an outer group respectively, then, with
the angle <o of relative turning of the base
plane*, the fundamental harmonic 8 of the result-
ing field la

5 -

where

- Grin cos 2(»-0) - T «ln 2(»-0)J ,

C - /c, 2 + C2
2 + 2G,G2 cos 24

+ C-/ cos 2*
(2)

Equation <1) Indicates that the quadrupole field
5 Is shifted In phase relative to the field of an
immovable (inner) group. The gradient of the re-
sulting field, as seen from Eq. (2), depends on
the angle $o. As this angle changes from zero to
TI/2, the gradient changes from a maximum value of
Giiax - G] + G2, to minimum, G^n — | GL - G2 {. As
a rule, the appearance of Jhe angle 6 In the phase
of the resulting harmonic B is undesirable, and

it Bust be compensated for by turning the lens as
a whole, through the angle 8. The turning arrange-
ment is simplest when G] - G2; In this case
6 •» $o/2 and G - 2Gt|cos +o| , i.e., to fix the
coordinate axes of the resulting field, it is
enough to rotate the movable groups of layers In
opposite directions by equal angles.

It is important In manufacturing the lens,
to select identical rods. The higher harmonics
of the rods' fields can be compensated for in the
lens when their magnetic moments are equal. If
the rods are not identical, the effect of demag-
netization of the rod material can be compensated
for outside the lens. This can be accomplished by-
lapping the rods to decrease the radii Ri in order
to obtain satisfactory equality of the products
IiRi2. In this case the field of the lens with
equalized rods corresponds to minimum magnetic
moment In the primary group selected for rod
lapping.

It is also important to tune the lens, i.e.,
to install the rods in accordance with the law
of vector I rotation in a quadrupole lens. A con-
venient way to accomplish this is to measure the
direction of the field generated at the axis of
the lens by the rod being tuned. The effectiveness
of such measurement is ensuved by use of a Hall
pickup. Every rod field at the axis of the quad-
rupole lens forms an angle ipp with the base plane.
For tuning, the plane of the Hall pickup should
be put at the angle n/2 - ipp and the rod should
be rotated around its axis to the position where
the Hall emf id maximum. For final tuning it is
convenient to use the zero reading of the Hall

The Prototype Len»

The prototype of a rod-type qusdrupolc lens
Manufactured at 1TEP consists of two layers of
Sst-Coj alloy rods (Fig. 5). Each layer is mounted
in a separate cylindrical drum Bade of brass. The
rods haw brazed centers (Fig. 5) and are fixed in
the drum cells by a stop screw, which presses them
to the bottoa of the cells. The length of the
magnetic rod, tr, is 2 en, and its diameter is
0.6 cm.

Each drua with its tuned rods, comprises a
separate lens. The Inner drum contains 12 rods
and the outer one, 20. The diameter of the hole
In the Inner drua 1R 2 cm; the outer r!lameter of
the compound lens is 4.8 cm and of the Inner lens,
3.4 cm. The gradient at the axes of the inner and
outer lenses (average for the lens without a yoke)
• re 2.6 and i< 1 kG/cm, respectively. These are
not high values considering the overall sizes of
the lenses. They result fron the relatively low
magnetization of the rods (In the inner lens, for
example, I ̂  550 C), from the low packing density,
and from the frlrijir.j effects, since rods had a
diameter 2 r0 K tr

 ln r n c s e lenses. This rela-
tionship between diameter and length has a strong
Influence on the harmonic structure of the operat-
ing field, if the dependence G(z) in such a short
lens does not have a flat part. For example, the
measurements showed that the inner lens with rods
equalized according to their magnetic moments
(with accuracy + 2%) has an operating field with
the amplitudes of the 6th, 10th,, and 14th harmonics
equal to 2.7%, 0.72, and 0.6Z that of the quadru-
pole field, with r* " 0.75 cm. The other harmonics
have lower amplitudes.

Designs For A Llnac

The rod-type construction allows tighter pack-
ing of a lens with rods than was used in the proto-
type, and the length of the lens in the focusing
channel of an ion linear accelerator would normally
be several tines that of the experimental model.
Therefore, much higher gradient and linearity of
the field could be obtained for the same size lens.
Calculations show that a gradient of up to 7 kG/cm
could be obtained for a bore diameter of 2 cm and
a lens o.d. of 8 cm if a S11-C05 alloy with higher
magnetization (4TTI 1. 9 kJ attainable at present)
Is used.5

The proposed rod-type quadrupole lens, which
encompasses the whole range of gradients needed "'n
the focusing channel of a linear accelerator, re-
duces the variety of required designs. It also
simplifies the manufacturing technology and the
tuning procedure in comparison with a sector-type
lens or a lens with pole tips. Its linearity and
dispersion are as good as those of the sector-type
quadrupole lens and are much better than those of
a salient pole lens. One of the major merits of
the rod-type lens as an example of a tipless lens,
is that it allows smooth regulation of the gradi-
ent over a wide range. This, and the other
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Discussion

Bentley, NEN: Can you give us an idea of how
much the material costs and what the cost of the
lines you showed us might be?

Lazarev: Yes, of course. The cost of this
Samaerlum cobalt material i s high but with such
lenses there i s no consunf>t-on of energy. For
the most part, the cost of lenses within drift
tubes i s In their manufacturing and not the coac
of a piece of iron, so the difference Is not so
much as i t nay seem.

Fig. 1 Sectoral «am»rlu«-cob»lt quadrupolc
lens with a gradient of 6.2 kC/c» In
an aperture of 2.3-cra diameter

Fig. 2 Cross-section of a rod-type quadrupole lens
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Fig. 3 Dependence of the field nonlineari*y 5 and
the ratio ? ro/d.j on number of rods N In
each layer of a quadrupole lens with J
layers

Fig. 5 Rod-type, tvo-lsyer, samarium-cobalt
quadrupole lens

to

Ifi

Fig. A Dependence of the dispersion field on
distance from the lens surface and on
the number of rods in each layer
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MECHABICAL- ASPECTS OF THE NEW E3GLAHD HULCEAB tISAC
R. Dane, J* Aggus, G. Greenberg

Sew England Jfuclear Corp.
H. Billerlca, Mass. 01862

Sew England JJuclear Corporation (KEN) is building a
45-JfeV proton linear accelerator, to be used for the
cozBerclal production of radlophamaceuticals.
The design goal of 5-mA. average current at 60 pps
and the use of permanent magnet drift tube quadru-
poles will make this machine unique. In order to
minimize risk, reduce costs anci speed fabrication,
this machine is being modeled after existing
proton linacs in the U.S. and Europe.

This paper reviews some of the mechanical designs
that are being used. Single stem drift tubes
with a choke Joint connection to the tank wall
are discussed. Tank design and cooling are
reviewed along with rf problems, such as loop
design and transmission line cooling. Beam
transport in the dome and the LEBT, along with
the machine vacuum systems are discussed.

The column design and its support are presented.
Conventional alignment techniques are planned
and reviewed. The linac building and the sche-
dule is presented.

Bean Transport Lines

A small beam transport system in the dcce is being
constructed for the 1*5 KeV linac. A 90° bending
magnet, solenoid magnet, steering magnet and
instrumentation box will be incorporated into
the beaa transport line. A 2000 l/sec turbo pump
will operate in the dome for this beamline, with a
water-cooled aperture (1/2" dia.) isolating the
dome transport system vacuum from the column
vacuum. A pressure of 1O~^ Torr will be maintained
in the bean transport line with the turbo in the
dome, while lflro Torr will be maintained in the
column. Column pimping will be provided by two
1000 l/sec ion pumps at the ground end. The
insulator stack will be made with glass insulators.
A U" aperture through the insulator stack will
allow for easy alignment and give adequate vacuum
pumping conductance. The insulator stack and
its SF6jacket assembly,is designed such that the
insulaxcr stack is always under compression,
regardless of its orientation. The dome transport
system will mount directly to the column support
system to help reduce misalignment problems.
(Fig. 1).

The low energy "Uaam transport line is about 15 ft.
long. Three triplets and four singlets with
viewing boxes are being used in this line. A
double-gap, 3-frequency buncher is being used to
improve capture efficiency.

Tank

The linac tank is made from 6 flanged cylindrical
sections that are aligned and bolted together at
the time of installation. The overall tank length
is 27.6 meters; the inner diameters vary from 1.1
to 1.02 meters and the tanks are fabricated from
copper clad steel (.160" OFHC copper on .750" -
516 grade 70 steel). The clad material was 100?
ultrasonically checked for voids in the copper-
steel bond. Only two small voids were detected

in one plate and vill be repaired during
tank fabrication. A short one-foot long tank
section has been rolled and welded to aid in
determining the amount of initial edge forming
necessary for proper rolling,and the effect of
the longitudinal weld shrinkage en the final
section size (circumference). Ho copper cover
weld is used to cover the longitudinal seam weld.
All tanks are capable of being rolled frcm single
sheets of clad material,so circumferential welds
are not required.

Tne clad plates were polished at the rolling mill,
but only a 50 micro-inch finish could be achieved
without smearing the surface. The tank fabricator
will polish the tanks after rolling and welding.
"Q" measurements will be taken during this time to
measure the effect of the polishing-

After welding and polishing, the tank sections will
be stress relieved at 1100 F,with a reducing at-
mosphere maintained in them.

Copper inserts will be shrunk into the tank, walls
at the drift tube, post coupler and tuner loca-
tions .

Rf surface-current continuity across the bolted
tank sections is provided by an oversize copper
ring that is inserted between the flanges as they
are drawn together (Fig. 2). Each tank section
has two vacuum ports machined In "vt.

Tank vacuum will be provided by:

9 ion pumps - 1000 l/sec each,,
2 turbomolecular pumps - 2000 l/sec, and
1 roots blower - 1000 CFH

The tank is cooled via a cooling jacket that
encompasses the entire outer surface of the tank.
A flow pattern through the jacket is created by
welding bars that form flow channels in the jacket.
Water is supplied to the tank at Its mid-point
(flanged connection between Sections III & Tf) and
is split to flow through single pass hair-pin loops.
600 gpm of temperature controlled water is avail-
able for tank cooling. 150 gpm of this water is
tapped off the supply to the tank, passed through
a pump to increase the pressure and is used for
drift tube cooling. Post couplers, tuners and
vacuum grids all having cooling capabilities and
will be water cooled using tank water {Fig. h).

The temperature control system uses a 3-way mixing
valve, heater, heat exchanger and appropriate
control units. The heater Is used to maintain
the tank at its normal operating temperature,
when no rf power Is being supplied to the tank.

Drift Tubes

The linac will contain 107 drift tubes,with a half
drift tube in each end cover. All drift tubes
contain a permanent magnet quadrupole. The use
of these compact,high efficiency quadrupole mag-
nets reduces the physical size3and thus,the
cooling requirements for the drift tubes. All
drift tubes are 9-cm 0D. Drift tubes are supported
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vita a single vertical stem of heavy wall (.25")
OFHC copper, lank I stems are 1-1/8" OD and
tanks II through VI are 1-1/V OD. Water-cooling
and a vacuum pimp-out are provided through the
single stem. Tank I bodies are cooled via a
copper tube that is brazed into the body. Bodies
in Tanks II through VI are cooled using a series
of holes and mum* folds that are integral with
the drift tube body.

The drift tube bodies are being fabricated from
hot-forged cross-grain certified OF3.C copper.
Tiro basic body designs are used: Tank I bodies
are a closed end cup with cover; Tank II through
VI use a heavy wall cylinder vith separate end
caps.

A connector plug is brazed to the body using a
silver-copper eutectic alloy. The plug a.lows
the stem to be attached to the body by elec-
tron beam velding and at the same time it forms
a part of the water manifold system in the body.
Bellows are not used in the drift tube support
system. The copper stem passes through the tank
wall through a "choke" joint. The "choke" joints
are copper inserts that are shrunk into the tank
wall. The inside diameter of these inserts con-
tain a spring-finger ring which makes contact with
the drift tube stem. The contact fingers are
located about one stem diameter back from the tank
surface. They are positioned so ar to reduce
their current carrying requirements. The design
allows for the necessary alignment movements
without the inherent problems normally associated
with the use of bellows. The vacuum seal between
the tank outer surface and the stem is made with
"0" rings. The containment for these "0" rings
is allowed to track the stem until the drift tube
is aligned -*ad then it is fastened to the tank.
This teehniije allows drift tubes to be aligned
with no external force applied to them. (Fig. 3).

Rf and Transmission Lines

Rf power is supplied to the tank through four
fixed loops located at the 1/8, 3/8, 5/8 and T/8
points along the tank. The loops will be matched
to the tank at low power, and will be water-
cooled. Three power amplifiers will drive the
loops through a rather complex transmission line
system. 12" line is being used with an aluminum
outer- conductor and a copper innes— conductor.
Transmission line losses, estimated at 1% loss per
100 feet of line, require that cooling be provided.
Air cooling manifolds are located at the tank
vacuum windows and at the power amplifier pressure
windows. These manifolds allow cooling air to
enter at the tank window and pass through the
entire transmission line system. Cooling air will
be dried, cooled in an air/water heat exchanger
and recirculated. The transmission line system
is designed to be pressurizable to h3 psi if
necessary.

Deionized water (5 Mfi-cm), 1050 gpm at 120 psi)
is to be used for cooling the rf system. A 3 gpm
deionizer is incorporated in the system to con-
tinually polish, the water. This deionizer contains
two mixed resin cartridges, an oxygen removal '

cartridge, 5 u and O2 u filters and •& UV light
for sterilization. Fiberglass piping is used for
the rf water system.

The linac tank sections are fabricated oversize
and will be tuned with mechanical slug tuners
(fixed and adjustable) and an angle type tuner
bar attached to the cavity wall. Post couplers
will be used in this machine. End covers are
not adjustable, but the half drift tubes mounted
in then are located using shims, so that end gaps
can be accurately adjusted.

Alignment tc Schedule

Standard optical tooling instruments will be used
for the linac machine alignment. Bore-sighting is
planned for the initial equipment installation,
with reference offset lines for future equipment
realignment. A building stability check has just
begun, but it is too early to draw any conclusions.
The effect of the construction of the target
complex, backfilling of earth shielding and a Hew
England winter will be checked this coming year.

The status of the program today is as follows:

1. The building construction is J5$ complete.
Partial occupancy (rf gallery, linac tunnel and
injector pit) is promised by October 1, 1979. The
building is to be completed by December 1, 1979-
The target complex with its support areas has
not been designed as of this date. Selection of
an A/E firm is in process.

2. Most major machine components - Cockcroft-
Walton and dome, linac tanks, rf systems and
transmission lines have been specified, designed
and ordered.

Machine turn on is scheduled for mid 1981.
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Summary

The extension of the Unilac poatstripper sec-
tion from the present 2 to 4 Alvarez cavities should
be completed as early as possible. There was, how-
ever, concern whether the old drawings should be
used with the appropriate changes In the drift tube
table, or a radesign of essential mechanical details
(simplifications) would be possible in the tight
time schedule. As a result, the saving in fabrica-
tion time seems to compere favorably with the
effort spent in redesigning the cavity and drift
tubes. The net gain would be a cost saving of a
factor of two.

This paper describes an ln-place plating method
for welded tank sections mii a fabrication scheme
for the drift: tubes out of inexpensive sheet metal
components.

Introduction

The design decisions on various mechanical
components of the Unilac, which have been evalu-
ated in prototype activities, were outlined In
1972. * A rsvie* of the actual performance of most
components was given in a 1976 Status Report.2 A
strongly recommended redesign of a few mechanical
components, which are exposed to high power rf
fields, is described elsewhere. 3

The Unilac upgrading program1* includes tha
extension of the poststripper section by two more
Alvarez cavities for the energy rangs of 5.9 to
11.3 MBVAJ. The cavity length and the rf parameters
are chosen to be identical to the existing cavi-
ties, which accelerate the stripped ions from 1=4
to 5.9 MeV/u.

The cavity and drift tube design is racon-
sidersd here, this is not meant as sn improvement
over the original design, but rather as an allow-
able simplification. The assojciated cost saving
was not a primary concern here.

Wiile many of the ideas presented here were
conceived earlier, it seemed to be too risky to
incorporate them in the original unilac construc-
tion. Experience with the operating machine and
results of prototype studies substantiate the
practicability of the proposed alternate designs.

Cavity and Endwalls

In the existing machine, copper plating tech-
nique has been used for all rf surfaces. It proved
to be highly reliable and feaillent. In two cases
of severe burn-out of the goldwire rf contact

rings, due to inadequate stress load, the copper
surface remained intact. Depth limitations of plat-
ing bath containers restricted the sectional length
of cavity units to 2.6 to. The assembly of one 13 m
long tank required five bolted Joints and hence, ex-
pensive flange machining. These joints, which were
not expected to be reopened, developed small leaks
from an accidental heating-up of the tank as a
consequence of a cooling fault.

Dispensable Joints should be eliminated as
much as possible in the redesign. The well estab-
lished copper clad steel approach was reconsidered
and bids obtained revealed that this material is
available in adequate quality and quantities (this
was not the case 12 years ago). As the result of
detailed conceptual design studies, this approach
was discarded for the following reasons: the
copper is too soft to allow for 3ll-metal seals
and rf contact rings; nozzles had to be fitted
with copper skirts and inserts; the many leak-tight
welding operations and the finish of the rf sur-
faces seem to be laborious and expensive.

It was decided then, to reuse the plating
technique, applied to rolled mild steel cylinder
sections. The previous plating facility was
restored at modest expense. After plating the in-
dividual sections, the ends of which are left cap-
pBr free for a few cm, they will be welded together.
The welding area will be plated over by a locally
attached bath reservoir, which covers a segment of
about one-fifth of the circumference, For the five
sequential plating steps per seam, the tank must
be turned in order to Keep the reservoir perpen-
dicularly positioned at the inner side of the
cylinder. Gas bubbles and dust particles are thus
kept away from the plating surface. Figure 1 shows
a sectional view of the joint area. In order to
avoid longitudinal shrinkage , a light welding
seam Is applied on the inside. The heavy weld will
be applied to the stiffening ring at the outside,
which also serves a centering fixture for both
cylinder ends. The groove left by the shaped ends
of the mating tank sections is used as a fore-
vacuum channel for leak checking the welding seam.
In general, a weld does not have to be leak
checked if plated over subsequently.

The rolled sections are sanded on the inner
surface ; The final plating will reduce the
roughness from about 15 inn to 0.5 to lum. in the
original tank design, ths inner surface was ma-
chined on a vertical lathe, since the end flanges
had to be machined anyway. The applied conical
shape of the section was used for cell tuning,
keeping the g/L ratio constant along the whole
cavity. In the new design,the sections are kept
cylindrical and of a constant diameter. For cell
tuning,the g/L ratio is tapered. Cell dimensions
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are derived from LALA computations and corrected
-for a systematic frequency error of + 0.03 '•-.. This
error was determined by recalculations of the ex-
isting cavities.

Postcouplers were not considerbd in the redesign
because the cavity length, normalized to the wave-
length, is relatively short and field flatness is
not a relevant problem, rather than the attainment
of the correct frequency.

It is believed that tolerances of the average
inner diameter as close as ± ̂  mm can be obtained.
The length of the steel slab is cut to the length
•f the neutral line of the circumference. After
tag welding of the longitudinal seam, the average
diameter is derived from eight diameter measure-
ments equally distributed over the inner circum-
ference. If the result is found to be off toler-
ance, the tag weldings will be opened and the
mating edges will be ground,or sheet metal spacers
will be inserted,when the diameter turned out to
be larger or smaller respectively. No further
shrinkage during the final weld will occur if only
a light welding seam is applied. As in the ex-
isting cavities, no tuning bar is necessary if the
above-mentioned tolerances are observed. Fixed
tuning bodies of 15 cm diameter can be inserted
via flanges, four of which are provided on each
section for fixed and movable tuners.

As a standard at the Unilac, the Con Flet seal
will be used on all usual flanges for tuners,
vacuum pumps, pick-up probes and drift tube sten
heads. On the existing cavities, those joints have
been machined directly into the cavity wall. At
the delicate knife-edge, none of the nearly 300
flanges has ever been damaged or worn out from fre-
quent openings. In order to avoid the requirement
of large and expensive milling machines for cavity
manufacturing, the Con Flat profile will not
oe cut into an oversized wall thickness. In-
stead, flat blocks of adequate thickness and size
will be machined on small automated milling ma-
chines and welded into a flame-cut hole on the
20 mm thick cavity wall. Figure 2 shows an
example.

Wall cooling will be provided by cooling
jackets, welded on the cavity in four segments;
the clearance is set ny pressed-in dimples. The
earlier concept of counter flow channels was never
applied and no thought will be given to tempera-
ture control of the coolant circuit.

Figure 3 shows the stem head. The adjustment
fixture is kept identical to the first design. The
adjustment base is now a plate, levelled by thrBe
threaded studs, instead of a machined nozzle. The
stainless steel bellow is placed outside the
cavity field as before.

All accessory components, monitoring probes,
tuners, tank supports and the vacuum system will be
as in the first design. The drive loop concept,
however, was changed . 3

The end walls of the original design consisted
of a thin if wall, supported by a heavy spider,
and a cast bulkhead exposed to atmospheric
pressure. The volume in between, containing water
Joints and quadrupols leads, was pumped by an aux-
iliary vacuum system. Though the.pressure interlock
and the safety valve connecting the high vacuum
and the auxiliary vacuum volume never failed In
case of an accidental pressure rise in either sys-
tem, this concept is felt to be overly sophisticat-
ed. A 90-mm thick endplate is planned as a rf and
pressure wall, which eventually has to be rein-
forced by stiffening ribs. The resulting inward
bend of Q.I mm is tolerable from the field flat-
ness consideration. Cooling channels will be cut
into the plate on the rf side and covered by a
welded strip. The piece will be copper plated
on the machined inside surface.

The above mentioned endplate design, requiring
machined surfaces and a vacuum Joint, seems to
present an inconsistency in the concept of a sim-
plified design. Therefore it was at first envisaged,
to weld a deep pressed bulkhead with a cylindrical
collar to the end sections of the tank. Copper plat-
ing of the seam could have been perfonned as de-
scribed before. Considerations on the rf field
pattern in the end cell with a slightly spherical
end wall (bulk head) did not result in a consistent
cell geometry, which meets the boundary conditions
of the field pattern in the neighboring cylindri-
cal cell, and probably would have presented
a flatness perturbation. This bulkhead approach,
which really would reduce an Alvarez cavity to an
oil-tank item, could unfortunately not be brought
to a viable solution under the time constraints of
the upgrading project. A bolted end joint had to be
used instead, because the rectangular comer area
of a welded flat end-plate could not be copper
plated reliably.

At the Unilac the standard approach for making
a large diameter cavity joint Is to use a 1.5 an
diameter gold wire squeezed to 50% of its original
thickness between properly machined and copper
plated flange surfaces. Wire gages ranging from
1.2 to 1.8 mm are stocked In case of tolerance
excursions of flange dimensions. For the purpose
of leak checking without pumping the whole cavity,
an elastomer-sealed fore-vacuum groove is provided
behind the gold wire gasket. In the few cases
where the metal seal became leaky, the flange rings
were found to be too weak. A considerably heavier
flange geometry was selected for the new design, as
in Fig. 4; the machining will be done before weld-
ing the flange to the cylinder wall.

The question of whether gold wire is really
superior to aluminum wire, was not reconsidered.
Earlier experience on models and on one-scale cav-
ities Indicated a Q loss of several percent. Tech-
niques for plating gold and silver on aluminum wires
were developed, but no convincing cost savings over
a reprocessible pure metal wire can be expected.
Alternative contact schemes, like an 0-ring sur-
rounded partly by a copper strip as used In the KEK
linac, have also been considered, but finally were
discarded because of the lack of experience in a
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high duty factor machine.

The above-outlined design changes have been
applied to s prototype, made up of two short tank
sections of full scale diameter. Tolerance expec-
tations and plating technology were derived from
this experience.

Drift Tubes

ihe original drift tube design vas mostly a
copy of the NAL and BNL concept, equipped with a
dc quadrupole equal to the LAMPF design. The com-
ponents were machined from OFHC copper to close
tolerances and assembled by furnace brazing and
electron beam welding. Those sophisticated tech-
nologies are probably mandatory for microwave
tubes, but are unnecessary for Alvarez drift tubes
of usual size. Hone of the nearly 200 units in
the Unilac ever developed s leak or a quadrupole
failure; however, this design would be overly
expensive to fabricate today.

When reconstructing the HILAC in 19715 LBL
engineers demonstrated a much cheaper solution,
based on tape-wound quadrupoles and flood-cooling
of coil and cuter shell by a single coolant cir-
cuit. No commercial manufacturing sources for the
tape-wound technique could be found in Eui.. ̂  and
therefore the LBL design could not easily be
adopted.

The solution presented here was stimulated by
the following facts: a) dimensional tolerances of
±0.2 mm, as used in the first design, can be TB-
laxed tc ± 0.5 mm if they are of random nature;
b) plating techniques can avoid the expensive solid
copper approach; c) subcontracting mechanical
pieces and inhouse assembly and testing avoids the
overhead charges of the microwave tube industry.

Figure 5 presents a longitudinal section of
the assembly. The quadrupole, with classical hollow
conductor coils, Is assembled on the machined stain-
less steel bore-tube, which supports the magnet in-
side the drift-tube can and provides a close target
5it for the optical alignment of the magnetic axis.

In the earlier drift tube procurement, not a
single one was found with the magnetic axis being
off the mechanical axis. Therefore,the measurement
of the magnetic axis and eventual correction of
the borB-centering was. not considered; the
dimensional inspection of yoke and pole pieces was
deemed to be sufficient. Coils will be checked for
shorted windings prior to assembly. The dimensions
of the quadrupole are all the same throughout the
B9 tubes and identical to the last drift tube of the
existing Alvarez Tank II. From the particle dynam-
ics standpoint, one could consider leaving out
every second quadrupole, or even more, but this
would impair eventual future multi-particle ac-
celeration. All lenses in a tank are connected in
series. No flow swUiclw uill be used for coil
protection, as is also the case on the existing
machine. Instead, thermal switches are soldered
to the current leads leaving the stem heads.

The rf power dissipation on the drift tube sur-
face is in the order of 2 kW and perfect, shell
ficoling is necessary. It is provided by a double
wall design for caps and cylinder body, made from
stainless steel for welding considerations. The
caps are simply roll-pressed over a mandril on a
lathe, starting from a disc-shaped sheet metal piece,
2 mm thick. The cylindrical body is rolled from a
sheet metal slab and longitudinally seam welded.
Caps and cylinders obtain a shoulder fit, cut on a
lathe, in order to ease assembly and centering prior
to welding the joint.

Stems are welded to extruded nozzles on the
cylindrical parts. An eventual tilt of the atems will
be corrected for by hand bending during the final
alignment in the tank. Two stems per drift tube
will be used as in the existing machine, which has
demonstrated perfect beam stability. On several
occasions of alignment check-out, not a single
drift tube was found to be displaced from the orig-
inal specifications.

No particular care is taken in protecting the
drift tube surface, nor in removing the welded beads.
Scratches on the cap surfaces, originating from the
roll-pressing, are not considered to be detrimental
for reliable high gradient operation. The com-
pletely assembled drift tube will be electropolished
briefly, tc- remove oxides and grease. During the
plating process, the drift tube is just hung between
two anode plates. No auxiliary anodes, screening
or fluid steering fixtures are used. After re-
ceiving a thin nickel strike, copper plating takes
four hours for the specified thickness of 0.2 mm
to be obtained. In the area between the stems and
at the entrance of the bore-tube, the plating is
only about 0.07 mm, but still thick enough.

In addition to one plating sample, a complete
drift tube assembly was manufactured and plated.
The dimensional tolerances seem to be easily kept
below ± D.2 mm.which is less than necessary. This
prototype is installed in the existing Alvarez tank,
Tank II, for long term examination of the surface
properties.

The author acknowledges the enthusiastic effort
of W. Bleuel during the drift tube design and fab-
rication.
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Fig. 1 Welded joint of copper plated cavity sec-
tions. The welding seam is plated over by
a locally attached bath reservoir.

Fig'. 4 End wail sealed by a gold wire to the
cavity flange. The gold wire is. held in
place by small pins. A backing vacuum
groove allows leak checking individual
seals.

Fig. 2 Con Flat flange welded into the cavity
wall. The copper deposit smoothly covers
the flange surface and the knife-edge
area on the outside.

Y///////////////////A

Fig. 3 Stem head supported by a levelled plate.
The stem can be adjusted in three dimen-
sions and is seaied to the cavity by the
bellow assembly clamped to the stem and
bolted to the weldsd-in Con Flat flange.

Fig. 5 Drift tube assembly. The quadrupole is sup-
ported by the bore-tube and held in place by
a positioning screw in the second stem base.
Joints of caps, bore tube, cylindrical body
and stems are welded to plating.
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MECHANICAL DESIGN 07 CERN NEW LINAC ACCELERATING STRUCTURE
E. Boltezar

CE5N, Geneva, Switzerland

This paper outlines the mechanical engineering
design philosophy and gives a short description of
major components, assembly methods and performance
of the Alvarez structure for CERtt's new 50-MeV
proton linear accelerator now in operation as the
injector for a complex of high energy machines. IE
replaced the old linac which could no longer
satisfy the demands for a proton beam of higher
peak current and better quality.

Some of the design details mentioned in this
paper, such as drift tube demountable girders and
the alignment method, were first tried on the
3-MeV experimental linac built at CERN.1 Some
production technologies, like copper clad steel,
have been used on existing linacs. However, there
are several new features incorporated in Shis
Alvarez structure which are novel in the field of
linac design.

Basic Parameters

The accelerating structure of this linac (Pig. 1)
is composed of three cavities with two intertank
sections for beam diagnostics at 10 MeV and 30 MeV.
All cavities are rf stabilized"using post couplers.
The full drift tubes are suspended on a single
stem, the half drift tubes are incorporated in the
tank covers. All drift-tubes, including the half
drift tubes, house pulsed quadrupole magnets. The
nominal frequency is 202.56 MHz, the peak current
is 150 inA, the pulse duration is of 70-200 us with
a maximum repetition rate of 2 pps.

The following table" gives some basic para-
meters .

Tank 1 Tank 2 Tank 3

Input energy
Cavity IP
Cavity length
Intertank length
Number of cells
Number of posts
Drift tube OD
Bore hole ID
Stem OD
Cavity rf power
Rf power (150 mA)
Total heat loss
Drift tube loss

0.75
0.94

10.35
0.90

6.939 12.958

52
25
0.18
20.25
28
0.60
1.44
0.83
0.59

1

0.15 0
44
21
0.16
30
40
1.12
3.02
1.02
0.64

tnturiont
taktn -it

30.48
0.86
13.359

.20
32
31
0.16
30
40
1.17
2.93
0.95
0.59

MeV
m
m
m

m
mm
mm
MW
MW
kW
kW

The average heat losses are given for a 0.6x
10"3 duty cycle, although the cooling capacity was
designed for a maximum duty cycle of 2.2x10 .

For fine frequency tuning, there are ten piston
tuners of 10~cm diameter. Five rf feed loops are
used, one for the first tank and two for each of
the following tanks. All loops are motor driven.

The tanks are also provided with a number of
glass thimbles for monitoring loops and five
observation windows opposite the feed loops.

The components are positioned around the
circumference at different angles (Pig. 2) to
avoid unwanted rf field couplings and to provide
good accessibility.

wwww
Fig. 2 Cross-section of tank in tunnel (schematic)

Design Philosophy

With more severe demands on both the perform-
ance and the reliability of linear accelerators,
it is of great importance that the design concept
concerning mechanical hardware fulfills as closely
as possible the specified needs. The Bain reason
for this is that the criteria for high reliability,
on the one hand, and high perfornancs on the other,
may easily be in conflict. In such a situation,
it is a good design philosophy to follow the rule
that the proven "sufficient" is better than the
unspecified "best", for both technical and
economical reasons. This rule was applied
wherever it was possible in the design of all
major components.

Mm « /

mtma tttEEBL

t—t/t r*rtt fu*r*&//* Jttfk Xffrf

Fig. 1 Side view of the accelerating structure (simplified)
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The tanks are made of copper-laminated steel,
allowing relatively large tolerances for the inner
diameter; the errors in frequency are to be correc-
ted with bulk tuners. This production technique is
safer end simpler than the copper plating technique,
where the inner diameter has to be machined end
polished after welding. The tanks are water cooled
via tubes glued on the outside walls, which is
quite sufficient for the small heat losses; welding
channels for water-cooling on the tank walls would
only cause more stresses and make the repair of
leaks more difficult.

The drift tubes are of the sealed type with
the quadrupoles open to air. This type has been
successfully used on many linacs because the
degassing rate in the critical region for sparking
is relatively small. The low heat dissipation
rate makes it possible to cool the drift tubes via
the demountable water-cooled stem, thus excluding
water leaks inside the tanks.

The vacuum seals made of aluminium wire pro-
vide, with few exceptions, the rf contacts.
Compared with standard spring contacts, an alumi-
nium vacuum joint, with correct inside flange geo-
metry, makes a more reliable and better rf contact.

Sighting a x i s -

Target on lank-

Reference level -

Flexible coupling via
intertank section

Fig. 3 Support and alignment system for structure

The support system for the tanks is shown in
Fig- 3. The main reason this system was chosen is
that a tank supported in a statically determinate
manner, will not deform or receive additional
stresses if the foundation moves. For this support
system, flexible intertank sections are essential.
These sections being axially compressible allow
the tanks to be inserted.(or removed for repair)
independently into the structure.

For good operational reliability, it was as-
sumed that an easy exchangeability of structural
parts, and above all a possibility to measure and
quickly correct the alignment of the drift tubes,
is more important than trying to achieve long term
geometrical stability. This concept resulted in :

a) The girder drift tube concept permitting the
introduction of the drift tubes into the tank from
the outside, contrary to the present practice on
existing linacs, where the drift tubes are installed
from the Inside. The girder drift tube system
offers a quicker, cleaner and safer (irradiation)
alignment and maintenance procedure.

b) The drift tube suspension design (Fig. 5)
allows the quadrupole positions to be neasured
directly on the drift tube body and/or on the stem
at the top of the girder; it consequently allows
the realignment of the drift tubes from the out-
side, without disturbing the vacuum in the cavities.

c) The external alignment system, which uses the
girders to align the drift tubes to the tank and
optical targets on the tanks (Fig. 3) to align
them to a reference axis parallel to the proton
beam. The reference (sighting) axis is defined
by surveyor's pillars (monuments) mounted on the
tunnel floor.

Tanks and Girders

For production and handling reasons, a tank is
divided into several sections of varying lengths.
Each section carries a girder.

The tank's section is a cylinder rolled from a
copper clad steel sheet(15 mm steel + 2 mm copper),
with heavy flanges welded at both ends and several
flat steel profiles welded all along the cylinder,
providing flat surfaces both at the top and at
the bottom of the tank. On top of the tank there
is a long slot which is partially cut into the
end flanges. The section is sufficiently rigid
torsionally and in bending with the slot open.
With the girders bolted and dowel-pinned over the
slots, the tank will only deform negligibly due to
atmospheric pressure load.

Aluminium wire seals are used throughout the
structure. The wire is backed by spacers (sheets
or plates). These spacers, and not the wire, deter-
mine the distance between the sealing surfaces.

The tank manufacturing procedure included heat
treatment for stress relief after welding and
prior to machining. The final operation was weld-
ing the copper insert? to the copper cladding in
order to extend the copper surface to the wire
seals. Smaller holes for post couplers, piston
tuners, etc., were left unlined; the small amount
of steel exposed to rf fields increases the losses
only slightly. The copper surfaces were neither
machined nor ground after welding.

The specified tolerances for the tank diameters
were +0.5 mm/-0.0 mm,with roundness tolerances
±2.0 mm in any plane along the length,and ±0.5 mm
in planes inside the flanges. The tolerances for
perpendicularities were 0.25 mm,for surface flat-
ness 0.1 mm. The surface roughness for copper is
5 pm (Ea). The copper was specified as oxygen
free with 99.952 Cu and 0.03Z P.

The tank sections are water-cooled via tubes
glued on the outside cylinder wall. The gluing
compound is an epoxy resin mixture filled with
200% aluminium powder and has a heat conductivity
of i* 0.8 kcal/m-h-°C.

The girder is a closed profile,made of mild
steel,with a copper plate bonded to the bottom
flange by epoxy resin. This plate completes the
copper lining of the cavity. The girder has
several functions: it closes the cavity, carries
the drift tubes with their adjustment mechanism
and acts as a straight edge for the alignment.
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The machining tolerances were: stralghtness
<0.2 am, parallelisms between reference faces
0.1 mm, perpendicularities 0.1 mn, drift tube hole
centers ± 0.1 BE, citsaulative over the whole length
+ 0.25 ram.

The inter-tank section (Fig, 4),comprises two
tank covert and cavity with ports for beam diag-
nostic equipment. Figure 4 does not shew the ring
used to center and compress the inter-tank section
prior to introduction between tanks. The possible
movements are: radially ±3 mm, torsionally ±10xrad,
longitudinally ± 4 mm.

Spacer for
M. wire Joint

Fig. 4 Inter-tank section

Tank assembly procedure
The first assembly of the tank sections and

girders is to determine the thickness of the spac-
ers needed to correctly deforK the aluminum wire
seals. The second assembly is to measure and pos-
sibly correct the alignment of the girders. This
finished, and everything reassembled, the rela-
tive positions of the girders (empty) concerning
alignment, spacing and tilt.

External
alignment Jig

Spring
Horizontal adjustment

Vertical adjustment
Girder

Spherical bearing

Pivot point
Copper plate

Aluminium wire joint
Bellows

Support stem

Copper stem

Bellows
— Bore tube

Fig,. 5 Drift tube suspension (schematic)

The excessive errors for tilt and alignment
are corrected by repositioning the tank section*.
The alignment error of the girders on the first
tank was negligible. For the two other tanks the
errors were up to ± 0.2 mm and 0.25 Brad. These
errors were taken into account when the drift tubes
vere aligned.

Soae tank sections showed local indentations
of up to 0.25 am deep on the machined steel sur-
faces near the welds and unfortunately under the
copper inserts in the region of the seal. This
was probably caused by Insufficient thermal
treatment after welding. The problem was solved
by placing shias underneath the copper liner.
Some sections developed small air leaks (up to
10-1* Torr-l/s) on the copper liner welds, which
were acceptable.

Drift Tubes

The drift tube body with the stem and bore-
tube is a vacuum tight structure, with the inside
open to air (Pig. 5). The materials used are:
forged oxygen free copper for the body, stainless
steel for the bore-tube, standard grade copper for
outer stem. The bellows on top of the stem is of
special brass. The manufacture of the drift tubes
included diamond machining of the copper body
(outside surfaces), vacuum furnace brazing, elec-
tron beam welding and induction brazing in vacuum.
There have been some problems with electron beam
welding the stainless steel bore-tube to the cop-
per body of drift tubes for Tank 1. The produc-
tion errors were up to 0.20 mm on the lengtu of
the drift tubes.

Heat generated in the drift tube body is
transferred by , onduction to the support stem
which is closely fitted into the drift tube body.
With this cooling method, a typical drift tube in
a 2.2x10~3 duty cycle operation (about 40 W heat
dissipation) would have an average body tempera-
ture of 4.3°C above the cooling water temperature,
which results in a frequency change of VI5 kHz.

With the suspension method schematically shown
in Fig. 5, it is possible to make all movements
needed for the positioning of drift tubes except
the rotation around the stem axis, which is fixed
once the vacuum seal between the drift tube stem
and the girder is made. The precision achieved is
0.04 mm in horizontal plane (measured on the
drift tube body) and ± 0.01 vertically. In case
the drift tube is accidentally knocked, the sup-
port stem would jump out of the spherical bearing
and automatically fall back in its original posi-
tion with the precision given above; this protects
the stem from damage during assembly. This sus-
pension system has good damping characteristics
against unwanted vibrations.

Rf Feed Loop

As shown in Fig. 6, the loop is inside the
tank exposed to vacuum. The teflon rf window is
placed at a distance X/2 from the short circuit
end of the loop. The vacuum sealing is made
directly on the teflon window by means of lip
seals. A hydro-formed bronze bellows on one side
and a sliding contact made of a silver plated
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helical spring on the other side of the loop,
allow the displacement. The unit is cooled by
heat conduction into the tank vails. No water
cooling is proviOd.

Eccentric lint

Bellows

Teflon window

Fig. 6 Rf feed loop (schematic)

The massive 230 ram rf coaxial line is flexibly
connected to the unit in order to minimize exter-
nal forces on the tank.

Water-Cooling System

The closed circuit cooling system for tanks
and drift tubes uses ordinary water. This circuit
is cooled via a heat exchanger by towa water. The
total flow rate in the closed circuit is 16 m3/h
with 4.5 bar head loss for a maximum heat load of
1*10.3 kW. The nominal water temperature is 20°C,
matching the air temperature in the linac tunnel.
The water temperature is controlled to ± O.25°C
by a commercial thermostat unit.

Vacuum System

The three cavities form a common vacuum system
with a volume of 21 m3 and 140 m2 of copper sur-
face. The system includes ten 1000 1/s triode
ionization pumps; for roughing, six sets of 4501/s
turbo-molecular pumps backed by 30 m3/h rotary
pumps. The final pressure in the system is 2xlO~7

Torr. It is not significantly affected by the rf
or proton beam. Dry nitrogen is used when the
cavities are opened to atmospheric pressure. The
pump-down time with conditioned tanks is ̂ 90 min
to reach a pressure of 2xlO~6 Torr. In a few
hours the final pressure is established.

Assembly and Alignment

Each tank was completely assembled, tuned, low
energy rf tested, aligned and leak tested in the
assembly hall near the linac tunnel. This fin-
ished, the tanks were split in the middle (except
Tank 1) for transport to the tunnel. There the
tanks were reassembled, placed on supports and
aligned to the proton beam. Inserting the inter-
tank sections was the final operation.

A simplified version of the assembly procedure
in the hall is as follows :

a) The bare girders were fitted to the tank and
aligned as already described. Straight edges,
spirit levels and micrometers are used.

b) The girders were removed from the tank and
placed on stands for the drift—tubes to be installed,
correctly spaced and aligned to the reference
faces on the girders. Special jigs were -used for
the alignment (Fig. 5) and micrometers for the
drift tube spacings.

c) The complete girder assemblies were bolted on
the tanks. Then the half drift tubes (on the end
covers) were aligned to the drift tubes, and the
covers keyed and bolted to the tank. For this
alignment an outside callper jig was used.

d) Finally the optical targets were installed at
both ends of the tank. For this, the reference
faces on the girders were used once again.

Note that the alignment of a tank has been
carried out without optical instruments. The pre-
cision that can be achieved using this method is
better than 0.1 mm between the drift tubes and
about 0.2 mm over the whole length of the tank.
This is valid both for the alignment and the
spacing of the drift tubes. The final aligmn_Jt
of the structure in the tunnel, where optical
methods must be used, reduces the overall align-
ment precision to ± 0.25 mm all errors included.

Performance in Operation

The linac became operational at the beginning
of September 1978. Since then, there have been
no mechanical failures except for some trip-outs
caused by the flow switches for tha water cooling
circuits. These were quickly repaired.

The rf conditioning of the cavities took about
one day. Now the cavities can run 202 above
nominal field levels without spark breakdowns.

The initial drift tube alignment was suffi-
ciently accurate for a 150 mA beam. However,
recent alignment checks show that movements have
occurred between the tanks and building as well
as between drift tubes and the tanks, none of
which warrant realignment at the moment.
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Tbe Fusion Materials Irradiation Test
(Ml?) Facility drift tit* lir.ic say be subject
to high levels of activation because of distri-
buted spill of the deuteron beam. The drift
tube suspension system will use a modular design
to allow repairs and alignment to be made with-
out manned entry into the tanks. Design details
are presented that show tbe resulting high
degree of flexibility. Because the accelerator
will be installed at the Hacford Engineering
Development laboratory (BB>L) at Kichland,
Washington, it is desirable that large prefabri-
cated tank assemblies (15 s and 18 a long by
2.5 m diameter) be delivered to tbe construction
site. Stress studies and vacuum sealing tests
have influenced tbe design and these results are
given. Tbe rf power dissipation in the tank
walls is 1.5 MH and requires a high-capacity
cooling system. Finally, rf tuning of the tanks
is complicated by tbe presence of girder slots
and open vacuum ports.

Introduction

Tbe FMIT Facility includes one of tbe
world's most powerful linacs, under design by
the Accelerator Technology Division of the Los
Alamos Scientific Laboratory (USL). This
machine is required to deliver a 3.5-MT
continuous-duty deuteron beam onto a lithium
target. Neither the machine energy (35 MeV) nor
the 103-aA current is unique; however, the com-
bination of the two at continuous duty and with
a deuteron b&an, represents a major step forward
in high-powered, low energy linacs. Other
papers in this conference1'2 Seal with special
systems requirements and critical beam dynamics
considerations involved in working with a poten-
tially activating beam at this power level.
Some of the mechanical design aspects of the
linac itself that make it especially adaptable
to the project needs of high availability and
reliability over an operational lifetime of 20
years, will be discussed.

Modular Design Features of FMIT

A major lesson that was learned from the
Clinton P. Anderson Keson Physics Facility,
(UMPF) is tbe advantage of a modular design.

*Sfork performed under the auspices of tbe O. S.
Department of Energy.
fMestingbouse/Hanford Engineering Development
Laboratory employee working at the Los Alamos
Scientific laboratory.

This permits not only effective maintenance to
be undertaken because of smaller and more
manageable units to be handled, but also a
significantly higher level of duplication of
components. Kith a modular system an attempt is
made to isolate each module from the others in a
functional sense even though the operational
relationship between all modules is maintained.
The net re3ult is higher reliability and less
disastrous consequences in the event of major
breakdowns. In LMfPF the 805-MBz linac and the
rf systems are highly modularised and are
classic examples of high reliability and
trouble-free operation.

The FMIT is a relatively small facility
and its modular design makes it very manageable
through tbe organization of the rf system, the
drift tube linac, and the bzam transport line.
The rf power system consists of 15 identical
Ligh-power amplifiers, eacb of which is broken
down into several components that, using air
pallets, can be quickly removed for maintenance.
Spare units can be moved into position as
quickly.^ The linac drift tubes are supported
on 11 separate strongback girders that can be
quickly disconnected from the electrical and
water services and lifted out of the linac
tanks.4 A similar technique is utilized in
tbe High-Energy Beam Transport (HEBT) lines to
tbe target cells. Here the magnets and asso-
ciated equipment are mounted on modular car-
riages that can be unbooked from the overhead
supporting structure and can be transported to a
maintenance area.5

The entire linac girder system and the
EEBT clusters form a very suitable arrangement
for precision alignment of components. Bach
module can be aligned in a tooling dock with
optical and mugnetlc-center surveying methods.
When installed in the system, each module must
then be aligned relative to all others by using
tbe facility alignment monument system. Cali-
brated positioning guides are used to support
tbe drift tubes on the girders. This feature
will allow in situ alignment of the drift tubes,
a feature that may prove crucial if precision
steering of the deuteron beam becomes accessary.

Tbe filial feature of mechanical modular
design that is critical to FMIT is the manner in
which it provides an option to hands-on mainte-
nance. Modular design certainly makes tbe
system more easily serviced than other construc-
tion techniques! however, if the activation
levels are as high as some sources predict, no
person will be allowed to enter the tanks to
service the drift tubes.6 The modular design
IB adaptable to remote maintenance procedures, a
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Fig. 1 The FHXT drift-tube l inac.

factor that wi l l become more crucial if the
allowable l imits on personnel radiation-exposure
are dropped from 5 R/yr to 500 aH/yr.

Mechanical Design Details

Linac tanks

The drift tube linac shown in Fig. 1
consists of two tanks that will be installed as
prefabricated asseablies. Tank 1 is 248 at in
diameter and 18 m long? it raises the beaa energy
from 2 to 20 MeV. Tank 2 is 240 cm In diam-
eter and IS • long and raises the beam energy to
35 MeV. Drift tube loading of these shells
results in an operating frequency of 80 MHz. A
cutaway section of a typical tank is shown in
Fig. 2. The tank is provided with girder slots
that are strengthened by means of forgings that
encircle the slots, the drift tube girder
assembly is lowered through the slot and the
spanner hatch overspans the gap, adds strength,
and completes the vacuum seal. Heavy stiffening
rings, located every three Meters, support the
weight of the girders. The tank asterial is
2.5-ca-thick copper-clad steel and it is
important that the stiffening rings do not
deflect excessively when the tanks are evac-
uated. Calculations show that the maximum
coapressive stresses are under 3000 psi and that
the deflection of the stiffening rings is less
than 0.1 am. This assures accurate alignment
support for the girder kinematic mounts.

The vacuum ports are open pipes 46 ca in
diameter and 46 cm deep. As waveguides-beyond-
cutoff, attenuation of the TEji mode at 46 ca
is about -31 dE, so only the lightest duty rf
grills are provided at the base of the ports to
protect the ion pumps against stray fields.
Other tank openings are required for the multi-
ple rf drive loops, the post couplers that
provide rf stability, and the tuning slugs.

The welded and proof-tested tanks will be
installed at HH>L. Transport froa the fabri-
cator and installation of tanfe sections up to
18 a ?.n length is feasible, allowing a signifi-
cant redaction in on-site assembly work. The
tanks, mounted on their supporting structure,
will be slipped into the injector end of the
building and rolled into position. To prevent

Fig. 2 Modular drift-tube suspension.

damage from overhead work, this installation
will be done after the facility roof is in place.

Drift tube girders

The use of modules is developed to a high
degree in the girder concept for supporting the
orift tubes. This technique has been applied by
CERN but differs in one major respect froo BUT.
The drift tube stems have been isolated from the
linac tank by the bellows seen in Fig. 2. Pro-
tection of the bellows from the rf fields is by
a choke joint and a rf seal, which are presently
under development. Use of the bellows prevents
distortions of the tanks froa disturbing drift
tube alignment and this further eliminates the
need for precision machining of drift tube
mounting sockets in the tank. The girders are
supported on kii.enatic mounts that allow reloca-
tion to precise positions following removal for
maintenance. All services for the girder are
connected to a convenient panel and distributed
through the girder by electrical and water
manifolds.

An important feature of the alignment
systea is the provision of calibrated posi-
tioning guides on each drift tube sten, which
can be accurately poetioned with lead screws.
Reproducible alignment adjustments can be made
to the drift tubes under conditions of operating
vacuum and temperature in direct response to
beaa position error measurements. Of the six
degrees of freedom, x, y, z and yaw can be
controlled in this way. The remaining degrees
of freedom, pitch and roll, are constrained
during installation of the quad in the drift-
tube bousing.

Alignn^nt system

The FM1T alignment systes is shown in
Fig. 3. Again, this is similar to the CERH con-
cept except that it is carried through from the
injector to the target. Alignment of each
girder relative to the others is aade with an
alignment scope mounted on any of a number of
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Fig. 3 The ROT alignaent system.

facility-surveyed monunent fixtures sighting
through transparent targets on each adjustable
module. Theodolite stations are provided in the
HEBT to turn the line of sight through precise
angles. The sytlen shown in Fig. 3 can deal
vith x, y, pitch, yaw, and roll errors. Soil is
Measured by an electronic level and z by digital
tape. General alignaent tolerances in FMIT are
+0.25 mn and +1 arad,although low-loss beaa
transport through the linac may require consid-
erably tighter translational adjustments.

Drift tubes and quads

There are 72 free-standing drift tubes in
MIT and 4 captive in the eud walls. All free-
standing drift tubes are mounted on the 11
girders and the end-wall quads are all supported
by separate, saall girder fixtures. Each drift
tube carries a quadrupole magnet. Each magnet
is wound with a split winding that allows a
dipole field component to be generated in the
vertical plane by differential excitation of the
field coils. This method of horizontal steering
produces sextupoie field distortion and can only
be used in saall amounts; another reason that
calibrated positioning of the drift tubes has
been adopted. Vertical steering at specific
quads has been provided by trim coils.

The quads are mounted in cast stainless
steel housings (Fig. 4). Castings are used
because of the need for complex cooling courses
and mechanical stiffness. Firm positioning and
support for the quad is provided by the girth
ring casting. The tapered drift tubs shells are
derived from SUPERFISH optimization studies and
result in high rf power efficiency. Type 316L
stainless steel was used because it is resistant
to permeability changes during fabrication and
because it has good weldability. After the
shells are fabricated, they are copper plated
before they are installed and aligned in the
girders. The PARHIIA beam dynamics studies have

Fig. 4 Quad support and drift-tube shell
cooling.

•hewn that a 'constant-length, constant
strength" concept can be used to reduce the num-
ber of quads and drift tubes that are required.
Three quods and five shell models can be uied to
equip the FMIT girders. Those combinations are
listed in Table I.

Essential linac peripherals

The peripheral attachments to the drift
tube linac tanks include the post couplers, slog
tuners, rf drive loops, intertank spacer, and
energy dispersion cavity (Figs. 1 and 2). It
will be noted that rf domes are absent;
instead flat-plane rf windows were located at
the 1/8 wavelength position from the loop
(47 cm) so that the window will be exposed to
high but not maximum fields during transients to
better cope with aultipactoring.

Tie intertank spacer provides a one-cell
drift space for diagnostic purposes at the
20-MeV point. The quads in the drift space are
supported by a yoke, which in turn is attached
to an externally mounted small girder. This
allows the modular external alignment system to
be carried from Tank 1 to Tank J as well as to
permit effective maintenance without tank dis-
assembly and entry. The energy dispersion
cavity (EDC) is attached to the downstream end
of Tank 2. It exposes the 35-HeV beam to a
sinusoidally varying voltage of MOO kV at a
beat frequency of a few megaHertz. This effec-
tively disperses the energy of the aicropulses
by 1 MeV to ease the thermal stresses applied to
the lithium target. In addition to its effect
on beam dynamics, the 2XC also provides the
downstream pressure bulkhead for Tank 2.

Vacuum and cooling

Most vacuum seals on FMIT are conventional
aluminum wire. The spanner hatch seals however
are 7 m long and in addition they are exposed to
thermal as well as rolling stresses caused by
spanner deflection under vacuum. Preliminary
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TABLE I

s n a w c r OF FMIT DRIFT TUBE AND QOADRDPOLE MAGNET PARAMETERS

Drift Tube
Number

1-15
1C--25
26-37
38-51
53-73

Drift

Bore Diam
(cm)

5,0
6.0
6.0
6.0
8.0

Tube

Outside Diam
(en)

42.0
38.0
33.0
38.0
38.0

Face Angle
(deqrees)

4
8
12
15
15

Length
min/max
(cm)

14.24/20.77
22.35/27.60
28.48/34.53
35.69/42.12
44.72/53.46

Type

A
B
B
B
C

Quadrupole Magnet

Gradient Approx. Power
(G/cm)

2750
1885
1885
1885
990

(MO

6.5
7.7
7.7
7.7
9.4

model tests on all important seals, including
the spanner hatch, have been conpleted and
full scale testing of the spanner hatch seal is
continuing.

The tanks and drift tubes are temperature
controlled to dissipate about 5 kW/m2 at
31°_+0.3.°C,by a servo-controlled cooling
system that nixes 85% mainstream water front a
heat exchanger with 15% water from heaters and
chillers. This system has been simulated and it
readily controls the major transient resulting
from loss of 1.5 MW of rf in the copper. A
time constant of about one ninute results from
thermal lag in the tanks and the response of the
heat exchanger. The tanks are longitudinally
channel cool*? by counterflowing the coolant
over channel lengths as great as 18 m in
Tank 1. A 3°C temperature rise in the channel
is allowed with full rf power dissipation.

Radio-frequency timing

The drift tube linac tanks must resonate
at 80 MHz when fully loaded with the drift-tube
clusters'. The presence of the girder slots and
the open vacuum ports lowers the resonant fre-
quency by about 250 kHz. The post couplers and
centered tuning slugs raise the frequency by
about 25 kHz. It is essential that the tanks be
fabricated low in frequency. A tuning bar area
of 50-70 en2 is required to tune the tanks.
These must be cut by trial and error with the
tanks under partial vacuum. Once tuned, the
resonance control system and slug tuners will
only be able to control the frequency by
+6 kHz. The required fine balance of mechanical
adjustments will be verified by the construction
and test of reduced-scale rf models.

Conclusions

The FMIT drift tube linac is moving from
conception: into preliminary design. To solve
the problems with maintenance of potentially
activated components, as well as to provide for
precision alignment, a modular design system has
been adopted. Alignment can be checked exter-
nally because all components are mounted on
girders or carriages outside the vacuum and rf
envelopes. Calibrated positioning fixtures on

the drift tube stems allow reproducible adjust-
ments of individual drift tubes in response to
beam dynamics measurements. In principle)it may
be possible to steer a low-loss beam through
FMIT without the use of steering magnets in the
drift tube linac portion. This is a decided
advantage, because packaging restrictions
prevent the use of discrete steering elements
and only allow minor steering,using trim coils
or differential excitation of the quadrupole
field windings with undesirable sextupole side
effects. Unusual fabrication techniques are
required in this accelerator because the design
is being done by IASL for HEDL, fabrication is
by D. S. industry, and installation will be by
HH3L personnel at Richland, Washington.
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Discussion

Grand, BNL: What is the maximum energy spread
you expect to have with the energy dispersion
cavity, and what does it do to the transport line?

Liska: He expect to swing the cavity plus or
minus 750 kilovolts.

Grand: And you have to add to that the energy
spread in the beam due to the linac. So you end
up having 1 MeV spread. What does that do to the
transport in the bends?

Liska: Yes, that's right. But the transport
system is quite achromatic - it iias been designed
to handle this sort of a spread - actually 1.5 MaV
spread has been designed into the HEET. The
spread of the beam is very important, as Jameson
has shown. If it is not taken into account
properly, then very strong bimodal shaping of
the dispersion can take place, which can do more
harm to the target 'ian no dispersion. But if
the linac energy spread is properly taken into
account, then quite good flattening of that energy
spread can be achieved.

Miller, SLAC: Do you anticipate wobbling individ-
ual quadrupole excitations in order to check the
alignment of each quad with the beam?

Liska: Yes, I expect that one technique we will
use to check alignment will be individual opera-
tion of the quads to check the steering effects
that this might cause. I didn't point it out, but
we do have on our girders what amounts to a panel
in which all the utilities are delivered, includ-
ing in effect, a huge Btirndy connector on each
quad, which would allow us to individually excite
it to check this sort of thing.
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MECHANICAL DESIGH CONSIDERATIONS IN PHIT RFQ DEVELOPMENT*
C. H. Fuller, S. W. Williams,t and J. H. Potter
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Los Alamos, New Mexico 87545

The mechanical features of the several rf
structures that have been made to test the
theory of the radio-frequency quadrupole (RFQ),
arc briefly described. A 425-MHz structure,
designed as a proof-of-principle (POP) test, is
described in detail. Methods of coupling rf
power into the structure, temperature control,
tuning, and mode separation are discussed. The
methods and setup of numerical control machinery
used to generate the critical geometry surround-
ing the RFQ aperture are detailed fully.

Finally, the applicability of experience
and methods gained from the high-frequency
(425-MHz) RFQ development to the 80-MHz proto-
type and ultimate Fusion Materials Irradiation
Test (FMIT) machine are mentioned.

Cold Test RFQ Structures

Recent experiments with RFQ structures by
the Accelerator Technology Division, Los Alamos
Scientific Laboratory (LASL), have focused on
the four-vane geometry. One reason for this
selection over other geometries is the four-
vane's comparative ease of manufacture, con-
sidering the close mechanical tolerances that
are required.

The first four-vane cavity was a length of
aluminum pipe, 12-in diameter, 40-in long.
Vanes were attached inside at 90° intervals.
Their penetration into the cavity could be varied
using spacers, and several different pole tips
were machined and attached (Fig. 1).

This cavity was useful in determining
which modes could be excited, how they over-
lapped, and in suggesting methods of tuning the
cavity and separating and suppressing unwanted
modes. The hardware was soon outgrown and a
better cold model, made to closer mechanical
tolerances, was needed.

For low-power testing a four-pipe, or
cloverleaf model (Fig. 2),was designed around
4-in o.d. stock aluminum tubing and other
readily available materials. Problems caused by
wide manufacturing tolerances for such tubing
(roundness, straightness, etc.) were avoided by
machining reference surfaces along the length
and at the ends of the tubes. The end plates
were designed and machined to register the tubeB
and other parts accurately during welding of the

Fig. 1 Four-vane structure.

ENO TUNERS

*Work performed under the auspices of the U. S.
Department of Energy.
tWestinghouse/Hanford Engineering Development
Laboratory employee working at the Los Alamos
Scientific Laboratory.

Fig. 2 Four-pipe structure.
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Fig. 3 Four-pipe cavity with vanes installed

assembly. Intermittent welds were used along
the length to minimize distortion. A center
hole was then bored through the axis of the
cavity, forming straight, parallel, accurately
machined surfaces on which to mount the elec-
trodes. The concept of the center bore to form
a machined seat for the vane tips continues to
be important in designs of future RFQ struc-
tures.

A set of four constant-BX, modulated
vanes was made for this cavity (Figs. 3 and 4)
using a numerically controlled three-axis
milling machine. The test results were very
encouraging and were reported by Potter and
Williams.1

In these cold test models, cooling and
vacuum were not factors because the experiments
were at atmosphere ana at low rf power. Fur-
ther, at low power, the quality of rf surfaces
and the contact between parts were not criti-
cal. Now, however, a POP test structure through
which a beam will be accelerated is being de-
signed. This -'•=; the next step in the develop-
ment of an 80-MB. RFQ for the FMIT accelerator
(a fall-scale prototype will be constructed and
installed at USL).

RFQ Proof-of-Principle Cavity

Copper tubing, 6.125-in o.d. by 0.192-in
wall, was chosen as the main structural element
for the POP four-vane cavity (Fig. 5). Square
ends are brazed to the tube, then accurately
machined and faced to length. The ends form
three mutually perpendicular planes; two are
parallel to, and equidistant from, the cavity
center line. In this form, the part is easily
indexed and clamped in jig boring and other
machine tools, where dowel pin and screw holes
can be accurately located and drilled.

The vane bases are machined from solid
OPHC copper. Slots are made to receive
0.25-in o.d. copper refrigerator tubing for
cooling water. The bases, Including water

Fig. 4 Constant-8X nodulated vanes.

tubes, are located in the cavity with dowels and
screws and the whole assembly is then furnace
brazed.

Next, a 2.250-in diameter center hole is
bored through the cavity on a horizontal mill
(Fig. 6). This bore becomes a datum surface for
subsequent machining operations. Dowel holes
and screw holes for the vane tips are jig bored
with their locations measured rela';ve to the
squared ends.

Next, rf coupling slots are machined into
each of the cavity's four chambers at 45° to
the axis. Finally, the square ends are rounded
and the entire outside of the cavity cleaned up
to 6.095-in diameter.

The RFC is suspended inside another cylin-
drical rf cavity by means of two copper disks
(Fig. 5). Contact fingers connect the inner
surface of the outer cavity through the disks to
the outer surface of the RFQ, forming a coaxial
line terminated at each end by an electrical
short circuit. The outer cavity, or manifold
tank, is connected to vacuum and cooling water
services.

Fig. 5 The RFQ POP test cavity.
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i.-'ig. 6 Center-bore machining.

The rf power is fed through a waveguide
to the manifold tank. The magnetic field
couples through the angled slots in the RFQ side
walls to magnetic fields inside the RFQ. Power
is unifonnly distributed to all four chambers of
the RFQ.2

Each end of the cavity is closed by a disk
assembly containing four snail tuning slugs.
The slugs vary the capacitance between the vane
ends and the cavity and they are used to adjust
the electrical field distribution along the axis
of the RFQ.

Vane Tip Numerical Control Machining

With properly shaped vanes, the fields in
the RFQ are perturbed to produce a longitudinal
component of the electric field. This longitu-
dinal component bunches and accelerates the beam
in preparation for its injection into a drift-
tube linac. The correct vane shape is necessary
to obtain the proper field distribution for
accelerating the beam with minimum losses. The

shape is described by an equipotential surface
in the electrostatic solution for the
structure.^

Figure 7 illustrates sections from one of
four vanes to be made for the POP test cavity.
Bach diagram represents 10 cells; there are 165
cells in the vane design. The first segment
shown (Fig. 7a) is the radial-matching section.
In this region, the beam is exposed to gradually
increasing radial-focusing /orces formed by the
decreasing aperture radius. Near the center of
the RFQ, the vanes have the appearance of those
in Fig. 7b. The modulations are about 15% of
their final value. In this region, the beam is
bunched and is radially focused with little
longitudinal acceleration. Figure 7c shows the
vane near the exit of the RFQ. The modulation
reaches its naximum amplitude and most of the
team acceleration occurs around this exit region.

Fabrication of the vanes incorporates an
EX-CBLr-O, three-axis, numerically controlled,
-vertical mill (Fig. 8). Normally, this machine
tesds its control data from a punched paper tape
that has a capacity of about 800 data blocks.
The vanes require approximately 20.000 data
blocks for an adequate description. Equipment
and software exist for converting the mill
control system to use cassette magnetic tapes
instead of paper tape. This scheme reduces the
volume of the data set to a few cassette tapes
and simplifies handling.

A spherical tool is used to cut the
vanes. The path that the tool center follows is
in the xy plane (Fig. 9) and i'. constrained
to consist only of straight lines and circular
arcs. As each cross section is cut, the machine
table moves an increment Az along the vane's
longitudinal axis. The process is slow
(Az = 0.020 inches), moving 1-2 inches per
hour in the z direction.

Fig. 7a Cells 1-10. Fig. 7b Cells 101-110. Fig. 7c Cells 151-160.

Fig. 7 Segments of POP vanes.
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MILL SPINDLE

Fig. B Vane machining operation.

If the radius of the tool were zero, the
tool path would be identical to the cross
section of the vane. However, vith a finite
tool radius, the cutting path of the tool is not
always in the same plane that the tool travels
(Fig. IS). The deviation depend;, on both the
cutter radius and the slope of the vane. The
program that computes the machine instructions
compensates for this error.

80-MHz RFQ

The 80-MHz RFQ is still evolving. It has
nearly doubled in length from 3.5 m a year ago,
to 6 m now, to keep transverse emittance growth
small. Several methods of coupling rf power
from another <;;.7ity into the RFQ have been
studied. A very promising scheme uses a
concentric outer coaxial tank operating in the
TIM mode. Magnetic fields in the coaxial tank
cross-couple to fields in the RFQ through angled
slots, as in the POP test cavity.

At least one mechanical technique which was
developed in the high-frequency RFQ work will be
useful in building an 80-MHz system; that is,
the precision machining of the vane electrodes.
It is expected that tolerances in the critical
aperture of the RFQ will scale with the
frequency; i.e., larger structures should
accommodate more generous machining tolerances.
Computer studies c;e planned to determine the
effect of machining tolerances on beam dynamics.

BALL END
CUTTER

VANE BLANK

Fig, 9 Cutter path.

CUTTER

VANE

Fig. 10 Cutter-path error.
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Discussion

Mittag, Karlsruhe: Do you expect any problems
with the brazed rf joints?

Fuller: Probably not with this proof of principle
test. I think the currents may not be so high
that we would have trouble.

Meads, Brubeck: What is the ratio of your machin-
ing tolerance to the aperture of the P.O.P.
structure?

Fulleri The milling machine has, of course,
finite accuracy, around +_ .0002. Other sources
of machining errors are holding fixtures and the
behavior of the vane material under tool pressure.
I expect that we'll be able to hold to within 2
or 3 thousandths (.+_ .002 or .003) of the desired
dimensions in the aperture region. The aperture
diameter at the smallest point is about 100
thousandths (.100) so that's about 3%.
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Section VIII
Ion Sources and Preaccelerators
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1979 LINEAR ACCELERATOR COtffBRKBCB

RECENT PROGRESS IN ION SOURCES AND PREACCELERATOKS*
David 0. Clark

Lawrence Berkeley Laboratory
Berkeley, California

Recent progress 1n 1on sources 1s reviewed.
The types of sources discussed Include positive
and negative proton and deuteron sources developed
for conventional preaccelerators and for neutral
beam applications. Positive heavy ion sources
for conventional linacs and for induction linacs
are Included. Negative heavy 1on sources are
used for tandem electrostatic accelerators. Posi-
tive and negative polarized 1on sources for protons
and deuterons inject cyclotrons, tandems and
linacs. Some recent preaccelerator designs are
summarized.

Introduction

Ion source development of many different
types of sources has been undertaken by groups
throughout the world. Groups working on each
type of source generally have good communication
with each other, but it is also valuable to have
interaction between research groups working on
different source types. For example, the develop-
ment of the multiaperture sources in the ion engine
field and for neutral beams offers useful computer
methods and extractor designs for high current
injectors for particle physics and heavy ion
fusion. The techniques developed in experimental
plasma physics are also valuable for ion sources.
The contact ionization sources developed in plasma
studies and also for ion engines are useful for
negative heavy ion sources and for high current
induction linac injection. Also, the magnetic
bucket confinement system for plasmas is finding
applications in high current sources for neutral
beam formation. So, a healthy interaction between
various source people, with those in plasma science,
is needed.

The listing and description of ion sources
1s such a large field that it would take a book
to do it justice, such as the one by Valyi.1
Recent reviews have been-given by 0sher2 on many
light and heavy ion sources, by Curtis3 on duo-
plasmatrons for proton linacs, by Middleton* on
negative heavy ion sources, by Clark° on heavy
ion sources, by Clark and Seliger6 on sources
for heavy ion fusion, by Haeberli? and Glavish"
on polarized ion sources, and by Kunkel9 on neutral
beams for fusion. The present review will concen-
trate on sources developed for particle acceler-
ators and sources developed for other fields which
may have useful applications in particle acceler-
ators. In such a large field of development, only

a few typical examples can be chosen to illustrate
recent developments in each source area.

Positive Light Ion Sources

*Uork supported by U.S. Department of Energy.

Sources for conventional linacs, summarized
by Curtis,3 have traditionally been duoplasmatrons
producing up to O.5A of proton current, with a
normalized emittance after the column of 0.5* n-mrad,
at a duty factor of 10"3. Recently,duoplasmatrons
have been developed for dc operation for several
applications.

Los Alamos has tested an annular duoplasma-
tron™ which produces a 250-mA dc beam of hydrogen
ions at 125 keV.as a prototype for t*e inc«n»e
Neutron Source (INS) of tritium bombarding a
deuterium gas jet. The annular design was chosen
because it could produce a large area plasma,
and could be easily cooled for long lifetime.
The emittance was found to be large, perhaps due
to the radial arc contribution to the transverse
ion velocity. A Pierce column was used with * 6.4
cm diameter extraction iris. The authors suggest
that a cusp-field source would satisfy the require-
ments of simplicity, uniform plasma and low emit-
tance, and a modified Pierce column is preferred.

Chalk River has developed a dc duoplasmatronll
for the Fast Intense Neutron Source (FINS) project,
which will use a 25-mA, 300-keV deuterium beam _. . • -
on a rotating tritium-titanium target. The source
uses a ceramic plasma expansion cup to reduce -•• —
the emittance. Beam intensity is 44 mA of hydrogen
ions at 74 kV, with 73X protons and a normalized
emittance of o.iir cm-mrad.

The duopigatron has also been developed for
dc beams in the 100-mA range. J. Osher of the
Lawrence Livermore Laboratory is developing a
dc duopigatron source for 150 mA of 400-keV D +

beams to bombard a rotating tritium target for
the Rotating Target Neutron Source-II (RTNS-II).
The source is one of the MATS series, which is
scaled down from a 1 A injectorl3 for the Baseball
fusion experiment, shown in Fig. 1. it uses
a multi-aperture (round holes) extraction system.
The 3-grid plate accel-decel arrangement blocks
secondary electron flew and increases extraction
voltage. The beam is analyzed by a 90° magnet
in the high voltage terminal to separate the D +

from molecular species. A solenoid lens then
matches the beam to a large aperture (10-cm dia-
meter), low gradient (15-kV/cm) column. Complete
space charge neutralization is assumed in the
terminal and in the ground transport. The per-
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formance has been consistent with design expecta-
tion. The source has produced 104 mA of 0 + at
22.5 keV and 87 mA of D+ on target at 300 keV.
Normalized emittance 1s o.i » d

A duopigatron is being developed by Chalk
River11 for a 50-keV 500-mA dc proton beam,as
an Injector for a 1-GeV,300-mA fissile fuel breeder
accelerator. It Is based on an Oak Ridge design
with accel-decel extraction electrodes using a
multi-aperture array of circular holes. Up to *50-
mA total hydrogen Ion current has been extracted
from the source.

The SIN group 1n Zurich 1s building a new
Injector for its ring cyclotron meson factory.
The design14 calls for a 40-keV, 30-mA dc proton
source in a 860-kV terminal. The source, Fig.
2, is a scaled down version of a fusion research
dasign built at Culham using magnetic bucket con-
finement and a 4 electrode extraction system.
Figure 3 shows the terminal, with Isolation of
the source from the column as at Uvermore.12

This isolation provides separation of H + from
molecular ions before the column, good vacuum
in the column, beam matching and diagnostics in
the terminal. Initial source tests show 35-mA
total dc current at 40 keV.

At LASL, a dc source^ is being designed for
the Fusion Materials Irradiation Test Facility
(FMIT). The requirement 1s 1Z5 mA of D + at 100
keV, to accelerate 100 mA of B+ to 35 MeV. The
source 1s based on the single aperture duopigatron,
SARA designed by Osher of Livermore, which will
provide the necessary current with an excellent
normalized emittance of 0.02ir cm-mttii. A totM.
ion current of 100 mA at 100 keV has been obtained.
A cusp field is being tested, based on a C ill ham
design.

Mryh f.urrenl-. aonrrgn fnr np.ut-mi he«M

The use of multiampere neutral hydrogen beams
has proven very successful In heating plasmas
for magnetic fusion experiments.* A neutral beam
injection Iine9 is shown in Fig. 4. The first
component in the system is a multiampere positive
ion source. The development of sources for these
systems has provided many useful Ideas for acceler-
ator sources.

Present Berkeley sources produce 6S-A beam
currents in an extraction area of 10 x 40 cm'
at 120 keV, w1th,5-sec pulses. Filament and arc
currents are each 1000 A. A recent Berkeley
source-'6 1s shown in Figs. 5 and 6. It is cubical
in shape, 24 cm on a side. It uses hot tungsten
filaments to generate plasma, and line-cusp fields
for confinement. Filaments are operated space
charge limited for stable pulsed operation. Arc
current is 500 A and plasma density is 400 mA/cm*
at the extraction grid. The line-cusp version
gives higher D + fraction of 75%, compared to 65*
without cusps. Future requirements include longer
pulses of up to 30 sec, where cathode life is
a problem, so lanthanum hexaboride and oxide cath-
odes are being investigated.

At Oak Ridge a magnetic bucket confinement
system is used 1n the plastu expansion section
of their duopigatron source,9 (Fig. 7).The buckets
«!Mp out plasma fluctuations, spread the plasma
store uniformly over the extraction electrode and
give high atomic 1on fractions; up to 80*. This
model produces 60 A at 40 kV for 300-ms pulses.

Extraction systems have been extensively
developed for these high current sources. Accel-
decel systems are used to block electrons and
Increase extraction voltage. Multiaperture arrays
of either slots,or round holes,are used to produce
the multiampere currants required. A Berkeley
slotted extractor? Is shown 1n Fig. 8. The cal-
culation of beam trajectories through this
extractor^ for 120 keV is shown in Fig. 9. It
uses a computer code which itarates the trajectory
calculation in the presence of space charge to
obtain electrode shapes giving minimum beam diver-
gence. The first electrode has a Pierce shape
for Initial electrostatic focusing. A fourth
electrode 1s added to a 3-electrode, 20-keV
extractor, to give 120 keV.

Positive Heavy Ion Sources

Present sources

In present positive heavy ion accelerators
such as linacs and cyclotrons, the principal source
used is the Penning Ion Gauge (PIG) type. Since
these sources have been reviewed previously,5
only brief mention of them will be made here.
They produce microamp to milllamp beams of all
elements with charge states up to about Xe« +,
at duty factors up to 100%. Since they are s t m
the best high Intensity source of heavy ions,
they will be used 1n several new heavy ion
accelerators, such as the new SuperHILAC injector
at Berkeley, the superconducting cyclotrons at
Michigan State University and the GANIL cyclotrons
in France. Active development programs are under-
way at these labs.

At the UNILAC in West Germany, extensive
development has been done on the duoplasmatron5
for heavy Ions at high duty factors of 30-100%.
Great Improvements were made in its high charge
state output, but it did not equal the PIG at
the high charge states and for solid material
feed reliability. The duoplasmatron has been
tested at several other Iabs5»6 for low duty factor
operation with low charge states.

The Hughes Research Labs have developed a
high brightness Penning source1' for 30 mA of
Xe I + using a single extraction aperture, and 100
mA with multiapertures. It is shown in Fig. 10.
It uses a diverging magnetic field of tens of
Gauss and permanent magnets around the outside.
The extractor has a Pierce geometry. It will be
used with the Argonne National Lab 1.5-MV acceler-
ating column for ion beam fusion injector develop-
ment.^ A calculation of beam trajectories in
this column, including space charge, is shown
in Fig. 11. This 3-gap configuration would
accelerate 100 mA of Xe 1 + to 1.5 MeV.
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A source for 60 mA of Xe1+ was built at
Berkeley.19 It is shown in F1g. 12. It is based
on the origtnal Berkeley hot filament plasma
generator of Ehlers20 and the multiaperture extrac-
tion system of Osher12 using a round hole array
in an accel-decel geometry. A 30-mA beam at 22
keV was transported 1 meter with a magnetic
quadrupole triplet, and the normalized emittance
was 0.03ir cm-mrad. The beam was almost completely
space charge neutralized by residual gas. Currents
up to 60 mA have been measured through a 500-kV
accelerating column.

Advanced high charge state heavy ion sources

If a source could produce charge states twice
as high as the PIG, the energy from a cyclotron
would be four times higher, and Unacs could be
designed with half the present length for a given
energy. Progress has been made toward this goal
in the past few years.5

The Electron Cyclotron Resonance (ECR) source
has shown great promise in this area. The most
.dvanced version,21 called SuperHAFIOS B, is shown
i» Fig. 13. It is a two stage plasma device.
Plasma 1s created in the first stage at high
pressure (10~3 Torr) by microwave power at the
electron cyclotron resonance frequency. It
diffuses to the second stage at better vacuum
(10"' Torr),where high charge states are created
by a second microwave system. Mirror and sextupole
magnetic fields confine the plasma in the second
stage. Operating power 1s 3 MW. Charge states
such as N'+, Arlz+ and Xe'6+ have been observed
at lOi'-lo1" per second intensities, much higher
than those of a PIG. Much interest has developed
in this type of source, particularly in Europe.
A small version, MicroMAFIOS,21 has just begun
operation at Grenoble. It 1s shown in Fig. 14.
It uses a simpler single microwave frequency system
and a permanent magnet sextupole to save power.
ECR sources are being built at cyclotrons in
Louvain, Belgium,'' and Karlsruhe, Germany.23

The Electron Beam Ion Source (EBIS) is another
advanced high charge state source with promising
results. This source was pioneered by Donets
at Dubna2' and later developed by other groups.
The CRYEBIS25 source at Orsay, France is shown
schematically in Fig. 15. An electron gun injects
beam Into a series of drift tubes in a super-
conducting solenoid magnet, where it Ionizes a
pulse of gas. The ions are confined radially by
the electron beam and axially by potential barriers
at the end drift tubes. Hhen the high charge
states have been built up, a voltage ramp is put
on the drift tubes to extract the Ions. The Orsay
electron gun is shown in Fig. 16. The electron
beam 1s compressed electrostatically and magneti-
cally. Charge states of up to Kr3»* and Xe«+
have been reported. The accumulation time of
only 5 ms Is much shorter than expected, liicely
due tc reduced electron beam diameter from
neutralization. This means that high repetition
rates could be used and duty factors of about

50% could be obtained by storing and extracting
for equal times. Average beam currents would
be comparable to those of ECR sources, and higher
for the heavier ions. The duty factor is ideally
matched to a synchrotron. CRYEBIS will be
Installed on the Saturne II synchrotron in France.
An EBIS has also been used on a synchrotron at
0ubna.Z4 The CRYEBIS will also be used to ionize
a polarized atomic hydrogen beam entering through
a hole in the cathode. It will be a very high
efficiency Ionizer compared to those mentioned
in the later section on "Polarized Ion Sources."

Other methods of producing 'nigh charge state
hoavy ions, such as lasers and exploding wires,
have very low duty factors. The use of a 300-
500-keV proton beam, instead of an electron beam,
1n a modification of the EBIS called the PROBIS
has been suggested.26 The motivation is that the
ionization cross-sections are higher. However,
the radial electrostatic confinement disappears
with protons, leaving only magnetic confinement.

Large area contact ionization source

One of the orineipal candidates for heavy
ion fusion applications 1s a linear induction
accelerator. This accelerator car. accelerate
large beam currents (amperes) of singly charged
heavy ions starting at a few HeV. At Berkeley,
a Cs1+ contact ionization source of 1 ampere has
been developed2? for this application. This type
of source was chosen because of its high bright-
ness (less transverse velocities than a plasma
source), >99% singly chargsd ions, and its high
mass (uranium may be possible). The source and
pulsed drift tube preaccelerator are shown in
Fig. 3.7. Cesium vapor is sprayed onto the 30-
cm diameter hot iridium anode. The space-charge
limited beam is extracted by the pulsed anode
voltage. The extracted current follows the
predicted V^/2 Chi Ids' Law up to 1 ampere at 500
kV, with 4 psec pulses. One drift tube is now
operating to give 1 ampere at 1 MeV, and 3 drift
tubes are expected to be in operation in late 1979.

Negative Light Ion Sources

There is a need for H" sources for injection
into synchrotrons by stripping, for injection
into LAMPF, and for neutral beam magnetic fusion
injectors at higher energies. Development has
been done at Brookhaven, Fermi lab and Los Alamos
in the U.S., .using designs from the Novosibirsk
group in Russia.

Fermi lab has developed a magnetron H" source2**
from a design of Brookhaven. It is shown in
Fig. 18. The H" Is formed by the E X B discharge
in the thin annulus between cathode and anode.
Cesium is added to increase the H" production
and the source is run at 35O°C to prevent conden-
sation. High ion current densities of several
amperes'cm2 are created at the extraction gap.
The so. ;,e, analyzing magnet and accelerating
column are shown in Fig. 19. The 90° analyzing

- 411 -



magnet removes electrons and Matches the beam
to the column. The source has produced 50 «A of
H" from the 750-kV colimn, and is the principal
injector at Fermi Jab.

At Los Alamos,a Penning source of the
Novosibirsk type has been developed," shown in
Fig. 20. It has given 108 mA at ISfcV through a
90* bending magnet.

negative Heavy Ion Sources

Negative heavy ions are widely used in tanden
electrostatic accelerators. They are produced*
by direct extraction, charge exchange from a
positive bean, head-on collision of a positive
beam with a vapor, and by sputtering from a solid
surface with a positive bean.

One of the most useful designs is that of
Middleton,* shown in Fig. 21. A cesium beam from
surface ionization is accelerated and focused
to bombard a sputter cone of the desired Material.
Negative ions are sputtered out and accelerated
into the downstream lens system, A desired ion
can be quickly selected from an array of cones
of different materials, making this a very
versatile source.

A negative heavy i m source was recently
developed at Wisconsin.30 The source is shown
schematically in Fig. 22. It uses the filament
design from the Hill-Nelson source and a sputter
cathode of the desired material like the Aarhus
source ; Cesium vapor is added. The negative ions
from the cathode are focused toward the extraction
aperture. The source produces beans of good
intensity and brightness. Middleton 1s testing
a similar source, but without the magnetic field.

Polarized Ion Sources

Polarized hydrogen or deuterium ions are
produced' in an atomic bean source by separating
spin components of the atcwlc beam in a miltipole
magnet and then ionizing the beam, and in the
Lamb shift source,by selective quenching of tire
ZS metastable state and charge exchange in vajtor
or gas.

Recent improvements have been made in the
atomic beam source by ANAC, Inc.8 vtgan 23
shows the new atonic bean SYsten vith the
dissociator closer to tte first sextupola, four
independent short sextupoles instead of one or
two long ones, and better pumping along the beam.

Inproveaents by .AHAC8 have a3a<- been aade in
the electron bean ionizer, ac sbovn in
Fig. 24. The solenoid is split into 6 parts to
produce an optimal magnetic field, which normally
is higher on the ends ttian in the center. Power
supplies and mechanical rigidity have been improved
to stabilize the operating paint. The beam
currents .resulting from these Improvements in the
atomic beam and ionizer have increased from 10 uA
to 60 uAdc and 160 uA pulsed.

Recent advances have been made in negative
ion polarized beams from an atomic beam source.
Haeberli's group at Wisconsin? has used a colliding
beam method of fast Cs° with polarized thermal
H°, Fig. 25. The Cs° donates an electron to the
H° by charge exchange. A current of 3-JIA
polarized H* was obtained, larger than is available
fro* present sources. Further improvement is
expected.

An even more promising development for
negative ions is the use of colliding beats of
fast D" with thermal polarized H°, proposed by
Haeberli. High intensity 0~ beams are available
and the cross-section is higher than for Cs°.
Figure 26 shows a possible arrangement for this
scheme. The main problem is space-charge blow-
up or the newly formed polarized W by the fast
D~ beam. This can be controlled by using a strong
solenoid magnet and by injecting a neutralizing
positive beam as shown in Fig. 26, although
neutralization would also be supplied by residual
gas. A colliding beam experiment is underway
at Argonne' using this reaction^Fig. 27,-, which
uses a small interaction region to reduce ifw
space charge problem with a pulsed H" beam of
1A or more.

Sources of other polarized ions' have also
been built, sucf. as 3He, 6Li, 7Li and "Na. and
some of these have been used on accelerators.
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Fig. 3 860-kV terminal for new SIN injector.
1) ion source, 2) turbopump, 3) - S) beam
transport, 10} chopper, 11) buncher, 12)
accelerating column.

Fig. 5 Plasma region of new line cusp source
for neutral beams at LBL.

Fig. 4 Typical neutral beam line for magnetic
fusion.

CB]
XBL 791-7722

Fig. 6 Section of Fig. 5 showing line-cusp
fields.
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Fig. 9 Computer designed 4^electrode extractor
system for 1Z0 kV at LBL.

Fig. 7 ORNL 22-cm duopigatron with magnetic
buckets.

Fig. 8 LBL IZO-keV, 65A source, showing axtrac-
tion slot plates.
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Fig. 10 Hughes Research Labs Penning Source for
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Fig 11. Argonne 1.5-HV accelerating column for
heavy ion fusion.
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1 AMP Cs+> Source

Fig. 17 UBL 1 A cesium contact ionization source and pulsed dri f t - tube linac.

Fig. IP Fermi lab H- magnetron source.

Fig. 19 Fermi lab high voltage terminal with
analyzing magnet for H~ source.
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Fig. 20 Los Alamos Penning Source for H".

Fig. 21 Hiddleton sputter source for negative
heavy ions. Cesium beam enters from
left. Ion bean 1s extracted fro* right.
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Fig. 22 Wisconsin axial plasma sputter source
for negative heavy ions.
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Fig. 23 ANAC new polarized atomic beam system.

Fig. 26 Proposed system for producing high
intensity polarized H- beam by charge
exchange wit!: fast D~ beam.
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intensity polarized H" b « w by charge
exchange with fast D~ beeim.

Discussion

Hepburn, AECL: Does the Wolf computer code Iter-
ate the plasma surface shape?

Clark: I'm not positive about that.

Halbach, LBL: It does iterate on the meniscus -
it finds the shape that gives a self-consistent
solution.

Blewett, BHL: It was not clear to me in your
pictures of polarized ion sources, where the polar-
ization takes place. Most of the pictures seemed
to show only components that are axially symmetrical.

Clark: The polarization takes place in the sextapole
magnets, by separating the electron spins - they
align either parallel to the field or perpendicular
to the field - so in the sextupole one component is
defocused and one component is focused due to the
sextupole gradient. After that there is an rf tran*
sistion.

Blewett: I think the problem was that I didn't
see them.

Clark: They were in the first vlewgraphs. I may
have not: made that clear. These are the sextupoles
here - "6 poles" - this is a standard component of
the source. It is symmetric except for the "6
poles".

Blewett: This component appears by assumption in
all of your other pictures.

Clark: Yes, this item, the sextapoles, are used
In every atomic beam type of source and the col-
liding beams have that as a first stage.

Meads. Brobeck: Would you say something about
reliability of some of these sources?

Clark: Well, that varies tremendously from one
source to another. Some sources will run for
weeks or months. The negative heavy ion sources
can run for weeks. Some of the PIG sources run
for 3 hours and then they have to be changed.
Some of them rin for a day: 8-12 hours. That's
probably the complete range. At the 88 Inch, we
sometimes change the source every 3 hours for
difficult ions and run up to weeks with dueplasma-
trons at low duty factor. But everybody wants to
get better reliability.
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TESTS WITH A MULTIDIPOLE ION SOURCE ON THE CERN 500-keV EXPERIMENTAL PRE-ACCELERATOR

J. Grando, H. Haseroth, C. Hill, M. Hone
CERN, Geneva, Switzerland

A pulsed, multidipole ion source (bucket ion
source), similar to dc ones used in the fusion
field for neutral injection,has been built and
tested on an experimental pre-accelerator. Pre-
liminary results are given and a comparison i«
made with the usual duoplasmatron ion source.
Because cf its very low noise, simple design,
smaller number of variable parameters and lower
power consumption,the eventual installation in
the preinjector of the new CERN 50-MeV linac
looks attractive.

Introduction

The CERN duoplasmatron1 ion sources have
proved to be reliable and efficient sources of
protons for the CERN accelerator complex. How-
ever, the "grass", or noise inherent in the beam
pulse when the source is being operated at high
currents,is giving rise to concern. This noise
car only be eliminated at the cost of inferior
beam quality and is believed to arise inside the
expansion cup.

A multipole confinement device2 essentially
has a quiet plasma contained in a region of prac-
tically zero magnetic field. Ion sources based
on this principle have been built3 generally as
direct current or long pulse sources for use in
nuclear fusion experiments.

For accelerator use, the multidipole source
(or MDS) seemed worthy of investigation,in view
of its reported low noise properties and appar-
ent small emittance.1* A short test on a dc
source at Culham Laboratory^indicated that it
might be possible to operate with pulses as short
as 100 |is with fast rise-times.

Description of the source

When deciding to build a prototype MDS source,
the first limiting parameter was the space avail-
able inside the preinjector columns, especially
as it was n"f intended to use a special extractor
electrode. The inside diameter of the anode of
the 750-keV column of the new linacj therefore,
limited the maximum outside diameter of the
source to 210 mm. Figure 1 shows the source as
built in its water-cooled version. Figure 2
is a cross-section of the source also showing
electrical connections. An air-cooled source
had a welded stainless steel plasms chamber but
the water-cooled source has an aluminum alloy
body, Host of the data and results presented
here refer to the air-cooled source.

The apace limitation and available magnets
led to the adoption of the full line cusp geom-
etry proposed by Leung et al.,5 and considered by
then as the best one. The plasma vessel is 110 mm
diameter by 100 mm deep and 1.3 mm thick, with a
port In one end for the cathode. Twelve rows of
rare earth-cobalt plastic magnets produce the
multipole field and are continued radially over the

bacfcplate to the cathode hole. These magnets give
a maximum field of about l.S kG at the walls and
a region of about 50 mm diameter at the center
with less than 10 G.

As there was no experience with bright thermi-
onic emitters and as there were power supplies and
components available, the standard oxide coated
duoplasmatron cathode6 was used in the source. At
its working temperature, the cathode dissipates
about 150 tf and the magnets seem to stay below
100° C. It is doubtful if a bright thermionic emit-
ter could be used in the air-cooled source.

The front plate of the source is an insulated
stainless steel disc carrying a titanium (TA6V)
alloy nose with a 14 mm extraction hole and Pierce
angle geometry. Titanium was used to ensure that
the high voltage performance of the preinjector
would not be deteriorated. This front plate can
be biased relative to the source body.

In view of the .geometry of the source, the
cathode can see down the high voltage column.
After considerable problems with high voltage
stability and radiation, a small floating shield
of titanium was mounted in front of the cathode,
and this seems to have given greater stability
without apparent beam loss.

Arc characteristics

Before the source was mounted in the experi-
mental preinjector, the arc characteristics were
studied in a grounded test rig. A standard
CERN arc power supply, 7which consists of a thyris-
tor discharged 10 II delay line pulser with about
5 n of series resistance, was used.

Initially the source was difficult to fire
and high arc voltages were measured (•M50 V), but
after some hours the arc voltage dropped to around
a normal value of 80 V. It is not yet known if
this phenomena is inherent in the source,but there
are indications that these problems may have been
due to the state of the cathode, or to surface phe-
nomena in the arc chamber. These phenomena have
not been seen in the water-cooled source.

The arc voltage and current were insensitive
to the negative bias on the front plate down to
about -40 V, corresponding to the potential of the
plate if it was allowed to float. Grounding the
front plate drastically increased the arc current
rise-time. Normally the plate was held at -100 V.

Once the arc became normal, it was fouul to
be very sensitive to cathode temperature.
Acceptable operation could only be obtained in a
temperature band of about 60° C around the nominal
cathode temperature of about 800° C (i.e., approx-
imately +3 A on a filament current of 50 A). The
cathode showed less sensitivity at higher arc
currents. Figure 4 shows oscilloscope pictures of
•he arc voltage and current for the conditions of
too cold, normal and too hot operation. Again,
there are indications that these effects may be
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due to the particular cathode used in these tests. even several scans did not show any variations.

With high currents (MOO A) and low gas flows
(2-5 cc/min), the ate firing delay was observed to
increase in the air-cooled stainless steel sourcej
delays of several tens of milliseconds could
be produced. This effect vas not observed with
the water-cooled aluminium source.

Measurements of the radial current density
distributions obtained using standard Langmuir
probe techniques in the vater-cooled source are
shown in Fig. 3. The uniformity of the current
density across the back of the exit hole is quite
apparent.

Tests in the experimental preinjector

It quickly became obvious during tests in
the experimental preinjector,that the extracted
current and beam quality were very dependent upon
source position. By trial- and-error techniques,
it was found that the best beam conditions, as
defined by the eleanese pulse in the first current
transformer and the best transmission through the
first triplet,were obtained when the position of
the hole in the nose relative to the preinjector
anode roughly corresponded to that found in the
past for the duoplasmatron. If the source was
too far forward, little current was extracted,
whereas if it was too far back,a large current
could be obtained but with very poor transmission
and poor voltage holding of the preinjector column.

With the source positioned as near as possible
to the optimum, it was found that the beam pulse
reflected certain characteristics of the arc volt-
age, which enabled the source filament current to
be adjusted to its optimum value. Figure 4 shows
the beam pulse as measured in the first current
transformer for the conditions of too cold, normal
and too hot cathode.

The almost complete absence of noise on the
beam pulse during normal operating conditions
(Fig. 4b) can be clearly seen and should be com-
pared with a comparable beam from a duoplasmatron
(Fig. 5).

Currents obtained from the MDS were roughly
linear with respect to arc current. Typical vali.es
were 190 mA for 60. A arc, to 420 mA for 100 A an:
current and 10 cc/mtnute of hydrogen. The source
output saturated above about 110 A arc. Beam cou-
position was not measured.

It was found that the source parameters for
a given beam remained stable from day- to-day and
could also be reproduced, with a short running in
period, after a cold start.

Manual emittance measurements suggested that
it would be worthwhile to perform a test run on
the new linac.

Measurements on the new linac

After installation in the 750-kcy preinjector
of the new linac and proper source parameter set-
up, the MDS again showed little noise and extreme-
ly good stability. Figure 6 shows a comparison of
the MDS and duoplasmatron beam profile measure-
ments in the LEBT, made with a movable slit and
a beam transformer behind it. In the former,

The emittance measured in EM2 (Fig. 7) did not
seem very encouraging, but it is highly probable
that there was considerable contanination from
Ht, HJ and perhaps N + or 0+, especially in view of
the high losses in the beam transformer readings
between IM4 and IM5. Typical values for 132 A arc
and 10.2 cc/mln hydrogen were:

IM2 (after column) 325 mA
IMA (before buncher) 301 mA
DJ5 (after buncher) 163 mA
IM6 (into Tank 1) 163 mA
IM9 (out of Tank 3) 140 mA

The enittance measured in EM3 (after the buncher)
was much more reasonable (Fig. 8).

The maximum current obtained at 50 MeV was
140 mA compared to a maximum of 160 mA normally
obtained with the standard duoplasmatron. Emit-
tance measurements at 50 MeV indicate that the
beam quality was certainly not worse, but was
probably better than that obtained from the duo-
plasmatron source. There is still room for im-
provement in the linac settings, but this was not
tried because of lack of time.

Conclusions

The object to build a pulsed MDS has been
achieved and initial tests indicate that all its
promises can be fulfilled.8 However, further fun-
damental investigations are needed to understand
some of the early problems and more operational
experience will be needed before it can be envis-
aged using this source operationally for the
CERN accelerator complex.

Acknowledgements

The authors would like to acknowledge the in-
formation obtained from and the very useful dis-
cussions with E. Thompson and A. Holmes of Culham
Laboratory.

References

1) B. Vosicki, M. Buzic, A. Cheretakis, MPS/Int.
LIN 66-1 (1966) and Linac Accelerator Con-
ference, Los Alamos 1966.

2) R. Limpaecher, K. Mackenzie, Kev.Sci.Instr.
44, 726, 1973.

3) K. Leung, R. Collier, L. Marshall, T. Gallaber,
W. Ingham, R. Kribel, G. Taylor, Rev.Sci.Instr.
49, 321, 1978.

4) E. Thompson, A. Holmes, Culham Laboratory
UKAEA, private communication.

5) K. Leung, T. Samec, A. Lamm, Phys.Let. 51A,
490 (1975).

6) Technology note B18 - Meetings on Technology
arising from high energy physics, CERN 74-9
(1974).

7) H. Haseroth, P. Tetu, CERN/PS/LIN 76-6 (1976),
and 1976 Proton Linear Accelerator Conference,
Chalk River, Canada.

8) M. Hone, CERN Internal Report - to be pub-
lished.

- 421 -



Fig. 1 Prototype MDS Fig. 2 MDS1 cross section and electrical schema

Klg. 4 Arc and beam characteristics for (a) too
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DEVELOPMENT OF A HIGH BRIGHTNESS ION SOURCE

A.J.T. Holmes and M. Inman
Culham Laboratory, Abingdon, Oxon. 0X14 3EB, U.K.

(Euratom UKAEA Fusion Association)

SUMMARY

The brightness and smittance of an ion beam
can depend on the ion temperature, aberrations and
scattering, as well as other factors. However, it
is the ion temperature which determines the
irreducible minimum value of the emlttance and
hence brightness, as the ether components can be
eliminated by careful design.

In this paper an ion source design is pre-
sented which has attained this minimum value for
the emittance; the dependence of the ion tempera-
ture on the plasma source parameters is discussed.

THE ION SOURCE

Figure 1 presents an illustration of the
ion source, which comprises the plasma generator
and ion acceleration structure. Both of these
components have been developed at the Culham
Laboratory as part of an ongoing program for the
injection of intense neutral atom beams into mag-
netically confined plasmas, for controlled thermo-
nuclear research.

The plasma source is of the magnetic multi-
pole type * > ̂  sometimes called a "bucket"
source .which has the advantages of a very high
electrical efficiency, a low gas operating pressure
and the production of a large volume of quiescent
plasma. All these advantages arise from the
magnetic multipole method of plasma confinement,
which creates a magnetic well on all sides except
the beam extraction surface, where the magnetic
field is virtually zero.

The electrical efficiency is such that each
kilowatt of arc power produces typically 4 amps of
ions (in hydrogen) over the entire extraction area
of about 80 cm2. The uniform plasma area Is about
40 cm^ and is large enough, as can be seen in
Fig. 1, for a multi-aperture extraction systea^
which is capable of giving a beam current of about
1 ampere. In these experiments, however, only a
single aperture is used.

The gas pressure for reliable source opera-
tion can be as low as 2 a Torr; the electric
efficiency does decrease, however, at this pres-
sure , which minimizes the effects of scattering
collisions in the extraction system. Hence, these
collisions do not influence the beam emittance.

Tne ion extraction system is of the tetrode
type ; an illustration is shown in Fig, 2,
The tetrode structure reduces the effects of the
anode hole effact, by decoupling the extraction
fro* the poet acceleration capwhich raises the
beam to its.final energy.It also adds an additional

electrostatic lens to the Mystem, which enables
the beam to be extracted with negligible compres-
sion. The divergence of the extracted ion beam
depends on the degree of space charge neutraliza-
tion, which in turn, depends on the diameter of
the extracted beam. 3 Thus tetrode extraction
systems have a big advantage as there is little
beam compression and large diameter apertures can
be used, as the anode hole effect is weaker.

The extraction geometry developed at Culham,
shown in Fig. 2, has 12-nm diameter apertures,
which are suitable for beam energies up to
70-80 kV. The maximum beam current through a
single aperture extracted so far is 230 mA of
mixpd species H-ions at 70 kV, or 15O mA He+ at
the same energy . The extraction geometry is
designed with water cooling, so that it can operate
continuously. The beam divergence angle is O.5 ,
which arises from the finite ion temperature and
residua: space charge. Figure 2 also shows the
calculated ion trajectories,and as can be seen,
there is little aberration with this extraction
geometry because of the flat plasma boundary
and the large aperture in the second electrode.

Hence,the only contribution to the beam emit-
tance arises frcm the finite ion temperature in
the plasma source. This is discussed later,
where it is shown that the observed temperatures
can be explained by purely classical processes.
The field-free plasma and its quiescent uniform
behavior,' make it unlikely that any non-linear
processes contribute to the emittance.

BEAM EMITTANCE AND ION TEMPERATURE

The normalized emittance and brightness for a
cylindrical beam are defined as:

e = BY Afr.r'J/ir

where I is the beam current. The ion tempera-
ture gives rise to a Maxwellian velocity distribu-
tion; hence the emittance of a non-relativistic
beam of this type at the 1/s intensity contour at
the extraction aperture is:

1/2

and the diagram is rectangular in shape. The
brightness is,hence:

B,2 ,c2/16aZ eT,

Vl6 eT,

«

(2)
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where J is the current density at the plane of
extraction, The value of Ĵ  depends on the
extraction voltage and inter-electrode gaps and is
only limited by the voltage breakdown strength of
Uie extraction gecmetry. "*

The ion temperature has been derived from the
measured emittance, using Eq. 1 over a range of ex-
tracted current densities for both hydrogen and
helium, as shown in Fig. 3. In the hydrogen dis-
charge, a considerable rise in the value of 7±
with increasing values of ji is observed. Such an
increase is not seen in a helium discharge, which
suggests that there is a correlation between the
increasing ion temperature and the increasing pro-
ton yield (also shown in Fig. 3). This may arise
since the protons are more energetic than the
other ions, because of their dissociation energy.

An emittance diagram of the hydrogen beam is
shown in Fig. 4 for a beam energy of 40 keV. The
normalized emittance for H2, the average ion mass,
is 0.12 irmm-mrad, which leads to a temperature of
0.68 eV and a brightness of 5.1011 aA/cm2/steradian.
Also shown in Fig. 5, is the output from the diag-
nostic device, which shows that both the beam
spatial and angular profiles are gaussian in shape.
The helium beam enittan.-.e for the same extraction
geometry is much lower, only 0.055 Trmm-mrad, which
corresponds to a temperature of 0.32 eV and a
brightness of 1.4xlOi2 mA/cm2/steradian.

DISCUSSION

"tie ion temperature is determined by the gas
temperature in the source, the heating caused by
classical ion-electron coulomb collisions, therma-
lization of the plasma potential energy, and the
cooling effects caused by charge-exchanging colli-
sions. In addition,in hydrogen discharges the
dissociation energy released in the reaction:

must also be considered. Non-classical ion heating
processes, such as electron beam-plasma inter-
actions, are not considered,as they do not generate
the observed Maxwellian (or gaussian) velocity
distributions.

From the work by Spitzer,s th» rat«-«£-chana»
of ion energy with time is:

dO , r -1

"dt = C ne^e mi LJB~ J » t3)

in the limit where Te is much greater than Uj.
The constant C, for electron collisions is
2.17*10 in «fcs units. Ion-ion collisions
transfer energy far more rapidly,in the ratio of
m^/me. 1H>M,~|H the ions in the plasma have
virtually the same temperature, although small
differences in beam profile have been observed
between the various hydrogen ion species.*

••for* »J. J £• iategeatMy tb» ooeitng
effects of charge exchange must be considered,which
convert energetic ions into cool ions,while the
fast neutrals, so formed, escape. However,if the
discharge is large enough, these fast neutrals

undergo a second charge-exchanging collision and
re-form-the original hot ion. As the cross-section
is the same in both cases, the energetic particle
spends half the distance it travels in the form of
an ion and the other half in the form of a fast
neutral atom or molecule.

However, the distance an ion travels in the
plasma source, S^, is a function of the source
geometry alone. In the case of a bucket source:

where Ap is total surface area, A^ is the ion
collection area and d is the plasma diameter.
Hence,the effect of charge-exchange collisions is
to reduce the distance during which ions can be
heated, to Sj/2. This conclusion is in agreement
with experiment,as no variation.in Ti was
observed by varying the source pressure.

It is now possible to evaluate Ui by inte-
grating Eq. 3. The equation can be transformed to:

, 1/2dU1
dt

Hence, f

dU.

1/2 c"eSl

V

c n e

+ constant (4)

The constant is defined by the initial temperature
of the ions, which depends on the gas temperature,
the proton fraction, and lastly,the plasma potential.
The first and last of these are constant and do not
depend on ne; however, the proton fraction does
depend on the ion current density,which is propor-
tional to ne. Hence, the initial energy, Bio, is:

U i o - 1/2 n^v
2 + BkTe + fT - EQ+ fT , (5)

where vo is the gas temperature, g is a numerical
factor, which is small compared to unity, f is the
fractional proton yield and T is the dissociation
energy. The term %,is virtually invariant to all
changes in the discharge parameters.

Combining Eq. 4 and Eq. 5 gives:
3C 3/2

4(2k) ' eT

where 0^ is the final ion temperature at extrac-
tion , assuming ions leave the plasma at the ion
sound speed.

Equation 6 shows that the RHS is indepen-
dent of the gas except for Te, which is unlikely
to vary greatly. For helium,there is no dissocia-
tion; hence, f is zero and Eq. 6-can be
linearized when the RHS is small, to give;

3 C S_, .

*.(2k)1/2eTeEy
2 I .

This expression can be tested against the helium
data shown in Fig.6. The slope gives a value of
5.4x 10~z3Jm2/A.which is in reasonable agreement
with the equation above,which yields m value of
5.7X1O"23 Jm2/*.
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The hydrogen discharge is aors difficult to
analyze, but the value of Uf for H and He can be
compared at the sane current density. Thus, as the
EHS is mass independent, and the electron tempera-
ture Is constant, then:

,,3/2 _ ,,3/2
iH iHe

tE
,3/2

oa oHe

This is plotted in Fig.7 and a straight line is
obtained. The slope of the line indicates that T
is approximately 0.6 eV and Eog is 0.22 eV, the
same value as E „ .oSe

The energy level diagram of Hj shows that
the full Frank-Condon energy between the ISOg
level (Hp and the unstable 2P(JU level (3+ t+ H°)
depends very strongly on the vibrational level
occupied by the st ion. The small value of T
suggests that H* ion is excited to a high vibration
level in V-e ISO level before it is dissociated
to <_..e 2P0U level by electron iapact. The Frank-
Cc.-3on energy appears in the kinetic eneigy of the
two daughter particles and hence this eneray is
1.2 ev.

The value of E o corresponds to 25OO°K for
both H and Be discharges. An estimate for fJ,
based on the ionization rate and the plasma size,
is in the region of 0.04, which suggests that
BkTe forms the major contribution to the value of
E o. The gas temperature in this saall source
could be close to room temperature because of the
high collision rate with the source walls.

CONCLUSION

Extraction of ions from a quiescent plasma
source ,using a specially designed tetrode extrac-
tion system with a single aperture(allows ion i>«=aa»
to be formed whose emittance and brightness are
only limited by the ion tamperature. This tempera-
ture is cainly determined by the H^ dissociation
energy in hydrogen discharges and by the ion-
electron collision rate in helium discharges,where
ion dissociation does not occur.

Such ion teiqperature dominated beams are
presently being used for neutral injection sxperi-
mente in controlled thermonuclear fusion,but could
be used in other applications.
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Fig.l Cub-away view of ion source

FIG 2

Fig. 2 Numerical view of ion trajectories
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60 60

Fig.3 Measured ion temperature of ion
derived from beam emittance in hydrogen
and helium discharges as a function of
ion current density

A uIH.

Fig.6 Scaling of the helium temperature with
ion current density

-IS -10 -5.

1/e «."'••'
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Fig.4 Typical emittance diagram

r •• -i nil/)

Pig.7 Scaling of hydrogen temperature with
fractional proton density
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Fig.5 Raw data frcm emittance device
showing the gaussian beam profile and
the individual peaks
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1979 LINEAR ACCELERATOR CONFERENCE
PROPERTIES OF H~ and D~ BEAMS FROM MAGNETRON AND PENNING SOURCES*

Th. Sluyters and V. KovaflJc
Brookhaven National Laboratory

Summary Upton, N. Y.

The quality of negative hydrogen Isotope
beans are evaluated after extraction from nagne-
tron and Penning sources. The general conclusions
of these measurements are: (A) Che beam quality
from these plasma sources axe adequate for the
transport of high current negative ion beams in
bending magnetsj(B) there la evidence of practi-
cally complete space-charge neutralization In the
drift space beyond the extractor;(C) the beam per-
formance from the Penning source appears to be
better than that of the magnetron source, and (D)
it is likely that the high electric field gradient
and a concave ion emission boundary aze responsi-
ble for a beam cross-over near the anode aperture,
which causes beam divergence practically lndepend~
eat of the extraction geometry.

Introduction and Experimental Results

For the design of an H beam transport and
acceleration system, it la necessary to know the
beam quality, i.e. the current density distribu-
tion and the emittance In the 6c, x'} and (y, y1)
phase planes.

The density distribution and emittances were
automatically measured and analyzed by an on-line
mini— computer̂ - and two emittance monitors: one
for the horizontal (x, x') emittance and the other
for the vertical (y, y') emittance. Each monitor
head consists of a 0.QQ4" sample slit and 30 Fara-
day cups (Fig. 1). The angle resolution is 25
mrad/cup. The monitors, located at 4 or 8 cm.
from the source, move in steps of 0.016" to 0.040"
per pulse. The computer graphics displays: (A) the
eaittance in two-dimensional phase-space, (B) the
emittance values as a function of threshold level,
(C) the density distribution, and (D) she emittance
in a three-dimensional plot In which the third co-
ordinate is the beam intensity.

EXTRACTOR

MAGNETRON l o

OR :%m

i EXTHAIIUK

/ 0.00»"SLIT

FARAOAT CUPS(30)

-EMITMKCE OETECTOS

Fig. 1 Experimental arrangement

Work done under tt-2 auspices of the U.S.
Department of Energy

The studifc3 were carried out with three types
of source covers and a Blngle extractor grid.
Their configurations are sketched in Fig. 2.

ANODE
-^ | ~ 0.75 MM

.EXTRACTOR GRID
/ (()> I MM HODS)

— —OS MM

I,- I OR 2 MM

SINGLE JJECTANOULAR SLIT
—| (— I OR 2 MM

FOUR RECTANGULAR SLITS

Fig. 2

SINGLE CHAMFERED (45°) SLIT

Emission slit and extractor
configurations

Some typical computer output displays are
shown in Figs. 3, 4, 5, 6, and 7. Only the dis-
play in Fig. 5 was obtained with the monitor at
4 cm from the soai.ce. Table I summarizes param-
eters of several measurements for Penning and
magnetron sources,for single slit and four slits.
The slit configuration is either rectangular
or chamfered.

Discussion

The emittance measurements for beam currents
up to 0.35 A, show that the divergence of the nega-
tive ion beam perpendicular to the slits is be-
tween 1200 and 275 millJradian for energies up to
11 keV. The divergence in the direction of the
slits is between ±75 and 125 milliradian.

Measurements also indicate that the angle
of the beam envelope does not change in the drift
space beyond 4 cm downstream of the source. Figure
5 is the emittance of a 0.2 A beam iron: a Penning
source with four emission slits. All four beaas
are separated in phase-space. Tracing these
beans back to the extractor slit without space chargej
the width of each beamlet is very close to that of
the aperture, which is 1 asa. These results
suggest that for the measured current densities of
up _to a*>n"t lA/cm2 and background pressure of about
1Q~H Torr. space charge does not play an i»por-
tant role In the drift space beyond the extractor.
The divergence of the beam is then determined:
(A) by the optics of the extraction system, includ-
ing the magnetic field and the space charge of the
beaa in and around the extraction region and (B)
by the Initial ion emitting surface. Figure 8 shows
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Fig. 6 Magnetron ezlttance perpendicular to 4
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the envelope of a negative ion beam with a density
of 0.5 A/cm2, calculated with the SLAC Electron
Trajectory Program (SLAC 166) for a field gradient

Fig. 7 Magnetron emittance parallel to 4
emission slits

Fig. 8 Beam envelope for an i.on beam of 0.5A/cm2

of 50 kV/cm and taking into account space charge.
This calculation suggests that even for a flat emis-
sion boundary at the inside plane of the anode,
there is strong over-focusing of the beam. The par-
ticles are intercepted either at the anode slit or
at the extractor electrode. Reduction of extraction
voltage should, in principle, move the cross-over
point downstream; however, lower extraction voltage
also changes the trajectories in the slit region
and the final beam divergence remains practically
the same (see Fig. 9). Without taking into account
what actually happens at the plasma boundary, it is
clear that the beam optics should be a compromise
between the need for high gradients to extract an
intense beam and for low gradients to attain a more
parallel beam.

Providing a 45° chamfer on the anode slit re-
duces the electrostatic shadowing, allowing the
extraction field to penetrate deeper into the slit,
alleviating some space-charge dilation and block-
age. Figure 10 demonstrates the different beam
trajectories expected with and without a 45° cham-
fered anode slit, assuming a flat plasma boundary.

VEXT.-f0.KV

Fig. 9 Beam envelopes for 10 and 20 kV
extraction with rectangular emission slit

2 MM

___—S^^ _ CHMt FES

Fig. 10 Beam envelopes for rectangular and
chamfered emission slits

For higher initial current densities, lower
divergences can be expected (sea Fig. 11).

11

4 MM

Beam envelopes for various densities with
chamfered emission slit and flat plasma
boundary

In practice, only with the Penning source
some reduction (1*75 mrad) in angle was observed,
but not with the magnetron source. With the Pen-
ning source, there was also the tendency of
Smaller emittance for higher current densities.
The different origins of the H" ions in these
plasma sources may explain the difference in per-
formance. For the magnetron, the H" ion origin-
ates from the cathode and may or may not transfer
its electron to a slow hydrogen atom. The ion
boundary is, therefore, mainly determined by the
shape of the cathode and the divergence is not
affected by the shape of the anode slit. A con-
cave cathode in tha magnetron may improve the
optics of the extracted beam. For the Penning
source, the H" ions are formed in the plasma and,
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therefore, there is some kind of plasma boundary
which will be shaped by the field gradient. There-
fore, the flat boundary in Fig. 10 and Fig. 11 is
in reality probably concave so that cross-over of
the beam in the extraction gap can always be
expected.

The beam performance of the Penning source is,
in general, better than the magnetron. Its emit-
tance is smaller, in particular for high emission
current densities. As mentioned earlier, lower
divergence can be obtained by chamfering the
source emission slit. The density distribution
along the slit is also more uniform than in the
magnetron. This Is observed both in the emittance
measurements and by visual inspection. It should
be noticed that the Penning mode of operation is
obtained with high ( 5kW/cm^) cathode power den-
sity.

The emittances in the direction parallel to
the slit(s) (Fig. 4, and Fig. 7) show no impor-
tant space-charge blow-up; the beam size in-
creased only by a few millimeters across a
drift of 8 cm. The split in the middle of the
emittance in Fig. 4 is caused by a metal bar in
the center of the emission slit. The split re-
mained even after an 8 cm drift of the beam, con-
firming Che negligible space-charge forces in that
part of the beam. The aberrations of the emittances
in the direction of the slits are probably caused
by misalignment of the electrodes and the off-axis,
non-uniform magnetic field. In general, ê iit-
tances were cleaner with low magnetic field. With
identical fields in the bending and source magnet,

these aberrations can be expected to be reduced
significantly.

The operation of the Penning source with low
magnetic field (600 Gauss) and high magnetic field
(1100 Gauss) allowed mass analysis of the emerging
beam and separation of the emittance of the nega-
tive hydrogen ion from that of the heavy ion
(O~ or OH"), as demonstrated in Fig. 4. The
proportion of heavy ions in the beam can be large
in an unconditioned source. When the source is
baked out properly, the heavy ion part of the beam
practically disappears.

When hydrogen gas was replaced with deuterium
gas, the same beam parameters (current densities
and emittances) could be achieved. With deuterium,
the source preferred to operate at higher mag-
netic field and higher ignition voltage, resulting
in high arc currents.

Viith improved electrode alignments, higher
extraction voltages,-and with the source magnetic
field the same as in the beam transport magnet,
the matching of high current negative ion beams
to the high voltage accelerator looks very promis-
ing.

Reference

1 Omnibyte Corporation.
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THE EBIS AS AM IIUBCTOIt FOR HFXVT-im LIW.ACS*
». M. Haam

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Summary

The Electron B«aa Ion Sourca (IBIS),
because of its high-charge abates and pulsed
operation, is ideally suited aa an Injector for
a heavy-ion linac operating at a low duty
factor. Although presently in use with conven-
tional llnaca, the low ealttance and the large
yield of highly charged ions in each pulae Mice
the EBIS even »ore Interesting aa an Injector
for the new linac accelerating structures, such
as the alternatlng-phaac-focuslng (ACT) struc-
ture, or the radio-frequency quadrupole <HF(J)
structure. These new structures could be used
with an EBIS to produce a avail, efficient, low-
duty-cycle accelerator. Coupled to a conven-
tional linac, the resulting accelerator could be
used for heavy-ion aedical therapy, or nuclear
physics, or, it could be used as an Injector for
a synchrotron or storage ring.

Introduction

The EBIS, rig. 1, consists of a very dense,
energetic electron beam,aagnetically confined
within a series of insulated cylindrical

•Work performed under the auspices of the a. S.
Department of Energy.
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Containment
Tubes

Electron
Collector

Ion
Extractor

Anode

Extraction Potential

Electron
' - - . _ _ \ . Collector

•e

Cathode

Trapping
Potential
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Fig. 1 Schematic of the EBIS.

electrodes along the axis of a solenoid. The
space charge of the dense electron beam creates
a radial potential well that traps Ions as they
are created by ionizatlon of atoms injected into
the electron beaa. A potential distribution,
applied to the insulated electrodes,prevents the
axial escape of the ions,so that they becoae
highly ioni*e<3 by successive electron lapact
ionizations. The ions are trapped within the
electron beaa until the production of a desired
charge state has reached its optiaua, and then
the ions are extracted by lowering the axial
potential on the output end of the source. The
total positive charge in the ion source cannot
exceed the negative charge in the electron bea».
The ionization rate of the ions is dependent
on the current density of the electron beaa.
Thus, the total ion current extracted froa the
source in each pulse Is proportional to the
electron beaa current, while the confinement
period to achieve a particular charge state is
inversely proportional to the electron beaa
current density.

The ion source configuration was intro-
duced in Dubna1 and it is currently being
studied in Frankfurt, Giessen, Orsay, Cern,
Kyushu University, and Texas; ASM University.2

Recent results on the latest version of the EBIS
at Orsax? have shown spectra containing H*7,
He+1°, A+18, and Kr*44 ions. With an electron
beaa of only 250 A at 4.3 keV, this SBIS pro-
duced 3 x 109 particles/pulse of He*10 with
a confinement tiae of only 7 as. The normalized
eaittance of this source was aeasured to be
1.2ir aa-arad and the energy spread of the
extracted ions was estiaated to be 1.4 Z/q,
where q is the charge of the ions. Figure 2
gives the projected yields froa this source
operating at the design goal of a 2-A, 10-kV
electron beam.4 These results are for opera-
tion of the source with the maximum repetition
rate possible and are misleading for low-duty-
cycle operation, because of the vanishing duty
cycle required for the high-charged, very heavy
ions. The projected yields for each pulse of
this ion source are given in Table I for
several different, fully stripped ions.5 The
calculated confinement period to achieve these
charge states is shown and the experimental con-
finement times given in recent data3 are shown
for H+7 and Re+10.

This EBIS, called CRTEBIS because of the
superconducting solenoid and cryogenic pumping,
will soon be mounted in a 375-kV high-voltage
dome and will be used with a conventional
100-MHz linac to produce beams at 5 HeV/nucleon
for injection into the Saturne II synchrotron.5

Fully stripped ions (q/a « 0.5) up to Re*10,
as well as polarized H+ ions, will be injected
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Fig. 2 Projected yields of CRTEBIS.

into the linac from the ion source with the use
of a buncher system.

Two such cryogenic EBISB have been built
by Donets and his co-workers in Dubna. These
sources have been used to study the time evolu-
tion of charge states in nitrogen, oxygen, neon,
argon, and x«on.' For all ions except xenon,
fully stripped nuclei Mere observed! and in the
case of xenon, the highest charge state observed
was Xe+37, with the peak Intensity being at
Xe+33. in addition, the first of these
sources (KRIW-I) was used with a conventional
linac and a 600-kV injector, to inject carbon and
oxygen nuclei at 10 MeV/nucleon into the Dubna
synchrophasatron.7 Carbon Ions accelerated to
4.2 GeV/nucleon were used in high-energy
heavy-ion experiments.

Proposed System

A conservative extension of the present
experimental results froa the OTIS,yields a very
interesting heavy-ion accelerator system when
combined with the new linac strictures being
studied by the Accelerator Technology Division,
of the Los Alamos Scientific Laboratory (LASL).
Programs such as the pica Generator for Medical

Ion

1MLE I
TIBLD PKk FULSB FOR FOLLY STKIPHD I0M8

Confinement Time Particles
Calculated experimental per pulse

(msl (ms> finlO,

C+6
H+?
0+«
Ke+10
Ca+20

5.6
9.6
16
40
500

S.O

7.0

2.6
2.5
1.8
2.2
1.1

irradiation (PIGHI) study8 could have a signi-
ficant impact on the cost and size of a low-
duty-cycle linac for heavy ions,if these new
technical innovations are put to use with an
XBIS as the linac injector. Figure 3 shows an
adaptation of the PIGMI technology to a low-duty
linac for heavy ions. This system, designed
specifically for injection of fully stripped ions
up to calcium (q/m • 0.5), would only be 50
meters longer than the proposed 650-MeV proton
linac, and would use the rf and control systems
already developed for the proton aaehine. The
low-beta section necessary to accelerate the
ions to 1 MeV/nucleon for injection into the
drift-tube linac could be either an APF or an
RFQ.

The advantage of using an BBIS ss the
Injector in such a system Is clearly seen in the
study of these low-beta structures. A compari-
son of a heavy-ion APF proposed by Swenson,9

and the combination of an EBIS and an APF of
approximately the same length and gradient is
shown in Table II. An increase in the charge
state by a factor of 4 reduces the injector vol-
tage from 1 MV to the inexpensive, manageable,250
kV presently being used in the PIGMI injactor.10
With the same input energy, gradient and cavity
length, the number of cells In the APF are less,
and the energy gain is four times greater. The
heavy-ion beam would, however, have to be
injected into the APF through a buncher system,
such as the one used in the PIGMI system.

The alternate solution to the low-beta
acceleration in this scheme is the SPQ, an
accelerating structure first proposed by Kap-
chinskii and Teplyakov,11 which is currently
being studied at LASL. Preliminary calculations
have shown this structure capable of very high
capture efficiency, without the aid of a separate
bunching system. The beam dynamics in this
structure are described in more detail elsewhere
in this conference.12 The results of a beam
dynamics calculation for a Ne+10 beam Injected
into a 200-MHz RFQ from a 200-kV Injector are
shown in Fig. 4. A modest yield of 10*0
particles/pulse was assisted to be extracted from
an EBIS during 50 us. With a normalized emlt-
tance of 1.2* mm-mrad, 9S« of the Ions was
captured and accelerated to 1 MeV/nucleon, within
a 5.3-m structure. The parameters of this RFQ
structure are given in Table III. At a repeti-
tion rate of 120 Hz, this combination of BBIS and
RFQ could produce an accelerated beam of -2 pA.
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LINAC PARAMETERS

ICY LOW p SECTION
DTL SECTION
CCL SECTION

T DTL SECTION

CCL SECTION

ION LOW j?/DTL
* DTL/CCL

220 MHz
440 MHz
1320 MHz

SMV/m
gMV/m

IMiV/Nuetaon

BEAM PARAMETERS

INJECTOR VOLTAGE
INJECTION ENERGY
FINAL ENERGY
PEAK BEAM CURRENT
PULSE LENGTH
REPETITION RATE

AVERAGE BEAM CURRENT

200 kV
100 kW/Nucboo
600 MiV/Nuclcon
600-800 a *

50 m
30-120 Hz

I-S JtA

i*. 3 Heavy-ion linac utilizing EBIS and the PIGMI technology.

Applications

The combination of an EBIS and the PI9II
technology will produce a low-duty, low-cost
heavy-ion linac that could find application in a
number of areas. A machine, such as the one
shown in Pig. 3, would provide the desired dose
rate for the requirements in the medical program
associated with heavy-ion therapy. In addition,
such an accelerator could be used in heavy-ion
physics and heavy-ion fusion research. If a
storage ring is to be used as a source of high-
energy heavy ions for physics or heavy-ion
fusion research, such a high-gradient, compact
linac appears to be an optimum method for
filling the ring.

The beam produced by the low-energy sec-
tion of such a machine (10 to 20 MeV/nucleon)
could be used for low-energy heavy-ion physics,
and it would also be ideally suited for injec-
tion into a synchrotron designed to produce
relativistic heavy ions.

Finally, it is obvious from the present
EBIS results that a heavy-ion linac for physics
applications could be designed for a charge-to-
mass ratio of 0.2 to 0.3, using the concepts
described above, that would yield useful beams
of all elements up to uranium.

Conclusion

The EBIS, as a new alternate source of
heavy ions for linear accelerators, has obvi-
ously become more realistic with the recent
experimental results from the new cryogenic
versions. Combining the EBIS with the new inno-
vations in linac technology discussed at this
Conference, will yield an efficient, low-dutv-
cycle, heavy-ion Xinac useful in several areas.
The new low-velocity linac structures, such as
the ?.PF and RFjJ.make the use of an EBIS with a
conventional drift-tube linac much easier, and
much more interesting with regard to accelerate*
ion yields. This is particularly true with the
EFQ,if the capture efficiency Is near the calcu-
lated values.

Even at the present experimental yields
from the EBIS, these new linac structures make a
low-dutv-cvcle heavy-ion linac interesting, but
the projected vields from the present EBIS and
the projections for a future EBIS make such a
linac even more interesting. Thus, because it
is ideally suited to the operation of a pulsed
linac, the use of the EBIS as an injector for
future heavy-ion linacs should be pursued.
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TABLE I I

HEAVY-ION APF STROCTORE

Injected ion (Tin)
Injection voltage (HV)
Injection energy (Hev/nucleon)
Final energy (HeV/nucleon)
Total length (a)
No. of cells
Axial gradient (MV/«)

APF w/Conventional Source

1;

1 .
0 .
0.
l .
40
3 .

0
0 7 2

285
0

7 to

9 11

(B
(R

7.2

/m *

= 0
= 0

0.072)

.0124)

.0247)

APF 4- EBIS

124Sn+36
0.25
0.072 I
1.14 f
-1.0
32
3.7 to 7.2

(q/« « 0.29)

0.0124)
0.0494)

PHi-F-HlS <DEC )

TABLE I I I

HEAVY-ION RFQ PARAMETERS

60 1Z0 180 2«0 30(

Fig. 4 The RFQ beam dynamics for Ne20.
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Inieetion voltage (Vj)
In-feetion energy (Wf)
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Reflex type sources and an ECR source are be-
ing investigated at GSI for the improvement of
Unilac performance and new accelerator projects. In
first runs witii q reflex source,ion currents of up
to 4 mA have been achieved for argon, krypton,
xenon and mercury from0.5 cm2 extraction area. The
beam brightness was in the range of 115 to
14 A/(cm mr)2.

Introduction

At the present time, the ion sources used for
Unilac operation are Penning-type. The development
of this source has achieved such a level, that most
experimental requirements can be satisfied.
There are, however, several reasons for starting
research activities on ion sources. The lifetime
of the Penning-source is sometimes rather short
when it is operated in discharge modes required for
the production of highly charged heavy ions. In ad-
dition, beam current and emittance show a time de-
pendence due to erosion of source and extractor
electrodes. For a detailed description of source
operation experience see Ref. 1. For isotopes with
low natural abundance, ranging from few percent for
light ions to about 20% for the heaviest ones, the
output intensities of the Unilac are marginal, if
natural materials are used in the source. In order
to get a better performance in experiments with
neutron rich medium mass isotopes, it would be
necessary to raise intensities1 by one or two or-
ders of magnitude to get rid of the dependence on
enriched materials. Plans for a synchrotron for
relativistic heavy ions, with the Unilac as injector,
are based on even higher peak intensity increases,
but at a very low duty cycle of only 10"1* C10D \is,
1 Hz) compared to 0.25 (5 ms, 50 Hz) of the Unilac.
The third aspect for new sources is the inertial
confinement fusion with heavy ions. Beams of 50 -
100 mA Df singly charged ions of a specific heavy
element, are necessary for the rf linac concept to
be investigated at GSI.

Source Concepts

For the application at the Unilac two different
concepts are being considered. The first is a two
stage ECR-type source.2 In the first stage, a dense,
low ionized plasma is produced by microwave heating
in a magnetic field. It then drifts to a second
stage, where ionization to higher charge states
takes place, due to lower background pressure and
intensified electron cyclotron resonance heating by
microwaves in a magnetic mirror. There should be no
lifetime problems, at lBast far gaseous elements,
sJnde this source needs no electrodes. In addition,
th£i'current densities in the extraction area will
be lUw compared to a Penning-source, so that negli-

gible erosion and a stable beam cen be expected. The
distinction bstweer. the GSI concept and others
proposed for cyclctrons,3'1* is that this source is
for comparatively low charge-to-mass ratios and high
current. The design aim is an electrical current of
100 uA cf U l o + out of the source. The first stage
of the ECR source has been constructed. Tests
with 2.4 GHz, instead of 14.5 GHz.which is the de-
sign frequency, have been performed Just recently.

As an alternative to the production of highly
charged ions directly within the source, there exists
the possibility to produce high current beams of
singly or doubly charged ions and strip t.iem to the
wanted charge states after an appropriate preaccel-
eration. However, this way is much more expensive
than using a source ft.- high charge states, and only
justified if very high currents are needed.

In connection with inertial confinement fusion,
sources have been developed which deliver 50 to
100 mA of singly charged heavy ions.5'6 The fraction
of doubly charged ions lies between 5 and 10*. This
2+-current would be alrtsdy enough to increase the
intensities from the Unilac as a synchrotron injec-
tor, by a factor of 1000, It would require a preac-
celerator for 100 keV/u to get thB appropriate chargB
states after stripping in gas. This means that such
a source will satisfy both the goals of inertial
confinement fusion and of the heavy ion synchrotrdn.
However, the latter application claims a broad
range of elements. Several high current source
designs were investigated, including even the first
stage of the ECR source. The source design which has
proceeded furthest, is the so-called picket fence
type,7 which is to be described in the following
section.

Ion Source

This approach to getting high currents is based
on a source design for neutral injection systems de-
veloped at Culham.8 A schematic of the source is
shown in Fig. 1, A cathode disc heated by two fila-
ments delivers the electrons to the plasma. A copper
cylinder of 5-cm diameter serves as anode, which is
lined with permanent magnets. The two reflectorelec-
trodBS should reflect the primary ionizing electrons.
The extraction is performed by a 7-hole accel-decel
system.

The magnets on the anode are arranged to forma
12-pole lins-cusp field. Figure 2 shows cross-sections
of the source and the radial and axial dependence of
the azimuthal field component. A schematic Df the
electrical supplies is shown in Fig. 3. The source
is typically operated with a discharge voltage of
50 to 100 V, and "about 40 to 80 A discharge current,
at a pulse width of 2-ms and 50-Hz repetition rate.
Figure 4 sho»/s the oscillogram of voltage and current
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for an argon dischar~ .indicating a very quiet
plasma in the sour compared to our earlier expe-
riences with big:* current duoplasmatron sources.The
choice of discharge parameters and pulse width was
dominated by present limitations of the power sup-
plies,, a 300-A power supply is under construction.
The disc cathode, developed earlier for GSI
duoplasmatron sources,' proved to be quite adequate
for the high duty cycle.

Experimental Setup

Extraction of ions is performed by a multi-
aperture accel-decel system with 7 holes arranged
within a circle of 14.4-mm diameter. Its design
follows guide lines of the Culham group/ developed
for single aperture systems. The first experiments
used holes with a radius of 2.OS mm. Due to limi-
tations of the extractor supply,the holes presently
utilized have only a radius of 1.55 mm, adding
up to an extraction area of 0.53 cm2. With the
smaller holes, the optimum extraction voltage lies
in the range of 30 kV.with about - 1 kv" for the

Anode Permanent mognet ?

I

Cathode Reflector electrode Accel-decel
electrodes

50 mm

Fig. 1 Schematic of the ion source

[ B r = 3015 Gat pole-tip) Permanent magnet

500-

50mm
Fig. 2 Azimuthal component of the 12-pole line cusp-field

RE RE ACC OEC

Fig. 3 Schematic of the electrical
supplies of the ion source Fig. 4 Source pulse characteristic
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- Ion source

-Accel/deed system

X-Y-steerer

Double focusing
analyzing magnet

= Emitta^ce measurement
T

Tantalum loi-get

||| Elec'rostotic probe

Fig. 5 Experimental Setup

accel electrode.at electrode spacings of 3.8 and
1.5 mm, respectively. Behind the extractor syste,.-
(Pig. 5), a steering magnet is installed to en-
able correction of the beam position for the following
beam diagnostic systems and for the straight though
transport to the analyzing magnet. Biased Faraday
cups with additional magnetic electron suppression,
are used for current measurements. For the emittance
measurement, a pepper pot device is presently used.
An on-line emittance measurement device is going
to be installed. The quadrupole triplet and the
electrostatic probes are under construction. Dur-
ing operation of the source, the pressure in tile
beam line is about 5 x 10"5 Torr.

Experimental Results

The source was operated with argon, krypton,
xenon and mercury. For the rare gases, the saurce
runs in the magnet field as shown in Fig. 2. For
mercury, a saurce with a slightly weaker magnetic mul-
tipole field was used, substituting for the copper
anode cylinder, a slightly different stainless steel
cylinder, to avoid build up of amalgam. The beam
current was measured with two cups of different
design: a short (FC1, 50 nn) and a long (FC2, 200 mm)
onB. The current-versus-bias characteristics of
both cups are shown in Fig. 6. Table I gives the
total pulse currents for the different elements, as
measured with the short Faraday-cup at a distance
of 300 mm from the source. Figure 7 shows a corre-
sponding beam pulse for argon. The pulse is smooth
up to 40 mA. One can increase the beam current
above this value up to 55 mA, but then it starts
showing strong oscillations of up to 20% of the
pulse height.

40-

35-

30-

Fig. 6

I 2 rns pulse wedihi

x FC 1. 30mm*. 300mm from source £

FC2. 45mm*. 500mm from source"

Characteristics of employed Faraday cups
with additional magnetic suppression,
ergon beam. 10 % duty factor,
0,53cm2 extraction area. 30 kV

500 1000
Suppressor voltage

Due to the high pressure in the beam line and
because presently there is no quadrupola triplet
available, only a fraction of about 20 % »-f the to-
tal extracted beam has bean analyzed in 4.5 m dis-
tance from the source. The 2+-portion in Table I
corrected for the corresponding emittance, but not
for charge-exchange losses. Measurement of the beam
emittances was done in a distance of 300 mm behind
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Table I

Total beam currents measured 300 mm from the
source in a 30-mm diameter Faraday-cup and charge
state fractions measured behind the analyzing
magnet (s 20* of the beam were analyzed). Ex-
traction voltage 30 hV.

Element

Ar

Kr

Xe

Hg

Total Current
mA (2ms)

40

31

26

18

RBlat. A!

1 +

97

94

87

93

Hjndance

2+

3

6

13

7

Fig. 7 Argon beam pulse signal measured
300 mm behind the source

the source. The evaluated normalized emittances s w,
are in the range between 0.015 to 0.017 cm-mrad,
thus resulting in brightnesses B » I/e 2,of 115
A/(cm mr) 2 for xenon and 140 for argon.

The experiments with this source are in a very
early state. The reflector electrodes could not yet
operate biased negative with respect to the cath-
ode, thus ensuring reflection of the primary elec-
trons and reducing the discharge power. With the
rare gases, the reflector electrode is biased about
+20V with respect to the cathode during the dis-
charge pulse. With mercury, the reflector potential
was near to cathode potential, resulting in a reduc-
tion of the discharge power: 50%, compared to
rarE gases for about the same plasma density.
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are located a collimator and a fast vacuum valve.

The focusing system for the positron bean at SLAC
iî kes use of an adiabatlcally tapered solenoid,whose-
transverse acceptance remains high ov&r a broad energy
band. From the computed distribution in energy of the
accepted positrons, one can estimate th?t approximately
one-half of the total m'sber of poBitrons lie within the
energy band from 2-4 MeV. Due to the debunching effect
over the drift space following the target, only the high
energy part (from 4.5 MeV to 10 MeV, or more) of the ac-
cepted spectrum contributes to the useful current (within
1% energy bin). By decelerating the beam in a special
short section very near the converter, it Is possible to
obtain a bunching of all the accepted positrons with
energy ab^ve 2 MeV within approximately 5°, giving an im-
provement of a factor of two on the analyzed current.

Description

Focusing system

The focusing system for the positron beam con-
sists of a 7-meter long solenoid (up to an energy of 55
MeV) and of quadrupole triplets and doublets. The emit-
tance matching between the plane of the target and the
solenoid uses an adiabatlcally tapered solenoid. Recent
computations mode by M.B. James et al. ,2 showed that the
trans-erse momentum accepted by the system remains high
(pc > 0.6MeV/c) over a very broad energy band (2.5 MeV <
F. £ 30 MeV). In addition they computed the distribution
in energy of the accepted positrons from which one can
estimate that approximately one-half of the total num-
ber of accepted positrons lie within the energy band
from 2-4 MeV. To maximize the current of positrons it
Is then necessary to accelerate the broadest energy band
possible, starting from the lowest energy possible. The
limitation in that process is the debunching effect in
the drift space following the target and in the first few
cm of the acceleration, leading to a broadening of the
energy spectrum.

Rf system

The distance between the target and the first accel-
erating section had been set rather large (93 cm),mainly
to provide space for coliimators. It was decided last
year to Insert in that space a special short section
(Fig. 1). This section is a 5 A-long (52.5 cm),constant im-

Fig. 1.
Poaltron source
accelerator
structure.

10 MW

\

e" e*

• • • • • i • i i

i t i i r 1 i i r

OMW

1 / /

14cm 52.5 cm £ocm 3m

pedance structure; the group velocity is vg/c •= 0.0204
The accelerating field Is related to the input pojer by
E(MeV/m)- 3.35 i*? (MW). The distance between the target
and the first section is then reduced to 14.2 cm. The
section is followed by a drift space of 26.5 cm, in which

Longitudlnal Motion of Positrons

kebunchlng

In the drift space from the target to the section,
the beam is debunched because of different energies, hence
different velocities,and because of the spiralling path
of positrons with different transverse momentum.

Let D be the length of the drift space. The phase
slippage, with respect to a wave traveling at the veloc-
ity of light. Is given by:

1* '— (1-J-)D , (1)
z

where $z is the axial velocity in units of c,and X Is the
rf wavelength. The axial momentum is given by:

lere p is the transverse momentum in units of me and
, - E/mc2. The axial velocity is B z " PJ-/Y- In the
tapered field region the transverse momentum varies as:

wher
Y

(2)

where p and Bo are the transverse momentum and the mag-
netic field on toe target. The phase slippage is then:

dz

,(3)

with pc(z) given by Eq. 2 , which can be approximated by:

Figure 2

The total longitudinal phase-space can be calculated
for a distance D and a range of energy and transverse
momentum, for a given law of magnetic field B, ~"

10 i 1 1 r

Work supported by the Department of Energy under
t contract DE-AC0*-76SFOO515.
On leave from Centre D'Etudes Nucleaires (Saclay) France.

Fig. 2 Longitudinal
phase-space after a
14.2 cm drift: Curve
1 for p = 0;

Curve 2 for p

0.6 MeV/c.
to
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shown the results In the case of D > 14.2 en, for ener-
gies from 2-10 MeV and a maximum transverse moaentum on
the target of 0.6 MeV/c. The total bunch length is about
30*. The bunch length for energies from 4-10 MeV is
only 8*. The contribution to the phase dispersion from
the spiralling path is approximately equal to that of the
velocity dependent effect for a given energy. Clearly,
one needs a rehunching process to accelerate all the
accepted positrons within a reasonable energy spectrum.

Principle of bunching

1.) Let us first consider the case of positrons
moving on the axis (p- * 0) and assume that the beam en-
ters an accelerator which is long enough to consider the
asymptotic behavior of the positrons. The motion of the
positrons can be described by orbits, Fig. 3, in the

Fig. ; Orbits
in longitudinal
phase for par-
ticles in a
linac.

phase-space E, The equation for the orbits*

cos if - cos Qa « — IY - (Y -1) ] , I*'

where a - eE'i/mc2 is the energy gain per wavelength in
the units of me2,and $„ is the asymptotic phase. The
reference of phase is such that the electric field is
0 for $ - 0.

On the other hard, there exists a relation between
phase and energy as the beam enters the accelerator,
which can be written, using Eq. 1 :

(5)

Fig. U Longitudinal phase space at entrance
to acceleration section

fitting with the -90° orbit is achieved within less than
+ 2° and one can expect a dispersion of asymptotic phase
(i.e., a bunch length) of less than 4°. On the other
hand, Fig. 4 also shows the same ^hase-space for the beam
together with the orbits -75*, -80°, -90° and -100° in
the case » - -70* (accelerating field). It is evident
that the dispersion in asymptotic phase vill be grsater
than 25°. The integration of the equations of motion
over a distance of 3 m gives a total bunch length of 31°;
the output energy varies from 37 MeV to 44 MeV.

It appears that this bunching process is very ef-
ficient for an initially bunched beam, which contains
particles within a large energy band extending down to
a very low energy, and which has heen debunched under the
action of different velocities over a drift space.

2.) Positrons With Transverse Momentum - If it is
assumed that there exists no other transverse force than
the focusing effect of the dc magnetic field, then the
transverse momentum remains constant in a constant fo-
cusing field, or varies according to Eq, 2 if the
magnetic field varies slowly. The equations of longi-
tudinal motion can be written in that case?

dy * —a sin 4 dz

- 2ir
('"<:

(z in units of X)

*o being a parameter which represents the input phase of
the field for a B • 1 positron.

By using Eqs. 4 and 5 one can compute optimum
values for the parameters ct, D and *o, in order to ob-
tain a minimum dispersion in asymptotic phase for a given
range of y • #r|>e asymptotic phase $„ must be chosen
near -90° In oiU-r to obtain the maximum acceleration.
The orbits (y, +) resulting from Eq. 4 are symmetric
with respect to • » 0. Positive values of 4>o (deceler-
ating field) give a positive slope dyo/d*o. Equation 5
gives a positive slope dYo/d<j>0. The best fit between
relations 4 and 5 will then be obtained when
the beam enters the accelerator in a decelerating field.
The optimum value of 4 Q will be near 90° for +„ - -90"

This can be easily understood by looking at Fig. 2
and comparing it with the general shape of the phase-
space orbits in Fig. 3.

As an illustration of this bunching process, Fig. 4
shows the phase space resulting from the drift space of
14.2 cm for energies from 2 MeV to 10 MeV (solid curve),
together with the orbits $„ - -85°, -90° and -95°,for an
accelerating field of 12 MeV/m (dotted cu~ves) and
• - 86" (decelerating field). It is seen that the
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For constant p .these equations can be combined and in-
tegrated, giving:

cos 4 - cos *„ - -r (6)

which defines new orbits in the phase space E, £. Let
us consider two positrons of the same energy y , one
moving on the axis and one leaving the target with a
transverse momentum p t 0. Let $oi be the entrance phase
for first one and Q* 3 4> , - 6Q the phase for the second
one, where •

(>„ <Y_. P,J.

where A<|> is given by Eq, 3. In the approximation of
small angle of emission, one can write

2 D

which can also be written



where pt is the transverse momentum in the section and

B2 being the magnetic field in the section, which is sup-
posed *"o be constant. Equation 6 can be approximated by:

cos* - c o s * > &• IY - (y^- 7 ] . (6b)

Using Eqs. 4 and 6b together with the expression for
«•, the dispersion in asymptotic phase is given by:

6tJ> sin 9 = [ T- •

(7)

It is seen that one can choose the accelerating
field and input phase, for a given energy, to make the
asymptotic phase independent of the transverse momentum.

It Is evident from Eq. 7 Chat $ i must be posi-
tive, i.e., the beam must be decelerated. The accelerat-
ing Held E1 and input phase are simply related to the
energy E by:

E' sin*vol K

In the case of SLAC, K is of the order of 0.45 m.
For Eo = 2 MeV, this gives E1 sin $ o l « 4.4 MeV/ra.
The equations of motion have been integrated over a dis-
tance of 3 m for E Q - 2 MeV, E

f = 10 MeV An, p t o = 0 to
0.6 MeV/c, and $ o l = 25°(^O in Eq. (5)= 40°). The re-
sulting phase dispersion is less than 1°, for an input
dispersion of 15°.

Xhjs bunching process could be very useful in the
case of a high transverse acceptance over a narrow energy
band centered on a low energy (use of a quarter wave
transformer).

It is concluded that by fi .st decelerating the
positron beam, one can take advantage of using very low
energy and high acceptance (in this case the angular ac-
ceptance at 2 MeV is 18°) together with large energy
band, leading to a maximum current of positrons within
a narrow energy spectrum. The limitation may be the
initial energy dispersion in the case of a low final
energy.

Results of Calculations in the Case of SLAC

The first section is a very short one, followed by
a drift space (Fig. 1). With an accelerating field of
the order of 10 MeV/m,it is evident that one cannot take
full advantage of the bunching process described above,
mainly because the minimum energy at the end of the first
section must be high enough to avoid a debunching effect
over the second drift space. The longitudinal motion
was computed for several values of the parameter * o

(see Eq. 5) and Che accelerating field. Figure 5
shows the resulting phase space at the entrance of the
second section in the cases $ 0 = 70° and 30° (beam ini-
tially decelerated) and * 0 - -70° (beam accelerated),
and a field of 10 MeV/m. For each case, the two solid
curves with cross-hatching between them represent the
phase space for positrons with initial transverse momenta
between 0 and 0.6 MeV/r, The effect of the second dr^ft
space is cleariy seen in the case $ Q = 70°: the minimum
energy is about 1 MeV and the phase-space is completely
distorted. In the case $ o - 30° the minimum energy is
2,5 MeV and the distortion of the phase space is much
less important. The orbits for 4>« = -40° and $ w = -50°
are shown on the same scale for an accelerating field of
10 MeV/m (the second section is long enough to consider
at a first approximation the asymptotic behavior). The
fitting between these orbits and the phase-space of the

Fig. 5 Longitudinal Dhase-space at entrance
to second section, for three phases
entering short section: $ o = 70°,
* = +70° and the optimum $ = +30°.
o o

beam is reasonably good and one can expect a total bunch
length of less than 10°. In addition.it can be seen that
the bunching of low energy positrons with transverse
momentum from 0 to 0.6 MeV/c has been achieved in Che
short section.

In the case <i> = -70° (beam accelerated),no bunch-
ing effect has occurred;the total bunch length is 46°
and no further bunching can occur in the second section.
The phase space at the end of the second section has beer,
computed for various values of the accelerating field,
input phase and different phase spare configurations re-
sulting from the first section. Fi .mire f> .shows, on the

Fig. 6 Phase space at output of second section;
Left: New section in use.
Right: Without new section.

left,the result in the case of the phase-space shown in
Fig. 5 for * n = 30°. The input phase for the second
section is 50° (phase of the field for a & = 1
particle). The average output phase is -45°, giving a
total phase slippage for the beam of about 95°. The
bunch length is 6° and the energy dispersion 10.5 MeV.
Shorter bunches can be obtained at the expense of final
energy and energy dispersion. The transition between the
solenoid and Che quadrupole muse take place at an energy
of at least 55 MeV in order to keep an admittance of
O.lSTiMeV/c-cmJ. With the phase-space of Fig. ft, add-
ing a 3 m-long section with the same field gives an
energy from 44 MeV to 54 MeV. Studies hnvi* been made of twn
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ways of increasing the energy without perturbing the
bunching process, for tne same accelerating field:

- Detuning of three cavities of the long section
at 1.2 m from the rf input (giving a phase
shift of 20° to 45°) increases the output
energy by about 5 MeV, giving a bunch length
of 7°.

- Lowering the temperature of the section by
4*C, to increase the phase velocity-, gives
approximately the same result.

These techniques are possible because the bunching
process takes place mainly in the first meter of the
structure, after which the phase of the field remains
around -45".

Remarks on the Calculations

1. It is known 5 that during the bunching of
electrons, the space harmonics of the fi^ld can lead to
a broadening of the bunch width. The equation of motion
has been integrated, taking into account the space
harmonics n - 1 and n * -1, whose amplitudes for a SLAC
structure are E^ = -0.077, E_^ = 0.454 for an amplitude
of the fundamental E Q = 1. Even in the case of a
strongly decelerated positron, the changes in phase and
energy were found to be not significant within the ac-
curacy needed.

2. Influence of the E and B. components of the

HSId r *
(a) Transverse motion - During their motion

with respect to the wave, in a region where 3E/3z < 0f
the positrons will experience a defocusing force due
to the E r and S^ components of the field. The radial
equation of motion can be written ^

BV
cos * ~

Positrons with energies from 4,5 MeV to 10 MeV are bunched
within approximately 10°. Positrons from 2 to 4 MeV are
far away in phase and will not contribute to the useful
beam (within 1% energy bin).

Results of Experiment

The short section was used in June 1979 for an ex-
periment with positron beams of final energy 1.8 GeV and
10 GeV. The analyzed current within 1% was increased
in both cases by at least a factor of two with respect
to the usual current. The optimum shift for the rf
downstream of the target, versus electron operation,was

found to be about 80°, giving a phas.
beam of about 100°. These results a:
ment with the calculated values. Th
be put into normal operation next Oc
phase shifters for the kylstrons ups

slippage for the
-e in good agree-
i short section wi31
:ober,with 75° pulsed
:ream the converter.
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term, which is due to the rf fields, can have a magni-
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tron passes through zero phase.

(b) Longitudinal Motion - When the bunching
of positrons of the same energy and different transverse
momentum was studied, the effect of the axial
force resulting from Che interaction of radial velocity
and a2imuthal magnetic field was neglected. The com-
plete equation of motion can be written in the case of
the fundamental alone ? :
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This equation has been integrated in the case mentioned
before (Eo = 2 MeV, E' = 10 MeV/ro, * o = 25°, pt = 0 to
0.6 MeV/c) for various values of the initial azimuth
angle. It was found that the maximum output phase
variation is about 2°.
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Comparison with the Present Mode of Operation

In the present mode of operation, the short sec-
tion is not used. The rf phases of the linac are not
changed from electron to positron acceleration. The
positron beam is then decelerated in the 3-m long sec-
tion. The phase-space at the end of the section was
computed for different values of the input phase and
field which give a total phase slippage for the beam
of about 180°. Figure 6 shows the resulting phase-space
for a field of 10 MeV/m and an input phase of $ - 80°.
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THE COMPENSATION FOR BEAM LOADING ON THE PREINJECTOR
H. Haseroth, M. Rone and J.1..

CERN, Geneva, Switzerland

THE NEST CERN 50 "MeV LINAC

The original two-tube bouncer built by Haefely
has been replaced by a single tube bouncer fea-
turing a simpler and cheaper design, without com-
promising on the precision of the HV regulation.
This paper describes the basic design and construc-
tion of the new system, putting special emphasis
on reliability and case of maintenance.

Introduction

The problem of HV beam loading compensation
for pulsed beams is well known, but technical
problems and solutions can be quite different.
The first approach at CERN was a programmed com-
pensation using a triggered spark gap. In 1970,
a compensation with feedback and regulation with
a series tube had been installed.1 Tor the pre-
injector of the new linac,the HV compensation was
built by Haefely. It had to cope with currents
of up to 400 niA, a pulse length of up to 200 us
(the maximum charge being limited to 50pC), and a
repetition frequency of up to 2 Hz. The Haefely
bouncer used a two-tube configuration and a 1 MHz
carrier frequency to drive the grids. Its per-
formance was within the specification (5xlO""4)
but its reliability caused problems. Especially,
the 1 MHz rectifying diodes caused several break-
downs and were difficult to replace. The-main
parts of this bouncer, i.e., the 100 kV supply,
the two tubes, their filament transformers, the
1 MHz transformer and the rectifying diodes, were
housed in a big oil-filled steel tank. Just to
undo the bolts and lift the top cover with a
crane took a very long time.

The new bouncer construction

It was decided to completely rebuild
the bouncer, simplifying it and paying spe-
cial attention to ease repairs. It was clear
that only an open construction could satisfy the
last condition, because only then would it be
possible to have immediate access to a faulty
component. It was also clear that two tubes (one
only for reducing the S kHz ripple from the Cock-
roft-Walton generator) are not at all necessary,
as we (like other people too) were already accept-
ing an initial transient of some 10 Us. The valne
of the HV between beam pulses is completely
unimportantj what matters is just the value during
the beam time. This means that one single tube
to "bounce up" theHV is completely sufficient.
All one has to do after the beam has started, is
just to wait rntil the HV drops down to a level,
which is equal to or smaller than the minimum
reached, due to the presence of the ripple before
the beam pulse, Only then the compensation should
start and keep theHV constant.

As can be seen frrap Pigs. 1 and 2, the large
high-voltage, high -ji triode(ML 7668) sits in an
air-cooled, oil-filled copper and glass reservoir.
The design of the reservoir radiator is closely
based on that of the earlier device used for
many years on the old linac,2 and which has the

useful fail-safe characteristic of maintaining the
oil temperature below the critical value in the
event of a ventilator failure. For the new device,
a 12 mm-thick lead glass (̂ 30% PbO content) cyl-
inder serves as the insulation between the anode
and cathode sides of the reservoir. This helps to
reduce the X-radiation emitted by the triode,
which can be a hazard for personnel working close
to the device during testing and setting up. It
was not possible to find a supplier of such a
cylinder with a higher PbO content. Since the
triode is mounted with the anode down, forced
circulation of the oil is not necessary fe. remove
the 365 Watts generated in the tube filameu... The
power dissipated during the beam pulse is, of
course, negligible with a duty cycle of 10-4. For
the electrical connections on the tube,standard rf
type finger contacts are used, inserted in special
housings, to avoid any undue mechanical stresses
on the glass envelope.

The whole assembly of triode,reservoir and
electronics,plus anti-corona housing or dome,is
mounted on three standard HV insulator legs of
the kind used on some electricity transmission
lines. . These havt proven reliability, great
strength and low cost. The large alloy disc which
serves as the anode connection to the triode and
support, is screened from the cathode side of the
reservoir by means of the large impregnated glass
fiber insulation disc. The main storage capaci-
tor of 80 nF,is of a dual dielectric plastic film
double-paper type, capable of repeatedly accepting
short-circuit conditions at the full voltage of
100 kV, without damage.

The 100 kV HV source being used Is a home-
built Cockroft-Walton generator also of open air
construction for easy accessibility. The rectifier
assemblies are made from 15 controlled avalanche-
type diodes in series with alternate limiting
resistors, each set being cast in araldite. The
voltage rating of each set is >10 kV and they
screw together easily to form assemblies of higher
voltage ratings. These diode assemblies have
proved very reliable in the past on oAer HV equip-
ment.

All the HV resistors used, such as the 5 Mil
on the bouncer output, are conctructed from chains
of low inductance carbon resistors, selected for
their reliability and stability. The soldered
chains are enclosed in standard PTC tubing and
wound on plexiglass support tubes. Although plexi-
glass is not the best material under high voltage
arcing conditions, no problems have been found yet
and are not expected, due to the "over dimension-
ing" of these components. The individual resis-
tors in each chain are operating well below their
rated voltage and current/power values.

The 5 Mfl resistor assembly, in parallel with
the output of the bouncer serves as the high volt-
age side of a resistor-divider network for meas-
uring the output voltage and I_, the cut-off
current of the triode.
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After some months of operation, it has been
noted that the ML 7668 shows an increase in leak-
age current, but according to the manufacturer,
this is probably normal and should not exceed 1 mA
eventually.3

Also across the output is a diode chain,
identical to those used on the 100 kV generator,
and a spark-gap. The spark gap and diode chain
protect the triode, etc., from overvoltage during
any HV flashovers on the 750 kV column. Exten-
sive double screening is also employed at many
points in the circuit for the same reasons. The
50 Hz/220V power for the electronics in the HV
"dome" is provided by a 1:1 isolation transformer,
rated at 1 kW. In the apparatus working at
present and shown here, an epoxy-insulated, com-
mercially supplied unit has been used with no
problems to date. An alternative oil-insulated
type, has also been purchased and will be tested
on a second version of the compensation. A HV
breakdown in the epoxy transformer would probably
be impossible to repair, whereas an oil-filled
type can be opened and rewound if necessary. It
remair~ to be seen which type will prove to be
the more reliable in the lo-.g run.

six months without any fault on the larger compo-
nents, so there was no occasion to prove the ease
of repairs. The stability is within the specifi-
cation. Further improvement is expected from the
use of the gated amplifier. The use of only one
expensive KV tube will largely reduce the main-
tenance costs.
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Electronics

Figure 3 shows the block diagram of the bouncer
circuit. Except for the final stages in the power
amplifier, all the other amplifiers are solid
state but protected adequately against possible
transients due to HV breakdowns of the column.
A special feature is the signal transmission to
the grid of the HV tube via a commercial current
transformer, sitting in an oil bath. From this
side there is no bandwidth limitation as given by
the modulation of a 1 MHz carrier frequency. The
first amplifier (high input impedance amplifier)
hi»s a built-in threshold, acting in the sense des-
cribed above, to guarantee stable HV without
suffering from the residual ripple. To avoid the
5 KHz ripple having too much influence on the
amplifier chain, some attenuation of low frequen-
cies is included. Nevertheless, the presence of
the 5 KHz signal in this scheme is a limitation
to the possible gain of the whole loop. If the
gain is too large, too much current is drawn in
parts of the electronics which are made for pulsed
but not continuous operation. In order to
achieve even larger gain and better HV compensa-
tion a gated amplifier has been built (Fig. 4),
to replace the first amplifier in the chain.
Tests are not yet completed, but it is already
possible to beat the performance of the previous
system. The basic principle is to open an analog
gate when the HV voltage, due to the beam, drops
below a certain level and to close the gate again
with a trigger from the external timing system.
Thus it is possible to use a higher gain without
overloading the amplifiers with the continuous
5 KHz signal. Also the bandwidth of the system
can then be adjusted more easily with a variable
filter.

CONCLUSION

This bouncer has been in operation for about

,t*GH LEVEL ELECTKNCS

/OUTPUT EXTERNAL FLASH OVER
QUMOMfUMTOR

INPUT
'WOKVimx

Fig. 1 Side and plan views of the bouncer
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Fig. 2 Bouncer and 100-kV generator

Fig. 3 Bouncer circuit (schema)
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Fig. 4 Gated high impedance amplifier
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DESIGN CRITERIA FOR HIGH VOLTAGE, HIGH CURRENT ACCELERATIHG COLDNXS
J.D. Hepburn, J. Ungrin, H.I. Shubaly and B.G. Chldley

Atomic Energy of Canada Limited, itesearch Company
Physics Division, Chalk River Nuclear Laboratories
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A continuing development program ha*
Increased the reliability of two 100Z duty faccor
single-stage accelerating columns at the Chalk
River Nuclear Laboratories. Experiments on the
two columns have Included studies In gap voltage,
accelerating gradient, extraction geometry, elec-
trode materials and shape, column bleed current,
insulator design, and the effect of backatreaaing
electrons. A set of design criteria for acceler-
ating columns, based on these experiments, has
been formulated. While the reliability of the
existing single-stage columns has been Improved,
the criteria can best be satisfied by a two-stage
accelerating system with ion species separation
and beam shaping between a low voltage Ion soured
and the main accelerating column.

Introduction

The Chalk River Nuclear Laboratory is inves-
tigating high-voltage, high-current accelerator
technology to establish the feasibility of con-
verting fertile materials to fissile nuclear fuel
in an accelerator-based breeder.1 Requirements
are for a 1-GeV, 300-mA, 100%. duty factor proton
beam with very high reliability,2 but existing dc
injector technology is as yet inadequate for this
application.

Two accelerators have been available at the
Chalk River Nuclear Laboratories for injector
technology studies. One is the 750-keV, 100-mAdc,
H+ injector for the High Current Test Facility
(HCTF).3 The injector has operated at up to 50-mA
total beam, with beam-induced high-voltage break-
downs being the predominant problem. The other
accelerator is the 300-keV, 25-mA dc, D + acceler-
ator for a 4 x 1012 n/s Fast Intense Neutron
Source (FINS). * It has operated at 40-iiiA total
hydrogen beam and 30-mA total deuteron beam, again
with beam-induced high voltage breakdown problems.
Some initial experiments on these machines have
been previously described.5'6

Experiments aimed at improving the relia-
bility of the two dc accelerators have led to a
set of design criteria which could be used for
accelerator breeder, neutron generator, and fusion
research applications.

The Problem

An accelerating column will typically
voltage-condition readily with no beam present, but
will spark down when ion beams are being acceler-
ated. Its performance can be improved by gradually
increasing the accelerator current, i.e. the
column will "current-condition". Interruptions in
beam production are short but they may be intoler-
able to the overall facility.

Figure 1 schematically show* the number of
runs observed as a function of the duration of
each run for two kinds of problem: inter-electrode
sparks and microdl«charge«, which give an
exponential distribution, and surface breakdowns
on the ceramics,which give a peaked distribution.
Generally the effects are superimposed, although
usually the HCTF results follow an exponential-
like pattern, while FINS follows the peaked func-
tion or distribution. The average time In a
series of runs decreases with higher current,
accelerating voltage, and externally measured
radiation.

Observations

Figures 2 and 3 show the latest, most
successful versions of the HCTF and FINS columns.
Some experiments and observations on these columns
are now discussed.

It was found that electron beams of 10-50 uA,
accelerated from a filament at the ground end of
the FINS column with the ion source removed, gave
the same external radiation level and produced the
same breakdown rate as did typical ion beams.5

The energetic electrons produce bremsstrahlung
inside the column. The experimental configuration
was varied and the breakdown effect was shown to
be related primarily to the ceramic. It is pos-
tulated that electrons created on the ceramic
surface by breasstrahlung via the photo-electric
effect charge the surface and provoke breakdowns.
Ultraviolet light from the ion source or beam
plasmas could do the same thing. Operation of a
FINS column whose electrodes were 1.5-mm thick
stainless steel was greatly Improved by addition
of 6-am thick copper plates positioned to shield
the ceramics from x-rays generated at the io.i
source. Operation was further improved with 12-mm
thick copper electrodes.

The HCTF ceramics, and early versions of the
FINS ceramics, are right circular cylinders with a
notch at the ceramic-metal-vacuum interface (see
Fig. 2). The HCTF ceramics have suffered only a
few damaging tracks on the vacuum side.. However,
two early versions of the FINS column suffered
extensive track damage whether or not the ceramlc-
metal-vacuum interface was shielded by electrodes.
Convolutions on the inner surfaces of two later
FINS columns (see Fig. 3 for geometry) have
prevented any track damage from occurring,
possibly because the bands of high and low
electric field on the ceramic surface created by
the convolutions tend to stabilize surface
charges. The presence of ceramic in a complicated
electrode configuration can greatly influent-- the
equipotential distribution; the convolutions can
be used to reduce electric fields on the adjacent
electrodes. Electrostatic analysis of the latest
FINS column (Fig. 3) using an electron gun code
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from SLAC7 (neglecting surface charge) shows the
convoluted ceramic shape to be close to optinua.

All the FINS and HCTF columns have used
- 9SZ A12O3 ceramic insulator.- bonded with either
polyvinyl acetate or Torr-Seal epoxy (from Varlan
Associates). One FINS column glazed on both inner
and outer surfaces has been operated. In all the
columns, radiation damage has yellowed the ceremic
material in places where x-ray bombardment is high.
The color fades slowly (over months) if the
ceramic is not in use or if It is heated. No
difference in operation can be attributed to the
insulator materials; however, the glaze makes
cleaning the column much easier and prevents the
adherence of metal if the column is rubbed
accidentally.

The ceraaic-to-metal /acuum interface in a
column can emit electrons which start breakdowns.
Dependence of column reliability on bond properties
can be greatly reduced through use of metal
electrodes to reduce electric fields in the bond
region. This approach has worked well on FINS,
with Che convolutions on the ceramics assisting in
the field shaping.

Given restraints such as available ceramic
sizes and choice of accelerating gradient, the
electrodes must be designed to minimize surface
electric fields - particularly on the cathode
surfaces. A useful guideline is the Kilpatrick
criterion for vacuum sparking.8 For ease of use
in dc applications, substitution of E - aV elimi-
nates the peak cathode surface electric field E.
This leaves a universal equation relating the
Kilpatrick sparking threshold voltage V to the
voltage-independent, geometry-dependent parameter
a. In practice, a is found analytically (for
simple geometries) or by using the modified SLAC
electron gun code7 to solve for surface fields for
given applied voltage. Then, the sparking thres-
hold voltage is found from the universal curve of
V vs u. At present, ths FINS and HCTF columns
operate with surface fields less than or equal to
the Kilpatrick limit on anode surfaces and 0.7
times the limit on cathode surfaces. These columns
voltage-condition readily without besi and operate
better than columns with lower safety factors.

While long acknowledged as being an excel-
lent material for high voltage electrodes, titanlimi
(or T16A14V alloy) appears to be unsuitable in the
hydrogen atmosphere of a proton accelerator. Here,
titanium hydride forms on electrode surfaces,
leading to outgassing during bsam spills and for-
mation of titanium hydride microparticles chat
possibly loosen and cause voltage breakdown.
Materials tasts done on smaller experimental set-
ups at CBHL showed molybdenum, stainless steel
and copper to be superior with either ion beans or
electron beams (equivalent to typical backstreasdng
electron currents in proton accelerators) present.
Molybdenum is preferred because it has good thermal
conductivity and does not sputter. The most
recent HCTF column uses mainly stainless steel and
TZM molybdenum alloy. FINS has operated well with
copper electrodes provided that no abrasives were

used in fabrication. (Abrasive-treated copper
exhibits many microdischarges in the presence of
ion beams.) This restriction on abrasives
probably also applies, to a lesser degree, to the
harder electrode materials.

Voltage and gradient effects have been
studied. On the HCTF, a change from a column
gradient of 3.1 MV/m (with Pierce geometry over
the first 200 kV) to a uniform column gradient of
2.1 MV/m over 750 kV gave a modest Improvement in
reliability. Also, with fixed 50 kV per ceramic,
a change from 100 kV to 200 kV between adjacent
accelerating electrodes gave slightly Improved
reliability. Originally, FINS used a single 300
kV, 2.7 MV/m gap A single 1.8 MV/m gap operated
no better. It now has three 100 kV gaps and an
average gradient of 2.5 MV/m.

Column bleed currents of 0.25, 0.5 and 2.25
mA gave the same reliability in the HCTF. A bleed
current of 800 uA instead of 250 uA made the FINS
column more tolerant of column problems, such as
electrode microdischarges, but did not signifi-
cantly improve reliability. Apparently, electrons
and gases produced by beam spills cause breakdowns
before electrode potentials are significantly
perturbed.

The bad effects of beam spill on column
reliability imply that knowledge and control of
ion optics in a column must be good. However,
computer codes now used for beam optics analysis
have trouble modelling halo on beams from non-
uniform plasma surfaces. Work on this problem
continues at CRNL. In the meantime,beam optics in
FINS is controlled by a passive shaped-focus
plate replacing the original biased, Fierce
extraction electrode. The HCTF column has a
Pierce extractor for beam focusing, followed by a
uniform gradient column.

Design Criteria

A set of design criteria for accelerating
columns formulated from the foregoing experimental
results is outlined in Table I.

Discussion

Figures 2 and 3 show the present configura-
tions of the HCTF and FINS columns. The criteria
of Table 1 have been incorporated into the HCTF as
far as possible, subject to existing mechanical
and operational constraints. The FINS column was
subject to fewer constraints, and follows the
criteria more closely.

The column criteria above can best be satis-
fied by a two-stage system in which the ion beam
is first extracted from the ion source, focused,
magnetically analyzed, and stripped of high
emittance components and then in the second stage
accelerated to the required total energy. The
RTNS accelerators at Livermore,9 and a recent FHIT
Injector proposal10 (400 kV version) use two-stage
designs.

- 449 -



Table I

Desirable Features of High Current, High Voltage Accelerating Columns

Feature Remarks

A. Good Electrode Design

- use accelerating gradient of - 2.5 MV/m

- choice of voltage per gap should be i< 100 to
200 kV, subject to ease of satisfying the
reaaining electrode design requirenents

- use massive electrodes

- minimize surface fields on electrodes using
electrostatic analysis and a sparking
criterion

- hide the ceramics from direct or reflected
ultraviolet light from the ion source or
beam plasmas

- water-cool or heat-sink all electrodes

- use electrodes to hide the ceramic-to-metal
bond

- select electrode material and finish to suit
application (molybdenum seems best; no
abrasive should be used)

B. Good Ceramic Design

- use convoluted ceramics, designed using
electrostatic analysis

- standard materials and bonding agents are
suitable

C. Minimize Electron Backstreaming and x-rays

- effective electron trap required

- use a very stiff electron trap power supply,
or do not have trap electrode as one side of
a high voltage gap

- locate the first restrictive beam aperture
downstream from electron trap

- reduce beam spill by making column bore as
large as possible

- pump gas as efficiently as possible (use
pumping slots and large bore)

D. Other Considerations

- magnitude of bleed current not critical

- examine beam spill in the column over entire
operating range (by computer analysis if
possible)

- avoid PIG discharge regions, and avoid
crossed E and E fields

- minimize the area of electrodes at high
voltage, put highest electric fields on-axls

- this gives a column diameter to electrode gap
ratio convenient for Incorporating the required
shielding from x-rays and allows convenient
shielding of ceraalc-to-metal Joints

- shields ceramic from x-rays and reduces ceramic
charging

- reduces sparks and microdischarges

- reduces ceramic charging

- reduces outgassing and effects of beam spill

- reduces electric fields where electrons may be
produced

- aids voltage stand-off with or without beam

prevents track damage, stabilizes charge distri-
butions, reduces fields on adjacent electrodes

- prevents downstream space-charge electrons from
entering column

' reduces chance of losing electron trap during
high voltage transients

1 avoids production of secondary electrons in the
column

reduces column voltage perturbations, secondary
electron production, and electrode heating and
outgassing (but may harden bremsstrahlung
spectrun)

reduces electron and ultraviolet light produc-
tion from ion-molecule collisions

• any beam spill creates electrons which cause
breakdowns before voltages are significantly
perturbed

may show problems from space charge, mixed ion
beam, high emittance components, or change of
focusing with beam current

prevents stable electron orbits

reduces sparking probability
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The advantages of a. two-stage systen are
many. Coupling between the ion source and main
column is reduced, so that operation of one is not
compromised by operation of the other. Hie gas
loads can be differentially pumped to remove source
gas and optimize space-charge neutralization in bean
dr;Lft regions,yet allow very high vacuum (hence
low electron production) in the main acceleration
colunn. The system can be selectively opened to
air without venting the whole system and losing
high voltage and current conditioning of the
remaining components. Backstreaming electrons
passing through the main column can be intercepted
by a low-Z shielded dump. Electrical power is
saved by dumping the unwanted portions of the beam
at low voltage. Beam spill in the main column is
much reduced by the prior removal of unwanted ion
species and high emittance components.

Conclusions

The design criteria described in this paper
are the result of extensive experimental work on
two accelerating columns with very different
operating conditions. Application of the criteria
has markedly improved operation of the columns.

Two-stage accelerators appear to have the
best configuration for production of high voltage
ion beams, but design criteria such as those
presented here must be carefully applied to
realize the potential of two-stage accelerators for
reliable operation.
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P t A D I M I OK E F F E C T

Fig. 1 Distribution of the number of runs as
function of the duration of each run.

Fig. 2 Cross-sectional view of the HCTF injector
column.

Fig. 3 Cross-sectional view of the FINS
accelerating column.
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Discussion

West, RHEL: To avoid breakdown problem, should
we perhaps aove towards lower gradients and incor-
porate permanent magnet quadrupoles inside the
column si-[-clerating structure?

Hepburn: I have seen designs which did that. They
essentially had meters for acceleration with sole-
noids or whatever; it is a different approach. Bu:
with 300 milliamps and IX duty factor, space charge
is an enormous problem, Then, you try to get the
ions going, you obviously accelerate them as quickly
as possible.

West: Well, my point is that ve've seen that per-
manent magnet quadrupoles are a reality and they are
there to match to a particular beam space charge
defocusing.

Hepburn: I do not know what they will do to the
electrical design of the column if they are insula-
ting or conducting. If they are conducting, it
means that you cannot have thin electrodes - you
have to have an electrode long enough to incorporate
each magnet, which is a radical departure, that I
would be interested to try.

Curtis, FNAL: Do I understand properly, that you
have included all your design criteria in the last
column figure which you showed? Have you attempted
to put up to 100 mA through this column?

Hepburn: The answer to the first question is, not
quite. We have no cooling on the electrodes, and
I would prefer to be able to machine them out of
molybdenum instead of copper. As for the improve-
ment we have been able to make on FINS, the first
column operated - it was very similar to a short
section of say the high current test facility
column, or Los Alamos' column. That operated for
a few milliamps for a few minutes between spark
downs. We've got that up to 40 milliamps for half
an hour or an hour.

Curtis: You have not reached your 100 milliamp
goal yet?

HP"*'urn: I'm sorry - you are confusing the two
macnines.

Curtis: Right, but have you tried for a higher
current in that particular column?

Hepburn: No, I'm limited by target problems at
the moment.

Curtis: Right.

Grand, BiNL: I wonder if it would be relevant right
now to ask anyone in the audience if they have any
present knowledge of the status of John Qsher's
column, which is relevant to this talk?

Clark, LBL: Yes, it is a medium gradient column,
vith large aperture. He has had trouble with
backstreamirg from the gas - ionization of the
colunsi gas, but I don't know any other current
information.

Unidentified voice in audience: They have lnciPwed
the puaplng In Che dome substantially - theirs Is
a two stage systea, and they have increased the
pumping substantially and done nuch better, I
think - this is a vague neanry - about the order of
100 nillianps 100 kilovolts.

Grand: And what gradients do they have in the
column?

Same unidentified voice in audience: That I don't
know, but I do knov they are seeing one thing
we've seen on all our columns: a yellowing of the
ceramic, which I assume is radiation damage. They
are getting that and they are also getting the peak
type of run distribution, where the run durations
cluster around a mean value. I would recommend
going to look at the ceramics and the shielding in
the column for that one.

Bentley, NLN: What was the time scale on that
graph of peaking of the runs?

Hepburn: On the first FINS column it was a few
minutes average and on later ones it has gone up
to an hour or two hours, so it is a function of
how good your column design is.

Bentley: There was a paper on Osher's column at
the Particle Accelerator Conference in San Fran-
cisco. They had increased pumping on the upstream
end of the column and put in a trap at the high
voltage end of the column to protect against
slow ions going into the column, and I think every-
thing was operating fine as of that point.

Hepburn: Again, beam spill. On the question of
reliability: The 750 k*> set has operated up to 50
milliamps with runs up to an hour. The problem
there seems to be the arc transient during turn-on.
It means the extractor is not matched during the
first current pulse - that is, difficulty in
turning on, not really reliability.
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G.H. Gammel, E.F. Meier and R.M. Mobley
Brookhaven National Laboratory

Upton, N.Y.

SCMMARY

The operating characteristics of the ion
source and an initial model of a transport system
developed by the Heavy Ion Fusion group at BNL will
be presented. The purpose of the assembly, was to
transport a 30 nA bean of heavy Ions a few feet
Inside a small, inexpensive Cockcroft-Walton, at
the source voltage (£ 50 kV) to a single 3" diam-
eter high voltage gap (< 500 kV). l This isolation
of the gap from the source prevented high voltage
breakdown due to gas loading from the source.
After the gap, the beam was to be matched into a
2 MHz electrostatic quadrupole linac, which would
in turn, be the first stage of a heavy ion fusion
accelerator.2

ION SOUTCE

The ion source shown in Fig. 1 is a modified
version of the original prototype of the LBL CTR
sources developed by K. Ehlers and others.3 At
least three other small versions are described in
the literature,1*!5!6 The arc chamber is fabri-
cated using a copper-plumbing end cap for the
barrel. The end is slotted radially to allow the
filaments to protrude into the chamber. The fila-
ment plate is of stainless steel, with silver-
brazed filaaent feedthroughs and gas inlet pipe.
The anode consists of 3/4 Inch copper-plumbing end
caps. Four of these are connected together outside
the vacuum region.

The arc is struck between the filament and
the anode by pulling the center-tap of the fila-
ment secondary a~-winding with i/-50 V. The whole
arc chamber (including the vacuum flanges, fila-
nent plate, and beam hole cover) floats to a
potential slightly below the arc potential, form-
Ing a sheath, to maintain plasma neutrality In the
usual way.

The extraction electrode can be grounded in
several ways. The source and power supplies are
isolated at high voltage.

Favorable features of this source may be
separated into tuo categories: 1) features in the
original concept and 2) features in this modified
version.

1) • The plasM density can be uniform to
5Z over 90% of the beam cover plate.

• The filaments are inexpensive,
the-mill, tungiten wire.

run-of-

-Work performed under the auspices of the U.S.
Department of Energy.

• The plasma is very quiet, due to the low
magnetic fields, and to space charge shielding of
the filaments from the anode potential. That is,
the electrons are freely generated by thermionic
emission and arc "spotting" can be avoided.

2) • Few vacuum seals (three as shown).

• The anodes are separate from any other
parts, and the ares of the anode surface can be
easily varied.

• The gas inlet pipe, as well as the entire
inner surface of the arc chamber, can run at ele-
vated temperatures for Hg operation.

• The filament plate can be received easily
to replace the tungsten wires. Since modest arc
densities exist, compared to CTR applications, no
filament has yet worn out.

• The high voltage insulator is an inex-
pensive item. The 4" ID size shown here costs
$60, including the end clamps (not shown).

The requirements for pellet ignition favor
the heaviest possible ions for overall system
economics. This means the use of heavy metal ions.
This source can readily be run with Hg+, and
uranium sources are being investigated.

ION SOURCE OPERATION

For the Gabor lens transport system presented
here, a Veeco piezoelectric gas valve was used to
admit Xe into the arc chamber. The filaments were
run cw with 6-9 Vac and 10-20 amps/filament. The
source Is at a dc potential of up to 50 kV, and
the beam pulse is generated by the arc pulser.
The arc pulser is a BNL duoplasmatron unit with
the following features:

1) Arc voltage up to 300 V, /we current up
to 40 Amperes.

2) Variable repetition rate from 1 pulse/10
sec to 10 pulses/sec. The arc-on time is syn-
chronized with the ac line.

3) Light pipe controls for variable beam
width to 1 msec, and variable beam delay.

6) HV spark overload protection as devel-
oped for the AGS Cockcroft-Waltons.

The source can be run in an ion gauge Bode
(Ehlers gauge) to allow tuning of the timing
between gas-on and start of arc. This feature
led to the observation that the main gas load was
coating in a large burst some 40 msec after the
chamber pressure was ideal for arc pulsing. This
has not yet been corrected and is largely
responsible for the low repetition rates attained

- 453 -



with the Gabor lens transport system. It would
also cause unnecessary gas loading the Cockeroft-
Walton accelerating gap.

ION SOURCE PERFORMANCE

Emittance neasuremcnts for this »ype of
source made at BNL and elsewhere are shown in
Table I. For acceleration of bearm of high 6-D
phase-space density, the oajor problea is to
preserve this high brightness. Gabor lenses, as
well as magnetic quadrupoles, allow neutral beam
transport to the high gradient gap.

Extractor design is largely dictated by the
Langmuir-Child formula:

(1)J— A V3/2/d2

in which

A *• area

m - ion mass

d - extraction gap

€ " permittivity of free space

e » ion charge

On inserting values for Xe :

I - 4.76 x 10~9 A V3/2/d2 Amperes. (2)

The flux of ions J, within the arc and arriv-
ing at the extraction hole, must match the space-
charge limit to maintain nearly planar geometry at
the plasma meniscus.

Moreover, to keep the beam divergence
reasonably low, the gap d, should be about twice
the radius of the extraction hole. For a circu.1"-
apercure and an extraction voltage of 50 kV,
Eq. (2) then yields 45 mA, independent of the hole
size. Considering extractor geometry only, one
can substantially defeat this limit two ways: 1}
use a slit extractor, in which case it has been
measured that an aspect ratio of 3:1 yields
E x m €y. 2) use a multiple aperture array, in
which case the current increases linearly with the
number of holes. The best solution is a ccm-
bination of both ideas, that is, a multiple slit
array.

The best result was obtained using an ex-
tractor shaped in a cross, with the slits
measuring 1-1/8" x 3/16" for an extraction area
of 7 cm2. The gap d was .7".

Extraction voltage

Filament voltage

Filament current

Anode voltage

44 kV

7 volts

145 Anps

70 volts

Arc current 15 Aups

Plasma current density J 15 aA/ca2

(inferred)

Applying Eq. (2) yields 97 aA, and the 7 en2

extraction area provided 105 aA total current, in
good agreement. Thus, about 85% of beam loss was
in the transport system.

The beam purity was measured and the results
obtained are shown in Fig. 2.

TABLE I

Xe+1 Emittance » A(*>*'

KaA)

22.5

35

25

10

180

V(lcV)

20

500

30

44

35

Emit,
cm-mrad.

27 x 1C"3

34 x 10"3

3.5 x 10"3

11 x 10"3

10 x 10"3

TRANSPORT

Extractor

13 holes

13 holes

0.2" x 1.25"
slit

Crossed slits

(0.2 cm x 7
en slits)

SYSTEM

Ref.

2

2

BNL (un-
pub)

This re~
port

7

A pair of large aperture Gabor lenses8 (see
Fig. 3) was chosen for the transport system.
These are electrostatic elements, which are
superior to magnetic focusing for low velocity
particles, such as heavy ions. The large aperture
was needed because the beaa was emerging froa the
source at a 15 Co 20 degree half-angle, and the
first lens could not be auch closer to the uource
than 10 inches, otherwise gas fron the source
tended to initiate glow discharge breakdown in
the lens. The first lens rendered the diverging
beam froa the source approximately parallel, and
the second lens, which had to have about the sasae
aperture, brought the beam to a waist of less than
3" diameter.

The magnetic fields in the two lenses were
not measured precisely, but were around 200 Gauss,
and were independently adjusted for best strength.
Some interesting features about the lens operation
are brought out in Fig. 4. First, it was observed
that 25 me were required after the magnetic field
pulse started for the electron population in the
lens to build up. At that tine, high frequency
pick-up was observed on the Faraday cup signal,
indicating that the lens was "active". Second, if
the magnetic field was left on too long, the noise
would worsen and the lens would eventually break
down into a glow discharge. This also happened if
the repetition rate of the beam was too high. In
this case, if a spark occurred, gas was released
in the neighborhood of the lens and the lens
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broke down with no chance to recover before the
next pulse. The maximum safe rate was one pulse
every five seconds, fa which case the pressure
always recovered to below a few times 10~6 Torr
before the next pulse.

Best results for 3 and 5 foot transport are
given in Table II. It should be noted that this
transport system has the same focusing strength
for any heavier ion at the same energy as for the
test case of Xenon.

Extractor voltage

Upstream lens
voltage
radius
length

Downstream lens
voltage
radius
length

From source to
center of up-
stream lens

Lens separation

Xe current into
3" diameter (I1

downstream of 2nd
lens)

TABLE II

3' Transport

26 kV

4.3 kV
2.2"
4"

8.2 kV
2.65"
2"

10.5"

14.5"

14 mA

CONCLUSIONS

5' Transport

47 kV

9 kV
2.5"
3"

9 kV
2.65"
2"

14.5"

33.5"

11 mA

The lenses worked well, although the
repetition rate had to be kept to less than one
pulse per five seconds, in order to obtain smooth
operation. The best current, of 14 mA, did not
reach the desired 30 mA, but we feel that with
further development—just putting more power into
the source or adding yet another lens, more current
could have been obtained. However, about a month
before this conference, the Gabor lens transport
system was abandoned in favor of a better idea.

A multiple beamlet transport and acceleration
system (1 or 2 mA per beam) with electrostatic
quadrupole focusing is now being investigated. In
this scheme, rf acceleration begins directly from
che source, and the bulky Cockcroft-Walton pre-
accelerator is no longer needed. Single channel
models for transport only have already been built
and tested, and a current density 7.5 times greater
than that obtained with the Gabor lens system has
already been obtained at lower beam energy (15
keV). The transport system is not pulsed, and the
beam repetition rate has been Increased to 10
pulses per second. The progress of this work will
apper' in future reports.

1. J. Brodowski, et. al., IEEE Trans. Nucl.
Sci., HS-26, #3, 3039 (June 1979).

2. BNL 50817, A.M. Haschke.
3. K.W. Ehlers et. al., Proc. 2nd Symposium on

Ion Sources and the Formation of Ion Beams,
Berkeley, 1974, pp. 1-5, UCRL Report.

4. W. Chupp et. al., IEEE Trans. Nuc. Sci. Vol.
HS-26, No. 3, June 1979.

5. R.W. Bickes, Jr. et. al., Rev. Sci. Instrum.,
49_ 1513, Nov. 1978.

6. G. Fisher et. al., J. Phys. E Sci. Instrum.,
22, p 522, 1979.

7. R. Mobley, Proceedings of the Heavy Ion
Fusion Workshop ANL-79-41, Sept. 1978 p. 265.

8. R. Mobley, et. al., IEEE Trans. Nucl. Sci.,
NS-26, #3, 3112 (June 1979); see also
R. Booth and H. Lefevre, Nucl^ Instr. and
Meth., j M , 143 (1978).

Fig. 1 Schematic of ion source.
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Spectra of ions obtained with and without
deflecting B field, showing ^80% Xe+1
purity. Note that dip between neutral
peak and deflected Xe peak indicates
that charge exchange losses occur near
the source only.

Fig. 4 Upper trace measures the magnetic field
in the lens; (̂ 60 us duration) lower
trace is a multiple exposure of Faraday
cup beam measurements at different
times (beam is t 1 ms wide) .

Fig. 3 Pair of Gabor lenses used for beam trans-
port from source. Ruler is 6" long. Each
lens consists of an electrode sandwiched
between grounded electrodes around which
coils are wrapped in a Hp.lmholtz con-
figuration. For typical voltages, such
as indicated in Table T., typical magnetic
field strengths were i<200 Gauss. Freon
cooling tubes for dc operation of the
coils are visible. '.rhe -la'.e betwec. ... «-
these lenses was not us^d' in the esv—'1

ments described in this paper.
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Sunmary

The injector for the Fusion Materials
Irradiation Test (FMIT) Facil ity has been
designed to deliver a 100-keV, 125-mA dc deu-
teron beam (Fig. 1). A prototype Injector has
been built to run with a H2

+ ion bean. Two
ion sources are being tested—one with magnetic-
cusp geometry. The injector transport consists
of a single-stage modified Pierce-extractor, a
double-focusing 90° analyzing magnet, a high-
power emittance scanner, steering and quadrupole
focusing magnets, a mechanical bean-current
modulator and a deflection type beam pulser.
The performance of the prototype injector is
discussed.

Introduction

A preprototype test stand has been used to
generate the design of a 100-keV, 125-mA dc deu-
teron beam injector for the FMIT facility. An
ion source of Osher design and three of cusp-
field geometry were fabricated. A single-
aperture extraction system was designed using
the beam extraction code SN0W.1 Because no
operational differences were predicted, single-
gap extraction was chosen over the two-gap
system that originally was considered. Magnetic
beam analysis is used to select the desired ion
species in the beam from the ion source-
extractor system. The tests of these systems, aa

•Work performed under the auspices of the U
Department of Energy.
+Westinghouse/Hanford Engineering Development
Laboratory employee working at the Los Alamos
Scientific Laboratory.

S.

well as tests of the vacuum pumping and remote
control systems,are discussed below.

Both calculation and tests have shown that
very good quality beams can be achieved by
sizing the aperture diameters such that opera-
tion is at 60% of the space-charge limit a no bv
using electrode profiles based on the space-
charge-limited "Pierce" geometry. A key factor
in minimizing space-charge divergence of the
beam was the installation of a negatively biased
(-1 kV) electron trap only 0.15 cm downstream
from the ground electrode. At a similar distance
downstream from the electron trap, a hollow
cylinder was used to re-establish ground poten-
tial and thus enhance, in a very short distance,
space-charge neutralization of the drifting beam.

Ion Source

Initial tests were performed on a Los
Alamos Scientific Laboratory (LASL) version of
the Osher design reflex-arc source. This unit
originally was built by the Lawrence Livermore
Laboratory (LLL) for another program at LASL and
was delivered as a multtaperture source. It was
converted to a single-aperture source with
improved extraction optics. Although it
delivered the required current density easily, a
plasma instability developed that would
seriously affect linac operation.

Three versions of cusp-field ion sources
have been built and tested. Mark 1 was a rela-
tively large riB-cm dia. by 31-cm long) water-

GAS INLET-

Fig. 1 Proposed FMIT injector system. Fig. 2 Mark 2 cusp-field ion source.
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Fig . 4 Ion source cathode feedthrough.
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Pig. 3 Mark 3 cusp-field ion source.

cooled cylindrical chamber. Thirty permanent
magnets were installed, on the curved walls
only. Operational stability was impressively
good, but excessive ion losses to the noncusped
end walls made it impossible to achieve an ade-
quate ion density. The next version. Hark 2
(Fig. 2), featured simplicity and low cost, and
reduced the ion loss area to one-quarter that of
Mark 1. This was a nearly cubical chamber (18 cm
per side) with five horizontal rows of magnets
along the sides and three rows of magnets pro-
viding a cusped field on the top plate. Per-
formance of Mark2 was approximately five times
better than its predecessor and easily delivered
the required current density. Gas efficiency
was very high (>40%), but the ion-species ratio
still needs some improvement.

In an attempt to reduce ion losses even
further, Mark 3 (Fig. 3) has been constructed with
cusp-field magnets on both top and bottom plates,
as well as on the cylindrical side walls. Ini-
tial tests showed that performance was not as
good as with the Mark 2 source. All results
reported pertain to the Mark 2 source.

Two major problem areas with the cusp ion
sources have been the directly heated cathodes
and the cathode feedthroughs. Several years of
good experience with flat nickel-gauze oxide-
coated filaments in a duoplasraatron ion source
provided the incentive to try a similar-type
filament on the cusp source. However, under
conditions of high-plasma density, it was

SMCLD-

Fig. 5 The 100-kV extractor.

impossible to achieve long lifetimes. A
successful new cathode geometry consists of a
1.0-mm tantalum wire tightly wrauped with O.l-mn
nickel gauze and coated with a barium-strontium
oxide. Spot welding the nickel gauze to the
tantalum wire was fcind to improve lifetime
somewhat.

Many designs of filament feedthroughs were
tried before the present concept evolved. Com-
mercially available vacuum-compatible high-
current electrical feedthroughs utilizing cera-
mic insulators invariably failed with destruc-
tive arcs that originated on the vacuum surface
of the ceramic. Organic insulators (nylon,
epoxy, Kel-F) held up better in the arc environ-
ment, but could not withstand the high tempera-
tures without the use of complicated cooling
devices. The design currently in use (Fig. 4)
employs four separate insulating materials.
It has resulted in a high-current feedthrough
that is a simple one-piece construction, low in
cost, very compact, and that is reliable in the
high-temperature arc environment.

100-kV Extractor

The 100-kV extractor is a single-gap accel-
erating column as shown in Fig. 5. Externally,
it consists of two 20.3-cm-id by 12.7-cm-long
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alumina insulating rings sealed with O-rings
between three annular 38.1-cm od stainlesr
steel plates. Voltage grading is provided by a
0.67-mA resistor; string and arc protection is
furnisiiou by atmospheric spark gaps. This ini-
tial design utilizes an aperture (1.13-cm dia.)
of one-half the area anticipated for use in the
BHIT extractor. Design current for this half-
area aperture is 100 mA at 100 kV, which results
in the sane current density as required for the
FM1T extractor.

Careful attention has been given in the
design to minimize high-voltage breakdown across
the insulators, caused mainly by photoelectric
charging from x-ray impingement, that is nor-
mally a problem in high-voltage extractors of
high-average current. The x-rays (brems-
strahlung) are caused by electrons, accelerated
in the gap, striking the 100-kV surface. The
electrons are produced bv beam-induced ioniza-
tion of the residual gas in and downstream of
the accelerating gap. Specifications for the
FMIT extractor require that voltage breakdown be
limited to less than one per eight hours.

Design features to minimize breakdown are
as follows:

a similar distance below the electron trap elec-
trode reduces field penetration into the region
balow. A coaxial lead Is used to supply -1 kV
to the trap so that the beam will be shielded
from the field of this conductor. The beam-line
region below the electron trap must be kept free
of electric fields so that a high degree of
space-charge neutralization of the beam will
occur and reduce beam divergence.

The effectiveness of the electron trap and
of these precautions is quite pronounced and is
shown for a 95-mA beam at 1.00 kV in Figs. 6a and
6b. Figure 6a shows the diameter of the beam
1.0 m below the 0-kV electrode (analyzing magnet
off) as a function of electron trap voltage.
With -1 kV on the trap, the btam is 2.0-cm dia.
as compared to the 1.13-cm dia. aperture in the
molybdenum electrodes. With the trap off, the
beam spreads out to >15-cm dia. Figure 6b
shows the ef*.ctiveness of the electron trap in
reducing the x-ray Level measured 1.2 m from the
ion source. With 0 "<V on the trap, the x-rav
level is 16 mR/h as compared to 1.6 niR/h with
-1 kV on the trap.

1. The maximum gradient in the acceleration
gap is 50 kV/cm.

2. Flasbover across the ceramic insulating
rings is inhibited by the use of long
insulators divided into two sections to
limit the voltage across each section to
SO kV.

3. Reentrant geometry is used at the inside
corner of the insulating rings to keep the
electric field low at these critical points.

4. The insulating rings are shielded from
x rays by 2-cm-thick steel rings and by the
molybdenum electrodes.

5. An electron trap biased at -1 kV is used to
prevent entry into the gap of electrons
formed downstream of the acceleration gap.

6. Low residual gas pressure in the accelera-
tion gap is obtained by use of a 10,000-X/s
oil diffusion pump and sixteen 1.9-cm dia.
pump-out holes in the extractor. Low
pressure here is of critical importance
because it is the only way to reduce the
x-ray level caused by electrons formed in
the gap because of beam-induced ionization.

7. An array of permanent magnets producing a
transverse 300-G magnetic field at each
pump-out hole prevents electron back-
streaming through these holes into the high
field region.

The grounded molybdenum electrode is
attached to a 10.0-CIB od tube that can be
adjusted axially to obtain the required gap
spacing. This tube and the x-ray shield ring
are made of mild steel; they help to shield the
extraction area from any stray magnetic fields.

The stainless steel electron trap is
attached by insulators to the inside of the tub^
with the electrode surface 0.15 cm from the 0-kV
molybdenum electrode. A grounded shield placed

BEAM DIAMETER
VS

ELECTRON TRAP VOLTAGE
BEAM DIAMETER
MEASURED 1.0 m
FROM EXTRACTOR
EXIT APERTURE

-4.0 -3.5 -3.0 -2.5 -aO -15 -1.0 -0.5 -0
ELECTRON TRAP VOLTAGE,kV

Fig. 6a Beam diameter vs electron trap voltaqe.

RADIATION LEVEL

j l O

z 6

< 2

vs
ELECTRON TRAP VOLTAGE

95 ma AT 100 kV

RADIATION LEVEL
MEASURED 1.2 m
FROM ION SOURCE

- 4 0 -35 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 - 0
ELECTRON TRAP VOLTAGE, kV

Fig. 6b Radiation level vs electron trap
voltage.
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Beam Transport

A double-focusing 90° analyzing magnet
steers the beam into the horizontal bean line
and eliminates unwanted ion species. Excitation
coils, wound of hollow copper conductor and
potted with a vacuum-compatible epexy, are
directly behind the pole faces. Water-cooled
beam dumps protect the bottom and downstream
side of the magnet box from the impingement of
the unwanted species.

The analyzed beam will be tailored for
acceptance by the rf quadrupole (RFO) bv two
beam steerers and two magnetic qua^rupole doub-
lets. An eight-vane water-cooled variable iris
structure will be used to adjust the beam
current while maintaining a near-constant
current density. A combination kicker magnet
and beam dump will be used to provide H2

+

ion beam pulses for tuning purposes.

Beam Diagnostics

Beam diagnostic equipment will include
three multidimensional optical beam profile
monitors and appropriate beam-current monitors.
Two emittance measuring devices are being built.
Ono is a two-meter-long drift tube terminated
with a water-cooled pepperpot analvzer. The
other is a more sophisticated double-scanning
high-power density unit for measuring detailed
structure of the beam. Observation of the
extracted beam (including all ion species) in
the one-meter-long drift space below the
extractor, assuming that only emittance
contributes to beam divergence, leads to an
upper-limit estimate of normalized emittance

Vacuum System

The iniector vacuum system, utilizing a
10,000-£/» oil-diffusion pump and beam-Hne ion
pump, is described elsewhere.2 Considerable
attention has been given to minimzing oil con-
tamination, which might coat the insulators and
cause high-voltage breakdown in the extractor.
Experience to date after 10 months of continuous
operation has been verv aatisfactor-/. The
system has remained clean and there is no trace
of oil on the ion gauge walls. There have been
no high-voltage breakdown problems in the 100-kV
extractor.

Controls

Because the ion source and associated
equipment dome must sit at a 100-kV potential,
all controlling must be handled remotely. A
microcomputer-based control and data-acquisition
system utilizing fiber-optic links has been
implemented. This system uses CAMAC hardware
and is compatible with the facility control
philosophy.
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Discussion

West, RHEL: Do you intend to collimate the beam in
the LEBT at only one longitudinal position?

Schneider: There is need to collimate it at only
one position, I guess, right at the entrance of the
RFQ.

West: Not if you want to maintain a constant current
density, because, effectively, you are producing a
beam that is not mismatched.

Schneider: Yes.

West: You have to collimate in phase space
effectively.

Schneider: Right. I did not mention it but one
thing that is being considered would be the use of
solenoid focusing magnets here which would avoid
the asymmetric focusing of the quadrupoles. By
going through a circular symmetric variable iris
we should be able to maintain a circular profile
going into the RFQ.

West: I'm not sure I understand that.

Muller, GSI: How did you measure or estimate the
degree of space charge compensation?

Schneider: That was done somewhat indirectly,
using a code that has been developed and is in
use at Los Alamos - one of them is a multiple
species transport chat Dale Armstrong has been
working with. The estimate there, and we have
verification of it from some other results, says
that with 97% space charge neutralization, we
would see the approximate beam profile that we do
see. So it's indirect inference.

Curtis, FNAL: I suppose the collimator you are
talking about using is for tune-up purposes only,
or do you plan to continue colliraating the beam
when you are running full current deuterons? In
which case, you will have to give some thought to
the neutron yield.

Schneider: We have given some thought to that -
we do have the capability of running - this entire
thing will sit inside a vault behind thick con-
crete walls. He don't think the activation problem
would be serious. It would be enough that per-
sonnel could not be inside but normally if we can
run the entire accelerator at full beam current,
this thing could be wide open.

Wadlinger, LASL: Why use an oil diffusion pump
to' pump the column?

Schneider: We have been asked that many times.
I think the answer is that we have used it for some
length of time and have had absolutely no problem
with it. The alternative would be something like
a turbo-molecular pump, which has its own problems
- it is a mechanical device. This one has a lot of
fast acting valves to protect it - the polythenol-
ether fluid has not caused any contamination in

about 2% years of operation. It is heavily
trapped - we have a freon refrigerated baffle
above it, as well as the cold traps right in the
trop of the pump and we get tremendous pumping
by doing it. I did not mention it, but part of
the motivation for that was to absolutely mini-
mize the pressure in the high voltage region,
which of course minimizes the production of
x-rays.

Barton, BNL: What assumptions have been made
about space charge effects in your LEBT design?

Schneider: We assumed that the beam is mostly
space charge neutralized. Maybe I don't follow
your question.

Barton: Well, I asked it because I understand
from your vacuum system specifications you have
quite different vacuum and could expect different
behavior from several aspects as you go through
that line.

Schneider:
change?

Oh, because the vacuum profile does

Barton: Not only that - just electron effects in
varying magnitude.

Schneider: It is possible we'd have difficulties
although we have a very substantial safety margin
in that. I think there is 90% or less neutraliza-
tion, the beam would still be able to be trans-
ported easily.
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The design of the ion source, mass selector, ac-
celerating column and transport system is describ-
ed for a 780-keV proton \>ewn of 8--1A average
current. Departures from previous linac pre-
accelerator designs to achieve this current
include a cusp field bucket ion source and a 90
analysis bend in the high voltage terminal prior
to the second acceleration stage to V80 keV. The
layout, beam optics and design philosophy are
presented.

High Voltage Power Supply

In order to minimize the linac project staff,
systems were to be designed and fabricated by
vendors whers this expertise was available. This
system was ordered from Haefely, to an HEIJ per-
formance specification, and includes the ion
source terminal, and fast "bouncer" regulation
to ±.lS. The design is similar to other models,
but with higher stored energy to accomodate the
increased beam current. Figure 1 shows the block
schematic for this system which is presently
assembled and operating in Haefely test facilities.

High Voltage Equipment Terminal

Power will be provided to the high voltage terminal
for the ion source and other equipment Dy an iso-
lation transformer stack. Five sections, each
rated at 30 KVA of 20B-V 3-<t, 8? ijnpedance and
insulated against 200 kv have been designed.

tested, and delivered by Hipotronics. Figure 2
shows the equipment in the terminal. The ion
source is pulled back from the accelerating
column, to allow for momentum selection of the
proton beam before acceleration to 780 keV. This
also permits pumping of the gas load from the
ion source before it enters the high gradient
region in the accelerating column where it can
contribute to x-ray and electron production. The
field index of 0.5 on the 90° bending magnet and the
solenoid magnet-1 provide focusing and allov
flexibility in the beam optics through the
accelerating column and into the low energy bean
transport system at 780 keV. This concept has
been used elsewhere on high current electrostatic
accelerators. The ion source^ is of the cusp-
field type, selected for its stability, low
emittance and high average current capability.
Extraction voltage will be 60 kV requiring ion
source supplies to be in an isolated rack elevated
to this potential within the equipment terminal.
The extraction supply will provide 150-mA peak
current at a 10!! duty cycle (arc pulsed at 60 pps,
1.7 ms). This should yield 80-mA peak, 8-mA
average of protons after momentum analysis.

Vacuum pumping is provided through the bore chamber
of the 90° *3end magnet by a 2000 X/sec turbo-
molecular pump. A Faraday cup a;id valvs are
provided so that the ion source and optics can be
tested and serviced independent- of column vacuum or
high voltage. Control will be via a microprocessor
at the 720 kV (terminal) potential and the 780 kV
(ion source) potential,communicating over serial

1
9*10 «Uf
1UM»LY

? }
FILTH »» :«» MM

wxv* •%

HrrMftcroM
- VW.TMC

MUKt

Figure 1
INJECTOR SCHEMATIC
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fiL-e optic links with the control computer. All
terminal equipment is duplicated in an ion source
test stand to provide spares and development
capability.

Accelerating Column

The accelerating column is a modified forn of the
LAKPF design, employing an intermediate SF,- jacket,
(Fig. 3). The spark gaps are inside the SPg on
the circumference of the insulator stack to maxi-
mize energy transfer to these gaps in case of
column arc-down. The stack itself, Fig- ^;, is
3A" glass rings 13" od separated by titanium
discs and bonded with polyvinyl chloride. The
19 electrodes will be identical, removable and
nested to protect the insulator surfaces.-' They
will give a flat field of 2.1 k\7ram with a 100-mm
beam aperture and have an overall length of 3̂*3
an. The features of low gas flow through the
column, good insulator protection and large
beam aperture ar expected to give adequate
performance at 0-mA average current.

3eam Transport

The iinac entrance is about 5-5 m from the column
exit. Three quadrupole triplets transport the
beam through k meters to the buncher cavities.
The two large drift sections will be used for
measurement of the beam parameters, an electro-
static chopper and apertures which, along with

Figure 2
TERMINAL EQUIPMENT

apertures in front of the bunc?ier, will i:e used to
define the beam envelope. The last triplet is a
matched 90° phase advance unit cell in both x and
y to facilitate this emittance definition. The
buncher will be a copy of the CERU 200-Mliz, 'sOO—
MHz buncher cavities chosen for its hif-h capture
performance and compact design. Table T and Fig.
5 show the beam optics" of the system source to
bunefK-r. This is a SPEAM run with 10055 apace
charge neutralization except in the column. The
quadrupoles are sized, however, for full space
charge in case the neutralization proves trouble-
some.
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Summary

The injector complex at LAMPF consists of
three on-line 750-kV injectors,which provide simul-
taneous H"1" and H~ beams for LAMPF production and
an off-line 200-keV injector for ion source and
beam diagnostic development studies. The present
operation now entails a 500-uAa H

+ beam accelerated
simultaneously with either a 6-yAa unpolariied or
10-nAa polarized H~ beam. In order to obtain the
low-beam spill required for t\e operation of the
L^MPF accelerator, it has been necessary to in-
croase t\e brightness of the high-intensity H
beam. The operating experience and development
work that has been carried out on all of these in-
jectors to improve the quality and intensity of
these beams will be presented. The details of the
construction of the test stand injector and the
development program planned for this injector will
also be outlined.

Introduction

The injector complex at LAMPF is now fully
operational and consists of three 750-kV on-line
injectors that provide high-intensity H+ beams
simultaneously with lower-intensity H~ beams,which
may be either polarized or unpolarized. The util-
ization of H~ beams is now approximately equally
split between polarized and unpolarized operation.
At present, LAMPF is operating at a 7.5X duty fac-
tor with a 9% duty factor planned for the coming
year. The overall operation of all the injectors
at these duty factors continues to be relatively
reliable and stable with most of the operating
problems now being associated with changes incur-
red due to ion source development. In order to
preclude these operating problems which result
from on-line development of ion sources, a test
stand injector Is now being constructed which will
provide off-line capability for developing new ion
sources and beam diagnostic systems.

H Beam Operation

After 1.6-mAn (100-uA ) beam current opera-
tion* was obtained in the LAMPF accelerator in
1976, it was found that the aperture limit in the
accelerator was the transition region between the
201.25-MHz linac and the 805-MHz linac. Operation
with the accelerator would then have been limited
to currents less than 10 mA« because of beam spill
in the transition region. Studies of beam emit-
tance growth in the linac Indicated that there was
little, if any, difference in the emittance growth
In the 201.25-MHz linac between the low-brightness
H~ beams and the higher-brightness H+ beams then

l^ing used. It was, therefore, concluded that for
the relatively low-peak currents required at LAMPF,
it would be useful to increase the brightness of
the H+ beams being injected into the linac. Theo-
retical studies^ of stationary distributions also
indicated that a significant increase in beam
brightness could be accommodated in the LAMPF ac-
celerator. Thus, a program was initiated to in-
crease the beam brightness for the H beams.

During the past three years, a variety of ap-
proaches have been explored for increasing beam
brightness. These range from optimization of ion
source parameters and extraction geometry to ex-
ploration of different modes ?f beam transport and
emittance tailoring on the low-energy beam trans-
port lines. It was decided to retain the present
ion source and optimize its operation for these
relatively low-peak currents (20 to 30 mA-). These
efforts have resulted in an improvement in beam
brightness by approximately a factor of four over
the original beams and have permitted the desired
operation of LAMPF at the 6.4-mAp (500-uAa) level.
The present constraint for increasing H+ beam cur-
rent now is a power limitation in the pion produc-
tion targets. A history of the beam emittances
that have been run at LAMPF for the past three
years is shown in Table I.

The major improvement in beam quality has oc-
curred as a result of changes in the ion source and
extraction system. The original LAMPF duoplasma-
tron was patterned closely after the BNL duoplas-
matron and employed an extraction system with exact
Pierce optics. This ion source has now been re-
placed with a different, empirically determined de-
sign employing a higher gradient extraction system.
In this design, the Pierce anode has been replaced
by a modified focus electrode having a much smaller
aperture (6 mm instead of 14 ram) with a shape de-
termined from calculations with the plasma simula-
tion code SNOH. The extraction electrode has been
moved closer to the ion source (1.27 instead of
2.5 cm) and now has a 6-mm aperture instead of a
14-mm aperture. This design entails higher-arc
current (24 amperes instead of 8 amperes) and some-
what higher gas flow (1.5 std cc/min instead of
1.2 std cc/min). The beam profiles in the LAMPF
column as calculated by the plasma simulation code
SNOW are shown in Fife. 1 and a schematic diagram
of the present LAMPF ion source extraction system
is shown in Fig. 2.

A systematic survey of the effect ol varying
the ion source geometry and operating parameters
has been carried out In order to arrive at this
design. The basic approach has been to reduce the

Work performed under the auspicies of the U.S. Department of Energy.
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TABLE I

HISTORY OF LAMPF BEAM EMITTANCES

INJECTOR TRANSITION REGION

22 Threshold Brightness RMS 2Z Threshold Brightness
Current Emittance 2% Threshold Emittance Current Emittance 2% Threshold

Date (mA) (cm-mrad)t CmA/cm2-mrad2) (cm-mrad)t (mA) (cm-mrad)t (mA/cm2-mrad2)

V 1.46TT 0 . 2 3 J I V 0.65TT
Mar

1977
2 .0 mA 1.6 mA

NO DATA NO DATA

The emittance va lues quoted are phase-space area/it and are un-nornialized.
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Fig. 1 Beam profiles in the H accelerating column.

size of extracted bean and at the same time in-
crease the extraction gradient so as to keep a
constant extracted current. For each change in
ion source geometry, optimum operating parameters
were established to produce the smallest beam
emittance. In general, it was found that arc cur-
rent and arc-magnet current were the most critical
parameters to be optimized for maximum beam current
with the focus electrode potential being important
for minimizing beam emittance.

The changes in operation of the ion source
systems to obtain brighter beams have resulted in
some on-line operating problems. Cathode failures
are now much more frequent; lifetimes under best
conditions are now only 500 hours instead of 3000
hours. Anode aperture units now require the use
ol molybdenum inserts to prevent premature melting.

A number of other ion source components have
failed as these changes were made and better de-
signs have had to be employed. The arcdown rate
of the injector, however, has continued to decrease
as beam brightness has been increased. The only
serious high-voltage problems that occurred during
these development periods resulted when spalling
of the focus electrode led to ion exchange loading
with the electron trap electrode. This problem
was corrected by replacing the titanium focus elec-
trode with one made of stainless steel.

Although the primary improvements have occur-
red from ion source changes, the details of beam
transport to the linac are also important in pro-
viding high-quality beams. It is apparent, from
tuning and matching exercises carried out during
beam tuneup, that there can be significant emittance
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distortion introduced in the low-energy beam trans-
port system, particularly in the rf gaps of the
bunchers, and that this distortion will be a limit-
ing factor in obtaining still further improvement
in the quality of beams injected into the linac.
The dual-beam requirements of the linac. also impose
constraints on transport tunes. The original
transport design of employing fixed aperture col-
limators to ensure axial transport into the 201-MHz
linac had to be abandoned because dual^beam opera-
tion could not be effected with axial injection
into the linac with the present linac misalignments.

H Beam Operation

There are two injectors available for provid-
ing H beams for LAMPF operation. One injector
houses a duoplasmatron hydrogen-charge-axchange
canal source while the other injector houses a
Lamb-shift polarized ion source. Present opera-
tion with these injectors entails 10 uAa of unpol-
arized H~ beam, which is limited by experimental
area shielding, and 10-nAa polarized H~ beam, which
is limited by the ion source.

The unpolarized H beam is produced in the hy-
drogen charge-exchange canal from several molecu-
lar species of hydrogen ions. It has been neces-
sary at LAMPF to analyze the various components of
the H" baam in the low-energy beam transport line
and select, that portion of the beam formed from a
particular species; in this case the H~ ion formed
from H'j ions in the canal is used. Although the
energy spread of the various components is only a

few kilovolts and in itself not important, the mul-
tiple component beam has a transverse emittance dis-
tribution which is non-ellipsoidal and cannot be
matched to the linac with the precision required
for spill-free operation in a dual-beam operating
node. This energy analysis has resulted in a re-
duction of the available H~ current to only 250 uAp*
but this current is still adequate to provide the
required 6-pAa operation. Beam emittances from
this injector are typically twice as large as those
from the H+ injector.

The polarized H beams are produced in a Lamb-
shift polarized ion source, which is housed in an
independent 750-kV injector. Beam currents on tar-
get of 10 nAa are now routinely produced with 20-
nAa operation planned for the coming year. Beam
polarization of 80 to 90% is produced by a spin
filter system which permits on-line measurement of
polarization by the quench-ratio method to better
than 1%. Beam emittances are typically one-half to
one-third those of the high-intensity H beams and
essentially 100% transmission of polarized beam
captured in the linac can be obtained in spite of
the poor matching obtained for H~ beams. No depol-
arization of polarization enhancement effects to
the 1% level have been observed in the operation of
the accelerator. A rapid spin-reversal capability
which can flip orientation of the proton spin at a
rate of up to 3 kHz has recently been put into op-
eration for a parity violation experiment; the nor-
mal spin-reversal clocking system is generally run
with a three-minute period. A spin precessor on the
low-energy beam transport line permits production of
beams with any desired polarization orientation in
the experimental areas.

Test Stand Injector

A 200-kV test stand injector is now being con-
structed in the injector area to provide a means for
developing new ion sources on an off-line basis. A
diagram of the high voltage portion of the injector
is shown in Fig. 3, and a photograph of the present
construction is shown in Fig. 4.

The injector consists of a 200-kV high voltage
power supply which floats ?n equipment rack and ion
source at the desired potential. The ion source is
mounted at one end of an accelerating column canti-
levered from a grounded vacuum chamber. The accel-
erating tube consists of glass rings which have been
bonded with torr seal epoxy to stainless steel wash-
ers and is mounted inside a Lucite jacket containing
SFg. Vacuum pumping is provided by two 1500 £/s
turbopumps mounted at ground potential; the base
vacuum of the system is in the low 10"? range. The
ion beams are accelerated to ground potential, an-
alyzed in a 45° bending magnet and transported to
an emittance scanning station. A solenoid lens has
been placed at the exit of the accelerating tube to
focus these low-energy beams into the transport
system.

A detailed study of the LAMPF duoplasmatron is
planned as soon as construction of the injector is
completed. It is anticipated that this effort will
develop a duoplasmatron which will provide the
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required l-mAa beams for the present operating mode
with s single high-intensity beam. Further devel-
opment of H~ ion sources required for new applica-
tions at LAMPF is then planned.
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Fig. 3 The 200-kV accelerator for
the ion source test stand.

Fig. 4 Present construction of the ion source test stand.
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