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EDITOR'S NOTE

The 3 976 Proton Liuear Accelerator Conference had
118 participants; while a large fraction were from North
America, other countries were widely represented. The program
committee selected 65 papers for oral presentation and 13
papers for "publication only". The proceedings represents
contributions from 173 authors. Five contributions are in
abstract form at '.he authors' request.

I wish to thank authors for their excellent effort
in submitting manuscripts in finished form making assembly of
the proceedings nuch easier. Because manuscripts were not all
typed at one location, the print and style vary from paper to
paper:, however we believed that prompt issue of the proceedings
took precedent over uniformity in appearance. (Any changes to
the manuscripts have had prior approval from the authors.)
Although W P suggested authors use SI units, editorial changes
have not been made where authors preferred other units.

The discussion following orally presented papers
was transcribed from tape record ings of the quest ion per iod
and is included in the proceedings following the appropriate
paper. Assistance from session secretaries, who edited and
reviewed the discussion with assistance from speakers and
questioners, is gratefully acknowledged.

The after dinner speaker for the conference banquet
was Dr. A.J. Moorad ian, Vice President, CRNL, Atomic Energy
of Canada Limited. The text of his address entitled "The
Canadian Approach to Future Energy Supply" is not included in
the proceedings because the general content has been published
elsewhere** .

Members of the Accelerator Physics Branrh, Public
Relations Office, General Services Branch and others who
helped with the conference are thanked for their many and
varied efforts as are the Photographic Laboratory and John
Orntrod for the montage of pictures reflecting the conference
activities.

Mrs. M.A. Trecartin deserves much credit not only for
her cheerful assistance to visitors during the conference but
also for her efforts, patience and forbearance in the
preparation of these proceedings.

1. A,J. Mooradlan, Atomic Energy of Canada Limited report
AECL-5518 (1976).

2. A.J. Mooradinn, Proceedings of Sixteenth Canadian Nuclear
Assoc iat ion Conference, Toronto (June, 1976).

Stanley 0. Schrlber.
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SUMMARY OF 1976 PROTON LINEAR ACCELERATOR CONI'ICU ENCli

Philip V. Livdabl
Fermi National Accelerator Laboratory

Batavia, Illinois

When I was asked to summarize this confer-
ence, I decided to enlist the help of my colleagues
to develop a broader insight than I would have by
myself. So, Lee Teng, Don Young, Cy Curtis, and
I got together last night to review the conference.
Two hours later [ decided that we had so much
material that it was impossible to do justice to it all.
However, from this review emerged a few observa-
tions about the conference and the material presented
which I would like to share with you.

Many interesting things have happened during
the course of the conference which I'm sure we wilL
all long remember. Those of us that went on the
canoe trip yesterday afternoon found that Canada is
a very big country. We drove 120 miles and canoed
perhaps as much as '.i miles. In the course of these
travels, other motorists must have been surprised
to see a "steam boat" coming down the Traj-is-
Canada highway.

We've all been impressed by the adaptability of
our hosts. The first morning the system of getting
badges seemed somewhat awkward, but the next
morning we found that it was much improved, "['he
first coffee session took quite a bit of time for every-
one to get coffee. By the second coffee session,
procedures were simplified and it -.vent much better.
This adaptability will be a tremendous asset to our
colleagues here at Chalk River- when they come to
building large accelerators. In this business you
better be adaptable and the quicker you can adjust,
the better. Our hosts' good judgement was pointed
out by Dr. Mooradiaii in his banquet address when
he stated that they had chosen to give up another
Alvarez linac section in order to sponsor the banquet.
That clearly shows they know how to order their
priorities.

We've heard papers about many accelerators.
The new operating machines are the UNII.AC at
Darmstadt, Japr -'s KEK facility, and the fiEVAl.AC
at Berkeley opet np with the SUPERIII1.AC as an
injector. The IQ ; Isn't new and the BEVATRON
isn't new but the marriage is new and we found these
developments very exciting. We've heard about many
improved machines; LAMPF has been improved and
is now operating at average beam currents ten times
what was available earlier; che SUPERim.AC has
been improved and they're now providing an addition-
al preaccelerator of the Widoroe type. The BNL
linac is constantly being improved as is the Fermilab
machine. Fermilab is introducing a second preaccel-
erator, in order to be able to experiment with nega-
tive ion acceleration. Polarized protons are being
utilized routinely in the ZGS facility at Argonne; at

LAMi'f'1 they'll so .̂n be operating with polari/ed
protons as a regular part o.Ctbeir schedule. The
interest in deuterons is apparent. Dcuterons have
been accelerated in machines which were designed
for only protons. In addition, we have heard many
very interesting and exciting things about acceler-
ators that are under construction - the new CKR_\
injector, the KII.AC machine in Japan, the meson
factory in the USSR, as well as the USSR's heavy-
ion accelerator. We have all been intrigued bv
spiral-loaded cavities, split-ring cavities and the
options which these introduce into existing aeceivr-
ators which can be very useful for1 extending the
range of research that will be available from these
devices.

A few general observations should bi- made
about this conference. First of all, this conference
had u higher level of international participation than
its eight predecessors. This participation is appar-
ent in the spectrum of papers that has been given
and it is a very welcome opportunity for all of us to
have this chance to interact with our colleagues
from abroad. We thank all of you for coming.

The increasing interest anil importance of
heavy ions in the research activities around the
world is apparent by the number of papers and
their content. Another interesting development is
the increasing emphasis of medical applications of
both proton linacs and heavy-ion linacs. These
devices are now joining the electron linacs in the
arsenal of medical devices in the war on cancer. It
has been interesting and significant to look at the
potential applications of iinacs as energy-related
devices. Certainly, the exposure that we h;ive liaii
to the possibilities of linacs becoming the initiating
component for fissile material generation is a snm-
tcr that we will all look at from a different perspec-
tive than we did before we came to the conferenc-. .
The use of linacs to produce intense neutron beams
for materials testing has been brought into focus for
us as well. The possibilities of heavy-ion acceler-
ators for pellet fusion ha\*? suddenly become of inter-
est to accelerator builders. If the time sequence
had been slightly different, this may have been a
much more active part of this conference. These
potential applications indicate that these matters
may be important factors in the future of mar.y nf us.

As you look back at previous conferences and
compare the content of the proceedings, it is appar-
ent that the current papers have been much more of
an applied nature. I would believe that this is going
to be characteristic of conferences in the future. H
seems fairly obvious that linacs are approaching the



point where they're going to be of interest in many
applications besides basic phy&ics research.

Superconductivity has come slowly, ypt it is
apparent that superconductivity is going to be an
increasingly active field for not only magnetic com-
ponents of accelerators but also for accelerating
cavities. In superconducting cavities it's clear
that the gradients that were hoped for a few years
ago are going to be difficult to achieve; however,
that doesn't mean that the accelerators using super-
conducting cavities are going to be any less useful.
Multipactoring is still a problem; however, this is
something which additional experience will mini-
mize.

Many relatively old ideas have come back at
this conference. They are old ideas in the sense
that they were proposed as options at one time, but
now have reappeared as working parts of new sys-
tems. For instance, the Wideroe or Sloan type of
linac - for many years the Wideroe structure wasn't
given serious consideration and now it's 3 part of
many modern heavy-ion accelerators. The Alter-
nating Phase Focussing stiucture now appears to
be a viable option. This was suggested first about
15 years ago, but was not actively pursued because
the need wasn't, at that time, apparent. The re-
quirement for longer duty cycles and higher beam
currents necessitates higher efficiencies, conse-
quently an interest in the APF is renewed. More
efficient buncher schemes haven't been seriously
considered recently but now will again be empha-
sized. It was also interesting to note that the higher
fields available from superconducting magnets
makes solenoidal focussing a viable option again.
The use of permanent magnets is again being
studied. All of these factors and many others which
I haven't mentioned may be incorporated in the
PIGMT Program at Los Alamos. Hopefully, this
will lead to a new generation of more efficient,less
expensive linacs.

Computer control is now a completely accepted
way of life and has become a necessary method for
controlling modern accelerators. It seems obvious
that microprocessors are an exciting feature of the
future accelerator control systems. They will
certainly yield less expensive and more versatile
control systems.

In addition to getting much valuable technical
information, all of us have had a very enjoyable
time. This has been an event which has given us an
opportunity to come to know our colleagues in
Canada on their home ground. We have seen where
they live, where they work, and now better under-
stand their motivation for designing &/)d developing
accelerators. This we all sincerely appreciate. I
welcome the opportunity and the privilege of offei—
ing, on behalf of all of us, sincere thanks to our
hosts, to the Organizing Committee and others in
the Chalk River Laboratory who have made this such

a valuable and enjoyable occasion. The conference
arrangements have been super. The social events
have beer outstanding. It's been a pleasure to visit
you in your homes. The banquet was superb, and I
don't believe I've ever attended a banquet where the
after-dinner speaker got the attention of the entire
audience with such a provocative discussion as was
given 'iy l>r, Mooradian. We thank you for this as
well.

In addition, I would like to carry to you and to
your wives the thanks of those of us who had the
opportunity to bring our wives with us. [f you have
noticed that things haven't been quite the same as
usual at home, it's because your wives have been
so busy tal ing care of the wives that we brought
along. 1 know that our wives sincerely thank you
for that interruption in your own home life. They
have really enjoyed it. We look forward to having
the opportunity to reciprocate in the future for the
many amei ities that we have enjoyed here.

The time has come when we must think about
the future, This conference has been the 9th in a
series which started in 1961 at Brookhaven. The
8th conference was held four years ago at Los
Alamos, New Mexico. At thai time, there was
some discussion about whether the conferences
should be reconstituted in some other form or
whether they should be dropped entirely. The de-
termination c." what was appropriate evolved over
the next couple of years. We have heard at this
meeting of many new projects that are under con-
sideration, proposals that are being made, machines
that are being built. I believe that it's important
for all of us to get together and have the opportunity
to discuss our mutual problems in an environment
such as we have enjoyed here. This has been a
unique series of conferences in that its structure
is narrow enough that you don't become inundated
with all of the problems of all circular machines
and every other type of accelerator. These factors
have helped make this a worthwhile series. The
previous conferences have been rotated from one
location to another and it has been the responsibili-
ty of the host of the current conference to interact
with people at other laboratories and determine who
should host the subsequent conference and when
enough new work has been completed that another
conference should be scheduled. This has been a
format which has worked well before and I would
suggest that we commend it to the organizing com-
mittee of this conference.

So we've come to the end and I wish to again
thank our hosts at Chalk Kiver Nuclear Laboratory
for their gracious hosting of this conference. We
have had a great time. Thanks again.



OPENING REMARKS

V..C. Manna
director of Keaearcb

Atom ic Energy of Canada Lim i i ed
Clialk River Ni^lear Laboratories

Chalk Rivc-r, Ontario, Canada KO.I U O

Good morning, Gent lemen , It is not ray i nlrent i on to hold up tiu se
proceedings - it looks Like a very full and inn-re st irg stv.'uon this
morning - but one or two things do need to be said. First on behalf uf
all the Chalk River people I want to extend a very warm welcome to all of
your who have come her:1 for this conf urenco. We iiope you will dec idc* t h.tt
it has been worth the effort, and we will certainly dc; all we can to m-ike
it so.

* I should also say we are very pleased that the conference is
being he Id here (1 understand that prev Lous ones in the series have all
been in tne USA) because this gives us an opportunity to show you some of
the things that go on here. I understand that there is a Laboratory tour
and an open session that will g ive further opportun i ty for nd hoc v i yi t ing.

Many of you will know th.it this laboratory was set up nuitt some
time ago, in 1944 in fact, for research and development on the peaceful
uses of atomi c energy . Tomorrow even i :ig at the bantjuoL Dr. Moor ad i.'in ,
Vice-President AFXL in charge of Chalk River, will be talking on the sub-
ject of the Canad ian approach to energy problems. One of the papers this
morning, Mr. Tunnicliffe's, wi1V indicate how our accelerator program
re la res to it, which i s of course through the el.ee trie a 1 product ion of
neutrons. This is a very long-rai'^e program and we intend that it £ive
birth to some useful offspring on the way. We think that we have already
done this in the shape of some accelerators useful for therapy purposes ard
for research but since thesf are not proton 1inacs 1 suppose I'm out or
order and we had better get hack to business. So, I'll just conclude by
saying welcome, best wishes for a successful conference. Thank you.



THE UNILAC,

DEVELOPMENT AND PRESENT STATUS

D. Bonne

Gesellschaft fur Schwerlonenforschung mbH
Uarmstadt, Fed. Rep. Germany

During the year 1975 the Unilac heavy ion
linear accelerator was completed and stepwise put
into operation. The paper summarizes the operating
experience obtained so far and compares the perfor-
mance of the different systems and of characteristic
technological details on the basis of the original
design concepts.

Introduction

Starting in spring of 1975, the prestripper
accelerator of the Unilac was in operation for low
energy (1.4 fleV/uJ experiments, and machine studies
in ttie poststripper at the Alvare2 energies of 3.S
and 5.9 MeV/u were done in parallel. During the
autumn shut-down in 1975 the single gap cavity sec-
tion nad been added, snd debugging went o.i late in
1375. In total, the completion of the machine was
nearly one \aar behind schedule due to late deli-
veries of components. In January 1976 the Unilac
begun its routine operation with heavy ion beams far
fundamental research in nuclear physics, nuclear
chemistry, atomic and solid state physics. In this
year, until the annual shut-down in the mid of
August, aboi;c 1QDO target hours were obtained for
survey experiments in the field of medium and heavy
moss numbers and variable energies up to 7.5 PleV/u.
During this period, much time was devoted to bring
up the subsystems of the accelerator to the design
specifications and to an acceptable reliability.
Intense machine studies have been postponed until a
definite status and an improved reliability of the
subsysfms will be reached and until adequate
measuring apparatus and evaluation methods for energy
spread, bunch structure and beam ercittance are
available.

Since the Unilac project has already been
presented at several occasions in this conference
series (1.2.3.4), a general description of the
machine will ue omitted here. Special parts and sub-
systems of the machine, which are new or typical for
a heavy ion linac are described in different papers
of these proceedings (5,6.7.8). This paper actually
reviews aspects and difficulties of the construction
phase, and argues critically about how things came
out compared to the original ideas and finally out-
lines changes and improvements which await to be
done.

The Injection System

Proton machines and heavy ion machines are
intrinsically different in the injection system. At
medium energies, say at a couple of MeV or, rather,
at a couple of MeV per nucleon, they become similar
as far as linac technology is concerned, and at high

+For details and Figures see ref. 5.

energies the difference vanishes.

In the last decade two ambivalent develop-
mental lines have demonstrated considerable pro-
gress: In one field, existing proton synchrotron
facilities are pushing source development in the
low mass number regime, in order to obtain almost
completely stripped nuclei. In the other field, the
heavy Ion people tend to be pessimistic about a
near future success of those novel source concepts,
intended to provide exv.remely high charge states.
They prefer to live with available source stones
and concentrate on an accelerating system which
complies with the quite poor charge over maus ratio
of heavy ion beams obtained from sound and proven
source concepts, ihe Unilac is a vital example af
the latter school.

At the time the, Unilac study group was
established in the early sixties and experimental
activities began, source development and stripping
measurements clearly had to be attacKed to provide
fundamental data for the design of a new heavy ion
linac.

The measurements of equilibrium charge state
and charge exchange cross sections as a function of
particle energy was performed on tandem Van-Ce-
Graaff facilities and a semi-empirical law was found
allowing a decent extrapolation of the stripper per-
formance for higher energies. Thus this subject was
well covered in a few years.

In the field of ion source research the sonc
academic procedure - taking measurements, finding a
theoretical model or fitting, an empirical formula
allowing for reliable extrapolation - never worked
out. Since a rough estimate revealed that a 1D %
increase in charge to mass ratio at the same particle
current abundance for heavy elements would result
in a one Million Mark saving for the linac, the
justification for an .ippropriate source research
effort was evident. Tr.u lirioc design had to go
ahead and therefore it was urgent to freeze such
basic parameters like minimum charge to mass ratio,
influencing machine length and cost. Test bench data
obtained for rear gases in Berkeley and Dubna served
as reference.

Those data, eventually obtained in test bench
measurements and not on a real injection system, have
been used for an speculative extrapolation, resulting
in output intensity- of a couple of particle micro
amperes for uranium in the charge state of 11+. Since
then this minimum charge to mass ratio was used JS
the lower limit for the design of the injection sys-
tem and the prestripper linac. Since the frame of
machine parameters was set up,the developmental acti-
vity of the source group was reoriented trying to
reproduce data obtained from elsewhere and to a con-
centration on operational characteristics, like
lifetime and equipment reliability. The search for



new source concepts went on at three associated uni-
versities, sponsored by the G5I until the miJ
seventies. Eut the drastic breakthrough in the
search for a useful* novel source; did not occur.

Today tne situation iz as fallows: The ori-
ginal extrapolations were found to o\s wrong by one
order of magnitude according to new test bench
measurements, and they ore even worse by another
factor when ttie really useful intensity at the en-
trance of the linac is quatud. Fortunately injector
high voltage, beam transport parameters and the rf
power far the prestripper have neen planned with
some reserves in their maximum rating, however for
a different reason, namely, to assure equipment
reliability. Thus it is now possible to accelerate
uranium 9+ and evontually even 6+ instead of the
design value of 11+. In addition the majority of
machine users tend to be satisfied with a beam in-
tensity 1U tiroes less than originally envisaged.

Presently the sairic amount of" man power in the
laboratory is active in the fisld of ion sources, as
it was in the past 10 years. But it concentrates
more o.n% expanding the variety of available ion
species and on reliability iroproi/fnents r-juhsi-r than
on progress in hign charge state abundance.

Another feature of the Unilac, marc progres-
sive than the hefurn nitsntioned opplicatinn of r«nown
iori sDurcL'a, is the provision of two irientiu.il in-
jectors. Though 11!Ic- is the rini ->,:in ̂ uJution of
the lifetime problem encuuriLerrd witri iî jvy ion
sources , an important f rect iun uf thi •••d̂ h: nc- t i:-i->
is presently los.it TJJL- t.-j ion j-uurut •'M«' i•'•,]•- ;.tur
failures and the necessity of n ;-j<j|j:;-.-:jU'.-rtt r--tuning
of the whole machine. This curiosity is. t'̂ ipo ra ry
rather than of fundamental nature: Actually, both
injectors have been built and hav* boon equinjed
with a duoplasmatron installation. Injector south
also got a conplete PIG source- inistcjllat iun tjnrJ tr• •.'
duplication of this source typo in injector north
was delayed until an indefinite dat^. A:s two insu-
lating ; runs formers wer-J lost for sum-.: unknown
reason, the remaining two trans f-'urmers wort: USJRCJ uni)
for the UP source in 'fi jar; tor north and the other in
injector south fcr the PIG sourct:, ĥ nu--. excluding
the envisaged stand-by operation uf o r.uc.ond DP
source.

"-jniming up the operating Gxrjcritnce of the
past year, the original philosophy of having a
stand-by duplicate for bath sources was reestab-
lished. It is not simply the litlitiw uf the source
itself which determines the downtime. Break downs
of the auxiliary supply equipment in tho terminal
or in the injector system contribute significantly
to the loss of beam time. Thus in 1377 both injec-
tors will bt? racompletod with a DP terminal and a
PIG source terminal in each.

A thxrd impoi-tant diffurunue botu-mnn the
Unilac injection system and other linac injectors
is the* typically low injection voltage of about
250 KV, the maximum rating-:; being 32D KV. [faring
in mind thn short lifrjtime of & huavy ion yourcu
and th& recondi. tioning t tmu law vtrrauij gap vo It ago,
a low accelerating potential WUT. fdvaurud. At that
time a rotating shaft motor p,rjneratar r..it'~-d far a
terciina] power of SU KW w.as not recommondfid tiy the
supplier. The altc-'Miativu, an insulating trannfor-

n»fir, however", wa=". suppoc&d to . e restricted to about
3DQ KV. Doch statements appe-ar obrolatr; today.

Sinct; -j completoly novel pr^'itripper accc-le-
rator structure had to be conceived t.-ven for a some-
what higher injection voltage, a nt^ndard 7cJ0 KV
high tension i.nstallation would Hdve sav^d only
threrj gaps in tha prtstripper linac, howevL-r, tht:
most critical gaps. A pressurized inje-ctor witri
a few HV potential never ^oriously wot; consiij^rtid.

Today tliG fundamental argunn<nt for the low
prcacntlcratian voltagu, namely the irc.m̂ dii'jtf. ar-d
rapid accbleratlon of tht-. axtractod bp.ax, requiring
a compact GOUTCG instol 1 at ion in::id-̂  tn*; co lur'ir, is
n-j moru founa to be -substantial. A dc-v.'.iopn-.Grit ic
underwuy to isolate tht* vacuum of the accc-lGrutit.g
colufTip by a valvs <:ind to coffip̂ -nsat& for thii lipac'.;
cl^argu yffect^ by focusing olurrants plauc-d betwet.^
sourc-: antj accelerating gap. In this rase; a r̂ ccu.-
diticking of tf'ira accylerating columr i:; nu nor'.:-
marifjeatory and thu gap vcltagn could have bcî 'i
chor-un irH]".p'-:ndunt ly. ' iawc-v^r, cu^t and spacu c-jn-
sirjisratioits lu'̂ itrintiatc- thtj choice- nf rtcia%r,.-it.<. vol-
tage in thi-j car.e of ̂  duuiicatod inj"Ci:iah piy.;' f;r<4
b'icausG L-ncrgy gain ir- Vi-.c pr-.-.-̂ Uri ur-̂ r 1 ir OL >-.

In conclusion:

l i fr.-ti"£ til ::o for h-vivy i en upr.'l icut ior , , !";.dui"i:i:Li." •_-
ly for gu:;ou?i elei'wn'.: (no compound" 1 . It. j z ine*.-

L-r;aLi l i t y . !>.e hot Cuthodt- PIG -Lujrct- genera l ly i..-.

•.'• t d t •_ L. Lt u t a t t. "i t: e >. M *•- n ~i t; 1.1 f ii ii ;-,'.} u a 1 1 y -1 i £ ' t i"

"trtitt.once . I t c p-jrf or'*uncti f;jr '̂ -at.-i] lie : J e":-:nt >.,
introduced in t ' ie arn volume by u f l u t t e r c-lcctrodt-,

real ly two source fcyfj-r-1.; arc nocefiS:3r> to COVLT thr.
whole v a r i e t y nf fc-].>;nent;-, i s n t i l l ur ' rcsuived. DL-"V -̂
lop.Tients ar^ underway fur thi; DP source , aiming at
a n t i l l «!ure abundant ion output far ' i g r i e r cnarge
ut-3te;] ar;;j ^imirjg at -an jfjpl i ca t ion for iiit-tallie
iont; t oo . And UGvelopment'-; are going on improving
the s t a b i l i t y , tnu emit tance and the r e l i a b i l i t y
uf thi: Pit. -^jur.:^.

2. Two sf:prjr.Tte! nr^inj ' jc torr . ar-.-- re a l ly reco^cii ;*t:Jt:U
i'or a heavy ion 1 m a c . The source J j f^ f\^\: l<eing no',
khv predominant argument, r a t h e r than the tun.j dp
Lime for D d i f f e r e n t ion GyRcies or rt d i f f e r en t
isotope bean.

3 . The high tfoltfiRts p o t e n t i a l should be chnr.en
accord ing to space end cost connid' jrat i on:; * oe-me-
what between 300 and 500 kV would be -a goud va lue .
Howavnr, Lhf r a t i n g s of the p r e e c e o l e r a t o r , tht- Lerj"-
t r anspo r t and th..,- p r^s t r i i i pe r linrjc should comply
with trie lowest charge over mass r a t i o . Sonetiinuti
th« source output i.v poor and the s e l e e t inn of a
lower charge s t a t u i s . idvi^aole.



The Structure"*"

I t should be reminded that, fur a heavy ion
machine, with urnnium an the heaviest element, a
prci i i jSLtor voltage of 16 MV would have btfon requi-
red tn obtain an equivalent in jec t ion par t i c le
veloci ty no i t i s usual in thy 200 MHz proton linac
uancuptc. The res t r i c t i ons of a pressurized heavy
ion [irtijcceIterator are not acceptable for various
rtf-jsnn.;, and a tandem V/an-Qe-Graaf f in jec tor was
ruleu out because,1 of i t s high enst and low beam
current conabi L i t i es . Thus the heavy ion l inac de-
signer i s bound to step down in frequency for a
prest r ippur trf-acceleratorr and tncj t r ad i t i ona l and
passionate soarch fa r the optimum Uuructurt; began
once no re . But except fo r the Widorju s t ructure,
thorn was not much choice in the low ^-region, nay
at B = 0.000 and a freqency of 27 MHz, btzcaune an
Alvarez cavity would have becor-e undu-dy lorgc in
diameter. During a period of onu ye dr. howovrr,
d f tu j ciuthorisdtiun of the pro ject , s;veiry thing had
L.ufjn rucansidurGd to nave thu Alvarez structure tit
• sri acjfcptable frequency of about 100 MH/. K-dising
the i - i jector voltage to '1 fW was considered, the
d r i f t tube conf igurat ion was changed tu a B i mode,
the nadial acceptance was lowered ten ta t i ve ly , tvory
combination turr.ed out to he unduly marginal, even
far the ambitious charge state of 11+ fo r uraniuci.

Ha nee thu vantut-b of a completely nov^l
s t ruc ture , a coaxial Wider LJL- structure: with a strong
focusing element in every second d r i f t tube was
agreei. upon. Nearly everything which in today m-
cenmerdud not to bt done in high vacuum technology
had tc be incorporated in to th*-: s t ruc ture : Wat-.:r
j o i n t s , inaccessible vacuum jo in t s # non-inspectable
high current contacts, & last amor r ings, bolts a. id
nuts. Instead of a f u l l - ^ ca le powar model, tank
number* 4 was drawn ahead in the time *Jchedul« by one
year fo r high power experiments, so that changes
could he applied in thw case of p roh ib i t i ve mul t i -
pactor ing, hot spots, contact burn out or warping
of the center conductor,

Muthing of that intorrje chock out pro^rcim
could be done, because the last coup!? of d r i f t tube'-'
arrivoc one and a hal f years behind schedule. This
cata-itropha anout thra Wideroe d r i f t tubes, actual ly
Q lengthy story about OFHC and the common market,
led to a valuable discovery; Hissing quadrupoles
are not so i n h i r i t i v e fo r a perfect beam transmission
in o d r i f t tube s t ructure, than the purism of
st ra ight forward beam dynamics calculat ion would
suggest. Bead pu l l ing measurements and even bo am
atculurar'ian in tank 1 was successful with only two
thirds uf the actual d r i f t tubes, the rest was re-
plitcuil, fo r ;:nn;e tirru.-, by poorly alignc;d aluniiniun
dunnnios. S t i l l today, when o d r i f t tube develops a
luok, a simp le durimy i s ins ta l led and no degradation
of hi-;cam trani-piirency is mhasurablej. Prest.;ntly D
dumrrdys art-, i n the structure (so/netimr.-s i t was hard
to Know, how ir.rinyj and th'.;y w i l l bu replaced in the
next ahut-dciwn period. Actually n i l the ntem bellows,
whicl't aro wator cooliid hr.-causo of the high current
density ^n the d r i f t tutju stem:; in th is s t ruc tun j ,
have to .KJ ruplacod somatimos. 7hu DolJows arc made
i'roct tjounlu shout nmtal copper, and i f tlnj cooling
wrjtor en-.eri by a v i r t u " leak Uetween Lioth wal ls ,
oput corrosiun tuKes |J1.(.;» and perforates the outer

it. it. in
u-.-lluw
far on
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hur l i : and Figures

w a l l . The d e t e c t i o n o f such j leal- ;:, ' . i r -p i c : /•
wh i te spot of s a l t depos i t i-'. v i s i b l e un '.L'V'< •J.I-..
side su r face . Anothur accident;, \ir<iC li.u-.ti VJ •*'.-• :.-J
lGp on the be l lows , never occurt jd: In :.i-*itr: ••>; .1
supplementary e l e c t r o - p l a ted rf/inforc-.-i'i-,/:!. u i t.-:
very so f t coppar, tl<u w<jti:r prossun.- !j>.i'nr';i-..-<] i.'.
be l lows and corrugation::- got in tuuc' i t u »,-,n;-; fji:
forming undef ined cupr- j i i l unhtdLt: ; . how<.v».r, i ti
spark ing tends to occur .

Except f a r a d i s c o u r s i n g i- . J I t'. ;.•.:>.. r..J; ;
hav iour encountered dur ing Of,
except f o r the above-ne-nticneiJ
f u r t h e r break dir-m occurred so far on t lie Widens
s t r u c t u r e . L i s t e n i n g to tht:
r e p u t a t i o n o f being th'j moi.t cunv r:ir*';L -no r- :'.
l o part; of tfr. j machine. Xt i s no/j nut tht! '.-•:••. .\
problem to t u r n i t on,, tc focu•„ *:.'••?* :--..v V1 r :•;»•'
t o i jat the r i g h t phastj and ti\-<;*l i * uc-. -••-il^- , *.
get the cor reL t F-rt'rrgy a u ' : i"]'t£-- -"^ ' - : • - ' " • •- : *" -
pur f \;\zt L'tiam t rari:'.."'i ru:.ion or.-'.' ';t ri ; i : ' . y .

pa r t of the 1UB Khz [icat. Li'.ripr-' r ,v ..• 1- r : ' L : , •
been b u i l t cjs des igned, part:". r.-,iv. r -..:' i c-.:il.- • •
on schedule and the r-r:v.-;R!-\tly and +urn '•::•* :•.•>;. • L-;
However, Doth tank;.; Uav^ not nxeivt iL l +^11 i f
power due to de f i c ienc ies of t.Vi r] nru~- -' i--i • •
Txcept f o r the r f window, which w i l l : • •'ii -:••;.- -.'
l a t e r , no f a i l u r e or mal funct ion oi.Lur-- 'i ••" i :r .
Also the tu r r ror . and tun ing at' f t . r-:. J - ; : - r
in the mid of tank 2 uas k:&zyt rof'.jc-j-j-iw-. \' • : •••
s t ruc tu re at the entrance uf tht.- +ulio.-.i"rJ i i 'U; :-
gap c a v i t i e s , i t tank ?. in swi !.::ht;i: o-f f i r i r -
coarse step energy v a r i a t i o n .

few mtjcftdnical anginas,-;1 jn«? iJtj-^;j-1.; : / . u J I
be reviewed, which are d i f f e r e n t fron. ^'^< r.to: J.ii
Alvarez design: Since the cav i ty c u n s i i t ^ ut" L.A' .
r a l mi ld s t e e l , copper p la ted iiut:j>;ctior-n rolt-.--.:
together , an accurate machining of the inn^r J : •••
meter [about 2 meters J was possinliv 3f;d o!•*>.. •:
s l i g h t l y tapered diameter over trie L in^t ' : c i i i i c
be appl ied wi thout add i t i ona l cos t . Tnui. f _ '.- "L
r a t i u of 0.25 i s kept constant. ov-_r t,r<: whu i l- r.
of 24 meters f o r both c a v i t i e s , t ivoidini- t"- 1 •_.;-.:
ment of a f i e l d t i l t . The I'M A co'r.fiut£itir;ns [.re-
ta ined by LASLJ werti- used f o r t'.!L;?c.tricJl ;-.:r.;---

f

11 ke stiunt imped an CD , and p ruc ia i on n. 11 I'-oci- i p\-
Eum.ments were ca r r ied out f o r dote v l r.g t1;.. ,-•;.-
me t r i ca l dimensions. The accuracy i'.f !.'•-: .11..'.:.)!
tank sect ions has heen such that the fruqucn^v
cama r i g h t on in the 1D~k r r g i u n , Nu tun ;
was necessary to adjust the freau-.'ney or
f la tn f jss in tank 1 and in thu two halves
(a rebuncher c r : l l i s in the ail i ldlu of t.j'.r- .*" .
frequency d r i f t frar.i zero power t.u full ,"\-:.-- r :
modest, f au r tuning clugs pur t:a\j i ty ai1' • '-L: 1 f : •
12 slugs had been pravidec i n i t i a l l y . l f iv :->/'-•"
having the stem b i l l ows autr.idi? of tht1 r f )':• i..
volume, was successfu l , and ths:* twiri-'*-t::!- u--.* i .
of the d r i f t tubes provided a mechani roi iy •'.. ;.'
sy stem, also . i l lowing f o r ft convc.iji?r;t. .iJ.iv; • t::.,

Tht: two groups of 10 s ing le gup c i i v i l i r
each, f o l l ow the Alvare;: s t ruc tu re ,tt t in1 h:;--.
gy end. The ha l f d r i f t tubes art-: m.inuf.ictur> J 1
nopper and have gat alumittiurr 'Mpr- tu jv, im:r i.h
x-ray f l u x . gKneratud by trn- f i c l i J t.'niir-sioii •. h-
t rons . A l l trie other pine us, l i k e uuttT 1: y 1 i M ». 11 •
r f end w a l l s , tuning slug «ind dr ivr. lncp 'i.ivt: !•

t ;ink



made from mild steel and have got a copper plating.
The spiders, in between the cavities, first have
been made from iron castings. Though there is only
a soft vacuum maintained between two adjacent cavi-
ties, the porosities of the spiders were significant
and nearly all had to be replaced by steel castings.

The scheme of such a cavity chain leaves not
much choice to the designer with res:jjct to access
and ease of repair. For several ti 25 it was
necessary to fix water leaks ir "".hfi scft vacuum
volume between two cavicies. In chis case it takes
5 days to take the H y chain apjrt in one parti-
cular plane and bring it back together.

In one important parameter, the cavity design
did not meet the specifications: The thermal runaway
of the resonant frequency is twice; the valup that
can be compensated for by the slu|j tuner, thus only
about 25 instead of 50 KW average rf power can be
applied. It is helreved that this detuning results
from a temperature gradient in ths 7 mm thick steel
rf end walls, which tend to warp and execute heavy
forces on the supporting spiders and subsequently
deplace the half drift tubes. This effect will be
stuiied on a test cavity and the end walls will be
modified either by removing thei,- stiffness by
cutting several groves in tha stool plate or by re-
placing the whole design in favcur of a thin copper
sheet metal with 30ft soldered cooling channels on
the rear side.

Another subject, relate.-d to the single gap
cavity design, deserves some comments. Though the
quadrupoles inside the half drift tjbes can be ad-
justed from outside, they had not been aligned after
the assembly of a complete cavity chain, relying
simply on a mechanical centering in the assembly
stage. Actually there is some evidence of an intole-
rable misalignment, because the beam, centered at
the entrance oP a chain, wanders significantly with
quadrupole excitation. This must be checked out, but
it is not quite clear how an optical target can be
inserted in the beam tubes, because there is no
straight manual access to it.

A few aspects, which are relevant to all
structure principles used in the Unilac, sholl bo
mentioned finally:

Ten years ago, there was much concern about
rf break down in linac gaps. The Unilac is another
example, where sparking was never a problem, though
the average gap gradient is 17 fW/m in the single
gap cavities. Presumably this improvement came with
the clean pumping systems and all-metal seal tech-
niques used today.

It is still a nuestion of purism for the
linac designer, to what an extend cne should insist
on the metal seal philosophy, since tho argument of
baking does not apply to a cavity structure. In tha
Unilac the all-metal technique has been applied to
an extreme extend, the gate valvo seals and a tem-
porary rf window in the Alvarez are th<2 only organic
materials exposed to the vacuum. Conflat flanges are
used for the buarn transport lines, beam diagnosis
boxes and for every external equipment flan&ad to.
the cavities. The Knife-edge seat has bean machined

directly into the mild steel cavity walls, special
care has been taker;1, in choosing the tolerances
accounting for the copper plated deposits. A H
other vacuum joints,'nearly one thousand, which
are not Df standardized dimensions, like cavity
joints, drift tube flanges etc. are sealed by a
gold wire. Preference was given to gold wires in-
stead of aluminium in case of a simultaneous rf
joint, because it was experienced at; different
occasions that the 0 value deteriorates with time
if important rf contacts, liKto end walls and sub-
sections of a cavity, have peen sealed by aluminium
wires. A technique was found to gold plate an alu-
minium wire, but it seemed not to offer a signifi-
cantly l&ss expensive solution. Only in ana case,
on the short circuit plane in a Wideroe stub line,
such a rf contact failed occosinnall;/. However all
main seals between the Alvarez tank one sections
devsloped a small, but tolerable vac-jun* leak, be-
cause this tank was occasionally operated without
cooling. On the single gap cavity group number one,
on which an operating time of about thousand hour;;
was accumulated, 12 main steals became, leaky. liuw..?v[:r
those small leaks never prevented a continous ope-
ration. Thus the generally introduced precaution
of a backing vacuum, behind every wire seal proved
necessary. In addition, tnjs double saal, with an
elastomer ring on the atmospheric sid2, was v^ry
advantageous in the assembly phase, allowing for
an individual leak check of ravcry wiro gasket when
3 leak detector was connected to the backing vacuum
vo1uree.

: An important property of the i;avity techno-
logy in the Unilac is the resolute application of
the copper plating technique for evs.-ry surface ex-
posed to the rf fields. Only the drift tubes are
made from solid copper material. The selection nf
the plating technique is derived from the- fact that
10 years ago no manufacturer could bo found in
Germany, who would offer a cavity fabrication based
on copper clad material. A small quantity of this
material for a prototype cavity could not easily
be procured. On the other hand, tne hardness of
carbon steel as bulk material offered excellent
properties for an all-metal seal concept favourable
both for ultra high vacuum and for reliability con-
sitieratiOTi^ of taip,h current r-f contacts. T^n possi-
bility uf machining relevant cavity dimensions, t."n=
simplicity of we Iced cooling channels and finally
the existence of competent commercial pldtinf com-
panies contributed to the decision. Though then;
was a successful cooperation with industry in tho
prototype phase, it finally turned out that no
plating shop could guarantee the specified quality
in respect to surface roughness and electrical con-
ductivity in a series production treatment: of cavi-
ty dimensions, wnich were beyond the usual stan-
dards. GSI had to take over the plating treatment
of about seventy cavity sections and of about 80 rf
end walls, ana about one thousand smaller pieces
were plated as fill-in activity. There is no doubt
that the whole venture was successful, \jery few
pieces had zo be plated a second ti\-\p. or had to
receive a repair plating an 0 lifted urea, where
the copper deposit did not stick to the steel. The
measured Q value of the cavities actually reached
95 % of the theoretical figure, the surface was
excellently smooth and conformed to the requirements
imposed try thw wiru seal and by the Knife edge seal
principles.



No damage occured to the copper surface neither in

the assembly phase nor under rf power operation.

Evidently thtsre remains the question to be
answered, whether tne plating approach is recommended
as a worthwhile alternative to* the copper clad de-
sign. Even assuming the situation that the plating
plant and the technological knowledge is not readily
availaole, the arswer is still "yes" for a linac
equal in size or greater than the Unilac. The only
disadvantage of the plated steel version of long
linac cavities is the fact that the depth of the
bath countainers and the building height is limited
tD some extent, so that more shorter tank sections
have to be bulted together requireing an expensive
seal, which, however, will never be opened again.
That objection is partly true for the Unilac. It
should be mentioned, however, thatjcopper plated
steel cavities can be copper welde-j together in place,
if an underlay copper weld is applied to the cylin-
der ends prior to the plating process. This solution
was investigated on a small tost cavity, but the
result came too late for a design change of the
L'nilac cavities.

A satisfactory solution exists for the rf
windows of the Unilac cavities for neith. i one of
the three different structures. Unfortunately any
approach which has proven to be successful in one
machine must not necessarily work out for a different
gejrnetry, different frequency and power level, since
discharge phenomena depend on those parameters• The
problem seems to be aggravated in high duty factor
machines and in an environment of a high x-ray level.

Gince a ceramic disc window failed on an
early test cavity ten years ago. It was replaced by
a dome window. This alternative proved to be satis-
factory and was in operation for severed years, how-
ever, at 3 % duty factor only. This solution was
adopted for the single gap cavity structure and on a
prototype cavity the dome windows developed pinholes
after about one hundred hours 01 operation. A surface
coating on the vacuum side cured the problem, no
puncture of the ceramic occured dur.'.ng a test run of
about 1000 hours at 180 kW pulse power and 25 % duty
factor.

For the find installation on the single gap
cavity structure, a different manufacturer got the
order, applying a different coating and the failures
reoccured after several hundred hours. An inspection
of the ceramic surface revealed that the tin oxyde
coating had disappeared. A new test series is under-
way, aiming at a more resistant coating, reducing
the secondary emission factor. A disc window design,
adopted from the DESY storage ring, is equally under
investigation. Also the small domes, used for the
pick up loops in the tanks, which never have failed
in the prototype cavity, now regularly develop leaks
through the ceramic. In this case a titanium coating
could be used, since the dames do not penetrate into
a significant electrical field. After this treatment,
the problem seems to be cured for the small domes•

In the Wideroe cavities, domes are in ser-
vice for the drive loop since one and a half years
without any appearance of vacuum leaks. In tank 4,
where 0.52 MW are coupled into the cavity via a
150 mm opening, the loop on the atmospheric side
tends to arc and the dome imploded as a consequence.

In this case a pressurized drive line is supposed
to avoid the arcing, if not, a second drive line
must be installed in future.

For the Alvarez cavity, no manufacturer for
a dome window could be -round Initially Decause of
the large dimensions of the ceramic piece. There
a rexolite window was used in the 30 cm diameter
coaxial line. This window developed severe; arcing
on the vacuum side at a small fraction of the design
power, spoiling the cavity by organic deposits.
Subsequent sparking in the drift tube gaps damaged
the copper surface significantly. A new window, witn
deep corrugations cut into the rexolite disc, shif-
ted the di'ichargi! level somewhat up, and arcing
also occured on the atmospheric side. After1 the
installation of a new window of the same design
with a slight nitrogen flushing on the outer sur-
face, operation w^s possible for half a year at on̂ a
third of the nominal power level. After a recent
inspection, discharge traces have been found on
both sides. In the meantime a dome window has bo^n
procured. The power level could be raised to half
the design value, then the vacuum pressure wgnt up,
presumably as a consequence of the dirty copper cur-
face, spoiled by the above-mentioned window arcing.
It is not clear at the present time, whether the
dome will stand higher power levels and how long
it will last until punctures may occur. In parallel,
a redesigned loop with a brazed ceramic disc window,
placed in a different distance from the coupling
reference plane, is presently procured and the ariu^
lines are going to be duplicated in order to reduce
the arcing risk.

The RF System

Compared to proton and heavy ion accelera-
tors built so far, the Unilac has a fairly complex
rf system. It consists of four identical 0.5 r-iW
amplifiers for the prestripper at 27 MHz, two
1.6 HW amplifiers for the Alvare2 cavities and
twenty 0.18 i*lW amplifiers for the single gap cavi-
ties at 108 MHz. Fiv-3 additional 0.18 MW amplifiers
are in service for two rebunchers, one debuncher
and both drivers for the Alvarez power stage. All
amplifiers are pulsed on a law power level,V-e con-
ceptual ratings allow for a 25 % duty at full puls?
power level.

Except for the before mentioned five indi-
vidual systems, mostly unified 1 MW plate power
supplies are used, one for the prastripper, one fcr
the Alvarez amplifiers each, and one for each group
of 10 single gap cavities. The scheme of cummon DC
supplies for several amplifiers was not substantia-
ted by technical reasons rather than by cost saving
considerations. Thus it was possible to avoid step
down transformers, the associated switch gear and
heavy cabling for 5 HW on the 380 V line, the line
voltage of the five large power supplies being 20 KV.
There was no disadvantage found so far of feeding
the system directly from the 20 KV mains, because
vacuum contactors on the primary shut off the mains
power in about 10 msec in the case of a crowbar
event. In one case, however, a vacuum switch failed
and the complete mains network including the sub-
station of the power company was shut-dawn. Vacuum
contactors therefore receive now regular inspection.
The question* however, whether it is tolerable to



shut off a multiple amplifier system in the case of
break down in one single amplifier tube, depends on
the turn-on characteristics of the cavities. In the
situation Df the four Wideroe amplifiers, ':hey cone
right on by pushing four buttons after a tripp off
of the common plate supply, for a single gap cavity
chain, it may take half an hour to bring all cavi-
ties back to the operating pcwer levei, since the
frequency runaway is too large for an instantaneous
tracking of the resonant frequency control. This
situation must be improved anyhow in future.

Another feature, characteristic for al] rf
amplifiers of the Unilac. is the amplitude control
scheme. It should be remembered that for a heavy ion
linac the rf power nust be variable by 10 to 13 dB
according to the charge over mass ratio of the ion
species. In this case it seemed advantageous to re-
gulate the rf anodr. voltage swing erf the final am-
plifier to a constant level, t'.w. output power being'
adjusted by means of a movable cu'-put coupling on
the plate cavity. This constant plate voltage sche'r.L
provides the utmost plate efficiency independent of
the power level in the accelerator cavity and sim-
plifies the control loop characteristic. Actually
this scheme depends on a perfect impedance mcitch.
Since the anode rf voltage is kep^. constant, any
load impedance instability in the plate rircuit re-
sults in a power fluctuation in ths accelerator
cavity. Instabilities of the load ray result from
minor linac cavity detuning, since the resonant fre-
quency control certainly has a residual wrror. In
practice, intolerable beam fluctuations nave been
observed to be correlated to the slug tuner action
in Alvarez tank one. This will be cured by either
improving the loop gain of the resonant control, or,
what is deemed more adequate, by closing the ampli-
tude control loop via the tank pick up loop.

Phase control Joops have never presented a
problem; the envisaged tank phase stability of ± 1
degree seems to attainable. A gating of the phase
loop during the risetirne of the cavity may be intro-
duced later, to avoid an interference between ampli-
tude and phase control during tha filling time, rs-
sulting in loop ringing in the case of a slight
cavity detuning.

The major problem with the Unilac rf system,
which still persists in spite of a considerable de-
velopment effort since 5 years, is the power limi-
tation of the Alvarez amplifiers, as a consequence
of parasitic oscillations in the high power tetrode.
This situation limits the beam current intensity
for very heavy ions and the system reliability as
well. A reduced duty cycle and foil stripping had to
be used so fai for xenon and heavier elements. About
16 tubes became defect and had to be returned to the
manufacturer. And for some periods a damaged tube
had to be used with only 12 % of tiie nominal output,
since no spare was available.

This high power tetrode, rated for 1.B W
pulse and 0.5 MW u trage power af 1J8 MHz, was
specifically developed foi the Unilac, based on an •
available tube family, used in short wave communi-
cation transmitters. It is well known that very high
frequency tubes with considerable geometrical dimen-
sions show thB tendency of higher mode oscillations
inside the tube structure, if such a tube is put in
a perfectly shielded envelope. This is not an acci-

dental malfunction of the particular tube design,
it is rather a generally observed.though poorly
understood phenomenon. The more or less successful
remedy against thos« parasitic oscillations is an
empirically found attenuating device introduced
into the input and output cavity circuit. Damping
provisions of various nature have been applied to
the anoae circuit with questionable success. A
trivial approach is the reduction of tha filament
power at the expense of reduced power gain. Th>;
tendency to those instabilities appears tt> be ex-
tremely different from tube to tube, ar.d .:i noisy
tube in one amplifier may turn out to remain stable
in another, almost identical amplifier.

Curiously those tubes, which already w&r.i;
off by a grid to cathode short, and which tenta-
tively have been submitted to a high current burn
off cure, became decently stable thereafter. Also
a long-term improvement of the stability is ob-
served. Since things are poorly conclusive zo fer,
a test bench program will be resumed shortly. In
the meantime a duplication of tho smplifii.Ts is
nearly complete, thus the so- far-obtc-ined rt!ducud
power output of the present l.ubo choice n;jy be a
situation to livn with.

Linac Operations

Tt is clear that u universal heavy ion
linac requires much more tune up effort than a pro-
ton machine. Every day, sometimes several timus a
day, beam parameters have to be changed according
to the users' requirements. In addition, tf soured1

change or sometimes a minor adjustmt-it of the
source parameters requires a subsequent retuning
of the linac beam transport elements. Hence there
is much concern about the fact that presently still
one quarter of the switch-on time of the machine is
lost by/tuning activities. Another quarter is lost
by source break down and source- maintenance and by
other equipment malfunctions as well. There is a
strong interference between both categories: T.'su
majority of equipment failures occur during tune
up. In total, 50 h of the machine tint is useful
as target hours. Though there was a continuous
effort to impruve this factor, statistics of the
last eight months revealed that thu tune up tine
roughly remained constant, and the sources for
equipment failures fluctuate such that no par-
ticular improvement program would clear the situ-
ation, except for a few trivial deficiencies.

It is poorly understood so far, why stit
valuo-s, obtained once in a manual optimisation
effort, are barely useful as start up basis for
a next run, aiming at exactly the same particle
beem. Under these circumstances the computer con-
trol aid is questionable, unless programs for an
iterative optimisation are implemented. However,
this goal was considered to be a second step in thi;
computer control philosophy.

In a start up phase; of a new machine, nearly
every piece of electronic equipment is subject of
individual modifications, and many systems are in a
steady improvement process, excluding temporary and
unsatisfactory components. And it must bo guaran-
teed as well that every subsystem is brought back
to its initial status after routine inspections.



This phase has clearly to be brought to a definite
end, until any effort of understanding the machine
can be expected to provide conclusive results.

The present strategy is twofold: In a shut-
down period all analog values of the machine, which
air of relevant influence to the beam, must be
checked out in order that every magnet power supply
or phase shifter reacts precisely and reproducibly
on the command signals, and every metering device
and beam diagnostic element really reads a true
value. A more difficult undertaking is the search
for iostable alignments and fluctuating shorts in
in quadrupole coils*

In a second effort, a routine ernittance
read out will be established and the beam transport
elements of the injection beam lines will be adjus-
ted such that a standardi2ed emittance pattern is
obtained at the entrance of the prestripper linac.
Thus 3 successful and reproducible result of the
prtsadjustmunt of all machine parameters is expected.

The present situation is as follows: An ope-
rating crew consists of a shift leader and two ope-
rators. When the machine is turned on, or •when a
different particle should be accelerated, the ope-
rators enter the beam parameters into a display
console and obtain printed lists of set values,
which have been derived by the computer out of a
stored file of beam dynamic calculations. Those
values, called "theoretical" values, generally pro-
vide the best basis for start up. While the ion
source is turned en - it takes a couple of hours to
tune the source and to iJentify charge states and
isatDDes - tne operators set all switches and po-
tentiometers according to the printed data and check
the status of the total equipment. If a sufficient
intensity is obtained at the entrance of the pre-
stripper, t.nfi beam is then focused and steered
through the machine by observing the faraday-cup
current and the beam profile display at the exit of
every accelerating cavity or beam line section. A
fairly large number of diagnostic elements proved
to be extremely valuable.^ The whole tune-up of the
beam, which is done manually so far in the local
control areas along the machine, takes about four
hours, if no major break downs occur. During this
procedure about 600 on-off switches and buttons
have to be pushed, 60 range switches have to be set,
340 analog knobs have to be turned, and 55 meters
and 15 oscilloscopes have to be observed, clearly
a challenge for an automatic control effort.

Thus the present phase of manual control has
been considered as an accidental or temporary excep-
tion; no control room and no classical console was
provided for a convenient manual control of the
machine. Actually when tuning the beam, the opera-
tors must move ir; the equipment aisle from control
area one to area 5, in the latter the beam transport
elements and the beam diagnostic elements of the
experimental area can be operated. If every thing
goes well, the operators remain there and observe
the current signal provided by the experimenters.
If the beam disappears, they must go back in the
individual local control areas and find out what
was going wrong. Fortunately the reasons for a pro-
bable break-down are limited to a feu1 well-known
sources.

There are two reasons why the originally
envisaged computer control from the console in the
main control room is not yet in service. One reason
v»as discussed above, rset values of many ^leinents
proved to be non-reproducible so far, and it is of
questionable value to do the tuning to every element
manually via a computer system from the main console
with a time consuming adressing of the individual
elements. The most important reason, however, is the
fact that the system programming of the 1 int. between
the central computer and the five local data aqui-
sition computers was considerably behind schedule
for some time, and the hardware interface for few
systems still is not available or not operationable
presently, thus delaying the activity of writing
the actual operation program?• In the mejntinf tris
pressure to deliver the becjm on the target was such
that not enough shifts for progran check out coula
be attributed to the controls group. There ara still
numerous interferences between different program
performances, which can only be discovered in a rtal
bean; tune up activity. This situation will TJO
cleared after the present ^nut-down period and a
convenient operating of the- machine from the main
control room will start at the end of thia year.

There is no clear answer to the question,
what should have been done differently: The question,
whether a decent manual control console should r.e
provided with a later introduction of a computer
aid as it was applied to existing accelerators, or
whether no manual control should be provided at all,
and everything being accessible only by the computer
system. The way the Unilac was put into operation
was a compromise between both alternatives, with
the inherent tendency to improve the manual and
local control whenever possible. The argument
can be reduced to the vagus statement that a sinrl-:-
system, a proton linac for instance, can easily Le
computerized, while a complex machine, which rcjily
merits a computer aid, must undergo a tUne consuming
period of ambivalent philosophy, resulting hor>3.'-Ily
in the final success of a pnrfuct computer ccntroi
system.

In the first S months of routine operation
of the Unilac the beam intnncity was raised stoac'ily.
Optimum values are: argon 1 0 ^ p.p.^., krypton
5 • 10* * p.p.s., xenon 1011 p.p.s., and uranium U'I^
p.p.s. Fig. 1 shows typical data of beam trans-
mission in the machine.

Only 20 % of the presently submitted pro-
posals for experiments require maximun intensity.
For some experiments, beam intensity degrader;; hovt::
been used, reducing the intensity by a factor of
101*. Due to various deficiencies either of thi?
cavities or in the amplifiers, only 10 to \2 of ttu?
20 single gap cavities have been in use, thur. only
75 % of the maximum energy was available. The varii-
tion of the output energy was used in about one-
third of the present experiments. The energy spread
was not yet measured precisely and seems to depend
strongly on machine tuning. Values of about 1 %
seem to be routinely attainable. The dr.buncher .3t
the end of the machine was not in service ao far.
The monitoring of the bunch structure of the hutm
proved to be quite convenient for tune up purpose,
and time of flight measurements were used fur ru^rgy
determination.9
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Typical beam intensity measured in the
different linac sections for Ar, Xe and
U particles with charge state figures for
the prestripper and poststripper. The step
functions account for the acceptance of the
rf prestripper structure and the charge
analysis after the stripper. The slope of
the argo>:~ curve in the injection line and
the prestripper may result from an acci-
dental tune up, where maximum intensity was
not required. The slope of the uranium
curve in the preinjector line is due to
the temporary lacK of few quadrupole power
supplies. The intensity decrease at the
end of the machine is not clear at present.

In the past months, one week per month was
preserved for modifications and improvements of the
machine, and one additional shift per week for main-
tenance. Both activities are no more found necessary
in future on a scheduled basis. Maintenance and
improvements will be done in accidental downtime
and during ion source service hours. However, more
shifts will be devoted to machine studies and com-
puter control experiments in future.

Future Developments

Actually there are so many details, mentio-
ned before, which have to be brought up to the
design status during the next year that no additio-
nal and distinct improvement program is envisaged
presently. A beam splittiT, providing three simul-
taneous beams in the main experimental area will be
installed at the end of this year. Several rebuncher
helices are being fabricated for restoring the bunch
structure In thB target area for timing signals. An
rf chopper in the injection beam line is under con-
sideration in order to increase the mlcrostructurs

sequence for special requirements in time of flight
experiments. Finally a modest effort is spent for
a synchrotron study, including the Unil^c as an
injector linac.
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DISCUSSION

D.A. Swenson, LASL: You mentioned the Alvarez tank
was undergoing a cleaning process and soon the sur-
face firish would be back to Its original. Would
you describe what sort of cleaning process you
anticipate?

Bfihne: Our standard procedure is alumina powder
going through three different grits of alumina
powder suspended in distilled water and by this
polishing we re-establish the original surface
though there have been damages in the cover,

F. Selph. LBLi What are the staffing requirements
to run the accelerator, the UNILAC?

Bdhne: We have one crew consisting of one shift
leader (in most cases that is a staff member) and
two operators. And we have about seven crews and
in addition say about 12 maintenance people. But we
have call on quite a large facility and the acceler-
ator deserves also the highest priority in case
something fails so we can have 50 or 100 people.



Fig. 2 The injection beam lines and the two injector
faraday-rooms during the assembly phase.

The prestrippsr accelerator with the stripped
and charge analysis system in the foreground
on the right.

10



Fig. A The Alvarez section cf the

Fig* 5 The single gap cavity structure seen from

the £3nd cf tha poststrippsr.
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THE STATUS OF LAMPF*

by

Tionald C. llaRerman

The Los Alamos Scientific Laboratory
Los Alamos, NM 87545

A schematic view of the Los Alamos Physics
Facility is shown in Fig. 1.1.2 The facility was de-
signed primarily as the first of the "meson facto-
ries" and has become one of the principal research
tools for medium energy physics. Two separate 750-
keV injectors are used to provide H* and H~ beams.
Acceleration to 100 MeV is done In a drift tube
linac which is post coupled beyond 5 MeV. From 100
to 800 MeV a side-coupled linac structure is used.
The machine was a significant advance In the art of
linac design with hign-duty factor, new types of
accelerator structure,^ and computer control^ as
the major advances. The experimental are.is are
arranged so that many different experiments can use
bean at the same time. The very large proton cur-
rents present unu&ual problems in Induced radioac-
tivity, targeting, shielding and other aspects of
the beam transport systems.

The LAMPF accelerator first attained the
full design energy of 800 MeV In June 1972. The
experimental areas followed and by August 1973 beam
was supplied to the nucleon physics area fcr the
first intensive experimental work. The main meson
area was next and by April 1974 the major portions
of the facility were in use for the initial round
of experiments. Operation started at 1-iM average
current using an H~ beam to supply both experimental
areas; the intensity was gradually Increased and by
December 1974 the facility was operating routinely
at 13-uA average current.

During this first year of production beam
was supplied to 69 different experiments with a
total of 61297-UA hours of production be.™. This
large number of experiments gave the scientific com-
munity a good start on exploiting the use of this
new facility; the large number of experiments also
gave the staff valuable experience in the problems
associated with providing beam to as many as night
or ten separate simultaneous experiments.

During 1974 It became very clear that none
substantial revisions would have to be made to the
facility before higher currents and goud beam avail-'
ability could be achieved. Some specific accelera-
tor problems which were found were: the need for
better cooling of the bellows assembly for the drift
Cube stems, improved alignment so that both !1+ and
H" beam could be used simultaneously, and the need
to change one or more drift spaces along the accele-
rator to Improve damping of phase oscillations.
In the experimental area the low-current operation
demonstrated the need for better shielding, colll-
nators to protect instrumentation, improved radla—
tlon hardening of target cell components, and many
other similar design improvements.

*Work performed under the auspices of the U.S. Energy
Research and Development Administration.

In .January 1975 we started a major shutdown
to correct the deficiencies In the facility as well
as to extend its capabilities with another meson
line. The basic criteria for this shutdown were
that the facility must be upgraded so that it cov.'id
operate at the 100-IJA level with acceptable beam
availability; wherever possible we should make pro-
vision for eventual 1-mA operation. For the accel-
erator, this work was finished by August 1975, and
the machine came hack on for development work. An
Improved switchyard permitted experimental work In
the nucleon physics area in October 1975; the high-
intensity beam lines were back ln~~&pejation in April
1976. In essence, It appears that thefflitUgmm goals
of this shutdown were achieved; It remains toTia^.
seen how difficult higher current operation shall be.

Present Operation

Following the shutdown we first used an H"
beam to serve the nucleon physics facility at cur-
rents of 1 to 5 uA; when the main meson area came
into operation we started dual-beam operation with
an If* current of 10 uA. The !i+ current was grad-
ually increased and by late summer 1976 routine oper-
tion with 100-uA I!*" current was achieved. This Is
with conservative beam loss along th«> accelerator
and appropriate momentum distribution so that the
beam can be deflected in the switchyard without un-
due problems caused by off-momentum particles. (The
constraints on beam i.oss are discussed in more de-
tail below.) Simultaneously, with the 100-uA H*
beam a 1- to 3-uA H" beam is routinely in use.

The m.icroscopic duty factor of both beams
i.= fvi (500-us pulse, 120 pps) . The normal micro-
structure has a 5-ns period; the microstructure of
the IP beam can be changed to either a 40-ns or
80-ns period, witliour affecting the H+ beam. The
pulse length and repetition rate (up to 120 pps)
of either beam can be varied as desired. Intensity
modulation is available on the H + beam; in the pre-
s.:-nt form every tenth pulse can be reduced in inten-
sity by a factor of several hundred. The H+ beam
can also be deflected into a separate beam line
(Line n) by a pulsed magnet; the usual rate for
this deflected hnam is one pps. It is possible to
serve all experimental areas with the H~ beam if
necessary.

DurinR production runs since April 1976,
beam availability for both the 11+ and H" beam has
averaged in excess of 80%. This availability has
varied between 70% and 907, averaged over typical
14-day production periods. In view of the complex-
ity of the accelerator and beam transport and the
large number of rf systems In use these beam avail-
abilities are quite gratifying.
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Fig. 1. An aerial photo of the Clinton P. Anderson Meson Physics Facility (LAMPF). The distance from the
front of the office building to the far end of the experlnental area (upper right) is 1.1 km.



The causes of downline are documented both
In a detailed data base5 and the shift report pre-
pared by the Chief Operator. The detailed data base
provides a dally report to all Interested personnel
on equipment failures In the last 24 hours (or pre-
ceding weekend); this data base also provides the
resource for detailed questions concerning component
or system failure. The dally report has proven to
be an extremely valuable method of providing the
necessary communication between operating and main-
tenance personnel. Table I shows the leading causes
of downtime from November 1975 through July 1976.

TABLE I

SUMMARY OF MACHINE DOWNTIME

201 MHz rf system

805 MHz rf system

Vacuum

Computer control and data

acquisition

Injectors

Interlocks

Beam diagnostics

Other (water, utilities,
special small systems)

Percent of

Total

19

18

11

11

7

7

2

25

In the design and early operation of the
facility we were quite concerned about the lifetime
of the large (and expensive) electron tubes6 which
supply the rf power to the linac. Fortunately, ex-
perience has demonstrated that the lifetimes are
excellent; the lifetime for the major tubes are
summarized in Table II; two klystron lifetimes are
shown because two different designs of these tubes
are In use.

Rebuilding of large power tubes Is normal
practice which significantly reduces cost without
compromising availability. The trlodes are rebuilt
by the vendor; the klystrons are rebuilt In a tube
•hop at LAMPF. The family of klystrons with the
shorter life are rebuilt In a modified form so that
the newer version of this tube should have an
improved life.

In order to achieve good availability It Is
necessary to have skilled and dedicated operating

and maintenance personnel with appropriate scheduled
maintenance periods. Detailed maintenance sched-
ules and procedures have proven to he essential;
quality control on repaired components must be main-
tained. Detailed tune-up procedures are equally
important.7 This formalism is at odds with the
flexibility which must be maintained in order to
further develop the facility; the conflicts between
production requirements and development requirements
will demand compromise as long a? the facility is
to grow.

The stability of the machine parameters has
improved enough so that production can be sustained
for two weeks without significant retuning. It is
not yet possible to turn the machine back on after
an extensive maintenance or accelerator development
period without retuning; this is a reflection of
the complexity of the device, the tight tolerances
on the accelerator field, and the random walk intro-
duced by small drifts in many different subsystems.

A plan view of the experimental area is
shown in Fig. 2.^ Our typical production periods
now h.ive four experiments in Area A at one time,
two in Area R, uevelopment work using beam in Area
C for the high-resolution spertrometer, an experi-
ment at the biomedical facility, one to three
experiments at the neutrino area, intermittent nuc-
lear chemistry exposures at the beam stop, occa-
sional development work at the isotope production
area, and use of the thin target facility. Nuclear
chemistrv exposures are also done In Area I); line
D is served as required by time sharing of the beam.
Depending on the location, experiments nay be. changed
frequently during a production period or a single
experiment may receive beam fnr the entire run.
Scheduling of the experiments is quite formal; the
complexity and size of nanv of che experiments re-
quires substantial engineer ing, mounting, fabrica-
tion, and computer support.

The H~ beam f.s used for Areas V> and C. In
Area B it is used directly or to provide a neutror.
beam from ,i deuterium on other low 7 target. The
wonderful ease with which H" can he converted to H +

by passing through a thin foil mal:es the IP beam
uniquely suited for applications in which very pre-
cise control of phase space is required. This prop-
erty is exploited for our low-rurrent external pro-
ton beam (Area H) and the beam for our high-resolu-
tlon spectrometer (Area C ) .

The 1!+ beam after leaving the svitchyard
passes through three meson production targets before

Tube

7835 Trlode

Klystron

Klystron

Frequency

201.25

805

805

TABLE II

TUBE LIFETIMES

Typical
Peak
Power
(MW)

3

1

1

Total Experience
(Filament Hours)

66,900

739,900

133,900

Fstimated Hfi

1,300

18,400

6,000

As ot June 1, 1976
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Fig. 2. Plan view of the LAMPF experimental areas.
intensity H" beam serves Area B and Area C

The high-intensity H beam is used in Area A; the low-
The H+ bean is used in Una D on a time-shared basis.



reaching the Isotope production facility and the
beam dump area. The first target (A-l) is typically
3-cra graphite, the second (A-2) 6-cm and the third
(A-5) 8-cn. After interactinR with the first target
the beam properties are governed by the target
rather than the beam characteristics of the accele-
rator .

The first target provides mesons for the
Energetic Pion Spectrometer Line (EPICS) and the Low
Energy Pion line (LEP). The second serves the Stop-
ped Muon Chanel (SMC) and the High Energy Pion
Channel (P 3). The third target is for the Blomedl-
cal Channel. All of these lines are In routine
operation; P^ and SMC can be switched to either of
two experimental caves and a third cave is coming
Into use on the SMC. The pion spectrometer for
EPICS is not yet complete but the channel Is In use
for experiments.

The use of the facility for experimental
physics and practical application work has been
intensive stnce we came back Into operation; a total
of 14275 h of bean (365479-yA h) has been provided
for more than 60 different experiments (as of early
August 1976. Nearly all of this beam was at 800
MeV; a relatively small amount of beam time was
provided at lover energies for specific experiments.
Some measure of the scope of the experimental
work Is Indicated by the fact that some 100 publica-
tions have been made directly related to the LAMPF
experimental physics work. In the physics, program
the experimental work emphasizes questions of nuclear
structure using either mesons or protons as probes;
significant effort Is also placed on particle phys-
ics questions. The practical application work
ranges from biology studies on the effects of plons
through production of Isotopes to studies of radia-
tion damage. Along with this direct practical appli-
cation work there are "spin-off" studies exploring
new accelerator design a - applications of LAMPF-
developed technology.9

Limitations on Current

The dominant theme of a "meson factory"10 is
to produce the highest possible fluxes of particles
for experimental work. The LAMPF has always had a
design average current of 1 mA; It is appropriate to
briefly describe some of the difficulties which must
be overcome before operation at this very high cur-
rent level is achieved.

The foremost problem with operation of a
high-current machine is the control of induced radio-
activity. In our machine only the high-current
target cells and beam stop are designed for remote
maintenance. The accelerator! the beam switchyard
and other portions of the beam lines must be main-
tained either "hands on" or with only the simplest
forms of remote handling (shadow shields, long
wrenches and the like). Depending on the location
of the beam spill thermal problems may also arise at
surprisingly low levels; for example, some typeB of
demountable, metallic vacuum sealB must not receive
more than a localized beam loss of 100 nA.

Along the accelerator we limit beam loss so
that the average radiation level 30 cm from the
"hot spots" Is a few tens of mr,'h shortly after turn-
ing the beam off (these hot spots are at the focusing

quadrunole doublets). The geometry of the structure
is such that back a few meters the level Is a few
mr/hj this reduction results from both stlf shielding
of the structure and the localized nature of the
loss. This sort of activation level requires trans-
mission through the machine at the 99% level or
better (at 100-iiA average current).

Losses along the machi' a are caused in many
different ways; some of the obvious causes are:
improper steering, poor matching of the beam emit-
tance to the focusing quadrupoleE, and off-momentum
components of the beam which are gradually lost radi-
ally. The steering and matching problems are further
complicated by the need to have good transmission
for both H+ and H" beams.

In the switchyard beam losses are quite loca-
lized and seem to be dominated by off-momentum com-
ponents which are separated from the beam line by the
deflecting magnets. It is essential to limit these
losses to less than 100 nA; thus at present, we
cannot have more than one part in one thousand of
the average current not accelerated to the operating
energy. Fven when losses are limited to this level
one frequently has to do Interim repairs In radia-
tion fields of several hundred mr/h.

As the current is increased bey-md the 100-
UA level the emittance of the beam from r.he ion source
increases; whether or not this will be at an accep-
table value at the 1-mA level remains to be seen.
If not, Improvements in source brightness will be
required.

The fundamental problem in producing high
quality beams remains the appropriate adjustment of
the phase and amplitude in the bunchers and 48
separate sections of the accelerator.H Much pro-
gress has been made In finding faster and more accu-
rate methods of setting phase and amplitudes. One
of the real difficulties associated with this prob-
lem is the nonorthogonallty of the many different
parameters and the myriad of different set points
which can produce sensibly the same beam; another
difficulty is the impossibility of accurately measur-
ing phase and amplitude of the accelerating field
other than through Its effect on the beam. Equally.
Important with initial tuning to a usable set of
accelerator parameters Is the stability of the entire
system so that the set points are maintained. As
beam current Is increased, further difficulties are
encountered In control of phase and amplitude due to
large beam loading (at full design current beam load-
ing approaching 30% appears In some parts of the
machine). This problem is particularly difficult
In control of the transients at the beginning of
the beam pulse.

Clearly under these conditions one must have
a stringent automatic control method to limit loss.
The primary method is a system of radiation detectors
which are arranged so that the bean la quickly turned
off whenever a preset level Is exceeded. As we go
up in current direct measurement of transmission is
coming Into use and it Is required that for "beam
on" the appropriate transmission level is maintained.
Automatic systems which limit the beam current if
excessive beam strikes a collimator or the beam
location wanders unduly are also beinfc developed.



In the main target cells and at the beam stop
the induced activity problem is at its very worst.
In addition, thermal problems are severe; for example
with a 6-cm carbon target something like 18% of the
beam power it lost from fhe main beam Into a forward
cone of 30* half angle. This requires water cooling
on shielding, colllmators, target boxes, etc., BB
well as radiation hardening and remote maintenance
capabilities. As an example of the radiation levels
encountered, when the second target cell is opened
exposing the main beam line, the radiation level -20
ft above the beam line Is 400 mr/h. This will In-
crease by another factor of 30 after extended opera-
tion at the 1-mA level. Thus, even now we must do
nearly all work remotely in target cells. In the
long term the complexities of remote handling can
only reduce the availability of the experimental
area.

Experience thus far with radiation-cooled
graphite targets has been good and they certainly
should be appropriate for several hundred micro-
amperes. Several years ago testing at low energies
(high dE/dx) showed that slowly moving radiation
cooled graphite should work at full current. In
special cases where a particular geometry of produc-
tion target is required water cooling may be needed.

Very accurate beam profiles are essential for
control of the beam from target cell to target cell.
Steering and focusing must be accurately adjusted
on the basis of these profiles to minimize activation
and to produce desired beam spots at the production
targets. The instrument of choice for this work is
a "harp" which ie an assembly of parallel graphite
wires crossing the beam. The secondary current In-
duced by the beam is measured for each wire and dis-
played so that one-dlraensional profiles are avail-
able at any time. Other harps provide the other
dimension; appropriate bias fields are provided by
additional planes of graphite wire. These devices
make very nice beam displays; but, the maximum cur-
rent density at which they can be used is unknown
and any sudden vacuum failure will cause breakage
of the harp wires.

The bulk shielding in the experimental halls
is adequate for the 100-iM operation with typical
working areas at 1 mr/h or less. Much of the radia-
tion seen still comes from either cracks or lack of
the requisite layer of hydrogenous material on some
of the iron shielding. These defects are straight-
forward to cure so no major alterations are expected
in the major shield as the current is Increased. It
is anticipated that roofa and modest increase in
bulk shielding around the experimental caves will
be required as the Intensity is Increased.

Plan for the Future

During the next year we expect to see the
completion of our outstanding major experimental
facilities and to operate at the 100-uA level for
production. The outstanding experimental fa 'ill-
ties are the High Resolution Spectrometer (HKS),
the Isotope Production and Radiation Damage Facility,
(ISORAD), the plon spectrometer (EPICS) and the
pulsed neutron facility. Construction of the 1IRS
is complete and early tune-up has been started; it
1* anticipated that the experimental program using
this device should start, within the next few months.
The ISORAD facility is essentially complete and

should also be In routine use within the next few
months. The pulsed neutron facility should be ready
for use by sometime in 1977. The proton beam line
for the pulsed neutron facility is ~150-m long with
both horizontal and vertical tends; beam has been
sent through the more complicated portion of this
transport system. The EPICS spectrometer is In the
late assembly stages and It is anticipated that it
shall be ready for experiments by Hay 1977. A 20-nA
polarized proton beam will be available in early
1977 for use In Areas B and C.

We maintain a deep respect for the 80 kW of
average power In the 100-uA bean and the possibility
of either unexpected thermal or radiation damage
problems associated with such an Intense source.
We feel that it is essential that we gain a large
amount of experience at this level before routine
operation at higher currents is attempted. The
experimental program has much the same flavor In
that a certain amount of experience has to be gained
before fully effective use of the higher Intensities
is possible. Thus our planned year of operation
at 100 UA is appropriate from both development and
production requirements.

During this year of 100-uA operation we
shall be developing our resources so that ue may go
on to the next level of current (presumably three
hundred microamperes) in a finely manner. In the
experimental area much of the development work will
be directed by what transpires in the target cells
during this time. It is clear that we must strongly
pursue effective methods of remote maintenance.
We believe that all components within the target
cells are accessible to remote handling; the time
required for repair work is very dependent on the
sophistication of the manipulators and viewing
systems. We are pursuing such advanced devices as
force feedback manipulators in an effort to make
this work as cost effective as possible.

Another major concern In the experimental
area is the system of beam instrumentation. The
present harp system and current monitor system seems
to be adequate at the 100-JJA level; lifetime of
components and the capabilities of the present sys-
tem at higher currents requires exploration.

Along the accelerator a continual effort
is maintained on improvement of stability of com-
ponents and improved instrumentation. As examples
of this work a redundant phase monitoring system
is being Installed on the entire machine, an Im-
proved momentum analysis system is going into the
switchyard, a nonintercepting beam position moni-
tor system will be Installed in the next few months,
and the stability of the resonance controllers on
the accelerator tanks is being improved.

The major effort in the accelerator develop-
ment work Is a critical evaluation of the beam qual-
ity as current Is increased. Some of the present
areas of exploration are emlttance damping along
the machine, effect of relatively small changes In
the accelerating field in the low-energy portion of
the machine, control behavior of the rf system at
higher currents, ion source properties, causes of
beam halo and so on. These studies require very
careful experimental work and frequently involve
detailed beam dynamics calculations to Interpret
the results. This work is time consuming and re-
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quires diligent attention to make progress. As yet,
no Indication of any Insurmountable problems have
been seen which would preclude eventual operation
at higher currents.

The alignment of the machine remains a con-
tinuing problem which is exacerbated by the need for
simultaneous acceleration of both positive and nega-
tive ions. Over much of the machine the alignment
Is apparently satisfactory; however, some problems
remain in the region between the injectors and the
first (100 MeV) part of the side-coupled accelerator.

Conclusion

LAMPF is a successful facility serving a
wide variety of users at the 100-uA level. The avail-
ability of beam is satisfactory and a very large
amount of scientific and applied investigation can
be carried out with the facility In Its present form.
The engineering and applied physics problems in in-
creasing the current another factor of ten are for-
midable but seem amenable to eventual solution.

Speculation

For the purpose of this conference it is
interesting to raise the question of what will hap-
pen if the beam quality deteriorates much faster
than expected as the current Is Increased. At
worst, such deterioration will be in the form of
excessive beam halos or an undue low-energy tall in
the energy distribution. It is possible to Increase
the acceptance of the high-current besm line through
the switchyard. In addition, colllmators can be
placed along the accelerator and in the switchyard
in such a manner as to maintain our maintenance
capability as well as the two-beam capability.
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Hagerman: Yes, I don't have them with me but there
has been I think only one failure which was anode
failure; anode failure is the one t worry roost
about. The other failures have been in the grid
and filament structure.

Batchelor: Secondly, you mentioned improved opera-
tion of H~ and H"*" beams due to realignment proce-
dures and readjustment procedures. Of these, which
do you think brought the most significant change,
realignment or redesign?

Hagerman: Realignment was essential, one simply
couldn't do it. without It beforehand.

E. Jaeschke, Heidelburgl Could you please give some
percentage transmission values for the state before
the alignment and after the alignment of the whole
linac?

Hagerman: At present transmission is in excess of
99%; before I think it ran 97-98%, something like
that. I should make the point that with these
intense beams it is essential that one has .some
sort of an automatic spill detection system; we do
that with a series of radiation detectors along the
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machine and they are set so they will turn off the
bsam if you have more than 20-50 nanoaipperes spill
per moduli-

E.F. Parker, Argonner Do you have any plans to
increase the intensity of H" beam along with the H +

beam?

Hagerman: Well, we'd like to. We have said that we
will hold at the 1 to 3 microampere level for a year
and then I think we will be trying to go up some-
where around 10 microamperes.



RADIOTECHNICAL INSTITUTE ACTIVITr IN THE LINAC PIELD

B.P.Murin

Hadiotechnical Institute, USSR Academy of Sciences,
Moscow, USSR

For many years, the Radio-technical
Institute has been involved in a number of
projects aimed at constructing linear acce-
rators for protons or electrons. This report
summarizes the experience gained and covers
1) some problems of developing linacs to
serve as meson or neutron generators, 2) re-
sults of study of a. linac with asymmetric
alternating phase focusing, and 3) electron
linac projects.

1. Meson-Factory Idnac

A number of unusual problems arise when
developing and designing a linac to produce
a few-hundred-MeV, 1-mA average current.
These problems are quite different from
what one encounters In designing a linac to
be a proton synchrotron injector, and these
were the problems faced by our Institute as
it was engaged in a linac project for a
meson factory sponsored by the USSR Academy
of Sciences. Specifications of this linac,
its basic design solutions, and the. various
project stagaszwere reported at several
conferences and were ̂ also described in
a separate publication. -*

The design works have been completed
and some working blue-prints have been pass-
ed to the industry. Full-scale prototypes
of both a 1OO-HeV module and a higher-energy
module have been tested at designed power
levels. Each module comprises a resonator,
an HF power amplifier channel, and vacuum
hardware. The accelerator control, SF field
control and beam-measuring systems have
been tested.

1.1. Beam dynamics

Basic problems of beam dynamics were
discussed in Ref.6 and 7. In this works,
formalism has been derived to represent
error effects in a focusing channel, and
the transverse positioning of proton and
H~ beams being accelerated simultaneously
has been studied. Therefore, only more
recent results are discussed here, i.e.,
effects of space charge and of nonlinear
alternating-gradient fields.

The following problems have been con-
sidered in terms o£ space-charge effects i

of macroparticles and the Vlasov equation
was integrated along a macroparticle path.
B.I.Boadarev and V.S.Kabanov used this
technique to solve the above problems in a
6-dlnensional phase spaceRwith the space
charge taken into account . A computational
theory has been developed that enables the
most efficient flow-diagram to be chosen
for specific problem. Theoretical studies
led to complex algorithms that 1) provide
for a conservative model implying that the
net energy or the net momentum are conserv-
ed on a Lagrangian or Euleriaa mesh, 2)give
the highest possible accuracy for the
Coulomb forces (i.e. the lowest rms deviat-
ions), and 3) make kynetic parameters
(scattering cross section, etc.) of a set
of macroparticles match that of the real
bunch.

The following results were obtained
for H and H" ions being simultaneously
accelerated at a current between 10 and
200 oAt

1) Nonlinear Interaction between
bunches and intense energy exchange lead
to aay longitudinal momentum modulation
ceasing to exist during bunching for phase
angles lH>-fs| >7C/z and to ions being
trapped into the center of an unlike bunch.

2) The effective emittance increases
in a buncher by as much as 90 per cent at
200 aA due to nonlinear space-charge forces
as well as due to coupling between longitu-
dinal and transverse motions. Another
Increase by about 1 % occurs due to the
effects produced by unlike bunches.

3) Effects 1 and 2 are significant for
currents above 100 mA and do not essential-
ly affect the beam quality at peak currents
to be accelerated in the meson factory linac•

An analytic approach to the space-
charge problem has been developed. This
Involves the distribution function para-
metrized and the Vlasov equation approxi-q
mately solved by minimizing a functional "

1) single-component bean bund- „.
2) simultaneous bunching of H and H

Ions in a common bean-transport channel.
These problems were solved on a comput-

er. The real bunch was divided into a number

With a "model function" having elliptic
symmetry in the phase space it appears
possible to find conditions for a beam with
space-charge to be matched to a periodic -
focusing system.

Effects of nonlinear focusing fields
(pole pieces deviations fron a hyperbolic
shape) have been studied by B.I.Bondarev,
A.F.Durkin, and L.Yu.Soloviev. They have
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derived closed-form relationships between
the beam size and the nonlinear-field har-
monic amplitude, i t s number, the focusing-
channel parameters. Analysis of these
relationships with different kinds of non-
linearity shows that, in addition to non-
linearities, the lens refractive strength
and the transverse oscillation frequency
contribute to the beam radius increase.
Resonances may build up i f transverse
oscillation period i s a multiple of focusing-
period length. These results will be dis-
cussed in detail elsewhere.

Nonlinear components adopted in the
meson factory linac ( *\% in the 100-UeV
section and 0.23% in the higher-energy
section) were estimated to result in a
fractional beam size increase of less
than 555.

1.2. Accelerating structures for
Energies apove 100 icev

Two accelerating l>/2 -structures have
been developed at the RadiotechnicaZ Insti-

10tute: one with discs and washers and the
other with ring coupling cells like the
structure developed at Los Alamos (F^-f, 2.).

In order to study their relative
characteristics full-scale prototype tanks
were manufactured and tested at nominal and
higher power levels. Both structures shoved
good experimental results in accordance
with design parameters. As for multipactor
effects they are approximately equal. After
15-20 hours of SF training the nominal power
level was achieved and there were no multi-
pactor discharges and break-downs in reso-
nators after that. Their shunt impedances
are also approximately equal (24 itOhm/m
for disc-and-washer structure and
25.5 MOhm/m for ring-coupled structure at
e, = 0.43 ).
J At the same time the disc-and-washer

structure has two very important advantages
over the ring-coupled structure: high value
of the coupling coefficient EQ end high
vacuum (pumping) conductivity. At energies
of 100-600 MeV Kc is 35-*7% accordingly.

Tor ring-coupled structure it equals 6-7%.
With increase of E the sensitivity of SF
field distribution to perturbations de-
creases essentially, which makes it much
more easy to adjust resonators and encreases
reliability. Fig.3 shows a measured dispers-
ion curve for 6 s O , 8 ( 600 MeV ) of a
model resonator with disc-and-wasber
structure. This curve is linear through the
operating range and the nearest modes are
placed symmetrically relative to the operat-
ing mode.

High vacuum conductivity of this
structure made it possible to simplify the

pumping system and on the other hand to get
in future higher vacuum which ia very, essen-
tial for acceleration of intense H beams.

These advantages of the disc-and-
washer structure were determinative while
choosing it for the meson factory linac.
From our point of view this structure is
very perspective for acceleration of high
intensity beams.

1.3. RF Power Supply and Field
Control Systems

In recent years, much efforts have
been devoted to constructing experimental
modules to search for better design of
amplifier channels and RF coupling units.

The amplifier channel characteristics
achieved on full-scale models are better
than designed values (see Table 1, designed
values are shown in brackets),(Fi^.4).

Parameters

Operating
Frequency

Repetition
Rate

Pulse
Duration

Peak Power

Awerage
Power

Units

MHz

Hs

JUS

Mw

Kw

Table 1

Accelerator
1-st part
198.2

100

up to
700 (300)

5 W

200

Accelerator
2-nd part
991

100

up to
170 (120)

4.75 (3.8)

50

Several control systems are envisaged
in the project. These are systems to cont-
rol the RF amplitude and phase in each of
the cavities, to control the phase rela-
tionship between any two adjacent cavities,
to eliminate coherent phase (longitudinal)
oscillations and to thermocontrol resonator

12 m
frequency . Recent experimental studi-
es have led us to reviza some decisions
made earlier and to make the control hard-
ware for the 100-UeV part somewhat more
sophisticated. First, 5F output power
control by varying the driving RF power
has not been achieved. While this type of
control i s readily obtained in the first
three amplifier stages, an output power
reduction by some 10 or 15% off the design-
ed level results in spurious VHF oscil lat-
ions in the output 5-IIW stage (GI - 54A
triode) accompanied by breakdowns in the
tube. Therefore, field amplitude in the
100-UeV part will be controlled by varying
the plate voltage of the GI-54 A triode



similar to bow it is done at Batavia,
Brookhaven or Los Alamos.

Also, model experiments have shown
significant coupling to exist between two
systems that provide fast amplitude and
phase control through controlled parameter
(accelerating field), regulator (fast
phase-shifter and plate modulator of the
output stage) and load (beam current). In
order to avoid this coupling special ba-
lancing cross-couplings had to be introduced
in the controllers to decouple the two
systems.

1.4. Beam lfe'""T'*"p; System

It was reported earlier' that non-
intercepting beam-measuring techniques were
optioned. These Bake use ox the appropriate
field modes excited in a measuring cavity
by the beam in question .

The hardware available at present
enables the following quantities to be
measured:

a) the currents of protons and nega-
tive ions being accelerated simultaneously,
with a threshold sensitivity better than
1 A

b) the beam transverse position, with
a threshold sensitivity about 0.1 mm at a
peak current of 50 mA,

c) the average particle velocity, with
an accuracy of 0.05% at relative measure-
ments and of 19 at absolute measurements,

d) the transit time through a resona-
tor (with an accuracy of 2°-}° relative to
phase angle).

Prototype systems to measure the bunch
average velocity have been tested straight
on the 1-100 injector (100 yeV output
energy) to the Serpukhov PS. The operation
of the latter has shown the non-intercepting
system to justify the expectations.

In conclusion it is worth noting that
experience gained at EPI during meson facto-
ry llnac development may be successfully
used in neutron generator linac projects.

II. Studies
Asymmetric

Ion Liases Using
rnating-Phase focusing

The asymmetric alternating-phase fo-
cusing (AAPF) implies a general class of
techniques to provide for simultaneous
longitudinal and transverse beam stability
due to the accelerating field itself. These
techniques are based on the alternating-
phase focusing of Good and Fainberg1^1 .
They suggested that the sign of synchron-
ous phase alternate periodically along the
linac. Sarly versions of this type of fo-
cusing were limited due to a low trapping
factor. What made it possible to increase
the trapping factor was a suggestion by

V.V.Kushin to introduce an asymmetry in the
structure of accelerating/focusing period?"
This asymmetry is attained by periodically
modulating the modulus of synchronous
phase20 and the field amplitude21 along the
linac. These modulations may follow diffe-
rent echemes "-24. ̂ he studies at the
Institute showed that a trapping phase re-
gion 60 or 70 degrees wide is possible with
the AAPF and this conclusion has been veri-
fied on an experimental linac 5.

During last 2-3 years AAPF studies
continued in two directions. The first one
relates to the computation of, designing
and experimenting with the beginning part
of an AAPF proton linac having a relatively
low injection energy. This low-energy region
is characterized by a strong dependence of
stability on the gap field structure and
on the space-charge effects. Computations
showed that with aperture radius R greater
o.iftK stability can be lost.

The aperture limitation leads to an
upper limit of accelerated current avail-
able with a given injection energy. This
limit is approximately given by

I =22*(Em R2/A)*:£ (mA)
with longitudinal space-charge repulsion
taken into account. Here, Bm is field
amplitude ( 2.5 to 5 UV/m or more in an
AAPF linac ), A is wavelength (usually
1.5 or 2 m), R is aperture radius (4 or
5 mm with an injection energy of 100 keV),
and X. is a function representing the
parameters of structure period. With the
most advantageous FODO period having

X = 0.04 to 0.06, the limiting current
is 20 or 25 mA.

These estimates have been verified by
computing the bunch motion in the beginning
part. A macroparticle model was used to
account for space-charge effects. The upper
limit of accelerated current is shown in
Fig.5 as a function of the injected current
in an optimal mode of operation. Trapping
factor is equal 16% (phase trapping region
of 60°). From this dependence one can esti-
mate the upper proton current limit to be
12-15 mA instead of 20-25 mA, calculated
by the above approximate equation.

An experimental linac was constructed
(Fig.6) to study the AAPF behaviour in the
beginning part with the following para-
meters: the accelerating field frequency is
150 MHz, the injection energy is 100 keV,
the output proton energy is 1.8 UeV, the
number of gaps is 10, the gap field is
150 kV/cm, the acceleration rate is 5 IfeV/m,
the total linac length is 40 cm, the
diameter is 40 cm, the aperture diameter
is 8 mm. An H-type (interdigital) structure
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i s used. In the first six gaps, a FODO
structure Is adopted with the synchronous
phase being alternately -65 or 55 degrees.
This structure provides for optimum trap-
ping conditions. Zn the remaining gaps, the
synchronous phase varies to become 27.5,
0, -27.5 degrees, respectively. A rather
low output energy was chosen so that no
neutrons could be produced in the target.

Experimenting on this linac has begun.
An output current of 4 mA at the designed
energy has been obtained with 30 mA inject-
ed. The 1356 trapping factor i s lower than
the calculated 16% value.

The second direction in the AAPF
studies at the HTI involves a linac project
to accelerate V '* ions from 0.012 MeV/u
up to 3.0 MeV/u. Application of AAPF for
heavy ion acceleration i s attractive
because at low p> i t permits to use H-
resonators which provide high energy gain
at high value of shunt Impedance. And
besides the resonators themselves become
more simple due to absence of special fo-
cusing elements.

The heavy ion linac i s designed to
consist of two parts In order to optimize
shunt impedance, particle trapping and
resonator geometry. In the first part with
operating frequency 25 MHz the XJ'+ lone
will be accelerated from the injection
energy up to 0.3 UeV/u. After that they
will be reinjeeted into the second part
with operating frequency 75 MHz and aecele-
ted up to the final energy. Resonator dia-
meter i s approximately 0.9-1,2 a. The full
accelerator length will be 40 m approxima-
tely. Study at the ETI showed that heavy
ion linac with AAPF can successfully com-
pete with other types of heavy ion accele-
rators.

III. Electron LinacB

A 60-lteV electron linac with a peak
pulsed current of 1 A has been developed
and commissioned for the Kurchatov Atomic
Energy Institute . This linac i s to be
used in a series of studies in the field
of solid-state physics and tlme-of-flight
neutron spectroscopy.

The aain difficulty to be solved was
the beam blow-up. The underlying effects
in a relatively long pulse as well as
possible countermeasures were considered
elsewhere (e .g . , Re.27 and 28). The follow-
ing countermaasures were adopted i s this
r j e c t ! the structure chosen was of a

/
oject
7\ /3 type with varying dimensions and

radial s l i t s also provided in the loading
disks. The linac consists of six sections,
the first one providing for bunching at a
16.5 cm wavelength. The <VA parameter
varies from 0.12 at the input up to 0.1 at

the output ( a i s disc aperture radius and
A i s wavelength) in each of the five

2 JT /3 accelerating sections. Each disc
has two orthogonal s l i t s .

The tests showed that these counter-
measures are sufficient to provide for the
designed output current with no blow-up
effects observed at different modes of
operation.

With pulses of 0.25, 0.05 or 0.01 jus
duration the linac operates in a stored-
energy mode. In principle, this mode pre-
sents an opportunity of increasing the
beam current above i t s quasi-steady-state
level. However, such an encrease i s accon-
pained by a wider energy spread. Table 2
shows beam parameters for several modes
of operation.

Pulse length,

5.5
•25
.05
.01

Peak cur-
rent, A

1.1
.75
3.2

3.3

FWHH energy
spread, %

5.3
69
33
10.2

Fig.7 shows a photograph of the l inac.
Another electron l inac has been deve-

loped to produce a peak current of 10 A,
10 ns duration at an energy of 30 UeV for
the t ime-of-f l ight spectroscopy2?. An
actual energy 1.5 times the designed value
i s provided. This higher energy anticipates
an option of converting an electron beam
into a beam of positrons. The l inac uses
the energy stored in a disc-loaded wave-
guide, to accelerate e lectrons.

The accelerating structure has two
identical sections with a/A varying from
0.1154 at the input up to 0.1 at the out-
put. An essent ia l ly f l a t 100-kV/cm f i e l d
i s produced in th i s way. A s ingle-cavity
accelerator with a low-energy diode gun
serves as an injector . Table 3 presents
linac main parameters.

Table 3

MAIN PARAMETERS OF 30-lfeV LINAC

Energy
FtVHM energy
spread
Peak current

30 a

25%
10 A

(to be followed)



Beam pulse
length
Pulse repetition
rate
RF pulse
length
Peak RF power
Average R?
power
Operating
frequency
Number of
sections
Section length
Mode
Build-up time

10 na

-1400 or 3000 a

1.4 JAB
30 MW (2 x 15 MW)

100 kW (2 x 50 kW)

1818 MHz

2

3795 am
2JT/3
0.97 j»f s

This linac has teen manufactured and
its first section has been tested in con-
junction with the injection system.

Efforts axe also being made that are
oriented at future projects such as super-
conducting linaca for which accelerating
structures are being studied, superconduct-
ing solenoids and quadrupoles with.perma-
nent magnets for beam focusing?0•5i.
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Fig. 1 Prototype resonator tor high energy linac
section. Structure loaded with washers
and discs.

Fig. 2 Prototype resonator for high energy linac
section. Ring coupled cells structure.
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Fig. 3 Dispersion curve of a cavity Loaded with
washers and discs; 6 = 0.8, K = 47%.

Fig. 5 Limiting current as a function of
injected beam current in linac with AAPF.

Fig. 4 Output stage of amplifier channel for
low energy linac section.



Fig. 7 60 MeV electron linac.

Fig. 6 Experimental linac using the asymmetric

alternating phase focusing.

DISCUSSION

H. Klein, Frankfurt: Concerning your heavy ion linac
project what is the shunt impedance of the structure?
What is the average accelerating field and what is
the acceptance of this accelerator with alternating
phase focussing?

G.I. Batskikh, RTt, Moscow: Shunt impedance for
this structure varies. We have two parts. First
one, impedance falls from 100 Mii/m duwn to 40 H'i/tn.
For the second part, shunt impedance falls from 100
Mfi/m down to 35 Mfi/m. Average* accelerating field
is approximately 5 MeV/m. Acceptance is very like
UNILAC.

E.A. K^app, LASL: You quoted the shunt impedance
for tut; disc and iris loaded structure as 25 Mfi/ra at
3 - 0.4. What frequency is this? 1000 MHz?

Batskikh: 991 MHz.

Knapp: Could you quote the shunt impedance ac a
higher beta, like 0.8?

Batskikh: It rises approximately to 40 Mii/m.

D. Boring, GSI: The rf amplifiers you have shown on
the slides, the 4-stage amplifiers, for what
frequency are they designed and for what output
power, either pulse or cw ratings?

Batskikh: For the first part of the accelerator the
operating frequencies * 198.2 MHz, average power i>
200 kW, peak power ^ 5 MW.

W.E. Jule, LASL: You said that the tightly coupled
disc and washer cavity was easy to tune. How do
you propose to tune it?

Batskikh: We don't tune each cell. We tune the
cavity as a whole and then braze the structure.

Jule: How do you go about the tuning?

Batskikh: We .issemble the cavity, measure the
resonant frequency, then disassemble,if necessary,
making the same correction to all cells. After the
final correction and check,we braze it. Since the
cavity is compensated, when the frequency is correct
the field distribution is correct. This has been
measured and found flat to within 1%.

26



THE STATUS OF ACCELERATOR DEVELOPMENT IK JAPAN

Jiro Tanaka
National Laboratory for High Energy Physics

Oho-macbi, Tsukuba-gun, Ibarakl, Japan

abstract

This paper reviews the progress and the status
of existing and planning linacs in Japan.

Electron linacs have been made since 1965. At
present the number of the operating linacs exceeds
170. However, of all the linacs, about 80 percent
are commercial, and used for medical and industrial
purposes. The remaining linacs were made for re-
search purposes, for example, nuclear and neutron
physics, radio-chemical researches and injector for
electron synchrotron. These linacs have been suc-
cessfully and reliably operating.

In 1974, the first proton linac in this country
was completed in KEK as the ?0 MeV injector for the
500 MeV booster and 12 GeV main ring synchrotron.
The linac is now operated at the beam current of
120 mA.

The first heavy ion linac (RILAC) is under con-
struction in Institute of Physical and Chemical re-
search, and it will be completed by 1979.

As the planning machines, the 2.5 GeV electron
linac and the storage ring are proposed for the
"Photon Factory" project in the site of KEK. On
the other hand. Electro Technical Laboratory is also
planning 500 MeV high duty electron linac.

In addition, some of the peculiar engineering
and technical problems concerning linacs in this
country will be reported.

Introduction

In Japan, electron linacs have been made since
1956. The first linac was built in Institute for
Nuclear Studies of the Univ. of Tokyo, as the in-
jector of the 1.3 GeV electron synchrotron. At the
early period, linacs were made only for research
purposes. However, since 1965, the linacs of
various energies have rapidly and widely spreaded
to the scientific and engineering field because of
the excellent features as the radiation sources of
the appropriate energy range.

In the field of industry the linacs for radio-
graphy extensively increased in number as the grow-
th of the heavy industries such as ship-building
and plant-building. On the other hand, the medical
linacs were extended to all over the country accord-
Ing to a policy of the Government for cancer therapy.

The planning of high energy proton machine in
Japan begaa soon after the completion of the INS
1.3 GeV electron synchrotron, because high energy
physics activities were limited so long as concern-
ing only with the 1.3 GeV electron machine.

In the early plan, the proposed machine was the
40 GeV Proton synchrotron with the 125 MeV injector
linac. However, the proposed budget was reduced to
a quarter by the Scientific Affairs Council of

Minister of Education. Consequently, the plan had
to be changed into the reduced energy machine; 12 GeV
Main ring, 500 MeV booster and 20 MeV linac.

This new project was approved by the government
and in 1971 the new institute, i.e., ths National
Laboratory for High Energy Physics (KEK) was estab-
lished In Tsukuba new science town located 60 km
north-east of Tokyo.

In Aug. 1974, the first proton linac began the
operation, in Dec. 1974, the booster accelerated the
beam to the energy of 500 MeV and in Mar. 1976, the
main ring succeeded to accelerate the beam of 10.4
GeV.

The successful operation of the KEK machine
promoted the development of accelerator science in
this country and would be undoubtedly a realistic
foundation for the further projects.

In addition, the construction of the first
heavy ion linac was started In the site of the In-
stitute of Physical and Chemical Research in 1974.
Some of the representative linacs existing and con-
structing in Japan are listed in Table I.

In recent years, some projects are in planning,
the first is the "Photon Factory" and it will be the
first stage of the KEK's future project "TRISTAN".
The second is the 500 MeV high duty factor multi-
purpose linac in Electro Tech. Laboratory and so on.

Under these circumstances, the first conference
on accelerator science in Japan was held at Tsukuba
in Aug. 1975, and about 300 scientists and engineers
concerning the various accelerators and their ap-
plications participated to the conference, and as a
sectional meeting of the conference, the meeting on
linacs has been held annually since 1975.

Existing Linacs

Electron Linacs

The old injector of the INS 1.3 GeV electron
synchrotron was historically the first electron linae
in Japan. The designed energy was 6 MeV at the beam
current of 100 mA. The klystron was home made and
was pumped by a oil diffusion pump. After 2 years
operation the energy was raised up to 9 MeV by re-
placing the klystron.

The accelerator guide Including a buncher was
n/2 mode and was made by means of electroforming
method. This linac was a simple and extremly reli-
able machine. After 15 years operation (more than
80 thousand hours) as the injector, it was replaced
by new designed 15 MeV linac in 1975!' The new 2 m
long accelerator guide including a short buncher is
2TT/3 mode semiconstant gradient type. It was made
by means of the new electro plating method. The
phase fluctuation of the reprectlve cells was within
2° without any tuning.
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In the normal operation as the Injector, the
energy is 14 MeV at the beam current of 200 mA and
the pulse width of 4 us. The threshold current of
regenerative beam break up at the pulse width of
4 (is is about 480 mA.

In this machine, the frequency detuning phenom-
enon was observed at the heavy loading condition.
The frequency shift at 400 mA loading is about 250
kHz as compared with the light loading condition.
(Fig.l) The study of the phenomenon is now continued.

The 300 MeV Tohoku Univ. accelerator is the
largest machine in the existing electron linacs in
Japan. As shown in the block diagram of Fig.2, the
accelerator composed of the two sections. The

first section is low energy high current and the
second section is high energy and low current.

The low energy section consists of eight 1 m
long accelerator guides and two 20 MW klystrons and
the high energy section has twelve 2 m long accel-
erator guides and three klystrons. The guides of
the machine were made by the electroplating method.

The machine has been operated reliably since
1967. In 1976, an energy spread compression system
similar to the Mainz accelerator in Germany was in-
stalled down stream of the high energy section. By
the system the energy spread was reduced from 2 per-
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Fig.l Optimum frequency in heavy loading is
different from that of light loading. Fig.2 Layout of 300 MeV Tohoku Univ. accelerator.

Table I

Existing and Constructing Linacs in Japan

Institution

Tokyo Univ.
lnct . for Nuclear Study

Japan Atoalc Energy
i Reaearch inst.

. ElcccrottchoicMl
\ Laboratory

Kyoto Univ.
Kaatarch Reactor Irtat.

Tohoku Univ.
Lab. of Nuclear Science

HoVkaido Univ.
Fac. of Enilsmrlni

Hlroehiaa Uolv.

Tokyo Unlv<
Hue. Zniln. M i . Lab.

KEK

Init . for Phytctl
and Chealcal Kacaarch

D»t* of
firat op.

{Xecon at rue ted]

1WJ
(1975)

1961
(1972)

1963
(1969)

1966

1967

1973

1976

19 74

1979

Particle

electron

electron

elect rent

electron

electron

electron

electron

electron

proton

heavy ion
a/e-5-20

Max.
Energy

15 HeV

150

35

66

45

35

15

30

0.8-5
HeV/nuclear.

Current

100 BA
480 M i t 9 HtV

250

200

2500

so

100

2000
200

140

1 - 100 pA

Duty
Fee tor

21.5 Upp.

0.01 - 2 oi
1 - 600 pp.

4 If
300 pps

20 1*
1B0 »p»

-3 i*
50 ~ 300

0.01 - 3 i*
200 pp*

3.3 u.
120 pp.

10 n> 20 ppi
A y. 200 PPI

0.6 - 30
20 pp*

100 X

Mechanical
Length

2 >

2.07 .• . 2
+ l.OOtt - 3

1.2 n * 3

2.5 m
* l.B •

1.05 * t
* 2.1t> - 13

2 • » 3

2.5 •

1.7 B
+ 2.0 •

15.5 m

) B " 6

Field
Hod*

2n/3

2/3"

2/3 r

2/3"

2/3"

2/3^

2/3r

Alvarez

Frcquvnc;

2758 HH*

Resurks

iniector tor
1.3 C#v EF

( solid ai«t« phys.

28Sf.

1307

2 BOO

2856

2856

201.Oft

• rid. standard
< irradiation

neutron phye.

nuclear ptivs.
neutron diffraction

nwtr-. . difti.iction
pulse radlolv&U

•edtcal
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cent to 0.2 percent, at the same time the stability
of the energy was also improved.

The 150 MeV Japan Atomic Energy Research Inst.
(JAERI) accelerator consists of two 2 in long 2/3IT
mode constant impedance guides and three 3 in long
2/3TT mode constant gradient guides. Five 20 MW
klystrons feed the rf power to the five guides res-
pectively in order to simplify the phasing of the
guides. (Fig.3)

Consequently,the maximum accelerating field is
rather high and amounts to 13 ~ 15 HV/m.

The no load energy of the Unac is 190 MeV and
the energy at the beam current of 1 A and 0.5 Us
pulse width is 100 MeV. the accelerator began the
operation in 1972 and has been operated successfully;
however, recently, the rf ceramic window placed
close to the input coupler of the first accelerator
guide has been successively broken. It was probably

(a)

(b)

Fig.4 4 MeV side coupled accelerating structure

(a) out view, 0>) cross-sectional vlev

Fig.3 Layout of 150 MeV JAERI accelerator.

Fig.S View of 20 MeV KEK linac. Fig.6 View of the preinjector.
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due to the bombardment of secondary electrons produced
around the coupler hole by the Injected electron
beam and the considerable reflected wave from the
coupler which was found afterward in mismatching.
The modification of this section is now In progress.

As already mentioned, most of the electron
linacs in Japan are used for medical and Industrial
purposes and those have been commerially fabricated
as the standardised apparatuses.

The existing medical linacs exceed 100 In number
according to a policy of the government. The ener-
gies of those linacs are from 4 MeV to 30 MeV. On
the other hand, most of the industrial linacs are
used for radiography in the heavy industries. The
linacs for chemical purposes are not so many, how-
ever, those for the irradiation will be extended
thereafter. The energies of the industrial linacs
range from 1 MeV to 15 MeV. Because linacs for
medical and radiography are required to move as
easy as possible, the side coupled structure guide
is extensively used for those small linacs in recent
years. For example, 25 cm long accelerator guides
were made for 4 MeV linac, consequently movement and
rotation of the linacs became more easy. (Fig.4.)

KEK 20 MeV Proton Llnac

Construction of the KEK 20 HeV injector linac
was started in Apr. 1971 and the first beam was
accelerated on Aug.l, 1974. Fig.5 shows a view of
the llnac and Fig.6 shows the prelnjector.

Since Nov.1974 the linac has served as the Injec-
tor for the 500 MeV booster and 12 GeV main ring syn-
chrotron. In Mar. 1976 the main ring accelerated the
beam to the energy of 10.4 GeV.

The machine studies are now continued and the
high energy physics experiments are scheduled to be
started from May 1977.

The general parameters and present operational
performances of the linac are listed in Table II.

The prelnjector consists of a 4 stages open
type 7SO KeV Cockcroft-Walton generator, a duo-

plasmatron, a huge porcelain accelerating column
named "Monster", a high voltage capacitor column
with bouncer and 5 m long LEBT system.

For design oL' the accelerating column a special
attention was paid since frequent but relatively
weak earthquakes (Seismic Intensity of grad III,
< 25.0 gal) take place in Tsukuba area. The column
consists of two big porcelain tubes bolted each
other in tandem. The total length is 3 m and the
inner diameter is 1 m. Each porcelain tube has 9
inside shields and 9 outside shields. Each inside

Fig.7 Support of KEK linac tank.

Table II

General parameters and Operational performancs of KEK linac

Injection Energy (MeV)
Output Energy (MeV)
Peak Current (mA)
Beam PulBe Width (us)

Energy Spread IX)
Without De-buncher
With De-buncher

Normalized Emittance (cm mrad)
Repetition rate pps
Length of tank (m)
Number of unit cells
RF power
excitation (MW)
beam loading compensation (MW)
Freq.(MHz)
Pulse width (us)
Number of rf feeds

Design

0.75
20.5
100

0.6 - 30

<±1.0
<±0.5
<ir
20
15.6

89

1
20 x i(A)

201.25
250

2 (1/4 L and

Operation

0.75
20.3
120

0.6 - 17

±1.2 at 120 mA
±0.4

0.6n at 120 mA 90 %

1

201.08 (at 27"C)
275

3/4 L)

Best

150

±0.3
0.5iT
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shield is connected to the corresponding outside
shield passing through the holes on the tube wall.
In this tube, any organic adhesive such as epoxy was
not used. Recently, che break down voltage increases
up to more than 760 kV by Increasing the pressure in
the column upto 2 ~ 3 xlO~*torr, and no conditioning
was needed. Consequently, the start up time of the
preinjector was remarkably reduced; moreover, the
sparking rate was extremely reduced.

One of the major features of the linac is that
the tank was made by copper plating method. The
tank is 15.6 m long and divided into 6 unit tanks
in order to facilitate the fabrication. The 88 drift
tubes and 2 half length drift tubes on the both end
plates were also made by the plating method. The
mechanical structure of the tank and drift tubes
were designed so as to be suited for the plating.

Thin copper contactor and Viton "0" or "X" ring
assembly was used for all the joints of the tank to
make possible good electrical contact and vacuum
seal?' Because all kind of the joints have a struc-
ture facilitating the leak detection of their own,
any leak has not been detected since the first
evacuation.

For tuning of the tank, 14 tuners are distributed
on the tank wall and they are also available for
tilting of the field distribution along the axis.

The drift tube quadrupole magnets are Danby
type and are pulse operated at a field gradient of
10 kG/cm. Mechanical errors of the magnetic centers
were within 20 \i, and the alignment errors to the
t ank axis were within ±40 u. The coils were machined
f/om blocks of copper instead of ordinary wire wind-
ings? consequently mechanical accuracy, space factor
and reliability of the colls were markedly improved.
The current pulse of the magnets has a half-sine
shape with 120 ps flat-top.

The support of the tank consists of 12 steel
plates and U shaped pre-loaded springs. (Fig.7) The
structure is very simple and consitutes so-called a
soft-structure?) consequently it is efficient for
the longitudinal thermal expansion of the tank and
for the earthquake shocks.
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Fig.8 Block diagram of RF system. Fig.10 Layout of future projects of the KEK.
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As shown In the block diagram of Fig.8 the rf
system consists of a master osc. (Synthesizer), a
low level amplifier, two driver amplifiers (RCA
Y-1068 B) two TH-S16 final amplifiers and 20.3 cm
diameter coaxial transmission line system.

In order to suppress the nearby higher modes,
1/4 and 3/4 length two points coupling system was
adopted. Fig.9(a) and (b) shows dynamically balanc-
ed impedances looking into the two couplers respectively

The H.E.B.T. system consists of a main channel
to transport the beam to the booster, an energy
analyzing channel and a Faraday cup channel available
for the beam damp. The changing of respective chan-
nels are made by the pulse magnets. By this, monitor-
ing of the energy spread is possible during injector
mode operation.

Planning Machines

The photon factory (P.F.) means a facility
supplying fie intensive photon beams produced by
synchrotron orbital radiation (SOR) for the re-
searche? of various photo-induced phenomena. The
origin of the name is something like to the "Meson
Factor/".

After the completion cf the 1.3 GeV electron
sy.chrotron of the Univ. of Tokyo, some solid state
physicists proposed the use of SOR as a tool of
studying solid state physics. In 1971, INS-SOR
group started the consturstion of a 300 MeV storage
ring using the extracted beam from the electron
synchrotron.

The Science Council of Japan advised the con-
struction of the P.F. to the government at the end
of 1974. In 1976, the P.F. committee proposed to
KEK to establish the photon factory as a facility of
KEK in order to get a site of 1 km * 0.5 km with a
suitable environment and to get a number of accel-
erator scientists to construct the machine. The
proposal was accepted by KEK, because the P.F. has
a powerful source of high energy electrons which
is necessary for the future project of KEK; "TRISTAN".

The accelerator of the P.F. consists of a 2.5
GeV electron linac as a high energy electron source
and a 2.5 GeV storage ring completely dedicated to
the SOR researches.

The electron linac will be the electron injector
for TRISTAN. The planning layout of the P.F. and
the TRISTAN is shown in Fig.10.

For the injector linac the energy of 2.5 GeV
was chosen. It makes, therefore, easy to increase
the circulating current in the storage ring because
no acceleration is necessary, and possible to use
as the electron injector for the TRISTAS. The type
of the linac is an ordinary one and its main para-
meters and the parameters of the storage ring are
listed in Table III.

Table III

Parameters of 2.5 GeV Linac

Beam pulse width
Repetition rate
Energy spread
Normalized cmittance

Accelerator guide
Type of structure
Frequency
Type of mode

, Length of unit guide
Number of guides
Attenuation parameter

RF power
Peak power of a Klystron
Number of Klystrons
RF pulse width

>1.0 us
<50 pps

<±0.5 %
<10 TTcm mrad

TW. Const. Grad
2856 MHz
27T/3 (+ 7T/2)
>2 m

160
0.5 - 0.6

>20 MW
<40
3.0 us

Parameters of 2.5 GeV Storage Ring

General
Energy
Max. stored current
Peak magnetic field
Radius of Curvature
Mean radius of orbit
Revolution frequency
Radiation loss/turns

(with one wiggler)

Magnet
Betatron frequency

Number of cells
Type

RF system
Frequency
Harmonic number
Max. radiation loss
Peak cavity voltage (T~1 day)
Number of cavities
Total rf power

Properties of stored beam and
Radiation damping time

betatron osc.
synchrotron osc.

Energy spread of stored beam
Quantum life time
Beam size bunch length

radial
vertical

500 M»V ELECTION IINAC

2.5 GeV
500 mA
10 kC

8.44 m
22.48 m
2,125 MHz

477 KeV

X Z 3*
16

Separate function

| QFBQDBQF \

467 MHz

224
240 kW

2 MV
4

600 kV

SOR

6.5 ms
3.2 ms

±7.6 x jo-"1

-24 h
5 ~ 10 cm

1.6 - 2.7 mm
-0.5 mm

1 1
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Max. energy (50 mA loaded) >2.5 GeV
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Fig.11 Proposed layout of 500 MeV Electro Tech.

Lab. accelerator.
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General

Length (a)
No. of ace. guides
No. of Klystrons
Max. pk. power (MW>
Max. av. power (kW)
Energy (MeV)
no load
loaded

Max. av. current (uA

Table IV

parameters of the Electro Tech. Lab.

Injector
4
2
1
12
36

31
28(100 mA)

) 500

L.E. Section
24
8
4
48
144

184
164 (100 mA)
500

Accelerator

H.E. Section
48
16
8
96
288

400
367 (60 mA)
300

Total
120
26
13
156
468

615
559 (60 mA)
300

SOR
Normal
Have length at Photon number max.
Photons/A sec mrad at peak

Wigger (60 kG)
Wavelength
Photons/A sec mrad at peak

2.26 A
2 x 1016

0.38 A
6 x 1 0 "

Electro technical laboratory Is one of the bureaus
of the ministry of trade and industry. Although the
laboratory has the 35 MeV electron linac, the lab-
oratory is now planning the construction of the 500
HeV multipurpose high duty factor electron linac
with removal from Tokyo to Tsukuba. Fig.11 shows
the planning layout of the machine.

The machine will be used for calibration and
abBolute measurements of the various radiation
measuring apparatuses, pulsed neutron physics, radio-
chemical researches and the researches for radia-
tion damages.

The general parameters of the linac are listed
in Table IV.

Electroplating method for accelerator guides
and tanks

Accelerator guides of electron linacs ln Japan
have been manufactured by two methods ao far. One
of them is a usual brazing method in which machined

Electroplated Copper

lined Copper Cylinder

Fif;.12(a) Cross section of accelerator guide by
means of electro-plating method.

copper dieks and cylinders are stacked inserting thin
filler metals on a jig. The assembly is brazed in
a hydrogen furnace at the temperature of more than
700°C. Consequently, after brazing, the frequency
tuning of the respective cells are neecessary be-
cause the guide is annealed and slightly deformed.

The other is an electro-plating method. 20
years ago, we had developed the electro-forming
method5'' similar to the Stanford method" The cop-
per disks are machined and then assembled spacing
correctly by Al-alloy spacers on a jig placed under
water. The assembly is copper plated on its outside
to form a solid tube of 0.6 ~ 1.0 cm in thickness,
and then the spacers are removed by dissolving solu-
tion. The method made possible the accelerator guide
of the en block, 3ood rf, vacuum tight and high
precision structure.

However, a few difficulties had to be overcome
in order to keep the phase shifts of the respective
cells within 2° which corresponds to the fluctuation
of 50 kHz at 3,000 MHz.

The first was how to eliminate the slight de-
formations of the inner diameter of the cylinder
caused by difference in thermal expansion between
the deposited copper and the Al-alloy spacers.

The second was how to deposit fine and uniform
crystalline thick copper as rapidly as possible.
These difficulties were solved by fine control of
the plating process; I.e. deposition rate, temperature

Copper disks and copper cylinders.
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of the plating bath and etching solucion and by fine
adjustment of the diameter of the spacers.

After that a new electroplating method was
developed, ' In which machined copper disks and
cylinders are inspected by means of microwave test
and the parts of accepted quality are assembled on
a upright jig. (Fig.l2(a),(b)) The outside of the
assembled long cylinder Is electroplated in a upright
copper bath to form a solid cylinder. The adequate
thickness of the deposited copper is about 6 mm for
3 m long accelerator guide.

As above mentioned, this method requires no
thermal and chemical fine controls as the previous
electroformlng method and completely eliminates the
need of tuning because the parts are never exposed
to high temperature.

For the 2.5 GeV electron linac of the photon
factory, we are now developing a more improved method
using automatic and high speed copper bath*9) in
order to save manpower and deposition time, and it
will make possible the higher precision and lower
cost accelerator guides.

As already reported9) the tank of the KE 'Lnac
was nade by the electroplating method, and the ad-
vantage was proved by the 2 years operation of the
KEK linac.

In this method, all the mechanical fabrication
processes such as welding and machining are finished
before plating process, and after copper plating, any
machining such as polishing is avoided in order to
prevent scratching or contaminating the fresh and
clean copper surfaces. Consequently, high precision
structures having smooth and clean surfaces required
Cor the high Q and high power rf cavities are obtain-
ed; besides, the difficulties such as hardsoldering
of the large structure or machining of the soft cop-
per are eliminated.

As the method was already reported, some of the

important points of the method are described here.

1. Basic design of the structure suited for
plating

2. Quality of the base metal to be plated
3. Technique of welding
4. Jigs for plating

Welded bellows vacuum pipes

For high repetition synchrotron, vacuum pipes
placed in gaps of the magnets that is doughnuts are
troublesome. Tf the pipes were made of metal, they
would cause a significant error in the magnetic
fields and they would be heated by the eddy currents.

Therefore, non-metallic material such as glass,
ceremlcs or plastics have been usually used for the
doughnuts. However, glass and ceramics are fragile

Fig.13 P.V.C. shield attached on a france of
tank to be plated. Suitably shaped
nonconducting shield prevents excessive
deposition on edges and insures uniform
deposits.

Fig.14 Electroplating bath.

Fig.15 Copper plated unit tank.

In this bach, the addition agent (UBAC R-l)
is used. Using the high speed bath, in
spite of the high deposition rate, fine and
uniform crystalline copper is deposited and
cleaving of the deposited copper is prevented.
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and not handy; on the other hand, plastics are liable
to be damaged by strong radiations and to release
various gases.

In order to make possible a durable, handy and
outgassless doughnut, a welded Btainless-steel bel-
lows was developed for the purpose.10 Its longitu-
dinal electric resistance is equivalent to that of
a straight pipe with thickness of 0.03 mm.

The metal doughnuts have been used for the INS
electron synchrotron since 1971 and for the KEK
booster since 1974.

The similar welded bellows having a rectangular
cross section Is also used for the pulse magnets
placed in the HEBT system of the KEK Linac.
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DISCUSSION

G. Dome, CERN: You mentioned difficulties with rf
windows for electron linacs. How did you solve
these problems?

Tanaka: We moved the window to the position far
from the coupler and readjusted the rf matching of
the coupler.
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HIGH CURRENT PRO'lON LINEAR ACCELERATORS AND NUCLEAR POWER

P.R. Tunnicliffe, B.C. Chidley and J.S. Fraser
Atomic Energy of Canada Limited

Physics Division, Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0

This paper outlines a possible role that
high-current proton linear accelerators might play
as "electrical breeders" in the forthcoming
nuclear-power economy. A high-power beam of inter-
mediate energy protons delivered to an actinide-
element target surrounded by a blanket of fertile
material may produce fissile material at a com-
petitive cost. Criteria for technical performance
and, in a Canadian context, for costs are given and
the major problem areas outlined not only for the
accelerator and its associated rf power source but
also for the target assembly.

Introduction

In this paper we draw attention to an
important potential application of linear accelerator
technology - Its role in one of the largest indus-
tries - energy. To do this we first try to give
some appreciation of the fission power industry, its
potential fuel resources and how they may be used.
We then try to establish qualitatively criteria to
be met and physical problems that must be solved if
linear accelerators are to contribute to this indus-
try. The problems seem relatively modest compared
with those that must be solved by the fusion power
community.

!
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Fig. 1
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The variation of n with neutron energy
and typical neutron spectra in two
reactor types for the three common
fissile nuclides.

Nuclear Fuel Resources

The amount of the fissionable elements,
uranium and thorium, within 1.6 km (1 mile) of the
surface of earth's continents is sufficient to meet

Q

all world energy requirements for 10 years even if
the present annual consumption increased 50-fold.
It is unlikely that fission reactors need be short
of fuel recoverable at acceptable cost for a very

long time .

The key to burning this fuel and assuring
the world of a cheap supply of energy for the indef-
inite future lies in the so-called "breeding fuel
cycles" as exemplified in the familiar Fast Breeder

Reactor
238 239

which uses the U- Pu fuel cycle.

Thorium can also be burned by using
fuel cycle.

2 3 2Th- 2 3 3U

"Neutron economy" is the key to these fuel

cycles and its role Is illustrated in Fig. 1 . The
upper curve shows n, the number of neutrons produced
per neutron absorbed, in the three pertinent fissile
isotopes as a function of neutron energy; below are
neutron spectra characteristic of thermal and fast
reactors and of primary fission neutrons. Of the
primary fission neutrons, one is required to produce
a new fissile atcm frum fertile material, one to
continue the chain reaction and about 0.2 tc allow
for neutron losses by leakage and parasitic absorp-
tion in structural materials and fission products.
Thus an effective threshold of n • 2.2 is required
to sustain a breeding fuel cycle.

The motives for developing the fast reactor,
in which the neutron spectrum is maintained as ener-

238 239
getic as possible, and the choice of the U~ Pu
fuel cycle, become evident when effective values for
n are derived for the neutron spectra characteristic

of the two reactor types. The results , given in
233

Table 1, show that only U exceeds the effective
breeding threshold for thermal reactors, while for

fast reactors
tially.

239,
Pu exceeds the threshold substan-

Table 1

Typical '.'alues of n
Neutrons Emitted
Neutron Absorbed

Isotope Thermal Reactor

235,,

233,,

239,
Pu

2.01

2.25

1.88

Fast

1.

2.

?.

Reactor

93

31

49

Practical Threshold for Breeding n " 2.2

233,,U will support a breeding cycle in both

thermal and fast reactors. It is the 2 3 2Th- 2 3 3U
fuel cycle that has captured our attention in Canada
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a fuel

because of the good neutron economy of the CANDU*
heavy-water moderated thermal reactors. This type
of reactor, which has reached industrial maturity
using natural uranium fuel, can be readily adapted

to 2 3 2Th- 2 3 3U fueling - all that is needed i
recycling plant.

There is no breeding precursor of mass 234
235

in appreciable abundance for a U cycle - in any
235

case n for U would not support a breeding cycle.
However the natural occurrence of this isotope is
fortunate - it can provide us with the fissile Inven-
tory to initiate breeding cycles - indeed, its
supply will be crucial in the next 50 years because
even the most optimistic do not foresee the fast
breeder providing the necessary inventory from sur-
plus production for anticipated expansion require-
mants. The deficit is seen as being provided by

235
I) isotope separation plants or convertor"

reactorsa; both options require a supply of U as
natural uranium.

The spallation process occurs when high-Z
targets are bombarded with energetic nucleons, for
example protons of ^ 1 GeV. Primary nuclear inter-
actions cause a cascade of energetic nucleons to be
ejected from struck nuclei with characteristic
energies of about 100 MeV. Each nucleus is Jeft
highly excited and boils off several "evaporation
neutrons" with a characteristic temperature of 3.5
MeV, somewhat more energetic than, but similar in
spectral distribution to, fission neutrons. The
target nucleus will occasionally "spall o£f" larger
fragments, or will even fission. The "evaporation"
neutrons and cascade nucleons induce further secon-
dary processes, particularly (n,xn) and (n,f) reac-
tions which are significant in uraniurc not only
because of neutron yield enhancement but also be-
cause of the energy release from fast fission.
Figure 2 shows some unpublished calculations and
measurements on a 20 cm diameter target of uranium

bombarded with protons . We estimate that in a suf-

ficiently large target, of U. a 1 CeV proton might

produce 50 neutrons and up to 4 GeV of heat.

Electrical Breeding

It is evident then that neutrons are the

essential ingredient in both establishing and main-

taining a nuclear power system based on heavy-

element fission. U may be considered a neutron

source that can be acquired by mining nntural

uranium and separating the U. Are there any
energetically and financially economic alternatives
for the production of neutrons on the appropriate
scale? There appear to be only two:-

a) a DD- or DT-fueleti fusion system not
necessarily achieving energy breakeven

and b) accelerator-based production via the
spallation process.

At present the latter seems the only known indus-
trially practical route and the rest of this paper
is devoted to this option; fusion-fission systems

2
have been discussed elsewhere".

The idea of accelerator-produced neutrons
for fissile material production is not new. \n ex-
tensive development program on the "Materials Testing
Accelerator" was undertaken in the U.S.A. in the

irly 1950's but never came to fruition. A 500 MeV,
j20 mA, 50 MHz deuteron accelerator, bombarding a
primary beryllium target surrounded by a secondary
depletec. uranium target, was expected to produce
about 500 kg of plutonium a year at $124/g (^$250/g,

1974$b).

The concept of bombarding a heavy element
target directly appears to have been first recognized

by lewis who made some remarkably foresighced com-
ments on the role accelerators might play in a
nuclear energy system.

100

Any reactor fueled with natural or "enriched"
uranium will have plutonium in its spent fuel
which can be extracted by chemical processing.
Conversion ratios i.e. plutonium atoms produced

235
per U atom destroyed, can range from 0.5 to 0.9.

-i-
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P

2 Measured and calculated neutron yields
and calculated heat production vs.
proton energy for 20 cm diameter lead
and fully depleted uranium targets.

In present inflationary conditions and because of
differing economic systems, cost comparisons can
be misleading. We have chosen to correct the
estimates of others by only the general inflation
factor to 1974. Our own estimates are based on
public financing conditions of about that time as
used typically by Ontario Hydro and are for
"constant 1974 dollars".

* CANDU - Canada Deuterium Uranium.
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Yields for thorium are estimated to be

lower , Deuterons, at 1 GeV, produce about 10% more

neutrons but because of accelerator problems the
extra yield Is probably not worthwhile.

It is expected that nearly every neutron
produced will yield one fissile atom; thus 300 mA
o£ 1 GeV protons on uranium could yield ^ 1 metric
tonne/year of fissile material - sufficient to pro-
vide fuel Inventory for 1 GWe/year of increased
capacity or topping enrichment for i* 10 GWe of reac-
tors with a conversion ratio of 0.93. The necessary
accelerate-, with a beam power of 300 MW, would
support a substantial utility network of the size
of the present Ontario Hydro system.

We noted that each GeV proton would produce
•*> 4 GeV of energy in a uranium target so that a
300 MW beam would produce 1200 MW of heat in the
target; a large fraction of this heat arises from

direct fast fission of u. The target will of

necessity resemble a fast reactor of substantial

size, and the heat can be of high grade and con-

vertible to electricity for operation of the

accelerator. If the net conversion efficiency of

this heat to proton kinetic energy exceeds 25%, the

accelerator-target breeding system will be self-

sustaining in energy and be driven by direct

fission of V. Because the system will need
little or no external energy supply it will produce
one gram of fissile material for about two grams of
fertile material consumed. By contrast, a uranium
separation plant or a convertor reactor would use
•*• 200 g per gram of fissile material produced.

The CANDU thermal reactor is an efficient

convertor, Indeed it can operate on a self sufficient
212 233

Th- U cycle if the fuel is reprocessed to re-
move fission product poisons sufficiently often.
Fuel reprocessing costs money so that given a
sufficiently cheap external supply of fissile
material, cheaper energy can be delivered by less
frequent reprocessing. This Is illustrated in

o

Fig. 3 which has been derived for a "plutonium
topping" cycle. The "Total Unit Energy Cost" in this
example is a minimum at a conversion ratio of % 0.9
and at a fuel burn-up per pass about three times
that for a self sustaining cycle. The plutonium
topping price assumed corresponds to $24/g fissile
in 1974 $'s . It must be noted that the unit energy
cost of the self-sustaining cycle is only 25%
greater than the present one for single-pass natural
uranium fuel (at present uranium prices) so that
such a fuel cycle, given the initial fuel inventory,
is economically viable.

Because nuclear system capacity in North
America alone may approach 1000 GWe with an expan-
sion rate of 10's of GWe per year by the end of this
century there seems to be scope for a considerable
role for accelerators by then. They could supply
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only i.e. 2 3 9Pu + 2 4 1Pu.

S<SIE» EOUHIBBIUH u PEOUint«E»TS (g/kiie-year)

Fig. 3 Thorium cycle characteristics as a
fun'-.tjon of equilibrium uranium require-
ments in a CANDU reactor system. To
increase burnup per fuel-pass before
reprocessing, plutonium derived from
CANDU convertor reactors Is added as
"topping"; the corresponding effects on
the "total unit energy cost" (TUEC) and
conversion ratio are shown (HE means
heavy element i.e. fuel).

fissile material both for initial Inventory and for
topping of near-breeding fuel cycles. The avail-
ability of fissile material could place serious
limitations on essential growth of nuclear energy
particularly because it seems unlikely that the
Fast Breeder Reactor will be able to supply the
inventory necessary for anticipated expansion; the

235
uranium available (for convertor reactors or U-
separation plants) to provide fissile material may
also place limits on growth. The ability of the
accelerator-based spallation breeder to stretch
uranium resources may be the i^termining factor in
its deployment.

Uranium resources greatly depend on price,
primarily set by demand; in this sense the spallation
breeder is in competition economically with uranium.
Nevertheless other factors could be determinant;
failure of the Fast Breeder to achieve satisfactory
capacity in time being one.

Thus we conclude that the role for accelerator-
based spallation breeders In nuclear power systems is
sufficiently Important that the technical and
economical feasibility should be studied.

Technical and Economic Feasibility

We have indicated that a 300 mA 1 GeV proton
accelerator would be appropriate in size. We are not
aware of any accelerator type, other than a linear
accelerator, that is likely to reach industrial
maturity in the time scale that seems necessary. The
feasibility of a linear accelerator Is discussed in
more detail in the latter half of this paper; in
this section we note briefly that an accelerator
similar to that proposed in the Intense Neutron
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Generator study with 300 mA of beam is considered
feasible for reasons to be given. At that beam
current it would be 9O'l beam-loaded. The 330 MW
radiofrequency power supply would use klystrons as
the main power amplifiers. We expect these ampli-
fiers to approach 80% efficiency so that, if the
target heat can be converted to electrical power at

35% efficiency , such an accelerator-target com-
bination would approach energy breakeven.

The target/breeding assembly will have many
features of the Fast Breeder Reactor and benefit
greatly from the latter's technology; its ultimate
feasibility remains to be established. It has, as
yet, received little neutronics and virtually zero
engineering attention. Only basic cascade and multi-
group neutron transport calculations together with
spot verification measurements have been made on
neutron production, absorption and leakage in tar-
gets of simple cylindrical geometry. A start has
been made on measurements with more complex

assemblies at TRIUMF . Little attention hd's been
given to necessary structural materials and coolants
except to note that low-Z materials should be mini-
mized and that there is no a priori reason for
high-power densities; 0.5 MW/litre characteristic
of fast reactor cores seems reasonable.

Realistic design concepts which take into
account heat transport, radiation damage and
materials compatibility need to be developed before
accurate prediction of yields and ultimate fate of

the neutrons can be predicted. The uranium target

could be surrounded by thorium and produce U
suitable for a CANDU thorium fuel cycle but inevi-
tably (and perhaps by design) some plutonium will be
produced in the uranium core; if the plutonium can
be left long enough, it will ultimately fission and
transfer the neutrons outward (with some gain) into
the thorium. Whether "reactor-ready" fuel elements
(or pins) could be produced is an intriguing possi-
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bility needing examination; if a U concentration
of 1% or more can be achieved, and this is possible
in a hard enough spectrum, then the materin 1 may be
usable directly as feed fuel in CANDU reactors. If
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the thorium has to be processed to extract the U,
then a proce.j~i.ng charge will have to be added to
the product costs.

Cost estimates are uncertain because of the
limited development of the necessary technology,
lack of detailed target design concepts and unstable
and differing financial conditions. However we will
attempt to demonstrate that the economic prospects
for accelerator-based breeding technology are not
unreasonable for our example.

The target heat might be used in conjunction with
the thermal cycle of a major nuclear power station
in a superheat or reheat cycle and thus signifi-
cantly increas-e the effective conversion
efficiency to electricity.

Nuclear systematics suggest that waste plutoniutn
and higher-Z actinides would be even better
target material.

The system is assumed to operate at energy
breakeven and may be considered in four major parts:-

a) the target-electrical generating system

b) the component of the rf power supply assigned
to the beam power

c) the a.: el era ting structure plus associated
rf power* shielded tunnel and other com-
ponents needed to achieve the 1 GeV proton
energy

d) other items which do not enter into mini-
mizing the cost of c), for example th<̂
injector system and the beam transport system
to the target.

Taking these items one by one -

(a) A simple way to bypass consideration of details
of this system, and of costs and details of
financing, is to regard the target and its
associated electrical generating equipment as
a nuclear power station. We then effectively
account for its costs by charging power to the
accelerator at the going nuclear-power station
bus-bar rates. The Pickering 2000 MWe station
in mature operation produced power at 7nj$/kVh

in 1974 corresponding to $t.'/ktfe« year. Our
accelerator at 70% efficiency and producing 1
metric tonne of fissile material per year

would use 300 x 10 x 8760/C.7 kWh to produce

10 g yielding a unit cost contribution = $26.1/g
for the target system.

(b) 300 MW of the rf power is required to provide

the beam power. A recent estimate of the
cost of a 9 MW cw rf system using 18 kl>strons
was about $500/kW (1975$'s). In our opinion,
allowing for scale, optimization of dc power
supplies and inflation, this indicates a 300 MW
system might cost •> $350/kW. Allowing an annual
interest and depreciation charge of 102, this

would contribute 0.1 x 350 x 300 x 103/106 =
$10.5/g for capital costs of beam-associated
rf power.

(c) From earlier estimates and allowing for
improvements in design, the accelerator struc-
ture, the incremental rf power of r» 30 MW,
shielding and services would cost about $40 M.
The contribution to product cost would be

0.1 x 40 x 106/106 = $4.0/g.

(d) Within the uncertainties of the estimates of the
previous items this is considered negligible.

The total unit cost is then * $40/s of fissile
element. The major contribution to this cost is the
target system, the next largest item is the rf power
supply needed for the beam load, the accelerator
structure itself being a relatively modest contri-
bution. This estimate is discussed further later
in the paper.

Estimates of U enrichment costs published

in 1974 indicate a serration cost of $15/g of 235U
at 937, concentratiorf"'a'nd at "0.2% tails" (i.e. 1 kg

natural uranium yields 5 g U). The uranium
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competition then would be

$ 1 5 + $/kg of natural U

i.e. prices would be comparable at z $U0/kg uraniim.
While this comparison is no more than a guideline it
does indicate that accelerator breeding costs may be
competitive soon - uranium prices are rising rapidly
- particularly by the year 2000.

Until accelerator and especially target con-

cepts are developed further, more accurate cost

estimates cannot be made. It should be noted how-

ever that the postulated system is probably approach-

ing asymptotic unit costs within r\- 20%; U separa-

p?ants have to be one to two orders of magnitude

larger to obtain similar benefits from scale and

~equire a correspondingly larger nuclear power

system to justify their construction.

The Accelerator

Having attempted to provide an appropriate
perspective and set of objectives* what are the
problems that face us in accelerator design and
engineering?

The foundations of the necessary accelerator
technology have been laid in the design and con-
struction of the Los Alamos Meson Physics Facility

(800 MeV, 20 mA, 122 duty factor) . That concept
provided the basis for the study which led to the
final version of the proposed Intense Neutron
Generator accelerator (1 CeV, 65 mA, 100% duty

factor) in 1967 , Pulsed currents of > 200 mA have

been achieved in the CERN 3 MeV experimental linac
Rf power tubes of MW capacity have been built and

17 18
efficiencies of 75% achieved ' .

Other developments in accelerator technology
and concepts as yet promise no more economical if
indeed feasible conceptual designs. To achieve a
significant industrial capacity within the next few
decades, we believe attention must be concentrated
on the linear accelerator. Such an accelerator,
% 1 km long, would consist of a dc injection section
to about 1 MeV, an Alvarez section to about 100 MeV
and the remainder, a coupled-cavity section to the
final energy. The Alvarez section would operate at
some submultiple of the frequency of the coupled-
cavity section. The current that can be accelerated
will primarily be determined by the Alvarez section,
particularly the first few MeV, and by the perform-
ance of the dc injector; the coupled-cavity section
will be dominant in determining efficiency and costs.

Current capability, efficiency and costs are
not the only factors that must be considered; reli-
ability and maintainability are also important
factors in selection of machine design concepts and
parameters discussed below.

Operating Frequency

The radiofrequency power supplies will
dominate the cost and efficiency. Three technologies
are available, gridded tubes, crossed field devices
and linear beam devices. While all three are

potentially capable of operating within plausible
frequency and power requirements, our experience,
like that at LAMPF, indicates that the kly.st.un is
likely the only satisfactory device for a multi-tank
accelerator. Gridded tubes have low gain at high
frequencies and the rf amplifier chain tends to be

19 20
complicated and expensive costing about $l/watt
We have found crossed field devices, operating as
oscillators (magnetrons), capable of operating at
high efficiencies and with potential for > 100 kW

cw ; amplifiers have operated U[> to 500 kW cw with

good efficiencies . However these devices, a&
amplifiers, have low gain» are difficult to control
•and have some unpleasant application problems.

High power cw klystrons with good efficiency

have been built and operated over a wide frequency

range . Because the gain is high, tvpicalJy 50 db,
the device can he driven with Tow power cheap sources

and amplitude and phase control is straightforward
Frequencies betweun 200 MHz and J GHz stem feasible
but klystrons would probably become unmanageably
large both in physical sizt and in rating at much
lower frequencies. Application of modern accelerator
physics and computational techniques to klystron
design wi 11 almost certainly raise. efficiencies into
the 80% region.

The allowable beam diameter is inversely
proportional to frequency so that space charge
limitations favour low frequencies for high current
accelerators. This is exempt if ied by recent pro-
posals for CTR materials testing facilities which

use 50 MHz . This frequency is chosen to hold
activation caused by beam spill within acceptable
limits. We would expuct a breeder accelerator to
exploit several different design ft'aturun to reduce
the beam sp;.il (or the effects of the spilled beam)
and allow use of a more economical higher frequency.
These include increasing the admittance by using a
high injection energy, improved focusing, making
the structure more tolerant to beam loss at low
energy by accelerating protons instead of deuterons,
choosing the accelerator mater ial to reduce act iva-
t lor., and reducing the current requirement by in-
creasing the output energy to say 2 GeV and possi-

+ - 2U
bly by simultaneous acceleration of H and \\ beams

A 200-60G MHz operating combination is
probably optimal.

Duty Factor, Gradient and F.ncrgy

Because the accelerator will be designed
close to the space-charge limit, 100% duty factor
operation is essential to achieve the needed current.
To those more fain 11 tar with machines for research
applications, the associated average dissipation
losses of 10's of MU's may seem very large; in our
application they are relatively modest. Avoiding
pulsed operation has some other important advantages
as well. In particular It has a major effect on the
cost of the radiofrequency supply - probably
approaching an order of magnitude. Another advantage
is that regulating systems do not need to respond as

fast and hence are cheaper and simpler



The choice of accelerating gradient will
depend on the relative values for length-dependent
costs and incremental unit costs for rf power. The
INC study yielded a relatively modest gradient, < 1
MeV/m, but our present predictions suggest a higher
gradient nay be more economical. Until better unit
cost estimates are available we cannot predict if
thermal dissipation in the accelerating structures
will be a problem, certainly at the ING design

gradients we have established that it is not *
Improved performance of simpler coupled-cavity

standing-wave structures with on-axis couplers '
promise reduction in length dependent costs but we
suspect that there will still be economic pressure
to use somewhat higher gradients.

The choice of output energy, current and
gradient is not only dependent on unit costs of
accelerator components but also on neutron yield in
the target and on its cost. We have constructed a
computer optimization code which can give results
quickly for whatever scenario one might wish to
select. At present it only ascribes "global" length
dependent costs to the accelerator but more
sophistication to account for transitions in
accelerating structure and other cost factors will
be added. Figure 4 is an illustration of the out-
put for one particular set of assumptions. The
results indicate the advantages of scale and, on the
larger scale, the relative independence of acceler-
ator output energy. As there will undoubtedly be a
cost factor associated with current in overcoming
space charge effects the optimum may indeed move
towards the 2 GeV region. This case also illus-
trates that a drastic increase in accelerator unit-
length costs is not very important; the simple
analysis given earlier in this paper corresponded
to about $17k/m, this case, $60k/m.

Reliability, Maintainability and Beam Spill

The amount of beam spill that can be toler-
ated' is determined by two effects, heating and
activation. Except for the first few Alvarez "cells",
the latter is the most important consideration.
Below a few MeV the nuclear activation that can be
induced by protons can be minimized by materials
choice and need not seriously impede access for
repairs. Above this energy many radioactive
nuclides can be produced and, as the energy in-
creases, spallation activation becomes the important
factor. To a first approximation the activation
will be proportional to the power of the spilt beam
but It also depends on the materials involved - lower
mass nuclides are generally least activated, at

least during the first 10 -10 hours after

irradiation10.

Tolerable beam spill estimated during the

ING study was -\, 2 GeV.nA/m; Murln and Fedotov

suggest the order of 10 A/m at high energy
These estimates are not inconsistent - different
assumptions of acceptable radiation fields were
used, the latter have taken 2.8 mrad/h (28 uCy/h)
at one metre from the accelerator centreline. More
spill can almost certainly be tolerated if materials
for the accelerator and beam transport structures
and for the machine tunnel lining are properly
chosen. The ING concept anticipated provisions for
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Fig. 4. Calculated unit fissile product costs
for production rates 1000 to 4000 grams
per day vs. proton energy. The princi-
pal assumptions are: electrical power
costs, S0.007/kWh; target coats Included
in the electrical power costs; interest
and depreciation, 10% per year; rf
equipment capital $350/kW; accelerator
unit length cost, $60,000/m; maximum
peak accelerating field, 2 MV/m,
averaged over the accelerator length.

a shielded cab that could traverse the machine
tunnel. Remote handling tools and techniques,
successfully used in repairs to nuclear reactors,
could be used - we have made numerous in-core
repairs to the research reactors here at CRNL and
replaced the main reactor vessels twice in one
high-flux reactor and once in another - large and
highly radioactive objects can be handled safely
without undue difficulty.

Nevertheless simplicity of equipment located
in the machine tunnel, use of passive components
such as permanent magnet quadrupoles and radiation-
hardened components will minimize maintenance
problems. Electrical and mechanical tolerances must
be carefully determined and met and, if possible,
provision made for continued operation with faults.
For example. If the rf unit s U e is not too large it
should be possible to continue to operate, with
appropriate regulation adjustment to subsequent
accelerator modules, if one rf unit fails - detuning
of the accelerator section it drives would be
essential. Unpublished work at Chalk River has
suggested that the transverse focusing system might
be designed so that particles losing synchronism
early (but not too early) can be transported to the
end of the machine.

Injection and Initial Acceleration

To achieve high current at high frequency,
high Injection energy is required to raise the
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space-charge limit sufficiently. Table 2 l i s t s
this limit estimated for the conditions proposed in

the ING study namely with the Alvare-i section
operating at 268 MHz, 75 T/m (7.5 kG/cm) maximum
quadrupole gradient and injector normalized emittance
0.4 7i mm.mrad.

Table 2

Space-charge Limit vs Injection Energy

ElnJ(M.V)

0.75

1.035

1.503

I (mA)
max

65

110

260

Because of the high power that must be delivered by
the injector, air-insulated systems seem desirable
but by using SF, at near atmospheric pressure, 1.5

MV is probably reasonable. Given H and H injec-
tion it should be possible to achieve 500 mA at
200 MHz without too much difficulty; be>ond this
point it will probably be preferable to increase
the machine output energy if a larger product ion
capacity in one unit is desired.

Improvements in focusing in the Alvarez
structure such as a combination of alternating

phase and conventional quadrupole focusing may
significantly increase the achievable current.

Low beam spill and high capture efficiency
require a low emittance from the injector. High-
gradient dc accelerating columns have been used to
minimize space-charge induced emittance growth;

Ungrin et al have found that these designs have
led to serious limitations from current-induced

breakdowns. CTR injector technology suggests
sufficient current can readily be achieved - unfor-
tunately there is no guidance yet on beam quality
obtained using those techniques.

Given sufficient current, buncher perform-
ance may not be crucial. Provided sufficient
current can be captured, beam spill allowable near
injection is primarily determined by heat removal
problems. However, use of a multi-cavity buncher
system and possibly a chopper, to remove uncaptured
beam, may be desirable.

The emittance of the beam at a few MeV will
influence beam spill In the high energy parts of

29
the machine. Emittance "filtration" must not
discard too large a fraction of the current or our
goal of operation at higher frequencies will be
defeated. A detailed understanding of space-charge
induced emittance growth in the Injector, buncher
system and during Initial rf acceleration, which
conforms to observed behaviour, is essential.

Conclusions

Electrical breeding of fissile material via
the spallation process offers a technically feasible
route In competition with or complementary to the
Fast Breeder Reactor for extending the world's
fissionable fuel resources into the indefinite

future. The proton linear accelerator operatLng at
100% duty factor appears to be a well-developed
technology that could be brought to industrial
fruition within a few decades, the time scale
required. Engineering problems with accelerator-
based breeding appear much less formidable than
with any hybrid-CTR device.

No fundamental problems are foreseen in
designing 300 mA, 1 GeV linear accelerators but a
great deal of development work is still required.
Existing research accelerators will provide valuable
guidance in solving problems.

The cost of fissile material produced by this
route will probably be in the range $40-$100 g (1971
$ fs). While this cost is not competitive now,
shortages of uranium will likely alter the situation
within the time scale needed for achieving
Industrial capacity. Indeed, such fissile material
may prove crucial in providing inventory for expan-
sion of nuclear power at the rate necessary during
the next 50 years.
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DISCUSSION

D.C. Hagerman, LASL: How fast does the cost of the
end product go up with the overall conversion
efficiency; you're dealing with a design efficiency
of around 70% - what happens if it is 35%?

Tunnlcliffe: Roughly doubles it. I think you could
see from my breakdown that It's the electrical energy
power supply that is contributing about 70% of the
cost of the product.

J.E. Vetter, Karlsruhe: What is the total amount of
neutrons produced on the target and what is the
power density in the target?

Tunnlcliffe: The yield of neutrons at 1 CeV on the
uranium target would approach -v. 50 neutrons per
proton. I think we would expect to design the
target in the region of 1/2 MW/litre. This is
characteristic of a fast reactor system. There is
no "a priori" reason why that density should be much
larger.

C. Dome, CERN: I understood you favoured operation
around 600 MHz. What is the cw klystron power you
are considering for operation per klystron?

Tunnicllffe: I would expect one would be looking at
units of the order of a megawatt or more in size.
Varian have built an X-band klystron cw at 1 MW and
that is not a hard job. I saw the tube a while ago.
I believe it was a military communications tube.

E.A. Knapp, LASL: It would seem to us that there is
a tremendous break in the feasibility or infeasibilicy
of this who,e project if the beam loss gets to lie
above the level at which the remote maintenance is
required or not required. That is, if the beam loss
can be kept low enough so that hands on maintenance
is possible on the machine, the costs are much, much
less than if remote equipment Is required. Have you
any program here to look at exotic beam loss mecha-
nisms such as beam halo growth and so on, or is that
just starting in your program?

Tunnicllffe: The amount of effort we have had to
'levote to the problem is quite small. We haven't
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really tackled it adequately yet. We haven't
developed our understanding much further than we
tad a few years ago. I think Bruce Chidley will
agree with that. I recognize the point that you
are making but I think I tried to indicate that if
you double the accelerator costs it doesn't perturb
the result appreciably. 1 think that having been
associated with the reactor business I am not quite
so scared of handling highly radioactive objects as
the accelerator community may be. We have replaced
the vessels of our two research reactors here 3
times and these vessels are the order of 3 metres
in dimension. You have to plan it well. You have
to use remote handling techniques but its not by
any means such an impossible job as you might think
at first sight and we have made many repairs in the
cor>.j with remote handling tools. I think that one
would expect to have to provide for access to the
machine by something like a shielded cab to run the
length of the tunnel. This means the tunnel has to
be rather larger than you would otherwise need it
but I don't think that would add too much to the
cost in the terms of the final product cost.
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Introduction Table 2

In 1973 the construction of a new linac injec-

tor for the CFS was launched. The main reasons for

this decision were :

- instability of operation of present linac ;

- Che risk of not achieving the beam required for

the new Booster (designed to obtain 10 ppp from

the CPS) j
risk of an increasing fault rate due to ageing ;

- Che use of the CPS complex as injector for the
400 GeV SPS which enhances the requirement for
excellent performance of the CPS.

The design proposal for this machine was
worked out between April and October and the project
was authorized at the end of October 1973.

Specifications

The essential performance specifications for

this project are listed in Table 1.

Table 1

Performance Parameters

current 50-150 mA

pulse duration 200-70 \is

max. energy spread at

Booster input (after

debunching) ± 150 ke'

emiCCanee (at 50 MeV) < 25itmm

repetition rate 2 pps

* j
mrad )

for 100 mA

Reliability and ease of adjustment in order to
provide the beam conditions required by the various
users were further important specifications.

Description

Table 2 lists the main design parameters for
this project.

Particles
Repetition rate

Preaccelerator

Current
Source
Energy

H.T. Generator

voltage

stability
current

Acceleration column

750 key beam transfer

Transverse matching

number of quadrupoles

max. gradient

Longitudinal

number of bunchers

Linear Accelerator

Current

Design Parameters

Protons
2 pps max.

Pulse length

Beam quality at 50 MeV

emittance

energy spread after
debunching

Energy

Structure

type

number of tanks

tank frequency

up to 400 mA
duoplasmatron
0.75 MeV
cascade set

85(1 kV

5 mA

high gradient,

double gap configuration

18
40 T/m

2 at 202.56 MHz

1 at 405.12 MHz

operating range

50 < i < 150 mA

operating range

200 us > t > 70us

c < 25 T mm mrad

AW < ± 150 keV

50.0 MeV

Alvarez stabilized by
post couplers

202.56 NHz



acceleration rate
-1

synchronous phase

number of cells

total length

Quadrupole Focusing

max. gradient

RF System

peak output power

50 MeV Beam Transfer

varying between O.99MeV m

and 1.58 MeV m"l up to

10.4 MeV (Tank I)
varying uetween 1.58

and 1.42 MeV m"1 from 10.4
MeV to 50.0 MeV (Tank II
and III).

at input Tank I 0 — 3 5 °

at output Tank I 0 »-25°

in Tanks II and XII

0s.-25°

128

33.6 m (inc. interspaces)

N-l (FD) configuration

100 T/m

5 amplifier chains

2.6 MV per chain

Bending

BHl
BH2
BH3

magnets

(IBM)
300
335

85

ntrad (pulsed)

mrad (DC)

mrad ) ,
, > pulsec

mrad / v

stability

Transverse matching :

number of quad,

max. gradie.it

Longitudinal matching :

number of debunchers

±2.1o"4

4 doublets, 5 singlets

ii.5 T/m

2 at 202.56 MHz

1 at 405.12 MHz

For the location of the machine a small free

area at the end of the South Experimental Hall, with

axis nearly parallel to the old linac, was found.

The description of the project as given in the

design proposal is still essentially valid. It
follows in -?any respects the designs of linacs
built around 1970.

The beam from a duoplasmatron source is acceler-

ated to 750 keV in a high gradient double gap column

which is suspended in the air. The 750 keV beam
2

transfer system consists of a modular structure
with four triplets and extensive beam diagnosis,
followed by a section which matches the beam into
the acceptance of Tank I with six quadrupoles and
a bunching system consisting of a double buncher
(202.56 and 405.12 MHz) and an energy spread correct-
or (202.56 MHz).

The design of the Alvarez structure follows

our experience with the 3 MeV experimental linac
and includes stabilization by post couplers. The

beam dynamics takes into account the space charge

forces up to 150 mA beam current ,

The linac is followed by an analysis section
designed for evaluation of beam characteristics in
all the three phase planes. The beam is then in-
flected into the existing 50 MeV transport line at
a point where it can be directed either directly
into the PS or into the Booster.

The RF system consists of independent chains,

each with low-level amplitude and phase servos. The

tanks are supplied by FTH 470 tubes in the driver and

final stages. The Siemens 2024 tetrode is used in

the predriver stage, which also serves as output

stage for the 200 MHz bunchers and debunchers. Com-

mercial RCA cavities are used for the 2nd harmonic

buncher and debuncher.

The controls system uses a PDP 11/40 and

PDP 11/45 AS front-end and main computers respective-

ly and serial CAMAC for data transfer.

Progress and Status

Ground was broken for this project before the

end of 1973 and the control room and the hall for

the pre-accelerator were terminated in March 1975,

the whole building being finished by the end of

1975 (Figs. 1 and 2).

Installation of the pre-accelerator began with

the arrival of the Haefely cascade in April 1975 and

the first 750 keV beam was obtained at the end of

that year. After tedious trouble shooting on the

bouncer circuit a stability of 400 V during a 100 us,

250 mA beam pulse has now been achieved (Fig- 3)

The emittance of a 200 mA beam and its mass

spectrum have been measured8. The first part of the

1EBT has recently been installed (Fig. 4) and by the

end of the year, the whole LEBT will be installed

and tested.

The shells for all linac tank sections have

arrived and the manufacture of the drift-tubes and

other structure components are under way (Fig. 3).

The installation of tank 1 is expected for early

1977.

A H quadrupoles, essentially copied from BNL
design, and all pulsers9 have been received. Most
of Che hardware for the controls system7 is on
order or has been received and software development
has made good progress. Prototypes of the RF modu-
lators and of the RF output stage CFTH 470) exist
and the final mechanical design is well advanced.
The somewhat ambitious plan to go in one stage
(Siemens 2024 tube) from the 400 W output of a
transistor amplifier to 50 kW level has been
abandoned in favour of an intermediate stage. The
development of the low-level fast feedback system
is well advanced.

It is expected to complete this machine by the

end of 1977.
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Fig. 2 Equipment gallery. The accelerator
tunnel Is below the row of racks at the
left and the main aisle.

Fig. 4 LEBT as Installed by beginning of
September 1976.

Fig. i New linac tunnel. In foreground at left
is triplet 4 of LEBT. Supplies are
installed in a gallery of approx. double
width on top of the tunnel.

Fig. 5 Storage and testing area for tank section
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Fig. 3 View of the 750 keV preaccelerator.

DISCUSSION

H.R. Shubaly, CRML: What is the measured emittance
of the 750 keV beam at say 150 mA? Was it measured
on a direct beam or on a beam that had been bent?

Warner, CERfl: It's measured on a direct beam. For
the preliminary measurements at 750 keV, the range
of Quittances is between 50 and 80 Ti.mm.mrad. Cy
Curtis has the figure that we quote to the public.

C D . Curtis, FNAL: The emittance into the linac
for 200 mA is 3/10 v cm.mrad. That's the design
figure I believe and on the old linac it's essentially
the same, for 190 mA it is 3/10 n mm.mrad.



ACCELERATING STRUCTURE OF THE CERN NEW 50 MeV LINAC

D.J. Warner

CERN, Geneva, Switzerland

The design of the post-coupled Alvarez struc-
ture is presented with emphasis on features which
are novel and critical especially as regards ac-
celeration of high currents (150 inA) to 50 MeV.
Among topics treated are the sequence of computa-
tional techniques leading from unit cell (e.m.
field) calculations to dynamics of the complete
linac, and model measurements which justify the
drift-tube girder support approach and our particu-
lar post-coupler arrangement.

Introduction

In this paper we outline the procedures used
for the linac structure design, concentrating mainly
on the physical aspects (e.g. the results of compu-
tations and measurements) which specified the struc-
ture in sufficient detail to allow the engineering
designs to be developed and their merits considered.

A complementary paper1 will treat details of the
more analytical side of the beam matching and- dynam-
ics with space charge; here we limit the discussion
to the selection of a set of parameters (summarized
in Table 1). The 1973 design study report2 treated
topics in a preliminary manner leaving options open,
e.g. on the dynamics of Tank I and on the structure
stabilization, but the general approach used there
remains valid.

Structure Design Tools

The physical design is an iterative procedure
involving the specifications of the input beam,
mechanical possibilities, quadrupole magnet limita-
tions, RF power limitations as well as the. use of
"tools" (mainly computer programs) to derive the
electromagnetic, dynamics, and dimensional informa-
tion presented here.

The main computer programs are described below:

CLAEL 3

This cavity computation program starts from the
unit cell dimensions as boundary conditions
[diameter (D), length (L)„ gap (g), drift-tube di-
ameter (d), aperture diameter (HD), and profile
radii (r and rnc)J and uses a compound numerical
and analytical procedure to solve

1 3U
—

r 3r

9ZU

3z2

to give values of U = rtty at a large number (10,000
to 20,000) of discrete points. Quantities derived
from the set of U include

a) frequency perturbations due to support stem and
post coupler;

b) stored energy; dissipations on copper surfaces,
Q,shunt impedance and electric fields on the
axis and drift-tube surface all normalized to a
mean axial electric field of 1 MVnT1;

c) dynamics coef f icients1* *J such as T, k(dT/dk) ,
k (daT/dka), S, etc., corresponding to a refer-
ence particle with B = v/c - L/A and
k

GENLIN 5

This program generates the linac cell lengths
by tracing the axial synchronous particle, given the
dynamics data from CLASL, the mean electric field,
and synchronous phase (J>s. In addition, the program
calculates the dynamics coefficients corresponding
to every cell for subsequent use (see under MAPR0 1).
Recent improvements in GENLIN allow us to interpolate
the dynamics data from a 1 invited number of CLASL
cells and to treat the electric field and synchron-
ous phase as functions of longitudinal position.

ADAPT 6

This program and its several variants (ADAPTEF,
LINEF), all essentially calculate matching para-
meters (a, 6) (in all phase planes) at the beginning
of the linsc and, assuming linear space charge
forces, transfer the beam through one or more cavi-
ties maintaining the matched situation by adjustment
of quadrupole gradients. Transversely, the emit-
tance, quadrupole periodicity (+-+-) and the phase
advance per focusing period \iQ are specified. Lon-
gitudinally, the phase envelope Adi is specified.
The matching calculation is carried out for several
currents incrementing by 10 to 25 mA between cases.
For subsequent use in the more general dynamics pro-
grams (MAPRO 1 and MAPRO 2 ) , ex, £, and quadrupole
gradients are punched out .it beam currents 0 mA,
50 mA, 100 mA, and 150 mA. ADAPTEF and LINEF can
also treat discontinuities between quadrupole batches
and linac tanks.

MAPRO 1 **

The multiparticle beam simulation programs
MAPRO 1 and MAPRO 2 were developed to study non-
linear space charge dynamics in the linac using an
expanded set of equations (cf. CENLIN) to treat the
accelerating gap. Although it is slower than
MAPRO 2, we prefer MAPRO 1 tor studies on real
linacs with general particle distributions at input
(bunched beams). For comparison purposes, most of
our studies have used a distribution which is uni-
form wichin a four-dimensional hyperellipsoid
(transverse phase planes) and uniform within an el-
lipse in the longitudinal phase plane. After select-
ing the particle coordinates randomly as prescribed
above, the raw distributions are corrected to fit the
precise input matching parameters7. This procedure
lias been invaluable when comparing cases with dif-
ferent currents, focusing strengths, phase laws,



and/or distributions. Results can be in the form
of scatter diagrams of phase plane projections or
as graphs showing the evolution of beam envelopes
(x,y, £<|>) beam emittances, beam centroid phase, and
energy error along the linac.

Design Procedure

As we do not know the actual cell dimensions
until the design via CENLIN is complete, we have to
compute a limited number of typical cells precisely,
and in particular adjust the gap length to obtain
the resonant frequency of 202.56 MHz to within
i50 kHz (also including the support stem and post-
coupler perturbation). A total of 36 cells were
calculated for the GENLIN dynamics data as repre-
sentative of the (eventual) 128 cells in the linac.

c) -35° to -25°, 30° .

Choice of Operating Parameters
between 0.75 MeV and 10 MeV

A large synchronous phase angle (|<£s! > 30°) at
0.75 MeV is needed to contain a matched 150 mA beam,
but on RF economy and dynamics grounds |<(>sl should be
reduced as the energy increases. Thus to select
from some possible laws of variation of $ s we have
computed several cases up to 10 MeV using GENLIN,
ADAPT and MAPR0 1.

In GENLIN the dynamics coeffici.ents were fitted
by least squares to polynomials up to third degree
in L and it was usually possible to obtain the
r.m.s. deviation of the CLASL data points from the
fitted curve to < 0.3%. As well as the imposed <t>s
law, we specify the axial electric field. For
ADAPT, we require the set of dynamics coefficients,
cell lengths, accelerating fields and synchronous
phases for each E, tfs law treated by GENLIN. The
bunching system and its associated focusing8 can
match the beam longitudinally and transversely over
the useful range of A$ (25° to 35°). This allows us
to specify only the phase width ft$ oi the bunch en-
tering the linac and to derive, via ADAPT, the
matched energy spread. The beam dimensions, re-
quired gradients, and stability can be obtained for
the different 4>s laws with ADAPT; further studies
on the initial values of a and 8 and the evolution
of the beam matching and emittance are made wifh
MAPRO 1.

With a constant p structure, the MAPRO 1 gra-
phical outputs of x and y clearly indicate beam mis-
match by oscillations superimposed on a constant
mean envelope. The ideal potential well (harmonic
oscillator) assumed by ADAPT £or the rather non-
linear longitudinal motion produces matching coeffi-
cients which surprisingly need only slight modifica-
tion (̂  7% increase in 8) to give acceptably small
envelope oscillations in MAPRO 1. Thus we can make
a preliminary choice of the 4)s law using ADAPT, as
the input emittances and space charge limits are
approximately defined. Firstly, we set a limit
*s " " 2 5 ° at 10 MeV to avoid longitudinal stability
pro'ulems at higher energies. After eliminating
constant 0 S » -30° (space charge limit < 150 mA) we
considered:

a) *9 • -40° to -25°, £$in - 35°

b) <(>s - -40° to -25°, A$in - 25° and

Case (a) was far from the space charge limit but had
an excessive longitudinal input emittance (35° -
* 50 keV), and while (b) and (c) were similar as
regards input emittance and its evolution, the latter
had to be preferred as the smaller variation in <t>s
would be more flexible during operation. Incident-
ally, there is the possibility with post couplers
to vary the field tilt (hence the ^ s law) if neces-
sary.

The above comparisons were made with the strong-
est focusing practicable with our quadrupole design.
With a lower u, there is a larger transverse emit-
tance increase at 150 mA but less longitudinal in-
crease. Experience with the 800 MeV booster synchro-
tron following the linac has shown that at 50 MeV
the transverse emittance is more of a limitation
than longitudinal emittance.

Design Procedure for Complete Linac

The following dtsign conditions were introduced
into GENLIN to define the complete linac.

i) Linac input energy * 0.750 MeV and output
energy * 50 MeV.

ii) Division into three ~t • ities with numbers of
cells multiples of four giving 52, 44, and 32
cells, respectively (to allow higher periodi-
city structure compensation).

iii) Accelerating rate of 1.00 MeVnT' at 0.75 MeV.

iv) Mean axial electric field to increase linearly
with distance in Tank I and to be constant in
each of Tanks TI and III.

v) Synchronous phase variation as 6"x between
-35° and -25° in Tank I; $ s = -25° in Tanks
II and lit.

vi) Continuity of synchronous energy (W s), accel-
erating rate (dWs/dz) and <ps.

The electric fields were uniquely determined by
the above conditions. This run of GENLIN determined
the longitudinal dimensions for the entire linac
with corresponding dynamics coefficients (T, S, etc.).

Now ADAPTEF (or LINE!?) followed by MAPRO 1 could
be run for the linac including matching across inter-
tank spaces* Suppose we compare the increase in
transverse emittance^Ef) and longitudinal emittance
( E L ) , for U • 39°, A<t>in " 31° and normalized £]•
(0.75 MeV) » 2.6n mm mrad. For currents of 0 mA to
150 mA, E L (0.75) varies from 1.8i; MeV° to 0.9" MeV°;
but with the increase a function o£ current, L"L (50)
only varies from 1.7ir MeV° to 2.On MeV°. The in-
crease in Ej is negligible for all currents (< 15%).
In practice, we would try to operate with constant
E L (0.75) rather than constant A? (0.75). Use of
the transverse parameters from ADAPT in MAPRO 1 usu-
ally gives good matching for many cases but there is
sometimes deterioration (e.g. 20Z envelope modula-
tion) for low values of u (15°-2O°) and lower cur-
rents (presumably due to the proximity of tin? edge
of the stability region). Longitudinally, a t:ood
match in Tank I with ,Cj envelope modulation < 5%
relative to the smooth adiabatic damping is increased
to i. 15X (for 150 mA) at 50 MeV by the mismatch of
the tank interspaces (especially between Tanks 1
and II).
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We have confirmed that essentially the same be-
haviour in beam transverse emittance increase occurs
with a more realistic distribution from the bunch-
ing simulation program (BUNCH 74 7 ) . The stray
particles outside the longitudinal acceptance
caused Less perturbation to the trapped beam than
expected, mostly falling out of synchronism and being
lost radially by 5 MeV.

On the basis of the above computations we were

able to fix the mechanical dimensions.

Choice of Other Main Dimensions

Many dimensions for the initial runs of CLASL
were based on preliminary data and calculations.
In particular, the drift-tube profiles were essen-
tially the same as at BNL and FNAL to house the
same physical design of quadrupole magnet. With
constant mean accelerating field and i)>s, the accel-
erating rate varies as the transit time factor,
i.e. falling slightly as g/L increases. Thus the
cavity diameters were chosen for an acceptable range
of T along the cavity, implying smaller g/L and D
than might have been chosen on RF economy grounds.
Further dynamics studies (1974) eventually gave no
clear reasons for changing from the 10 MeV and
JO MeV intertank energies favoured mainly for
equality of the five RF amplifiers.

The computational work described in the previ-
ous sections culminated in the production via CENLIN
of the longitudinal dimensions such as drift—tube
lengths, gap lengths, positions of support stems
(centred along drift tubes) relative to input plane
of linac, and total tank lengths. The ideal posi-
tion of RF feed loops is near the one-quarier and
three-quarters position (centrally in Tank I) and
this made the cavity section lengths rather unequal,
ranging from 3.03 m to 3.54 m. Results of analyses
and computations (ADAPT and MAPRO 1) indicated that
intertank space should be the minimum consistent
with diagnostic apparatus and mechanical and vacuum
requirements (0.15 m and 0.20 m, respectively, be-
tween RF terminating planes).

The derived quantities from CLASL (normalized
to 1 MVm"1) are renorma1ized by the axial fields
given by CEKLIN, and then in the case of dissipa-
tions increased by 30% to allow for quality of cop-
per surfaces and joints.

Details of Cavity and Component Design

Cavity Cross section

Consider the schematic cross section (Fig. 1)
which shows the azimuthal positions of components.
The girder which supports the drift tubes in a given
tank section (used on the 3 MeV experimental linac9)
is advantageous during installation, alignment, and
maintenance, as the complete set of drift tubes can
be removed through the slot. The slot geometry de-
parts from the ideal circular section, but the fre-
quency perturbation is typically only 300 kHz in
202.56 MHz. With the single vertical drift-tube
support, the post couplers in the horizontal plane
and the ion pumps below the cavities, the positions
of other components are placed between 30° to 60°

from the horizontal plane to avoid unwanted couplings
to the post coupled structure and to allow all com-
ponents (except bulk tuners) to be accessible and de-
mountable from the outside.

Notes on Component Design

Drift Tubes. The short RF duty cycle
(< 2.2 x 10"3) has allowed a simple design for
drift-tube cooling via the support stem using the
solid copper drift-tube shell to give the required
heat transfer.

Girder Slot and Bulk Tuner. The bulk tuner
with a "T" section of width wfc, and height hjj perturbs
the frequency as if it reduced the sectional area by

6Ab = w bh b + 2(kbh£) ,

where the second term represents the shadow effect
on the H^ field. Measurements on a model of Tank II
gave values kb - 1.3, so for a frequency perturbation
+ 500 kHz (at 202.56 MKz) , wj, - 50 mm and hb = 35 mm
are required. For the girder slot we would expect
As = l»'shs - 2(kshj) assuming that ws > 3hs, and we
have measured ks

 ft 1.0. However, there is uncer-
tainty in the slot region due to the drift-tube sup-
port stems. Until we have the cavities fully assem-
bled, the final size of bulk tuner remains uncertain,
but we estimate that a nominal bulk tuner perturba-
tion of +500 kHz is required.

His ton Tuners. There is one piston tuner per
tank section (10 total). At- the normal RF duty cycle
(0.6 x 10"3) tiiere will be two tuner*: per cavity for
automatic frequency control, with the other r>n Tanks
II and III used for manual setting-up.

RF Feed Loops. There are five coupling loops
each corresponding to an RF amplifier and hence Co
10 MeV acceleration. All loops are adjustable in are:i,
to present a 50 fi match to the amplifiers for all ac-
celerated currents. The RF window is at *"« *i/2 from the
loop.

RF Monitoring Loops. These are in air but
couple to the H^ field through pyrex thimbles spaced
regularly (every four cells) along the accelerator.

Experimental Work on Post Couplers

The advantages of stabilized structures for im-
proving transient response and easing of manufactur-
ing tolerances are well documented10, and in particu-
lar the post coupled structure is compatible with the
single drift-tube support. We have extended the prin-
ciple to lower energies, evaluated different post
periodicities, and shown that a tilted field can also
be stabilized. The first measurements were made on :i
500 MHz model of the LAMPF Tank 1 (31 cells from 0.75
to 5 MeV) borrowed from LASL a' . Axial fields were
measured by frequency perturbation ("bead pull").
Field stability against large frequency shifts in end
cells was demonstrated for one post coupler per drift
tube (N-l), one per two drift tubes (N«2), and so on
up to N*6. Successive posts were on alternate sides
of the cavity. Although for the higher periodicities
the axial field was less stable between the post

a) The generous help of D. Swenson and E. Schneider
is gratefully acknowledged.
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couplers, there were adviinta^es in ease of setting-
up and in increased spacing of the post coupler modes
(which could provide the bandwidth limitation for the
fast RF level control). For this short cavity
(L » 2.2X) the T M D H mode was displaced from "- 11 MHz
to "v- 17 MHz above the TMo l o mode so that for the
greatly improved stability the slope in the disper-
sion curves at the operating mode must be cited11.

A study has been made of the post couplers,
girder supports and other components on a 500 MHz
model of Tank II, It was possible to operate both
with a circular section cavity and then with a sec-
tion like the actual cavity (Fig. 1). Initially the
field distribution before stabilization was tolerably
flat, but with the girders raised the field decreased
by 53% along the cavity. With post couplers properly
adjusted, we obtained the expected stabilized field.
Stabilization was possible for coupler periodicities
N = 1, 2 but not for N > 3. The N = 2 case was
easier to stabilize, and for the lo.iger cavity (L =
• 8.8X) the normal mode spacing (TMoio-TMon) of
0.59 MHz was increased to 2.63 and 2.53 MHz, for
N - I and N » 2, respectively. For the actual linac
we have chosen N = 2 for Tanks I and II and N = 1
for Tank III.

For Tank I the mean axial field must increase
linearly along the tank by 2lt. Measurements using
the eccentric tabs on the posts showed that with
all tabs pointing towards one end a significant
field tilt could be obtained (e.g. for Tank II with
N = 2, a field increase by * 2.6 from input to out-
put). For adjustments under vacuum we prefer ori
Tank I an arrangement which rotates the post about a
vertical axis at the cavity wall through t5 in the
horizontal plane. Stability is maintained over this
range of rotation so we can set up the specified
field tilt or other fields, e.g. for the accelera-
tion of deuterons.

Although we obtained good stabilization of the
field with the girders raised along the model cavity,
measurements along the cavity showed large (5 ) and
periodic phase variations in Ity, due, it is assumed,
to the post excitation necessary to counteract the
unstabilized field errors. On the linac we will re-
duce the field errors with bulk tuners. (The phase
of the axial electric field should be less affected
by post excitation.)
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TABLE I

STRUCTURE PARAMETERS

Parameter

Input energy

Output energy

Cavity length

Distance to next cavity

Cavity diameter

Number of unit cells

Number of post couplers

Drift tube diameter (d)

Bore hole diameter (HD)

Upper profile radius (r)

Lower profile radius (rfoc)

Support stem diameter

Post coupler diameter

Gap/cell length g/L

Axial transit time factor (T)

Synchronous phase (̂ s)

Mean axial field (E)

Peak surface field

Cavity RF power

Beam RF for 150 mA

Quadrupole effective length

B' for YD, u = 39°, I = 150 mA

Unit

(MeV)

(MeV)

(m)

Cm)
(m)

(mm)

(mm)

(mm)

(mm)

(nan)

(mm)

(°)
(MVm"')

(MVm"')

(MW)

(MW)

(mm)

(Tm-1)

Cavity
No. I

0.75

10.35

6.939

0.15

0.94

52

25

180

20, 25

20

4, 5

28

25

0.222-0.314

0.676-0.804

(-35)-(-25)

1.790-2.164

10.0-9.3

0.60

1.44

35,40,55,80

93-32

Cavity

No. II

10.35

30.48

12.958

0.20 •

0.90

44

21

160

30

40

10

40

25

0.201-0.294

0.873-0.835

-25

1.994

12.6-9.6

1.12

3.02

114

23-20

Cavity
No. Ill

30.48

50.00

13.359

-

0.86

32

31

160

' 30

40

10

40

25

0.262-0.316

0.865-0.816

-25

1.920

10.0-9.7

1.17

2.93

114

20-19

POST COUPLER

s / / S / / s / s s

Fig. 1 Cavity cross section (schematic)



THE STATUS OF THE SUPERHILAC

H. A. Grunder and F. B. Selph

Lawrence Berkeley Laboratory, University of California
Berkeley, California 94720

The SuperHILAC is an Alvarez linear accelerator
designed to accelerate all ions to a maximum energy of
8.5 MeV/u. It functions as an essential part of two
research programs of national importance—first, as
a supplier of beams for research at less than 10 HeV/u,
secondly as an injector for the Bevalac facility,
for nuclear physics and medical research at energies
greater than 200 MeV/u. This duplication of effort
from a single accelerator is made possible by the
utilization of a technique known as timeshare--two
different ion beams are accelerated independently
through the same linac structure. Recent operation
has been in the mass range 12 « A < 136. Usually,
a heavy ion (A > 40) is delivered to the SuperHILAC
experimental area for nuclear physics experiments
while concurrently delivering a lighter ion (A < 40)
to the Bevatron for further acceleration (max.
2.5 GeV/u) to be used in experiments exploring the
physics of very high energy heavy ions, in investi-
gations of radiation biology, and in preclinical
tests as a tool for cancer treatment.

Recent operating experience is reviewed.
Also discussed are recent major improvements which
have made to the accelerator, and a proposed improve-
ment which will increase reliability and beam intensity
for the very heavy ions (A Z 84) by adding a third
injector of improved design.

Facility Description

The SuperHILAC (Fig. 1) provides a wide
variety of heavy ion beams for use in programs of
basic research. It is an Alvarez linac of large
duty factor (~30%), and provides a range of contin-
uously variable energies (2.4 to 8.5 MeV/u). The

linac has been previously described.' The prestripper
accelerates ions from 0.113 HeV/u to 1.2 MeV/u. After
stripping, the beam is accelerated in the poststripper
to the final desired energy. The energy variation is
accomplished by dividing the poststripper into six
independently driven rf sections, each with about
1 MeV/u energy gain. Discrete jumps in energy are
obtained by simply turning off the appropriate
sections. A continuous variation of energy is
obtained by proper adjustment of rf gradient in the
last active section.

The SuperHILAC experimental area at present
consists of 11 beam lines serving 8 experimental
caves (Figs. 2 and 3). In addition, a transport line
provides a beam for injection into the Bevatron, as

pa>'t of the Bevalac facility. Changes of 1on, energy,
or beam line are frequent~on the order of several
times per week. Normal operation is the timeshare
mode--i.e., simultaneous delivery of beams to a
SuperHILAC user and to the Bevalac. In addition, the
Bevalac facility may also have simultaneous users.

Operation of a facility of this complexity
requires the orderly manipulation of a vast amount
of data. A network of minicomputers is used to run
the SuperHILAC, with disc storage of operating
parameters required for different Ions. Setup of a
new ion beam starts with calling in the appropriate

machine parameters from the disc. The computers
contain a table of machine settings for each beam
being timeshared. A timeshare table supplied to the
computer determines the sequence of pulses devoted
to the respective ions.

Multi-Ion Acceleration

In the linac, focusing is accomplished by
means of quadrupoles incorporated in the drifc tubes.
The prestripper contains 135 quadrupoles and the
poststripper 70. The quadrupoles, all but two of
which are operated d.c, form a strong focusing
channel which will accept a wide range of beam
rigidities.

Acceleration will be possible only if particles
have the proper energy at each point along the linac.
However, ions with radically different charge to mass
ratios q/u (and hence different rigidities) can be
transmitted without loss providing acceleration con-
ditions aje met. For acceleration the electric
gradient E must satisfy the relation E q/u > C, where C
is some constant. The rf is turned off after each
pulse and turned on anew for the next pulse. For
timesharing ions of different q/u, it is simply
necessary that for each pulse, £ be set appropriately
for the ion being accelerated. Since the SuperHILAC
contains eight independently driven rf tanks, the rf
gradient for each tank, a? well as the phase between
tanks, must be set each pulse for the ion being
accelerated.

The real problems which arise in multi-ion
acceleration come from second order effects. In
transverse phase space, beam wandering due to
quadrupole misalignment depends upon focusing
Strength of quadrupoles, and will be different for
the beams of different rigidity. The compact con-
struction of the Alvarez linac leaves little
possibility for observation and correction of mis-
alignments within the linac. Consequently, while
tuning the linac for optimum transmission of an ion
beam can be an exacting task, tuning the linac for
simultaneous transmission of two ion beams of
different rigidities is a task of much greater
difficulty. However, several tunes for particle com-
binations have been successfully developed and are
being used routinely.

Timeshare Operation

There are two injectors, each with its
associated d.c. transport line, which converge at the
entrance to the prestripper (Fig. 1). There a pulsed
switching magnet (PM1) bends the appropriate ion
Into the linac. The switching magnet can be changed
from maximum negative to maximum positive magnetic
field 1n 8 msec. At the poststripper exit, another
similar switching magnet (PH4) bends the ion beams
into the appropriate transport line.

There are three modes of operation which are
of Interest with respect to time-sharing at present.

1) Sharing on a pulse to pulse basis between
a SuperHILAC experimenter and the Bevalac, for
example 34 pps going to the SH user and 2 pps to
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the Bevalac. The Bevatron uses one pulse every 4 to
•5 sec for acceleration, the remainder arc used for
tuning the transfer line.

2) In addition to 1, a parasitic SH user,
takes perhaps 1 pps of either beam to test counting
equipment, measure energy or charge state, etc. The
potential advantage in using parasitic beams is
enormous, for much important work can be done with
these beams without lowering the duty factor of the
primary user appreciably.

3) The primary beam being delivered to the
SH users is shared between two users in such a way
that duty factor is conserved. This is done by use
of a "beam splitter" magnet with a thin septum. In
this case the ion species and energy are the same for
the beams delivered to the SH users. This beam
splitter facility is not now available but is planned
as a future improvement (see below).

The first timeshare operation occurred in
April 1975. The pulsed components--rf and switching
magnets—operated satisfactorily from the first.
Interference between the tuning requirements for the
beams was a serious problem at first but as the
operators' skill in simultaneously controlling two
different beams improved, the interference problems
became much less severe. At present, when two
different ions have been tuned up, the intensity of
each beam is approximately what one would expect if
the accelerator was running that beam alone. The
computer control system, a vital ingredient in
achieving smooth timeshare operation, will be discussed
below.

Operating Experience

The SuperHlLAC is operated for about 10 months
of the year, with usually one major shutdown during
the year to incorporate substantial improvements.
This is a pattern that seems to work well because it
combines a maximum of running time while allowing a
satisfactory rate of improvement. During running
periods, operation of the SH is as continuous as
possible, in order to minimize time lost in start-ups.
Operating staff is about 84 people, with 10 accelerator
operators and 11 electrical maintenance technicians
on shift duty to run the machine. The remainder of
the staff provide support in the form of electrical
and mechanical technicians and engineers, physicists,
computer specialists and administrators. This operat-
ing staff is the minimum number which can run the
SuperHlLAC efficiently, with each person performing a
necessary task and with no waste effort.

Utilization of the machine is determined by a
Program Advisory Committee, composed of leading
nuclear scientists, which accepts proposals for
experiments to be performed at the SH and assigns time
based on its' evaluation of the scientific worth of
each proposal. A similar committee functions to
assign Bevalac time. The operating schedule is then
worked out by the operating staff in consultation with
users' representatives. This is not a trivial task,
for there ara a great many constraints which must be
taken into account if the operation is to go smoothly.
A typical schedule for the SH/Bevalac covering a two
week period is shown in Fig. 4. In this period,
carbon is being used by the Bevalac, neon by the
Bevalac and by a SH user, krypton by three SH users.
The SH must be tuned up to either a new beam or a
new beam lino, nine times.

These scheduling details, which might be
considered superfluous in a technical paper, are

introduced to underscore the following point: it is
very important to us that the SuperHlLAC operate
reliably. Groups of scientists come from all over the
United States, as well as many from outside the United
States, to do experiments. An occasional interruption
of a few hours can be tolerated, but if the accelerator
is down for a day or more an experiment will be lost,
causing great inconvenience to the group involved.
Consequently we are making efforts to improve relia-
bility. This takes the form of keeping failure records,
redesigning and rebuilding components that are prone
to failure, and improving control systems and operating
procedures to eliminate wasted time.

Operational efficiency, as measured by the
ratio of actual research hours to scheduled research
hours, has averaged 80S over the last 18 months.
Most months it has been between 70 to 90S. Since in
this accounting, source changes are included in down
time, 100% efficiency would be difficult, but some-
thing exceeding 902 would be a realistic goal. So
far this has been approached for 1 month, September
1975 with 93X.

Detailed records which have been kept of SH
operations show in the same 18 month period that if
source changes are excluded, the mean time between
failures (MTBF) has been 8.9 hours. The mean time
to repair (MTTR) was 1.9 hours. The MTTR can be
considered acceptable for a research machine, but to
achieve an availability of say 95?, the MTBF must be
increased to 36 hours.

Table I lists the major beams which have
been run at the SuperHILAC to date and their inten-
sities. It should be borne in mind that at the
poststripper exit more than one charge state is
usually measured. The amount which can be used for
an experiment varies from 100? to about 30?- depending
upon the ion and upon conditions of transport. Also,
intensities achieved for a given beam depend upon
frequency of use of the beam and upon the
experimenter's intensity requirements.

TABLE I

SUPERHILAC BEAM INTENSITIES

Ion
Ave. Particle nA
at Poststripper Exit

12C
160(180)

20Ne

40Ar

48Ca

56Fe

86Kr(84Kr)

136Xe('32Xe)

Injector

2900

1700

2100

1700

250

30

180

38

Status

The 750 kV Eve injector is used for ions of
mass up to 40, and requires a charge/mass ratio q/u

of at least 0.15 (e.g., Ne ) from the ion source.
The 2.5 MV Adam Injector Is used for heavier ions of
mass 40 or more. For Adam the q/u must be at least

These values of q/u for the0.046 (e.g., 2 3 8 U 1 1 + ) .
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two injectors provide ions of 0.113 keV/u, the energy
required for proper acceptance by the first linac tank
of the SuperHILAC.

The sources of both injectors are PIG type; the
Adam source has been recently modified by the addition
of a sputter electrode, permitting metallic ions to

be run. Performance has been gratifying--the output
of iron, for example, is comparable to the output
of krypton. A recent experiment used the sputter

source to accelerate Ca. The pure isotope was used
and as this metal is extremely rare, a single sputter
ring was used instead of the two normally used.

Source output of Ca 3 + was still above 100 pA, and
0.14 particle uA of accelerated beam was delivered
to the target. After the run, the anode cylinders

were processed chemically to recover Ca for reuse—
this is possible because very little of the metal is
actually used for the accelerated beam, near:/ all
of it condenses on the ion source, mostly the anode
cylinder.

Other recent improvements to Adam inclu&e
replacement of the telemetry system with one which
is noise-free in operation, and installation of a new
accelerating column supplied by National Electrostatic
Corp. (Fig. 5). The new column is modular in 12 in.
sections bolted together. Rings are titanium, with
alumina spacers. Diaphragms with 2 in. diamec-r
apertures are installed on 13 in. centers as electron
traps. This new column has much lower electron
loading than the old, consequently better voltage
holding properties and less radiation due to X-rays.

Computer Control System

A computer control system was installed at
the SuperHILAC after the accelerator had been cunning
satisfactory with analog controls for 4 years. This
was because the greatly increased complexity caused
by the introduction of timeshare required an extensive
revision of the accelerator controls. It was felt,
as has proved to be the case, that shifting to a
computer control system at this juncture would result
in a more manageable system, with much more flexi-
bility than would be possible with analog controls.
A single computer control system was implemented in
April 1975 together with timeshare operation.
Although we were able to get the system installed
and operating quickly we knew that it would not have
enough band width to handle all of the parameters
we eventually wanted to control. Consequently, a
system possessing adequate flexibility and expansion
capability was installed in April 1976.

A schematic of the computer control system
is shown in Fig. 6. A central processor (Hod Comp IV)
is linked to operator control consoles and to standard
peripheral devices, including a 26 HW disc. It is
also linked to two smaller processors (Hod Comp It's)
which are used to control accelerator hardware on a
real time basis. A third Mod Comp II is linked to
the central in order to develop programs and operator
displays utilizing operating data which is available
to the control system. A graphics terminal is used
for this work. The remote process I/O hardware
(labeled "clusters" on the diagram) was procured
commercially. Use of commercially available hardware
has been a great benefit to the SuperHILAC system,
resulting in a lower cost for an operating system,
and a greatly reduced time for bringing the system
Into operation. These questions have been discussed

in a paper by Belshe et ai. The large amount of
core available permits much of the programming to be

done in Fortran. Anticipated expansions of the
system include installation of two more control
consoles (for a total of four), addition of core to
the central processor (for a total of 192 K). Addi-
tional accelerator hardware to be controlled in the
future includes drift tube magnet power supplies,
injection transport lines, injectors, and additional
magnets and digital devices in the experimental area.

Control Room and Operator Consoles

The modernization of the SH control room
facilities was completed in July 1976 (Figs. 7 and 8).
This work, long overdue, was slowed by the necessity
to execute the work during short shutdowns, and the
need to remove and relocate masses of cables and
piping which occupied the only available space. In
the control room, three modular racks are arranged
in a U shape, providing three work areas for operators,
corresponding to the present need for acceleration
of three timeshare beams. Each work area is large
enough to accommodate several people, and the areas
are sufficiently separated to permit these groups to
function without interfering with each other. At
the same time, the consoles are all easily visible
from a central location, and operators can easily
communicate with each other. All of these features
are important. Setting-up a timeshare beam is a
process requiring concentration and freedom from
interference. At busy times, when beams are being
tuned up, a dozen or more people might be working in
the control room. At quiet times, it might be
necessary for a single operator to keep his eye on
the whole ope-ation. The floor is carpeted, ard the
walls and ceiling are lined with acoustic tile. This
has proved to be very effective in noise reduction.
A quiet conversation at one console does not disturb
people at other consoles, but a raised voice can be
heard.

The consoles themselves were designed with
the benefit of many years of LBL experience, to be
comfortably used by a seated operator. The slant
panel is reserved for the most used knobs, the table
providing a resting place for elbows. The upper
panel is slanted inward to permit easier /iewing by
the operator.

The central console consists of a large TV
monitor, with attached pushbutton keyboard, and a
knob panel with associated keypad (Fig. 9). The TV
screen displays 48 lines of 72 characters each. The
screen is divided into three control areas. Two ere
obtained by dividing the screen lengthwise into two
equal halves. The upper half, not used at present,
is for monitor and SH status information; the lower
half contains a list of controllable devices which
are continuously monitored, such as magnets and RF.
The list of devices is long; however only 16 lines
are displayed at a time, the list being scrolled on
the display as necessary. The third area comprises
a vertical strip along the right hand edge of the
screen, 12 characters wide. In this area, 16 boxes
are delineated, each box being associated with a
push-buttom mounted along the right-hand edge of the
screen. Characters appearing in the boxes serve to
label the action which results from pressing the
button. This pushbuttom table has many uses, the
principal one being the control of two state devices,
for example actuators for Faraday cups and on-off
control of power supplies, etc.

A panel located below the TV monitor contains
4 knobs. The upper two are used for cursor control
and display scrolling, respectively. The lower two
are used for control of devices selected on the



control display by means of the cursor. Names and
associated parameters of devices selected for knob
control are duplicated on the lowest line of the
control display. To the right of the 4 knobs are
located two keypads, for functions associated with
use of knobs and for keying in numbers.

SH Experimental Area

In the spring of 1976 the experimental area at
the SH was rebuilt (Figs. 2 and 3). Objectives in
the rebuilding were—furnishing a new east cave area
containing 3 caves with 6 beam lines, separation of
the Bevalac beam line from other user beam lines,
and the provision of a means of orderly future
expansion of the experimental area (see Improvement
Plans, below). Most beam lines now have adequate
quadrupoles to permit flexible matching of beams
emerging from the poststripper, a necessity for
timeshare operation. All beam lines are now furnished
with improved vacuum pumping. Steering magnets are
placed at frequent intervals along the beam lines. In
the experimental area, all control and monitoring of
power supplies, vacuum valves, Faraday cups and
other devices, is done via the control computer. This
is supplemented by a local analog control where
dictated by operational convenience—as with vacuum
valves. Where personnel safety requirements dictate,
as with the cave gates, analog interlocks with beam
stops are employed, and override any computer
command.

The new magnet M7 (Figs. 10 and 11) which
switches beam at the entrance to the east cave area,
is the largest magnet yet built employing the unique
tapewound magnet technology, which was developed at
LBL under the leadership of Bob Main. This magnet
is able to bend the stiffest SH beams of 2.5 Tesla-m
through angles ranging from -60° to 38° A conven-
tional magnet with the same capacity would be con-
siderably larger. The asymmetrical shape of M7 was
chosen by its designer, Ron Yourd, so that the
copper and iron would fit as closely as possible to
the geometry imposed by the beam lines, thereby
saving considerable materials and expense compared
with a symmetrical design.

Another magnet of unique design is HI, the
three-channel septum magnet (Fig. 12). The magnet
provides independently controllable fields for the
two outside channels which bend through -16° and
+16° respectively. The center channel is field free
except for a small region at the exit provided with
its own small coil for steering purposes. The coils
are constructed of stacks of copper sheets insulated
from each other except for connections which
permit one current path through the vertical stack.
The stack of sheets 1s then milled to a shape
that will fit the prescribed cavity in the magnet.
Cooling is by freon which circulates in the gaps
around each coil.

Drift Tube Alignment

In March 1976 a long shutdown afforded the
opportunity to realign the drift tubes. The previous
alignment was in October 1973, at which time the rms
alignment error was lower than 5 mils rms. When
measured in March prior to any realignment, the rms
error was horiz. 5.1 mils, vert. 6,1 mils. Realign-
ment was accomplished using the pulsed wire
technique together with a sensitive "electronic
eyeball" to detect wire motion. Remeasurement
established that rms fit was below 3.5 mils In both
planes. However, it was also established by putting
the tank under vacuum and them remeasuring that

the drift tubes moved, increasing the alignment error
by as much as 2 mils rms. This movement resulted
because the drift tube support mechanism, which must
admit fine adjustment, does not lock sufficiently well
to prevent motion under atmospheric forces. In the
future, it is anticipated that realignment will be
done at 2 or 3 year intervals.

Improvement Plans

Magnets are under construction for the first
phase of the stripper analysis system (Fig. 13). A
pulsed bending magnet (PM2) located at the center of
the stripper area will switch out selected pulses
for analysis by the 72° magnet. At the focal plane
of this system stripped charge states can be measured,
as well as energy and phase of the beams. These
measurements will facilitate tuning of the prestripper
on a non-interfering basis. A possible future
development in this area, also indicated on Fig. 13
is a "loop" to return charge states to the post-
stripper after analysis, for further acceleration.
This would guarantee a single charge state for post-
stripper acceleration and produce very clean beams
for experiments.

Plans for future expansion of the experimental
area are shown in Fig. 14. At present most of the
SH users are located on one of the three timeshared
beam lines. Another pulsed magnet (PM5) will be
installed on thif line so as to timeshare between
three lines. The switching magnet M3 will be
replaced by a new three channel septum magnet similar
to the present Ml. In addition, a beam splitting
facility will be installed, which will allow splitting
a beam bunch into two or three channels, while
conserving duty cycle. This splitter magnet (M2) will
be located just downstream of PM5, so that the
split beams can be fed into the three channels of M3.

Future cave expansion has been provided with
three unfinished caves located in the North part
of the experimental area. To the South, a large area
has been reserved which will accommodate another
cave ana, as well as a large rotating spectrometer.

As part of an ambitious plan for supplying
uranium beams to the Bevalac facility, a two fiart
program is proposed. One part is the upgrading of

-7 -9the Bevatron vacuum from 10 to 10 torr to permit
acceleration of partially-stripped ion beams. The
other part is the addition to the SH of an injector
capable of supplying intense heavy ion beams. The
present injector (Adam) must accelerate high charge
states—11+ for uranium—from a PIG source, necessarily
at a much lower intensity than would be obtained from
low charge states. The proposed third injector has
been inspired by u.e great success at the Unilac of
the Wideroe linac for low B acceleration. At the
SH, a 400 kV Cockcroft-Walton will be used to supply
7+ U ions to a Wideroe, which will accelerate to SH
injection energies, 113 keV/u. This machine is
described in another paper at this conference. The
beam must be stripped to a higher charge state
(11+ U) before further acceleration. The transport
line between the C-W and the Wideroe will be
designed as an analysis system, so that isotropic
states can be separated. A schematic of the proposed
system is shorn in Figs. J5 and ?6.

Another area where improvements are planned
is in SH instrumentation. The present instrumentation
does permit adequate delivery of beam to experiments,
but it is destructive so that when beam is being
monitored, it is not delivered to the experimenter,
and when on the experimenter's target, it is not
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adequately monitored. New instrumentation 1s being
developed for non-destructive profile monitoring, as
well as energy and phase measurement. Other require-
ments to be satisfied by the new Instrumentation is
timeshare compatibility, I.e., ability to short out
different mode pulses, and digital output which can be
digested by the computer. Although analog Instrumen-
tation can be useful for specific situations, the
computer provides the most economical means for
handling the volume of complex data which will be
generated by this Instrumentation, and presenting it
in useable form to the several control consoles.
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Fig. 1 Flan of SuperHILAC.

Fig. 2. SuperHILAC experimental area, August 1976.
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Fig. 3 View of cave A, SuperHILAC experimental
area. Foreground-intersection of lines
Ell and E15.

SuperHILAC / BEVALAC Schedule
for the fortnight of August 23 to September 5, 1976

fcnl']. Tui* : No. 152
- —1 Kr.He ViMntottli

Fig. 5 View of new Adam accelerating
column, looking downstream.

Fig. 4 Typical SuperHILAC/Bevalac schedule.
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Fig. 6 Schematic of computer control system.

Fig. 7 View of control room.
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Fig. 8 View of computer room.

Fig. 12 View of the three channel septum magnet
Ml, with the top plate removed.

Portion of SuperHILAC control console
showing CRT monitor with scrollable list
of elements in lower part of screen. Note
labeled pushbuttons along the right hand
edge of the CRT.

Fig. 11 M7 installed in cave (foreground), prior
to hookup of cables and vacuum pipes.
Magnet In background is M22.

Fig- 10 M7 switching magnet during assembly.
Lower yoke, coil, and vacuum chamber
are in place.
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Fig. 13 Stripper area analysis system.
Fig. Proposed future expansion of the Super-

HILAC experimental area.

Fig. 15 Plan of proposed third injector for the SuperHILAC.

400 Mf C W Injector —i

. i Low energy
J — Dem import Wideroe linac

l Low energy beam Mnaport 2
rExiattnc

/ Pra-StripMr
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Fig. 16 Elevation of proposed third injector for the SuperHILAC.
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A VARIABLE FREQUENCY HEAVY-ION LINAC

H. Odera
Institute of Physical and Chemical Research (RIKEN)

2-1, Hirosawa, Wakoshi, Saltama, 351. Japan

A variable frequency linac, RILAC, was
planned for acceleration of ions of elements
throughout the periodic table. Total energies and
rates of energy increase per unit length were
chosen relatively small to make radiofrequency power
loss modest, to realize a high duty factor
operation. The accelerating frequency is variable
to ease acceptance of ions having very different
charge to mass ratios into an identical accelerator
structure. The scheme is also effective to relax
requirements of the large field gradients for the
quadrupols focusing magnets in the drift tubes by
use of the lower frequencies for the heavier
projectiles. A quarter wave coaxial structure
having an nhround cross section was adopted as its
resonator. Change of relative distribution of
voltage amplitudes at the accelerating gaps with
frequency was studied by the models and was found
possible to be minimized in spite of a large
frequency variation. The effective shunt impedance
of the resonators is good and allows the large duty
factor operation planned. The higher mode frequen-
cy spectrum Is simple and presents no problem for
discrimination of the unwanted nodes.

Introduction

In ths IFCR, many kinds of researches such
as solid state and atomic physics, radio- and
radiation chemistry, radiation biology as well as
basic nuclear physics have been made using lighter
heavy ion beams as boron, carbon, nitrogen and
oxygen from its cyclotron for these eight years.
A new accelerator was proposed to extend those
research activities by acceleration of heavier

particles. Following requirements were made
concerning what kind of accelerator should be
built.

1. Elements throughout the periodic table can be
used as projectiles.

2. Use of the multiply-charged heavy ion source.
3. Future extension to a larger accelerator

complex must be feasible.
4. A large duty factor in operation is desirable

at least for the prestripper part of the
multistage facility.

Combination of a low energy linac and a
cyclotron was chosen as the accelerator complex
to satisfy the above requirements. The radiofre-
quencles of the two parts should be in the integer
ratio in order to make beam transfer between them
efficient. As the specific energy booster we have
assumed a separated sector cyclotron. Revolution
frequency of the heavy ions In the cyclotron is
around 2.5 to 7 Mflz, while the radiofrequency of
dee system has to be 4 to 8 times of the ion
frequency owing to Its limited occupation width of
azimuth of the circulating ion orbit. Thus,
frequencies arouo'. 20 to SO MHz may be used for the
cyclotron. And th •- same range of frequencies is

suited for WIderoe-type low velocity heavy ion
linacs. Therefore, we decided to use the same
frequency for the both accelerators.

It is evident that change of frequency
according to charge to mass ratio of ions is
desirable for a radiofrequency accelerator. Modern
cyclotrons do so always. However, there are several
problems to be solved before one can apply this
condition to a linear accelerator. Firstly,
distribution of the voltage amplitudes at acceler-
ating gaps must not change drastically when
frequency is changed. This requirement is most
jtringent for the upstream part of the linac where
the velocity of ions is changing rapidly. Second
problem is feasibility of a high power amplifier
system which can work in the variable frequency
mode in this region. There are also other
difficulties such as increased complexity of opera-
tion. An attempt to solve first problem was made
by use of a quarter wave coaxial structure with
drift tubes attached at the open end as capacitive
loads. A reasonable constancy of the distribution
of accelerating voltage against frequency variation
was obtained. The loss characteristics obtained by
models were satisfactory and allow cw operation at
least up to 36 MHz at the planned accelerating rates.
The limit can be pushed up higher, probably to 40
MHz because much improvement of the shunt impedance
was seen in the final model over the earlier model
for which loss property was measured extensively.
The possibility of cw operation helps to dispose
the second problem by making design and operation
of the radiofrequency circuit simpler than in the
case of a low duty factor linac. The results of
those studies by models and oth^r chaiacteristics
of our linac are described below.

Structure of the resonator

Figure 1 shows structure of a model used to
determine various parameters of the real resonator.
The drift tubes hanging from the top have a large
diameter to contain quadrupole magnets in them.
Several upstream drift tubes have nearly three-fold
length of the normal unes to keep field gradients
of the quadrupole magnets in the drift tubes within
a practical limit. Drift tubes supported on the
center conductor have no magnets and have smaller
diameter than those described above. Both types
have short and thick stems. There is ,.-> problem of
the stem resonance and supplying coolant or power
feeding to the magnets is easy. Coarse frequency
tuning is made by a movable shorting plane. There
are two capacity compensators for fine tuning. The
shape of the cross section of the resonator was
determined to satisfy two requirements: a larger
dimension along the beam direction to get as many
accelerating gaps as possible and the structure
strength of the vacuum vessel.
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even less for later cavities and for lover frequen-
cies.

Cross sec::on A—A' (snO

Fig. 1 : Obround-shaped model scaled by 1/2.5.

Voltage distribution

Distribution of voltage amplitudes in the
drift tube gaps was investigated by the usual
perturbation method along the acceleration axis of
various mock-ups lined with copper plates. Local
increase of capacity distribution is seen to result
in gradual growth of the amplitudes towards the
place where the deviation exists. The phenomenon is
enhanced at high frequencies. Sensitivity to the
unequality of capacity distribution can be decreased
by forming outer conductor around the drift tubes
as shown in Fig. 1. Such a change also occured by
a large local deformation of the shorting plane.
The amplitude enhancement always exists at or near
the place where capacity and/or inductance arc
larger than other part. Following these observation
we found a method to get a reasonably constant
amplitude distribution against the frequency change.
The method is to increase the diameter of the two
drift tubes sitting on the center conductor at the
entrance and exit ends. Figure 2 is an example of
the distribution obtained for the model shown in
Fig. 1. In this case, the diameter of the two tubes
was increased to 150 mm, from the original 100 mm
diameter.

The effects of the frequency dependence on
o

the phase motion of ions were calculated. An
increase of the amplitude of motion in the phase
and energy diagram naturally occurs; nevertheless,
decrease of longitudinal acceptance and broadening
of energy definition were found not inevitable by
use of an appropriately designed chopper and
buncher system. Other effect as on the transversal
acceptance was investigated and was found harmless.
It is true that voltage holding capacity of the
drift tube array will be somewhat less for uneven
amplitude distribution than for the perfectly
uniform case. However, design fields at each gap
were chosen conservatively and sparking will not be
a problem even at the highest frequency where the
largest inequality occurs. The largest field is
less than 60 kV/cm in the first resonator and is

™\

Fig. 2: Change of distribution with frequency of
the voltage amplitudes at each gaps.

Higher modes

Resonant frequencies of various modes for
the resonator of the Fig. 1 are indicated in
Fig. 3 as a function of position of the shorting
plane. Separation of the higher modes from the
fundamental is large and the voltage distributions
of the former ones have distinct pattern peculiar
to each mode, viz., one node for f. and two for f .

There seems no difficulty in discriminating the
fundamental from the higher mode resonances. The
power feeding point is chosen at the place where
the nearest higher mode f. is difficult to be

excited. The output stage of the exciter is
designed to contain only small amount of harmonic
components in its wave form.

Loss characteristics

The effective shunt impedance obtained for
one of the models is shown in Fig. 4. The
detailed structure of the model used is not the
same with that of the Fig. 1 but can represent
general tendency of high-frequency loss of the
resonators of the present type. There is a point
corresponding to a measurement on the model, of the
Fig. 1 which has a larger cicumference and more
even current distribution for the inner conductor
than other models. The shunt impedance of the
point is excellent and we may expect similar
improvement for other frequencies. Unfortunately,
the model of the Fig. 1 was made for study of the
voltage distribution at the gaps and the loss
measurement was made only at one frequency.
Therefore, necessary capacity of the radiofrequency
power sources was estimated by the solid line of
the figure.
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Fig. 3 : Resonant frequencies of the lower few
modes.

70

60

s 50

Second*resonator

Fig. 4
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The effective shunt Impedance obtained
for models having a rectangular (solid
line) and a obround (x) cross sections.

Radiofrequency system

Six sets of amplifiers excite six resonators
separately. Tetrodes RCA 4648s will be used for
the final stages. A prototype ampllfer system
including phase and amplitude feedback loops is
being constructed in the laboratory. The set will
be tested till the middle of 1977 and then the rest
will be fabricated by a manufacturer. Automatic
tuning of the resonator Is done by a capacity compen-
sator driven by difference signal of phases picked
up from the resonator and the amplifier.

Quadrupole magnets in drift Cubes

Focusing of the heavy ions of low velocity
requires the large field gradients for the

quadrupole magnets contained in the drift tubes.
Though the gradients were somewhat relaxed in our
case by use of 3TT length for the upstream sections
and lowering of frequency for acceleration of
heavier elements, manufacturing of the compact
sized quadrupoles is still not an easy task. For

Fig. 5 : Cross section of a drift tube

a Wideroe-type resonator, small diameter of the;
drift Cube is desirable to keep capacity small in
order to obtain a good shunt impedance. The
diameter was chosen as 160 mm. Voke of the magnet
has 150 mm outer diameter leaving 10 mm for the
drift tube shell. Fig. 5 shows structure of a
drift tube.

Cooling with Freon-113 of coils and the
radiofrequency loss at the skin of tubes was
judged best for continuous operation of both
magnets and resonator. The tape-coil developed at

the HILAC laboratory and a quadrant-stacked plate-
coil devised in our laboratory were tested. As
shown in Fig. 6, the quadrant-stacked plate coil
shows excellent cooling characteristics. However,
it needs more hand-work to make it than the tape-
coll. It will be used only for the part where use
of the tape-coil is not safe. Fig. 7 is a
photograph of the tape-coil in the magnet and the
quadrant-stacked coil.

Location of the center axis of magnetic
field was determined by a rotating Hall probe.
Coincidence with the geometrical center of the
magnet was found generally good. After insertion
into the copper shell and vacuum seal by electron
beam welding, deviation was discovered in some
samples. The field center did not necessarily
coincide with the axis of copper tube inserted
between pole tips. When the deviation is too large
the bore of the copper tube was reshaped to make
the center of the new bore coincident with that of
the magnetic field. The bore center is used for
optical alignment of the drift tubes.



Arrangement of facility

I T at 122/m: Freon-113

I
40 i-

2 , C O O 4.000 S.OCO A. T.

Air-pcre lurn

Fig. 6 : Mean temperature rise of coils. Solid
line is for tape-coil and dotted is for
quadrant plate coil.

Fig. 7 : quadrant-stacked plate coil and the tape-
coil in the magnet.

The plan view of the RILAC facility is
given in Fig. 8. The maximum potential o£ the
injector is 500 kV. The high voltage platform has
a 4tn by 4m floor area and is provided with a 50 kVA
generator driven by a motor on the ground via a
fiber-reinforced epoxy -rod. The resonators are
made of copper-clad steel and have volutr.e of 13000 \
each. A combination of a 5000 1/sec crynsunic pump
and a 2000 1/sec turbo-molecular pump evacuates

each volume to some 10" Torr. The radlofrequency
amplifiers are placed closely on the side of each
resonator and are coupled with short capacitive
feeders. The strength of coupling Is adjustable
remotely by changing depth of insertion of the
feeder. A switching magnet distributes beams to
five directions.

Particle energies

The maximum energy of particles Is variable
depending on the voltage holding capacity of drift-
tube gaps. When the maximum mean field is 50 kV/cm,
total energy obtainable is lbq MeV. Here, q is the
charge number of the ion. If the voltage at each
gap can be increased by a certain factor, say 1.2,
particle energy will increase by the same ratio
and the frequency of acceleration has to be higher
by the root of the ratio, approximately 1.10. For
the large mass elements for which the low frequen-
cies are used and power loss is relatively small,
this is quite possible. At present, particle
energies are calculated as 16q MeV for light ions
and 20q MeV for heavy elements. Table I shows an
example of-particles and energies. The charge
states o£ ions in the upper part of the table are
those obtainable with the conventional PIG ion
sources. In view of the recent advance of ion
source technology, much higher charge states may be
expected for heavy elements. In that case, the
particle energies can be increased by a large
factor. The lower part of the table gives such
cases.

Tig. 8 : ?lan view of the accleratox facility.



Element

Ne- 20
Ar- 40
Xe-132

Xe-132
U-238

TABLE I

EXAMPLE OF PARTICLE ENERGIES

Charge state

5+
6+
8+

15+
30+

Energy
MeV
80

120
160

300
600

Conclusion

Frequenc
MHz
44.7
33.7
24.6

33.7
35.5

A variable frequency structure of a drift
tube linac was Investigated. Chinge of distribution
of voltage amplitudes along the axis of acceleration
has been studied by a number of models. It was
found possible to keep change small by simply
making the outer diameter of two drift tubes which
are at the ends of the tube ai ray on the center
conductor of the resonator laiger by a certain
amount than others. Effective shunt impedance
obtained by the models is goon and a large duty
factor (macroscopic) operation is possible.
Higher mode spectrum is simple and discrimination
of wanted from unwanted mode presents no problem.
The large duty factor together with the frequency
variable characteristics, this linac can be an
attractive prestripper accelerator for a large
heavy ion facility using a cyclotron as an energy
booster.

The constructional work has started last
year and the first resonator will be installed by
the end of 1976. It will be coupled with a power
amplifier which is also under construction and will
be evaluated for next half year. The rest sets of
resonators and amplifiers will be completed till
the end of 1978. Acceleration will begin in the
fall of 1979.

In view of the good high frequency charac-
teristics, this quarter-wave structure may be used
for a fixed frequency linac as well. If there is
no need of {requeues change,its sttuctwre can be
much more simplified as shown in Fig. 9. It will
be useful as a low B structure with its construc-
tion convenient for supply of power and coolant for
the focusing elements. Uniform voltage distribution
along the acceleration axis makes it simple to
calculate velocity profile in the accelerator.
Although partitions may be required to divide the
accelerator volume into sections where different
voltage amplitudes must be used, the cylindrical
outer shell can be common and long. Tolerance of
machining is not tight and tuning is not very

critical since its higher mode is amply removed.
Incidentaly, the resonator resembles a half
Pottier's cavity based on the H-mode resonance of a

4
cylindrical cavity.
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SPIRAL LOADED CAVITIES FOR HEAVY ION ACCELERATION

A. Schempp and H. Klein
Institut fur Angewandte Physik

Universitat Frankfurt/Main, D6OOO Frankfurt/M., FRG

A transmission line theory of the
spiral resonator has been performed and
the calculated and measured properties
will be compared. Shunt impedances up to
50 Mf2/m have been measured. In a number of
high power tests the structure has been
tested and its electrical and mechanical
stability has been investigated. The static
frequency shift due to ponderomotoric
forces was between 0.2 and 50 kHz/kW
dependent on the geometrical parameters
of the spirals. The maximum field strength
obtained on the axis was 16 MV/m in
pulsed operation and 9.2 MV/m in cw,
corresponding to an voltage gain per
cavity of up to 0.96 MV. The results
show that spiral resonators are well
suited as heavy ion accelerator cavities.

Introduction

Fig. 1
Schematic drawing of the spiral resonator

Theory and low power level experiments

During the work on slow wave struc-
tures for use in linear heavy ion accelera-
tors spiral loaded cavities for very low
energies (frequency % 15 MHz, 6 < 1 %) were
studied in Frankfurt in 1968. Since these
spirals with their tubing lengths of about
5 m were too unstable, this investigation
had been stopped. New work on this struc-
ture was started after 1973 when it was
proposed as postaccelerator structure1""
for higher particle energies at frequencies
of about 100 MHz allowing spirals with
relatively short and stiff tubing.

A schematic drawing of a spiral
loaded cavity is shown in fig. 1. The
spiral is excited to A/4-oscillations with
the maximum voltage on the drift tube.
Properly choosing the drift tube dimensions
and the rf-phase an ion can gain up to two
times tne voltage between the spiral drift
tube and the tank end plates. The spiral is
perpendicular to the beam axis and the
change of the field distribution between
the drift tubes caused by a change in spiral
parameters is neglectable. Therefore spiral
and drift tube geometry can be optimized
independently. We developed a model to
describe the properties of such spiral
resonators and to allow a systematic opti-
mization1. Besides this we have done a great
number of low power level measurements to
prove the theory and of high power tests to
study ponderomotoric effects and to improve
the construction of our single spiral
loaded cavities for applications as heavy
ion postaccelerator, buncher and rebuncher
cavities.

The spiral resonator is assumed to be an
Archimedian spiral with constant pitch s
in the cross-section plane of a cylindri-
cal cavity which is closed with end plates.
A modified transmission line theory based
on the theory for short helices6'7 is
used tc calculate the current I and the
voltage U along the spiral tubing. The
induction law leads to the change in
voltage induced in one winding of length
1 = 2TTT

3U
3r

±
atA continuity equation follows from the

displacement currents to adjacent windings
and end plates:

fr = " sit ( c ° r U " K° r s' : z)

Considering the skin effect a
relation between the magnetic flux $
and the current I is obtained from the
flux distribution between the windings and
between spiral and tank end plates.

I = I ,_22_ * - S 2 K " 3?*

The capacities C,K between two windings
(C = Co " r) and between one spiral winding
and the end plates (K = Ko x r) must be
inserted for the different tubing cross
sections.

These eciuations can be solved only
numerically, for example with help of a
Runge-Kutta method. Boundary conditions are
the grounding point on the outer conductor
and the termination on the axis (r = 0) by
a capacity replacing the drift tube.
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The lowest mode is similar to a
X/4-oscillation. Fig, 2 shows the voltage
and current distribution along the spiral
tubing. The measurements were done by bead
perturbation method using disc and needle
shaped probes8.

For the shunt impedance r,
following definition is used

the

Wlfart

0 , the maximum voltage on the
drift tubs, is obtained by integrating the
peak electrical field E along the beam
axis of the resonator of length L.

Fig. 2 Current and voltage distribution
along the spiral tubing

lEj dz

For the calculation of the power
loss N the current enhancement between the
spiral windings is considered in a way
similar to the method used for helices9

(losses in the outer conductor are neglec-
ted) . The transit time factor is not con-
sidered in this definition of shunt impe-
dance, because as mentioned above, spiral
optimization is in practice independent
of the drift tube arrangement which can be
optimized separately. Figs. 3 and 4
illustrate for some examples the parameter
dependance of the shunt impedance. In fig.3
the shunt impedance n of spirals as
•function of the pitch s is shown. The
• curves ixi fig. 4 show the shunt impedance
as function of the length L for different
spiral tubing cross sections.

The theory indicates that the
shunt impedance decreases with increasing
tubing diameter d and that an optimum
value for the ratio of pitch s to wire
diameter d of s/d % 2 should be chosen.
The limits imposed by the required
stability of the spirals and the cooling
water flow thus become clear.

Fig. 5 shows the parameter
dependance of the shunt impedance if only
one parameter is varied, referred to the
optimized value of n = 38,2 Mfi for a spiral
with I * i'O cm, d = 2.0 cm, s = 4.0 cm,
gapwidth g « 2.5 cm,and drift tube length
5. cm for a frequency of 108.5 MHz.

The thick tubing was chosen to have
sufficient stability, which varies roughly
proportional to d* as will be shown later
in the experimental data.

CMft/ml
50

30

10

0 15 25 35 stem]
Fig. 3 Shunt impedance n of spirals as

function of the pitch s. Tubing
diameter 1.2 cm, frequency 100 MHz,
tank diameter 35 cm

20

K> 20 30 LCcml

Fig. 4 Shunt impedance ri of spirals as
function of the tank length L for
different spiral cross sections.
Tubing diameter 2.0 cm, tank diameter
35 cm. pitch s 4.0 cm



Table 1 shovs the parameters and
the shunt impedances for the ten spiral
resonators, which had been studied in high
power tests. The measured and calculated
values of the shunt impedance n are in very-
good accordance. Values for n up to
SO Mfi/m and for R = tvL up to 8 Mfi were
measured. "

High power tests

A number of high power tests was
made to investigate the operating stability
of the spiral at field levels necessary in
working accelerators and to test the sizing
and the mechanical construction of tha
spiral, the rf coupling, the drift tubes,
the tank dimensions, and the cooling system.

For these tests a transmitter was
used which delivers a rf power up to
N = 100 kW (duty cycle 100 % ) , resp. N =
2OO kW (duty cycle 25 %) at a frequency of
1O8.5 MHz. The rf power is fed in by a
50 £2-coaxial line and a small watercooled
loop. Impedance matching better than 50 dB
could be reached by adjusting the angle
between the loop and the spiral plane. The
cooling of the spiral conductor and the
drift tube was provided by an additional
tube inside the spiral as indicated in
fig. 6 (except spirals IV- VII which are
constructed of two parallel tubes brazed
together).

tM$?/rn)j

20

d

60s
10

125

20

25

Fig. 5 Shunt impedance n of spirals
referred to an optimized spiral if
only one parameter is varied

Fig. 6 Cross sections of the spiral tubing
for the spiral resonators tested.

Table 1

Parameters cf the spiral resonators

No. of
the
spiral

I

II

III

IV

V

VI

VII

VIII

IX

X

tank
length
L
fen;

14.7

14.7

13.4

27.0

20.7

18.0

16.2

27.5

18.0

20.0

tank
radius

femj

12.0

12.0

12.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

pitch s

femj

1.4

2.4

1.7

3.1

3.1

3.1

3.1

4.5

4.5

4.0

spiral
tubing
diam. d
Ccnj

0.8

1.2

1.2

2 x 1.2

2 x 1.2

2 X 1.2

2 x 1.2

0.5 cm
•dgn rsdlua
2.0 X 2.0

2.0 X 2.0

2.0

gap
widt
g
Ccm]

5.85

5.85

2.2

8.5

5.8

4.0

3.1

8.25

3.5

2.5

t h e o r y

R. 1 n.ff opt. R np partlol* v

energy
(MBJ {US/ml [Ud/ml IHeV/Hl [Ha]

3030 7.4 50.1

265O 7.4 49,9

2695 5.1 38.4

4430 8.1 29.9

4270 7.15 34.5

4125 7.05 39.2

4030 7.0 43.0

4275 6.6 24.0

4330 6.0 33.5

4810 7.7 38.8

30.4

30.3

30.6

20.1

24.3

28.6

33.3

17.3

2.3

2.3

0.8

5.0

7.7 52.5

7.3 49.7

5.3 39.8

4.5 8.1 29.8

2.75 7.5 36.3

2.0 7.15 39.8

1.8 6.9 42.5

6.7 24.5

27

31

.6

.8

2

2

.is

.0

5.

7.

9

6

32

38

.9

.2



Fig. 7 shows a general layout of the
test devices. Ten spiral resonators were
tested at rf power levels of 40 kW or more.
Each of them has to be tuned up with power
levels of about 20 kW at small duty cycle
for some hours. After this conditioning
the resonators could also be operated at
very small power levels without multi-
pactorlng. The first spirals with thin
tubing diameter showed a large frequency
shift due to radiation pressure and
amplitude modulation of the tank pick-up
signal. These oscillations are favoured by
the fact that the spirals can only be fixed
mechanically at the grounding point. An
additional effect comes from the current
maximum on the first winding as shown in
fig. 2. At high field levels such spirals
can only be operated with sophisticated
and expensive control devices.

Therefore we increased the tubing
diameter and wound the spirals with a
greater pitch to improve stability. Table 2
shows the results of the high power tests.
In comparison with spirals I - III, the
spirals IV - v n have a smaller static
frequency shift Afatat« which indicates
a light increase wlcn smaller gap widths g
and tank lengths L. These tests were made
in a tank with movable end plates. Thus
tank and spiral geometry remained unchanged,
except the spiral had to be shortened to
give the proper resonance frequency of
108.5 MHz.

At levels of about 50 kW (duty cycle
100 %) the static frequency shift neverthe-
less had values of more than 100 kHz, which
is clearly more than the bandwidth. Under
such operating conditions one has
"overhanging" resonance curves and there-
by needs sophisticated control devices.
For further improvement of. the stability
the next spirals were milled out of a
copper plate and brazed together as indi-
cated in fig. 6. With this method the
spirals could be riuc'.e with a tubing
diameter of 20 mm and a wall thickness of
4 mm. Tie experiments shoved a very small
freque:?c/ shift of less than .0.2 kHz/kW,
and tlu tendency to vibrations was
considerably reduced.

These milled spirals could be run
in pulsed operation even without any control
loop with a phase ripple between spiral
pick-up and power line of less than 1 at
a rf power of 20 kW (dut-, cycle 20 %) .
With our control loop (uaiiwidth 25 ' •'•».)
the spiral resonators VIII and IX can be
operated with a phase ripple between
0.1 ° and 1 ° dependent on the rf input
power level. Only if the pulse repetition
rate equals a mechanical resonance up to
10° were measured.

Fig. 8 shows a view of bpiral
resonator X with rf coupling loop and
tuning ball.

Fig. 7 Block diagram of the high power
test arrangement

Table 2
•Results of high nower tests on

soiral resonators

ip lra l
iKKj [KV/B] IHV1 [k»]

••««
»t*tic fre-
quency thlft
" ".ft
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II

IV
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u

4S
49

41

40

40

40
•!

80
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9.2
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0.45 .

0.45 J

0.46 ]
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16S
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10

U
,4,

7.

ISO 13.

.1

.5
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.3

• 0

• 9

.0

O.74
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0.93

0.91

0.88

0.90

0.88

0.9C

20
2.1
2.2
2.5
3.2

< 0.2
< 0.2

Fig. 8 View of spiral resonator X
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Spiral X is under test now and rf power up
to 150 kW in pulsed operation, has already
been achieved. This spiral has a higher
shunt impedance and preliminary results
indicate that their stability is as good as
of spirals VIII and IX.

As can be seen in Table 2 rf power
levels up to 85 kW (duty cycle 100 %) and
165 kW (duty cycle 25 %) and axial field
strength up to 16 MV/m could be obtained.
The corresponding voltage gain was 0.68 MV,
resp. 0.96 MV per section.

Possible Applications

These good results show that such
spiral resonators are well suited for post
acceleration of heavy ions with a MP Tandem
as injector. For example a chain of 30 of
such resonators, which are individually
phased, provide a voltage gain of 15 MV
with a total length of about 7 m (with
integrated quadrupoles) and a power consump-
tion of only 40 kW pei." section.

This voltage gain leads to final
er.argies of 6 MeV/N for Br 26 and of
12 MeV/N for C+6, using the general layout
and the data of the Tandem machine described
in1 Fig. 9 shows a possible arrangement
for such a resonator chain. The acceptance
with cne singulet quadrupole per cavity
is 3.0 cm mrad (normalized), using only one
singulet for every second cavity 1.3 cm
mrad are calculated. Further details and
other focusing methods see ''.

Since the cavities can be operated
at much higher field levels than assumed
here, the voltage gain of the post accele-
rator can be increased up to a factor of
two by running with higher rf power in
pulsed operation. Other possible applica-
tions of spiral resonators are their use
for buncher, rebuncher, and for injector
linacs for synchrotrons.

Conclusions

The results of calculations and
experiments show that spirals can be built
with high shunt impedance and very good
stability. In CW operation field strengths
on axis up to 9.2 W/m (16.1 MV/m, duty
cycle 25 %) corresponding to voltage gains
per section of 0.68 MV (0.96 W ) were
achieved. With such stable spirals oscilla-
tions and static frequency shift can be
supressed almost totally. With 100 % duty
cycle phase ripple could be made smaller
than 1 .0 ° for a rf power of 80 kW.

Increasing the mechanical stability
of the spirals causes a drop in shunt
impedance but the operation range can be
shifted to very high power levels without
high control device requirements. The high
shunt impedance and the good stability lead
to obvious advantages compared to short

Pig. 9 Block of spiral resonators

A/2-helices in the energy range up to
5 MeV/N (above 5 MeV/N helices have
comparable shunt impedances and are as
stable as spirals, because they can be
made of thick tubing, too'2). The construc-
tion of the spiral, the tank, the water-
cooled rf coupling with the rubber sealed
alumina disc, and the slow tuning device
are well proved, so that we now have
spiral resonators, which are adaptable for
use in modular assemblies of independent-
ly phased resonator chains, as heavy ion
post accelerators or injectors into
synchrotrons for variable charge to mass
ratio, or buncher and rebuncher cavities.
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DISCUSSION

D.A. Swenson, LASL: You gave the figures for the
peak electric field on the axis, could you also give
a figure for the average value of the electric
field on the axis?

Schempp: We obtained average field strengths of up
to 4.2 MV/m in cv operation and 5.5 Mv/m in pulsed
operation.
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Abstract

The prastripper section of the Unilac has
been developed to accelerate heavy ions with a rnini-
r-ium charge/mass ratio of 11/238 from the specific
energy of 11.6 KeV/u to I.4o5 rteV/u. It consists
of four Wideroe type accelerating tanks which are
very suitable for acceleration in the range of very
low particle velocities. With the development of
the coaxial line structure it has been possible to
install a strong focusing system in a WideroV ac-
celerator for the first time.

This papBr reviews the design principles,
calculations, and various measurements with rf models
needed to determine the drifttube tables and tha
geometric dimensions of the four Wideroe tanks.
During the first year of operation it has been
proved that the characteristic parameters and the
performance of the four Wideroe tanks agree very
clusely with the design values derived from model
measurements.

The Wideroe tanks, up to now, have been used
successfully to accelerate Ar-, Kr-, Xe-, Ti-, PD-,
and U-ions. Though designed for the charge/mass ratio
of 11/238, the rf power levels of the machine could
be raised to the values needed for acceleration of
ions with a minimum charge/mass ratio of 9/238.

Introduction

The Unilac built by the GSI at Darmstadt
was completed for the most part, in the middle
of 1975. Since this time a greaH. d-jal of practical
experience with the machine has been collected.

The design principles of the Unilac accele-
rator as a whole haje been given in former publi-
cations '"3. Further details about the machine itself
and about results of machine experiments during
the first year of operation are given in the reports
presented at this conference 2 1 " ^ .

WIDEROE TANK1 WIDEROE TANK2 WIDEROE TANK 3 WIDEROE TANK U

MODE =11/31!, 36 GAPS

W/A =0.012-0 .217MeWU

WT0T =2.76-51.6 MeV

P =0.50-2.16%

BMAX = 1 0 5 kGAUSS/CM

PPEAK =110 kW(DF25%)

E"GAP * 6 7 MV/M

Z S E F F =49 M B / M

OTANK = 11000

=IT / IT ,36 GAPS

= 0.217-0.594 MeV/u

= 51.6-141.4 MeV

= 2.16-3.57%

= 5.1 kGAUSS/CM

= 269 kW IDF 25%)

: 70 MV/M

= 65 Mfl/M

= 12900

=IT/IT. 30 GAPS

= 0.594-1.013 MeWU

=141.4-241.1 MeV

= 3.57- 4.66 %

= 3.3 kGAUSS/CM

= 406 kW IDF 25%)

s 6.7 MV/M

=13100

=ir/ir 26 GAPS

= 1.013-1.407 MeV/U

=261.1-334.9 MeV

= 4.66-5.49%

= 3.2 kGAUSS/CM

= 460 kW (DF25%)

i 5.7 MWM

= 33Mfi/M

=13600

Fig. 1: Layout, dimensions and characteristic parameters of th' four WiderHe tanks of the Unilac prestripper.
The four tanks run at tha resonant frequency of 27.1o MHz. The structurs was designed to work with a
minimum charge/mass ratio of 11/236. Experiments showed that t'ie minimum charge/mass ratio can be reduced
to 9/238 without any problems. The given rf power levels and elactric fields refer to the last value.
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In the following a review is given on the •
design considerations, calculations, and experimen-
tal investigations for the development of the Unilac
prestripper section. The performance of the acceler-
ating tanks used In this section is discussed in the
last chapter.

The Unilac prestripper section has been
designed for acceleration of heavy ions with a
charge/mass ratio >_ 11/238. With the dc preacceier-
ating voltage limited to about 3oa KM it follows
that the injection velocity far the prestripper
accelerator has thr unusually low value of
6 = v/c = o.5 \. Tht particle velocity at the enri
of the prestripper section -,ji fixed to 6 ' r.^ °o.
corresponding to a specific •" *̂ y of 1.4 fW/u,
the optimum energy vor suri, ing ',.< a 1o i1eV/u
machine.

The unusually low particle injection velocity
of the prestripper section demands an rf accelerating
structure operating at ubout 1o-3o MHz- In this
fiaquency range the use of an Alvarez structure is
ruled out because of the prohibitive dimensions of
the resonating cavity.

The Wideroe accelerating structure **, often
named a Sloan and Lawrence structure also ^, is based
on a transmission line resonator and is, hence, most
appropriate for the frequency range in question.
The fact that there exists no reliable procedure to
calculate the dimensions of this structure and that,
therefore, the design ha: to be based on quite
delicate and time-consuming model measurements, may
be one reason that only few Wideroe-type acceler-
ators have been built f""9 in the past.

Fig. 2: View of the four Widerbs tanks in the Unilac prestripper section, as seen from the injection side.
In the background the stripper analysing system, the entrance to the 1.4 MeV/amu experimental hall, anti
part of the first Alvarez tank can be seen.



The Unilac prestripper section consists
of four Widerue accelerating tanks. Thcj overall
dimensions and the characteristic parameters of the
four tanks are outlined in Fig. 1 A photograph of
the prestripper section in its present configuration
is shown in Fig. 2.

Quadruple focusing in the Widerb'e accelerator

There have been two Widerbe-type accelera-
built prior to the Unilac Wide'roe section.

he first was finished in 196o at Manchester/Eng-
and 6'7; the second was completed in IHlib ac

/F ® ^ I b t h hi t i t

tors

The
lan ; p
Orsay/France ®»^. In both machines a twin trans-
mission line system is used and radial beam focusing
is performed by grids at the drifttube entrances.

Tor the Unilac, however, it seemec indis-
pensable to use quadrupole focusing in all acceler-
ating sections. Intense studi_;= r^; _o be carried
out to make quadrupole focusing possible in the
Wideroe structure. Experiments with a small Wirieroe
model accelerator for protons showed that strong
focusing can be technically and physically realized
in the particle velocity range of [3 = o,5 to
I.o % 10*13. On the other hand, severe shortcomings
of the twinline resonating structure became evident,
such as difficulties in providing the quadrupole
elements with electric power and water cooling, and
problems In adjusting th£ strong focusing Elements
to the needed higf; precisian.

It was found that most of the difficulties
can L^ avoided if, instead of the twin transmission
line, a coaxial1 transmission line geometry (similar
to the structure suggested in -1*) is used and if,
as justified by calculations *-", qjadrupole ^Idments
are installed only In every second drifttube of the
accelerating strucv.'irn.

The coa/ial-lirui structure developed for the
four Wideroe tanks in the Jr.ilac prestripper is out-
lined in Fig. 3. Tha figure shows a schematic
cross section through the first and part of tht* last
of the four Wideroe tanks. In ti.-?. --arixontal part of
the coaxial-line resonator [the tern "coaxial-line-"
is used here somewhat incorrectly for r'̂ i'.rn:, uf
simplicity, though an excH.tric position of the in-
ner conductor has bean chosen) yver; second drift-
tube is attached to the outer conductor, and -̂:.j
quadrupole elements in3talleJ in thcisu ilrift-
tubea can easily be provided with electric powor and
water cooling from ground potential. The possibility
to support and to adjust these outer1 drifttubEis on
tne rigid outer conductor ensures the nigh precision
of quadrupolu adjustment needed for strong focusing.
The drifttubes attached to ths inner conductor
contain no quadrupolo elements. To cool tt>; irt.-i-jr
drift tubas irJtn th-j rf currsn'; ana d Jdy curry'st
lossss, COG ling wcit.br nuct b£ f 3d tc Li it? rJr if t iid~;.su
and their stems on the rather complicated way through
fhe innsr conductor of the stub lines and the horL-
zoutaJ 7.i ".irn. A? "o f ino adjus "cent and no <2](jc:tric
power ai . rî edyd h^f, t'v ir- • ̂  ' .ax rwlLzatiQU
of the ?..nner conductor- ; . -Jri-ftttiDGG 3y?jten. ••••- • nat
too complicated.

Firijt. ccnsi(JaraLior"ic iJDuut tti-:- rcn-icil
focusing system *;;endi2d to apply elGctric quadrupnl.^
lanses at least at the low velocities in tank 1. Tiiii
investigations on .electric qua.Hrupole lenses being
installed in drifttubes roves «ri • a Itage instabili-
ties on the slectrod- '--irg from micro-dis-
charges, leakage cuT. In the final layout,
for reasons of reli. .>. rna^natic quadruple 'on-
ses were installed lr. •Ul zhe rcur ft iks.

At 27.1o Hhz und at fj = o.5 % the minimum
driftspace between two adjacent gaps is only 23 mn

L1] Coaxial line, outer conductor, •acui."n tank
(2) Coaxial line. Inner conductor
(3) End flange with end drifttube
(4) Stub line, outer conductor
(5) Stub line, inner conductor
(6J Stub line, movable shorting plate

L 7) Outer drifttube with quadrupnle
( 8) Duter drifttube adjusting attachment
t 9) Inner drifttubes without quadrupulo
[1o) Electric power and water cooling

for the quadrupoli} <jliMmnts
(11] Water cooling for inner drifttubes

_3: Schematic cross sections of the first and part of the last Wideroe tank in the prtistripper section.



long. The only way LO get enough space to install
quadrupoles in the drifttubes was to adrpt an
alternating 2X/2-3BA/2-sequence of the gap distances
fTr/37[-made] in tanK 1, as i t can be seen in Fig. 3.
For the following throe tanks the usual 3^/2-6V2-
spacing (n/v-mode) is sufficient. For the same rea-
son of providing more space for the quadrupoles the
outer diameters of all the outer drifttubes had to
be increased to either 16o or 2oo mm. The outer dia-
meters of the inner drifttubes had to be Kf̂ pt as low
as passible, however, in order to avoid any further
increase of the capacitive loading of the trans-
mission linu.

The maximum magnetic fii_id gradient n.jodfid
in the f i rs t driftnubes of tanK 1 li about
1o KGauss/cm. It: could only tie obtained by redu-
cing the drifttube aportur^s to 2o nm in the first
eight and to 2-3 mm Jr the following four gaps. For
the rest of the whole prestrippor scution thn drift-
tube apertures have 3o mm in diameter l t J .

The focusing latt ice of the drifttufct;
quadrupoles is QDQFUCO... in tanK 1, and
OFOUOOtlFOFO... in the tanks 2 to 4, as indicated
in rig. 3 (a neons n̂ xnn<3r drifttubo witno'j..
Quadrupolc lens ).* ^

Electric Field in the Accelerating ka^

In the n/3-n-mode of tanK 1 the g/1-ratio,
which is the gap length devided by the uall length

"6\/2, varies from a.65 at the beginning to o.45 at
the end cf the tanK. The large g/1-values in the
first gat ti, though rather disadvantageous for the
er. M gy gain, were chosen in order to reduce the
high capacitive loading of the transmission linn at
this pcint/ In the tanks 1, 3 and 4 the g/1-ratio
was fixed to o.33 as a good compromise between
transit-time factor and maximum appliauls gap vol-
tage for a given maximum electric gap field.

The gap lengthsi accordingly, vary from
13 - 53 mm in tanK 1 and from 2o - 1o1 mm in tanks
2, 3, and 4.

Systematic measurements in the 'Slactro-
lytic tanK showed that the alternating drifttuuo
dimensions discussed above r,trn;ig!y j.nfluonce the
symmetry of the axial electric field distribution
in the accoleroting gaps 1 •'. In the -n/3ir-mode of
tanks 1 the lengths of the first inner drifttubes
are smaller than the diameter of the drifttuL^?
aperture. Hence, an important penetration of thp
electric field through the drifttube aperture must
bri taken into account.

The axial electric field distrioutinn In
the gaps is also disturbed by thu alte^nat Iiif, outer
drifttube diameters. As soon as the incrna-siro gap
lengths approach the diametei-- uf the innor i' i f t -
tubes, which is the case in tank's 3 unrl 4, z\\e maxi-
mum of the axial electric field is di.splaorj from
the center of the gap towards tha inner drift tube.
As a result, in the f i rs t gapr. of tank 1 and in
nearly all tno gaps of tank 3 und 4, the dis t r i -
bution of the a/ial acculern . -ig firjlus is no longer
symmetric with respect to tht_ conter of the gaps
and cannot ha treated with tfii formula yivon for
symmetrically vanfinnri gaps ^ \ To gnt rulia'jlo
data about the accelerating fasld tha ulectric
fiuld distributions in ttie Wid irue fjcculurotinK t'.Ljps
v;ur« Ciilculatud with numerical frethods 1 'il?»l \

Comp irison with electrolytic tank measurements on
gap models having 2.5 times natural size showed
extremely good agreement between the numerically
calculated and the measured field distributions
[see 1 9 , p. 20). The transit-time factors that
were calculated from these electric field dis tr i -
butions can be represented by two sets of curves,
one describing the energy gain in gaps before and
the other describing the energy gain in gaps after
an inner drift tube.

The maximum electric field strength in the
accelerating gaps was only partly defined by rf
breakdown considerations. The rf amplitudes in the
four tanks wcro above al l determined by the con-
dition to avoid t(o nigh rf losses in components
that are most cri t ical {.normally, like inner con-
ductors of the stub lines, contacts at the stub
line shorting plates, and the drifttube stems. Tne
maximum mean electric Field in the gaps
(E = I- _/l ) resulting from thyse considerations,
is i.-Jsi^hl^B ;-1V/m in tanks " , 2, 3, and less than
5 nV/m in tank 4. Tn^se values remain considerably
be;law trie limits where rf breakdown effects must DG

trt i 3

Analytical Investigation of the Wid&riia Structure

The drifttube taola containing the exact
positions and lengths of the accelerating gaps and
tne drifttubes rrust be calculated i'rcu the energy
gain of the particles in p^ch g^p^ '* equivalentiy,
fro::i the accelorat-ing voltages in t.i'd gaps. With
ttie introduction of the drifttuD«s, nowever, the
electric properties of the transmission lines
used become strongly nonuniforrr., and at the same
time, strongly dependent on the iocally changing
drifttube and gap dimensions. As the characteristic
parameters of transmission lines loaded with drift-
tubes are not known sufficiently well, the means
of calculating the voltage distribution in a Widerbe
accelerator are very limited.

'"Jsver the less, a variety of previous measure-
ments and calculations were carried out to study the
general properties of ths Wideroe -.tructurc and to
[jet a reliable first approximation for the iayout
of the model measurements, which ura described in
the next chapters.

Attempts were made to -̂-'r.: v<:; *.-:.=; cl^c'.ric
paramuters of a drift tube-lot-jucd transmission line
from the t/8-model 1>J whi "h is shown in rig. 4.

3. i. .* i
f

• • I -I
tit ;*;.:xiv.v.iv

I ' g. 1: r.rojB oactlon of th« 1:a-model of thu
3xc:untric trdr.F nission line uniformly equipped
with drtfttubc-s.
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In this model an excentric transmission linE, as it
is used in the WlaerSe tanks, is uniformly equip-
ped with drlfttuUas c.F constant lengths and constant
gap lengths between the drifttubes. The scale factor
is 1/8. The model represents a n*A/2-resonator.
From measuring the static capacity between the inner
and the outer conductor (the conducting end plates
are replaced by insulating ones far this measure-
ment) and measuring three or more resonant fre-
quencies of the resonator, the four elements of the
very simplified equivalent circuit given in Fig. 5
can be calculated.

tube table, is seriously influenced by the drift-
tube configuration itself. Trv; most reliable way to
get sufficiently good agreeinent of the gap voltage
distribution used to calculate the drifttube table
and the real gap voltage distribution produced by
the special drifttube configuration in a WiderBe
resonator, consists in the experimental deter-
mination of these data in a reduced scale model of
the complete accelerating structure. This way,
though undoubtedly the most time- and money-
consuming one, had to be done for the four Wideroe
tanks in the Unilac prestripper as well as for
all the Wideroe accelerators built previously.

0.5-L'-Ltc|

Fig. 5: Equivalent circuit used for evaluation and
interpretation of the 1:8-model measurements.

The shown equivalent circuit differs from
that of a uniform transmission line only by the
introduction of the drifttube capacity C and the
stem inductance L . The latter was introduced
to take into account the fact that the resonant
frequencies of thB model are not integer multiples
of the fundamental.

The 1/8-model was used to measure the data
for five typical drifttube configurations taken out
of the u/3n-mode structure of tank 1, and for five
further drifttubs configurations in tne u/ir-struc-
ture of the tanks 2, 3, and 4

The electric data derived in this way were
used to calculate a l l the rf properties for the four
Wideroe tanks with a computer program. In this pro-
gram, starting from the given i n i t i a l and f inal
particle velocities for each tank a l l the electric
properties of the whole resonating system were
calculated by regarding the system as a series of
two-port networks In cascade connection with para-
meters f i t ted to the locally varying drifttube
dimensions. The program calculates the lengths of
the stub lines for resonance, the gap voltage
distribution, rf-power losses in a l l the tank compo-
nents, the complete drifttube table etc. With regard
to the simple equivalent circuit which was assumed,
tha results of the calculations were only regarded
as a f i r s t approximation i n i t i a l l y . The measuruinents
in the later Widsrfie 1/2-model and in the f inal
accelerating tanks, however, proved that the cal-
culated relations come surprisingly close tn reality
in may respects.

Measurements in the widarBe 1/2-Model

The distribution of gap voltages in a WiderBa
accelerator, which Is needed to calculate the d r i f t -

Fig. 6: The Wideroe 1/2-model used for experimental
investigation of the r f properties of the four Wideroe
tanks.

Tig. 6 shows the Wideroe 1/2-model which
was bui l t up for chis purpose * ^ . I t is merely an
rf model designed to simulate a l l the details which
determine the r f f ie ld distribution in a Wideroe
tank with three stub lines. As the model was to be
applied for the simulation of each of the four tanks
in thtj Unilac prestripper, a very flexible construct-
ion had to be deve]oped. The unusually large-scale
factor of 1/2 was chosen in order to ensure precise
measuring conditions. An extremely r igid and massive
construction was chosen with regard to the high
mechanical and thermal stabi l i ty nueded for voltage
distribution measurements.

For the measurement of the gap voltage
tion in o given acceleratin s t r u t u e

calculate the gap voltages within about 1
£ooo - flooo frequency measurements had to be
carried out for one voltage distribution, with a
resolution of at least 2 • 1o"B C Hz in 54 MHz
resonating frequency of the model), and with a rate
Df 2 measurements/mm and about 1o measurements/sec 1 9 .

For each Wideroe tank between 3 to 5 i ter-
ative drifttube configurations were investigated
with f ie ld perturbation measurements in the Wideroe
1/2-model. In the last measurements, for each tank
thB mean deviation of the measured gap voltages was
less than 2.5 % compared to the voltages assumed to
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MEASUREMENT IN THE GAP5

CALCULATION ON BEAM AW%

>

• / - * ' - • • • • •

•

• '-t

4 »

MEASUREMENT WAR INNER CONDUCTOH

CALCULATION ON INNER CONDUCTOR

Fig. 7; Voltage distributions as measured in the Wideroe 1/2-mcdel for tank 1 (12ft) and tank 4 (r ight).
The dashed curves show the distributions calculated by applying the equivalent circuit given in Fig. 5 and
using the electric parameters measured with the 1/6-model.

calculate the last drifttube configuration.

Interpretation 3f the Model Measurements

With the investigations using the 1/2-model
each configuration was a better approximation of the
r f conditions measured with the previous configura-
t ion. The large number of i terative steps may be ex-
plained by the fact that the measured voltage
distributions differed in some places strongly from
the calculated distributions. Only after the in-
vestigation of the other tanks could the deviations
be understood as being of systematic nature.

Fig. 7 gives an example of the voltage
distributions measured in the model set-up for the
f i r s t and the last of the four tanks. The results
may be summarized as follows:

a) The gap voltage distributions maasur-'d on the
beam axis dif fer in a l l the four tanks l-.y more than
about +'2o % from the gap voltage distrubutions cal-
culated with respect to the 1/8-model measurements,
a9 described above. This effect, which appears
systematically for a l l four tanks can probably be
explained by distortions of the r f fields in the
region of the stub lines.

to) Since the reason why the calculations disagreed
with the measurements was not understood, the
f ie ld perturbation method was applied to measure the
voltage distribution on the surface of the inner
conductor. The result was the same for a l l four
tanks (see lower curves in Fig. ?)i namely,the
voltage distribution measured on (or near) the
inner conductor f i t s very well with the calculat-
ions based on the 1/8-model measurements. I t is
only the voltage distribution in the gaps, that
differs ao far from the calculations.

c) Another systematic eff-jct can be seen from the
1/2-model measurements: The voltages in the f i r s t
and the last gap of each tank are smaller by about
1o \ than the values measured in the adjacent
gaps. This effect may be explained by the stem
inductances indicated in the equivalent circuit
of Fig. 5. In the series resonant circuit formed by
L and C the voltage at the gap must be trans-
formed to a value larger than the voltage between
thB inner and outer conductor, Bven i f the saries
resonant circuit is far from resonance. In the
f i r s t and the last gap only half the stem inductance
is present, compared to the adjacent gaps, hence a
smaller voltage transformation factor must be taken
here.

d) Since thB stem inductances derived from the
1/8-model measurements allowed for a good quan-
t i tat ive explanation of the effect described in
point c), i t was assumed that the stem inductances
determined froin the measurements can actually be
regarded as real ist ic and reliable. Under these
circumstances the voltage transformation factor
can be calculated with the aid of the 1/8-modBl
results, and a l i the gap voltages must be sub-
ject to multiplication by this factor.
The gap voltagft distributions shewn in Fig. 7
are f i t ted to calculated voltage distributions,
which were derived from the distributions orv the
inner conductor by multiplication with tha^^i l -
culated voltage transformation factors.

e) The voltage transformation effect is above a l l im-
portant for the calculation of the r f losses in thB
WiderSe structure. As the main part of thB r f losses
appears on the transmission line system, the voltage
distribution on the inner conductor must be used for
calculating the total r f losses. The r f power
requirements, calculated in this way, are smaller by
about 2o-3o % than the values obtained without
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regarding the voltage transformation effect. The
values calculated in this way and given in 1 9

proved to di f fer from the r f power requirements in
tlie f ina l WiderBe tanks by less than 1o %. This
again may be regarded as an arguement for the use-
fulness of the equivalent c ircui t used to describe
the 1/fl-model measurements.

Results Obtained-ln the Final Wideroe Tanks

The mechanical assembly of the whole Unilac
prestripper section was finished in the middle of
1974, with one exception. The delivery of the outer
k-Jideroe drifttubes was delayed by more than half
a year due to d i f f i cu l t ies in fabrication (the
OFhC-copper quality bought by the manufacturer
turned out to be insufficient for vacuum-tight
electron beam welding). Nevertheless, the investig-
ations about the f ina l electric tuning and the ge-
neral r f properties of the four tanks were carried
ot. without too great a delay. This was made possi-
ble by replacing the missing outer drifttubes by
dummy drifttubes, solid aluminium drifttubes with-
Dut any focusing equipment.

Again f ield perturbation measurements were
made. They showed that practically a l l the data
derived from the 1/l;-model measurements are repro-
duced in the f inal wioeroe tanks with very good
precision.

To f i t the measured gap voltage distributions
optimally to thfe nominal gs;-1 voltage distributions,
that were used to calculate the f inal drifttube con-
figurations, the positions of tT---e, shorting plates
in the stub lines had to be changed by less than
± 2o mm, compared to the values measured in the
.dideroe 1/2-modsl.

The maximum relative deviations of the gap
voltages, measured in the f ina l structures, from the
nominal gap volt.-sges. are between D...-S.5 % for the
f i r s t six gaps within tank 1, and less than ± 2.5 %
for a i l the remaining gaps of the four tanks. I f
oils takes into account a l l the disturbing effects
that cannot be avoided during execution and evalu-
ation of f ie ld pert-rbation measurements, the over-
a l l precision oF the gap voltage measurements must
be expected to be of the same order of magnitude as
these deviations.

The f i r s t accelerating experiments were run
at the end of 1974, with Ar2*-ions being accelerated
by tank 1. With 5 of the 17 outer drifttubes replaced
by dummies only a poor transmission was obtained.
There was no douDt, however, that the particles
had been accelerated.

The f ina l outer drifttubes could be installed
in about march 1375. From this time operating
parameters of the accelerator could be optimized
using the accelerated beam.

The r f power levels, which must be applied
to the tanks in order to get acceleration at the
nominal synchronous phase of -3o°, were determined
in the following way. The r f amplitudes of each t̂ jnk
were decreased from higher levels to the point, at
which the Intensity of the accelerated ion beam
goBS to zero. As this point must correspond to a
synchronous phase of o^, the r f powBr level for
-3D0 can be calculated. As already mentioned in the
former chapter, the measured r f levels for the four

Wideroe tanks are in good agreement with the cal-
culated values given in 19. The deviations are less
than 1o %.

The beam transmission of the Wideroe tanks
depends very much on the setting of the quadrupole
focusing system. With proper setting of the quadru-
poles the theoretical transmission of approximately
25 % of the injected dc ion beam for -3c^ synchronous
phase is obtained without any difficulties. With
the double drift buncher installed in front of tank 1
the total transmission of the prestripper comes
close to Bo \ of the injected dc ion beam.

The strong focusing system in the Wideroe
tanks permits optimum beam transmission within a
relatively wide band of qu.idrupole settings.
However, the focusing conditions depend sensitively
on each quadrupole, and any variation in one requi-
res readjustment of all the others to restore beam
transmission. The flexibility of the focusing
system is evident during operation when several
drifttubes have been removed for maintenance and
were replaced by dummies without focusing elements.
With as many as five quaarupoles stnsent, optimum
transmission, coulc? he obtained by manual adjustment
of the rest of the focusing system.

Another important result must De mentioned.
Each of the four 'wideroe tanks is equipped with a
separate rf power amplifier with a .naximum capacity
of 52o kW peak power at 25 % duty factor. The maxinur
power consumption appearing in tank 4 -far acceler-
ation of ?-38Uu+-ions is only about 32o kW peak
power. It turned cut that in all the four Witieroe
tanks the maximum rf power levels can be raised up
to tn̂ - values needed to accelerate U^ + -ions with
-3o^ synchronous phase and with 2b % duty cycle with
a corresponding increase in the intensity of the
accelerated ion beam.

During the first year of it5 operation the
Unilac Wideroe section was used for acceleration
of
Ar2+, Ar3+. Kr"+, Kr 5 +, Xe6 + . Xe 7 +. Ti 3 +, P b ^ , u 9 +.
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Summary

In 1971 the Bevatron successfully accelerated
low-intensity heavy ion beams up to neon to energies
of 2.1 GeV/amu. More recently, beams up to argon
have been accelerated using the SuperHILAC as an
injector to the Bevatron—the Bevalac concept. With
increasing scient i f ic Interest in high-energy high-
intensity beams of heavier ions, plans to upgrade
both the Bevatron vacuum system and the SuperHILAC
ion sources and injectors have been formulated. A
proposed new pre-accelerator based on an air- insu-
lated Cockcroft-Ualton and a Uideroe linac is pre-
sented.

The Wideroe linac uses the design concepts estab-
lished at UNILAC1, modified for our frequency and
energy requirements. U7+ from the ion source is
accelerated from 12 keV/ainu to 113 keV/amu and
stripped to a mean charge state acceptable to the
f i r s t tank of the SuperHILAC. The expected inten-
si ty improvement over the present pressurized
injector is a factor of 100 at the highest masses.

The physical modeling of the Wideroe linac struc-
ture wi l l be kept to a minimum. Computer models
predicting the characteristics of the structure have
improved to the point where the probability of
satisfactory performance is high.

Introduction

The f i r s t tank of the SuperHILAC requires a par-
t ic le velocity 6 = 0.0154 (corresponding to energy
of 0.U25 MeV per nucieon) and a charge to mass
ratio of 0.046 or larger. Experience with the two
existing injectors provides substantial help in
defining the general requirements of a new high-
intensity injector for beams above mass 86. The
necessary performance indicates an air-insulated
Cockcroft-Walton as tiie pre-accelerator for easy
source accessibility and overall r e l i ab i l i t y fo l -
lowed by a Widerb'e linac. The beam wi l l then be
stripped to a higher charge state before being
injected into the SuperHILAC. A Wideroe accel-
erator operating successfully at the UNILAC f a c i l i t y
in Darmstat, Germany, serves as the model of our
proposed accelerator.

Pre-Accelerator
The ion source, located in the terminal of a

'K. (Caspar, GSI Report 73-10, Darmstadt (1973).

*This report was done with support from the United
States Energy Research and Development Administra- .
tfon. Any conclusions or opinions expressed in
this report represent solely those of the author(s)
and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley
Laboratory or the United States Energy Research
and Development Administration.

conventional 400 kV Cockcroft-Walton pre-acceler-
ator. wi l l be a high-power Penning Ion Gauge (PIG)
source. I t wi l l produce ions up to mass 140 with
a charge-to-mass ratio q/m > .046, which need not
be stripped before injection into the SuperHILAC.
This source wi l l also provide U7+ ions (q/m = .029,
which wi l l be stripped to U l l + after the injectc-
linac.

Isotope separation is accomplished in the trans-
port l ine from the Cockcroft-Walton to the WiderVe
linac by magnetic analysis. The ion beam is bent
through a total angle of 90 degrees, and a single
isotope is selected with a mass discrimination of
1 part in 250.

Table 1 - Parameters of third injector

Cockcroft-yalton Pre-accelerator:

•Terminal voltage " « u ' + 400 kV
Average currents IS mA
Regulation 0.11
Power available, terminal 50 kW
Terminal volume 35 m'

Ion Sources:
. Type Radial Extraction PIG

'"J charge state 7+
2 " U flux 7 x 10'Vsec 7* peak
Arc voltage, peak 1 kV
Arc current, peak 15 A
Duty factor 33*

Wideroe Structure:

Length • - « m
Input energy 11.8 keV/amu
Output energy 112.6 keV/amu
Hagnet power requirement 15 kW dc
RF power requirement 50 kW peak RF

Type Fluorocarbon vapor
Efficiency 151 for U " +

General Wideroe Parameters

The accelerator design is based on the require-
ment that U7+ from a 400 kV Cockcroft-Walton is to
be accelerated to 113 keV/amu, the energy required
for injection, after stripping, into the f i r s t tank
of the SuperHILAC. Limitations on attainable quad-
rupole strength in the f i r s t few d r i f t tubes have
influenced the choice of structure and operating
frequency. The basic structure parameters are
shown in Table 2.

The total voltage integral of this structure
for a synchronous particle is 3.44 MV. The oper-
ating frequency is 23.4 MHz, one-third of the
SuperHILAC frequency, thus f i l l i n g e\/ery third r . f .
bucket of the SuperHILAC. The integrated quadrupole



field of 55 kG requires that the quadrupoles be at
least 7 cm long at the beginning of the Uideroe, so
we adopt a structure in which the length of the
cells alternates between HA/2 and 3fU/Z, with
the longer drift tubes containing quadrupole focus-
ing elements in a FODO sequence.

The field in the accelerating gaps is kept to
less than 56 kV/cm by tapering the g/L and gap volt-
voltage along the beam axis. In this way satisfac-
tory beam dynamics can be maintained with conserva-
tive voltage and power levels.

Table 2

Basic Structure Characteristics

Particle Characteristics

T, 11.76 keV/amu

113 keV/amu

.0294

•inj
Tout

e/m

Structure

f 23.4 MHz
number of drift tubes 35
Line voltage 100 - 250 kV
Length 4.45 m

Accelerating Gaps

g/gX
gap f i e ld
Aperture radius
TTF

Focusing

Number of quads
Sequence
dB/dr

Acceptances

Transverse area
Energy Acceptance
Phase Acceptance

.65 -
46 -
1.25
.5 -

17
FODO
7.6 -

• 4 5
56 kV/cm
- 1.75 cm
.84

2.3 kG/cm

15TT - 22ir cm-mr
± 2 keV/amu
± 30°

The detailed drift tube schedule is shown in
Table 3. There are 33 drift tubes, plus two half
drift tubes on the end flanges. Sixteen of the
drift tubes, containing focusing quadrupoles with
field gradients up to 7.6 kg/cm, are suspended from
the outer wall of the tank, allowing relative ease
in providing power, cooling and alignment. The
other 17 short drift tubes are mounted on the inner
coaxial conductor and do not contain quadrupoles.
However, the support stems of all the drift tubes
dissipate considerable r.f. power and are liquid
cooled.

The eccentric center conductor is mounted on
three stubs, which provide mechanical support and a
path for the cooling lines. The r.f. drive loop
will be contained in the third support stub. Each
stub will have a movable shorting plate which con-
trols the gap voltage profile and resonant frequency
of the structure. The physical characteristics of
the stub lines and the power dissipation in various
accelerator components are shown in Table 4.

TableJ

Cell No Energy Ltot "gap

(fteV/amu) (cm) (kV)
gap

(cm)

Ldt
(en)

TTF

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

.012

.013

.015

.017

.019

.021

.023

.025

.028

.030

.032

.035

.037

.039

.042

.044

.047

.049

.052

.055

.058

.061

.065

.068

.071

.075

.079

.083

.087

.091

.095

.100

.104

.109

.113

0
6.5

13.6
20.9
29.0
37.2
46.1
55.2
64.9
74.8
85.3
96.0

107.3
118.7
130.7
142.9
155.6
168.5
181.9
195.5
209.7
224.0
238.9
254.0
269.7
285.7
302.2
318.9
336.2
353.8
371.9
390.3
409.3
428.5
448.3

105.0
123.9
128.7
128.0
126.3
126.1
125.7
126.1
127.0
127.0
125.8
125.0
127.2
128.2
135.7
137.9
144.2
146.3
156.T
159.1
167.1
169.1
175.8
' " . 8
187.3
190.9
198.9
200.7
205.7
208.1
212.7
213.1
213.9
196.8

2.13
2.28
2.30
2.45
2.47
2.60 10
2.61 2
2.73 12
2.73 2
2.84 13
2.85 2
2.95 14
2.95 2
3.04 15
3.05 3
3.13 16
3.14 3
3.23 17
3.24 3
3.33 18
3.34 3
3.44 19
3.46 4
3.56 20
3.59 4
3.70 21
3.74 4.
3.86 22.
3.91 4.
4.05 23.
4.10 5.
4.26 24.
4.32 5.
4.48

.16 .495

.58 .648

.45 .568

.75 .685

.73 .624

.89 .717
.02 .668
.00 .743
.31 .725

[.08 .766
.59 .737
.10 .784
.86 .763
.11 .798
.12 .691
.05 .750
.38 .715
.02 .764
,65 .737
04 .778

.92 .758

.08 .790

.19 .778
14 .800
46 .792
21 .809
71 .806
28 .817

.95 .818
33 .824
16 .829
35 .828
34 .835

.831

Table 4

Stub Line Dimensions and Power Dissipation

Stub

1
2

Distance
from front
of l ine

50 cm
170 cm
340 cm

is Power pissipatiorf

70 ohms 3.1 kW
70 ohms 5.1 kW

100 cm 70 ohms 7.1 kW

Power Dissipation*

All d r i f t tubes and stems
Dri f t tube l ine
Tank wall
Stub line center conductors
Stub line shorting plungers
Stub line outer walls

5 . 0 kW
2 . 9 kW
0 . 4 kW
8 . 9 kW
3 . 7 kW
2 . 7 kW

Total Power Dissipation 23.6 kW

* 50% duty factor, includes 10?. jo int losses

Modeling of the Structure

In designing this structure, a knowledge of volt-
age distribution along the beam axis is necessary
before the d r i f t tube table can be generated. But
because of the accelerator's required electr ical
characteristics, the d r i f t tube properties
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themselves affect the voltage distribution. There-
fore, any modeling procedure is by necessity an
interactive process.

We can make reasonable initial guesses of the
voltage distribution and from it derive a drift
tube schedule. Reliable comouter codes,- such as
PARMILA2, can then investigate beam dynamics for
various types of random and systematic errors in the
structure. The drift tube properties of our
machine have been designed using such a computer
code, suitably modified to deal with a Wideroe
structure.

However, methods to establish the electrical
characteristics of resonant-line type structures are
not as well established. The UNILAC Wideroe, upon
which our structure is based, went through an exten-
sive modeling procedure before its actual construc-
tion. A small, very simplified electrical analogue
was built to provide transmission line model data
for a computer code which then modeled the actual
machine. The computer generated model was built at
half-scale, and the performance discrepancies
between the computer predictions and physical model
operation were accounted for in the final design of
the acutal accelerator.

We have written a computer code to model the
electrical characteristics of the present structure,
using the same distributed transmission line
algorithm as the UNILAC code. The code predicts the
the resonant frequency, the voltage, current and
power distribution, and the sensitivity to para-
meter changes. The types of discrepancies between
the UNILAC half-scale model and the code predictions
have been taken into account in the present design.

In our code, the structure is modeled as a dis-
persive transmission line with three shunt stub
lines and a capacitance ot each end. The effects
of the drift tubes and supports, which were deter-
mined in the one-eight constant-velocity mode]
structures3 are included as dispersion in the
model transmission line.

The code predicts the voltage distribution on the
transmission line itself. Two models have been used
to calculate the effect of the stem inductance and
inter-gap capacitance, which increase the gap volt-
age over the line voltage. Analyzing this effect
with a simple independent series resonant model and
with a second model in which all drift tubes are
capacitively coupled, both predict this effect in
good agreement with UNIUAC data, including the par-
tial suppression of voltage increase at the two end
gaps. Another effect observed but not predicted by
these models is the anamolously large gap voltage
in the vicinity of the three support stub lines.
This effect is due to the mutual inductance between
the stub lines, which carry a large r.f. current,
and the nearby drift tube stems. Rather than calcu-
late this, a function was fitted to the published
UNILAC data in the form of AVgap = I s t u b ">M (z),

where M(z} is the mutual inductance between a stub
line and a drift tube stem separated by distance z.
This function is shown in Figure 1.
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Figure 1
The PARHILA beam dynamics code establishes upper

limits of the various types of structure errors.
Errors which.roust be kept small are those such as
scatter in the quadrupole position. However, the
beam seems to be relatively tolerant of reasonable
errors in the accelerating voltage distribution,
the quantity most uncertain in the modeling of the
electrical structure. With the UNILAC accelerator,
the discrepancies between the predicted and the
physically modeled structure were corrected by
moving the length of one stub line and adjusting the
position of the shorting plunger on the stubs, and
slightly modifying the drift tube schedule.

We have also extensively studied the sensitivity
of the voltage distribution to modifications in stub
positions and lengths in our Wideroe. In turn, the
sensitivity of the beam dynamics to these changes in
voltage distribution has also been examined. Me
conclude that beam dynamics are essentially
unaffected by the maximum structure changes neces-
sary to correct for the discrepancies expected in
our computer modeling.

The outcome of these various electrical, dynamics
and structure modeling procedures is that we feel
that we can predict our total structure with suffi-
cient accuracy that construction of a physical model
Is unnecessary. In the event that a longitudinal
translation of a stub line is required after
construction, the flange design permits an off-set.
The stub line will be eccentric for a small part of
its length but the added equivalent capacitance can
be compensated for wit:i the shorting plate.

wider'de Linac Construction
The tank will be fabricated by the same method as

the SuperHILAC, and the tink wall cooling will be
by means of extruded aluminum tubes compressed
around the perimeter. Trie three stub lines will be
built and attached to the main tank by coupling
flange joints, which will permit small longitudinal
adjustments. The various Wideroe linac components
are identified on Figure 2 and the entire system
shown in Figure 3.

The required quadrupole strengths, apertures and
drift tube dimensions are nearly identical to one of
the groups of magnets in the SuperHILAC. The tape-
wound coils in the outer drift tubes are fabricated
from copper strip conductor and machined to provide
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pole tip openings". The magnet yoke serves as the
out member of these drift tubes. Each outer drift
tube will be supported and adjusted from a single
vertical stem which contains both the coolant
passages and magnet power leads. The drift tube
will be flooded with liquid freon, to cool the mag-
net coil and the drift tube shells and steins.

The installed r.f. power is 100 kW; the peak
power requirement for U is approximately 50 kW.
Wideroe-HILAC Transport Line

The longitudinal matching is achieved by two-
double-gap line bunchers operating at 23.4 MHz. The
first buncher, located 2.4 i.sters from the end of
the Wideroe, reduces the energy spread of the beam,
thereby arresting bunch growth. This cavity will
also be used to provide an energy trim to the beam
to compensate for losses in the stripper. The
second buncher, located £.4 meters from the Super-
HILAC first gap, matches the beam to the longitu-
dinal acceptance of the SuperHILAC by compressing
the bunch length.

The transverse matching is accomplished by quad-
rupole triplets near the Widerbe exit and Super-
HILAC entrance and by a pair of doublets near the
midpoint of the transfer line.
Stripping

The U7+ ions emerging from the Widerbe must be
stripped to a charge state of at least 11+ to be
accepted by the SuperHILAC f i r s t tank. Stripping
is accomplished by passing the beam through either
a gas or a thin f o i l .

Foil stripping produces higher charge states,
but the best foi ls available with present day tech-
nology are in danger of being destroyed by high-
intensity low energy heavy ion beans. A recent
test with 4.5 HeV argon ions from our 2.5 MV
Oynamitron injector passing through 5 yg/cm2 carbon
foi ls indicated a 20 minute l i fe-t ime for ion cur-
rent densities of 70 particles yamp/cm2, a fa i r ly
typical current expected from the new injector.
Such measurements indicate that fo i l stripping is
possible in many applications. Gas stripping pro-
duces lower equilibrium charge states, but has no
life-t ime problems and no limits allowed beam cur-
rents. Research with very heavy flurocarbon
vapors5has shown a higher charge distribution than
for other gases, with adequate fractions of the
charge states present for acceleration by the
SuperHILAC.

The distributed transmission line model, due to
Kaspar6, with some modifications, is described
here.

For a circuit consisting of 4-terminal series
admittances Ys and parallel admittances Yp, the
voltage and current at the output of the newtwork
is given by:

"•R. Main, R. Yourd, Edge Cooled Tape Magnet Coils
for High Density Applications, Lawrence Berkeley
Laboratory, L8L:1222, October 1972.

5D.A. Eastham et a l . , NIH 133, p. 157 (1976).
6K. Kaspar, GSI, 73-10

where:

series

"parallel

A transmission line with characteristic impedance
and phase length e is represented by:

"line

-jZ sin e]

sin e cos 9

In a lossless system where al l the admittances
are purely reactive, we wi l l consider the voltages
everywhere real and the current everywhere
imaginary.

Separating the real and the imaginary parts of
the matrices, and taking their magnitude, we estab-
lish r new set of matrices describing the reactive
components which are similar, but not identical , to
the above matrices:

fcos 9 -Zc s in e l

" 1 1 n e 1 f s i n e cose

Voltage and current at any point in the structure
is given by:

WMi,i
ln = VM2,1

where H is the product matrix of all elements from
the beginning of the structure up to point n and U
is a normalization factor. Resonance in the struc-
ture is attained when H2,i for the entire structure
vanishes, as the admittance at that point is zero
(there is no more structure, therefore, no current
flows from the last node).

The parameters Z and 9 describing the transmis-
sion line are functions of position along the line
and are tabulated by Kaspar. Other quantities
needed for calculation of the inter-gap voltage are
also tabulated.

Two models have been used to calculate the inter-
gap voltages. The first one considers the gap to
be the capacitance in a series circuit. This model,
Figure 4a, with the inductances of the end stems
2-L t , gives reasonable results.



Another more complex model, Figure 4b, where the
drift tubes are capactively coupled, gives similar V
results: The difference equation describing this , - , a .
model 1s T * I ««m

"1+1 '1+1

where the even V.- are zero and uQ Is the average
resonant frequency of the stem Inductance and the
inter-gap capacitance.

Figure 4a

X6L76S-3396

Figure 4b

* i i //»-

W I D E R O E IIHUC

Figure 2

Figure 3
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DEVELOPMENTS IN SUPERCONDUCTING SLOW-WAVE STRUCTURES

M. Kuntze

institut .tilr Experimentelle Kernphysik
der Universitat und Gesellschaft fur Kerr.forschung

Karlsruhe, Germany

The present situation in tha develop-
ment of superconducting structures can be
characterized by long-terra operation of
full-scale superconducting systems under
realistic operating conditions. Supercon-
ducting structures brought into operation
with low power loss and high duty factor
have been shown to maintain that performan-
ce for extended periods of time under- beam
line conditions. Energy gradients of 2 -
t MeV/m, although they are less than ori-
ginally hoped for, are still competitive in
many applications. As a result of this ex-
perience, the important aspect of supercon-
ducting proton and heavy-ion accelerators
is clearly an economic one. This has placed
great emphasis on structure design at redu-
ced cost and on simplifying the rf control
and cryogenic design. The paper summarizes
the status of the most advanced supercon-
ducting slow-wave resonators of the heli-
cal, split-ring, re-entrant, Alvarez and
Iris type.

Introduction

The current activity in rf supercon-
ductivity is motivated by the need for par-
ticle beams of very high duty factor. Con-
siderable experience has been gained in the
operation of superconducting electron acce-
lerators under beam line conditions at
Stanford ', at the University of Illinois2,
and at Cornell 3, whereas a design study
for an experimental superconducting elec-
tron accelerator is in progress at Wupper-
tal ". A joint Karlsruhe/CERN group 5 is
constructing a superconducting rf particle
separator using a similar type of super-
conducting structure as for electron acce-
lerators.

The number of beam experiments with
low beta superconducting structures is ra-
pidly increasing, and experience of long-
term operation on full-scale superconduc-
ting systems become available. At Karlsruhe,
the superconducting accelerator program is
directed to intense proton beams 6, whereas
at Argonne ', Cal Tech ', Karlsruhe ' and
Stanford '" low beta superconducting struc-
tures ars being developed for heavy-ion
particle accelerators. In all of these
applications low power loss and high duty
factor are essential properties of the su-
perconducting structure. The achieved ener-
gy gradients of 2 - t MeV/m together with
rf power reduction of at least a factor of
101* compared to conventional room tempera-
ture accelerators are attractive for use in
proton and heavy-ion accelerators. In this

area superconducting structures have to
compete with conventional room temperature
structures l l> l a. Therefore, most recently
the work on slow-wave structures became
highly focused to economically-attractive
fabrication techniques for the supercon-
ducting resonators, to simplifications in
the rf control system,and to cryogenic
design at reduce.- cost.

In this area a number of different
laboratories have put considerable effort
in structure design and in tests for a
broad range of slow-wave structures. For
the superconducting proton accelerator a
program has been initiated at Karljruhe
(IEKP) to demonstrate reliable performance
of the superconducting helical structure.
In addition, a superconducting Alvarez and
slotted-iris structure are being developed
13» "*. For heavy-ion accelerators, all pro-
grams are directed at present to the deve-
lopment of superconducting postaccelera-
tors serving as an energy booster for heavy
ions from a tandem.At Argonne, originally
also the superconducting helical structure
was studied 1!. Cal Tech proposed the splii-
ring resonator 8. At present, research pro-
grams have been started at Argonne 16 and
at Stony Brook '', using different versions
of the superconducting split-ring structure.
Moreover, important development work on a
tandem-injected postaccelerator is in pro-
gress with halfwavelength helices ' at
Karlsruhe, and with re-entrant cavities ;°
at Stanford.

Scope of the accelerator

Proton linacs usually have been opti-
mized for a fixed program of particle ve-
locity versus position along the machine.
The requirements for such fixed 8 accele-
rators for the production of negative pions
or of neutrons are the following: CD high
beam intensity, (2) modest energy reso-
lution, (3) variation of final energy in
the region of 20%, and CO reduction of the
number of resonators as far as possible,
because each resonator would be powered by
a separate rf system. Focussing, fabrica-
tion technique and surface treatment, how-
ever f set an upper limit on the length of
about 1 m for a superconducting structure.

The requirements for a heavy-ion
booster as a variable 8 accelerator are:
(1) Output beams of small energy spread
to preserve the good quality of the tandem
beam, (2) variation of final energy over
a wide range, and (3) the ability to acce-
lerate a wide variety of ion species (wide
e/m range); therefore the number of cavities
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is high. This led to the concept of variable
phasing techniques. An array of independently
phased short resonators is used; each reso-
nator is operated with an rf phase chosen
according to the velocity cf the ion to be
accelerated. This provides also a- direct
method to vary the energy of the output beam,
the possibility to control the ion beam
dynamics through programming the synchronous
phase, and the use of modular construction
that would reduce cost and increase overall
reliability.

Superconducting structures

There are many important design fac-
tors which influence the performance of a
superconducting structure. They have been
discussed in the literature cited in table I.
Additional information will be given in the
following papers at this conference. Rather
than summarizing all the worK reported there,
.1 would like to restrict the discussion in
this paper to the following aspects of .•truc-
ture design: peak surface fields, surface
preparation, frequency stability and cooling.

Peak surface fields

The peak electric (Ep) ind magnetic
(Bp) rf fields attainable in superconducting
structures are limited by various effects16.
For the slow-wave structures, operated at
low frequencies (several hundred MHz), the
experience of the last few year.3 has shown
that tnermal or magnetic breakdown no lonqer
play any significant role for the field
limitations. However, all structures seem
to be limited by electron problems. Electron
raultipacting, field emission and a mixture
between both effects cause electrical break-
down19"2 '. The limitation does not.always
occur at a sharp field level but is observed
by strongly increasing power loss in the
structure walls with increasing fielij level.
Thereby, multipacting electrons deliver
energy to the structure walls and a rela-
tively small fraction of the available power
is required to drive the surface normal.
Even when the power adsorbed is less than
required to drive the surface normal, as a

result of the electron bombardment the sur-
face quality and the critical magnetic
field may be decreased. In order to keep
electron problems low, an important goal in
structure design should be to minimize the
ratio Ep/Eo.

Electron problems are present in
any slow-wave structure, if the peak electric
field exceeds 10 MV/m. It is a question of
design philosophy, and of course an economic
question, if one wants to accept higher
losses arid operate a superconducting struc-
ture at field levels, where electrons frorr.
the surface are emitted. According to the
pr-esent status of technology peak electr-i c
fields of more than 20 MV/m have be»n ob-
tained for a shorter or longer time with
nearly all discucsed slow-wave structures.
The highest value of 37 MV/m was observed
in a A/2-helix unit. However, at these
field levels the losses are enhanced and
cooling becomes an important question. A
promising approach is 4.2 K-cooling, be-
cause refrigeration costs are greatlv reduced
and higher losses due to electron effects
may be tolerated. More serious is the fact
that at these high field levels the rate of
electrons seems hot to be constant ever
longer periods of time22. Therefore, the
operating conditions for slow-wave struc-
tures at high field levels may vary due tc
the electron effects, and precautions i r. the
design have to be taken.

Very often helium-processing is
claimed to be a method to overcome electron
emission and then reach higher surface
fields. It is not clear for the author if
this will hold for long-tarn operation. We
have made contradicting experience with
helices at Karlsruhe22.

In genera], the situation with
respect \o peak electric surface fields
did not improve very much during the past
few years. The best surface preparation
technique uiu not improve the peak values.
Most recently, Nb3Sn seems to be a very
promising superconductor in that
respect2 .

TABLE I

CURRENT STUDIES OF SLOW WAVE-STRUCTURES

Structure

Helix

Split-ring

Re-entrant

Alvarez

(Slotted)-Iris

Resonant Frequency
(MHz)

90

108

2<(0

97

430

720

720

Particle Velocity
6 = v/c

O.Ot - 0.10

0.06

0.07

0.115

0.10

0.10

0.20 - 0.90

Laboratory

Karlsruhe (IEKP) 6

Karlsruhe (IEKP) '

Cal Tech/Stony Brook "

Argonne '•l6

Stanford (HEPL) 10

Karlsruhe (IEKP) la

Karlsruhe (IEKP) •3 > "*
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Surface preparation

Electropolishing, chemical polishing,
oxypolishing and vacuum firing are well-
established methods for the treatment of
niobium to achieve clean and smooth surfa-
ces. A new aspect on vacuum firing seems
that there is no need to heat slow-wave struc-
tures to temperatures above 1200° C, and
that a vacuum of about 10-6 Torr seems to
be adequate. An exception is the re-entrant
cavity at HEPL.

A new method for the surface treat-
ment of lead has been reported from Cal-
Tech e. A chemical polishing technique for
use on electroplated lead surfaces has been
developed which greatly reduces the elec-
tric field emission for electrons from the
surface. The use of lead as a superconduc-
tor seems to be appropriate to the split-
ring structure, only, because due to the
geometry of these resonators the peak mag-
netic field is reduced up to factor of 2
compared to the helix.

Frecuency stability

A significant problem for all struc-
tures at a frequency of 100 MHz are easily
excited mechanical vibrations, and these
cause the resonance frequency to fluctuate
to a greater degree than can be tolerated.
Therefore, it is desirable to minimize the
problem by: CD maximizing the rigidity of
the accelerating structure, (2) minimizing
the vibration-driving forces, and (3) using
electrical-control techniques. Due to radi-
ation pressure the resonant frequency of
any structure will shift to lower values
as the stored energy level increases (sta-
tic frequency shift). Important progress in
electronic stabilization of very low beta
structures has been reported in the past

few years s; therefore this static fre-
quency shift and ponderomotive oscillations
are no problem if high loop gain of the rf
control unit is provided. Moreover, the
static frequency shift can be used as a me-
thod of tuning individual resonators by
changing the field.

The figure of ir>-.rit for slow-wave
structures is the variation of reactive
power APj, which is given by the product of
stored energy U and the peak to peak ex-
cursion of the angular frequency flu induced
by ambient vibration This is equal to the
amount of rf power necessary to compensate
for a frequency shift at the energy con-
tent U. Table II compares the properties
of some slow-wave structures for a voltage
gain of 1 MV.

From table II clearly the advantages
of the split-ring structure with respect to
frequency stability can be seen. The amount
of reactive power to compensate the effect
of the vibrations APb is in the order of
100 VA. Negative rf feedback is sufficient
for the rf control s/stem, and transistor
power amplifiers car be used. If the amount
of reactive power is in the order of se-
veral kVA, an additional fast tuner like
a voltage-controlled reactance (VCX) has to
be used for the helical structure. This de-
vice controls the rf phase by modulating
the rf frequency by the necessary amount,
with the modulation cycle being controlled
by the phase error signal. A unit with an
amount of APb = 4 kVA switching power
in the VCX to compensate for the effect
of the vibrations has been developed and
successfully tested in connection with
the superconducting proton accelerator
at Karlsruhe. In addition, the

TABLE II

COMPARISON OF THE PROPERTIES OF DIFFERENT SLOW-WAVE STRUCTURES FOR 1 MV VOLTAGE GAIN

fn
Af
Eo

N
U
Au

rsAP

(MHz)

Stat < k H z )

(MV/m)

(I)

(Hz)

b <VA>

Multiple-Helix
(Ref. 6)

90

150

2

0

0.

1000

2000

3

9

32

A/2-Helix
(Ref. 9)

106

30

2

3

0

500

2000

3

7

61

Split-ring
(Ref. 16)

97

2

2

1

1

120

1000

1

8

0

32

Split-ring
(Ref. 17)

238

25

2

3

0

300

300

75

8

14

Re-entrant
(Ref. 10)

4 30

8.5

12.0

4.2

1.86

Alvarez
(Ref. 13)

720

-

2

2

0.

10

30

0

9

52

fo = resonant frequency, Eo s operating gradient, N = number of resonators to obtain an
energy gain of 1 MV per unit charge, U = stored energy per 1 MV voltage gain, Afstat =
static frequency shift, Au/2tr = ambient vibrations, APj, = amount of rf power to compen-
sate for the frequency shift Au/2v.
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coupling between amplitude and phase con-
trol loop could be used to increase the
frequency stabi l i ty of the multiple-helix.
By this means the ambient vibration level
could be reduced electronically by a factor
4 to about 500 Hz J 6 .

As can be seen from table I I , the
superconducting Alvarez struc-
ture is adequately stabilized at the
operating field level. The re-entrant ca-
vity should become stabilized by the addi-
tion of support s t ru ts . For the Alvarez the
frequency shift due to radiation pressure
was not measurable, and the vibration in-
duced frequency excursions are below 10 Hz.
But these drift-tube structures with relati-
vely high fields on the container seem to
be sensitive to the pressure of the heliuir,
bath. Therefore, double-walled construc-
tions have been designed which are very
rigid but expensive. New approaches to fa-
brication techniques are being developed to
reduce production cost 2 r .

Important effort has been put to sim-
plify the problem of cooling and cryogenic
design. There is a tendency to use 4.2 K-
cooling instead of 1.8 K-cooling, because
operation at 4.2 K would greatly reduce re-
frigeration cost (>50%). Experience with
the superconducting helix and spli t-r ing
structures in the frequency region of se-
veral hundred MHz, fabricated from lead and
niobium, clearly have shown that suffi-
ciently low values of surface resistance
and high fields can be achieved at a tem-
perature of 4.2 K 2 B . In connection with
the tandem-injected postaccelerator pro-
gram at Karlsruhe forced-flow 4.2 K-cooling
has been tested for the f i rs t time with
superconducting helical resonators 2 9 . I t
turned out that forced-flow cooling of he-
lices is relatively simple: a flow of 2 1/h
of liquid helium at 4,3 K is sufficient to
cool about 1 K of rf power. With a gas con-
tent in this mixed phase flow below 80% the
temperature increase across the heated
path remains below 0.2 K. No influence on
the eigenfrequency of the helix could be
measured. In another experiment no signi-
ficant influence on surface quality and
breakdown field level could be measured in
the temperature range from 1.5 K to 4.2 K88.
For the superconducting spli t-r ing struc-
ture the 4.2 K-cooling was tested a.t Ar-
gonne. High field gradients could be ob-
tained, if the helium gas in the drift tu-
bes is removed by a plastic tube.

Summarizing, the optimum temperature
of operation of slow-wave structures is al-
most certain above the X point (2.2 K), and
should be 4.2 K for economical reasons.
Most recently, Nb3Sn promises to be a super-
conducting material for use in GHz-struc-
tures also with 4.2 K-cooling.

Development programs

Helical structure

Development programs have been in i -
tiated at Karlsruhe and at Argonne con-
cerned with investigations of the helix
accelerating structure. The helix structu-
re has the advantage of very small dimen-
sions at low frequencies, simple fabrica-
tion techniques and good cooling conditions.
It can be used in the range of 6 = 0.04 to
S = 0.11. Half-wave length (A/2)-helix re-
sonators have been fabricated from niobium
and were tested under a great variety of
conditions Several years of
testing on X/2-helix units showed that the
maximum surface electric field Ep of a re-
sonator operating at 100 MHz may be ex-
pected to be at least 16 MV/m and the maxi-
mum surface magnetic field Bp may be at
least 60 mT. The highest fields observed
are Ep = 37 MV/m and Bp = 120 mT

 l s. High
surface fields are stable except when ex-
posed to extremely poor vacuum conditions.

Multiple-helix resonators in a single
container have been developed 3 I, and a
superconducting proton linac was proposed
at Karlsruhe 6 that consists of nine inde-
pendently phased helical units operating
at a frequency of 90 MHz followed by an
Alvarez unit operating at 720 MHz. The
schematic layout is given in fig. 1.

Fig. l:
Schematic layout of the Karlsruhe supercon-
ducting proton accelerator structure. The
injection energy is 0.75 MeV, and designed
end energy is 6 MeV.

The present objective of the prototype is
to achieve a proton beam energy of 6 MeV
with a current exceeding 100 yA. In 1972,
the first acceleration of a proton beam
with a multiple-helix unit was achieved. A
typical multiple-helix is shown in fig. 2
and fig. 3. The multiple-helix units have
been designed for modest peak surface fields
of Ep = 16 MV/m and Bp = SO mT, correspon-
ding to a maximum energy gradient of
2.3 MeV/m at a particle velocity of 6=0.06.

The first two multiple-helix units
were simultaneously phase locked to a
common master oscillator by means of the
VCX control, and a proton beam was acce-
lerated through the pair of resonators.
Phase stability within ±0.02 radian and
amplitude stability within 1% were achieved
continuously at the design field level. An
amount of reactive power of 340 W and 415 W,
respectively, at room temperature, was



needed to compensate the effect of ambie.t
vibrations.

Fig. 2:
Construction of a double-walled multiple-
helix for 90 MHz. The electrical length is
0.6 m, the inner diameter 20 cm.

Fig. 3:
90 MHz multiple-helix unit fabricated of
niobium.

Fig. 4:
Disassembled A/2-helix unit made from nio-
bium. The housing is single-walled, has an
Inner diameter of 15 cm and a length of
23.2 cm. The resonant frequency is 108 MHz;
the resonator has been designed for
6 = 0.06.

Based on the extended experience with
the superconducting helix structure, in 1975

a tandem-injected postaccelerator with i r -
dividual phased identical ^/2-helices wa.r.
proposed at Karlsruhe 3 5 , and an experimen-
tal program was started to add two helix
units to the Heidelberg tandem. This pro-
gram has made rapid progress, more detail
will be given by Vetter at this conferen-
ce 3 3 . A A/2-helix is pictured ir: fig. 4.

Split-ring resonator

This promising new kind of structure
was introduced by Shepard, Kercereau and
Dick at Cal Tech " . Fig. 5 shows the proto-
type superconducting spli t-r ing element.

Fig. 5:
2U0 MHz superconducting sp'j>-ring element
developed at Cal Tech. The ing is fabri-
cated from chemically polished Pb electro-
plated onto copper. The diameter of the
ring is 12.6 cm, the diameter of the ring
tubing is 0.9 5 cm, and the diameter of the
housing is 25 cm.

The relevant rf eiger.ir.ode of the structure
is the 7r-mode. The ring is enclosed in a
cylindrical housing, and the ring elerr.er.t
is demountably joined through an indium va-
cuum seal. The spl i t -r ing resonator has the
advantage of a relatively low energy con-
tent at a given accelerating field ar.d bet-
ter frequency stabil i ty compared to the he-
lix (see table I I ) . In addition, the peak
magnetic field at a given accelerating
field is lower; therefore, the use of leuJ
plated resonators is possible. However, the
spli t -r ing resonator has considerable lar-
ger dimensions at low frequencies compared
to the helix, and fabrication techniques
are more complicated. Preliminary design
studies indicate that the spli t-r ing re-
sonator will be possible to use for any
particle velocity in a range of at least
6 = 0.01* to B = 0.12 l 7 .

At present, two development programs
for a heavy-ion booster using the spl i t -
ring structure are in progress. A joint Cal
Tecli/Stony Brook group is proposing the
acceleration of heavy ions of B = 0.04 to
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0.15 from a 9 MV tandem 1 7 . Tests with hea-
vy ion beams of 150 and 32S have been per-
formed on a lead plated prototype spli t-
ring resonator. It was designed at Cal Tech
for a frequency of 240 MHz and a particle
velocity of 6 = 0.07. It was fabricated
from OFHC-copper, plated with lead and then
chemically polished. Improved chemical po-
lishing techniques have been developed for
superconducting lead which yield field le-
vels above 2 5 MV/m. The prototype has been
operated at accelerating gradients above
3 MV/m at Cal Tech. In the beam test at
Stony Brook accelerating gradients of
2.75 MV/m have been obtained with this same
resonator. Therefore, this operating gra-
dient has been used in table II for the f i-
gure of merit of the split-ring resonator.

At Argonne, a machine with a voltage
gain of about 13.5 MV has been proposed for
an energy booster of the tandem. It will
probably consist of 6 unit:; with 6 in the
range 0.06 - 0.07 and 6 units with B around
0.11 . The superconducting split-ring reso-
nator is made of niobium. The resonance
frequency is 9 7 MHz and i ts active length
is 35.5 cm. Thus i t s effective phase velo-
city is 3 = 0.115. A photograph of the in-
terior structure of the split-ring is shown
in fig. 6.

Fig. 6:
Argonne's 97 MHz superconducting split-ring
structure made from niobium; length = 35.6cm,
housing diameter = 40.6 cm, geometrical
B = 0.115.

Notice from the photograph that the geome-
try of the ring has been modified from the
original Cal Tech desigj so as to place the
drift tube on the axis of the structure.
The housing diameter is 40.6 cm. fabrication
of the drift tubes and ring was straight-

forward. However, fabrication of the double-
walled housing of the resonator proved to
be more difficult and costly than expected,
and consequently Argonne has invested con-
siderable effort in the development of a
new approach. More detail is given by the
Argonne group at this conference l e .

Re-entrant cavity

Superconducting niobium cavities of
reentrant shape have been built and tested
at Stanford " . The cavities have a 35 cm
diameter, 10 cm length, and 2 cm accelera-
ting gap. They resonate at 430 MHz. This
corresponds to particle velocities of
$ = 0.10. Fig. 7 shows a schematic drawing
of the re-entrant-cavity.

RF PROBES

Fig. 7:
Superconducting niobium re-entrant cavity
developed at Stanford. The cavity is 35 cm
in diameter and resonates at 430 MHz. The
gap is 2 cm wide.

A large number of tests show that the
performance of the cavities is reproducible:
Peak surface electric fields in excess of
12 MV/m were consistently achieved at Q-
values in the range greater than 2 x 109.
This operating gradient has been used in
table II for the figure of merit of the
re-entrant cavity. The highest field ob-
tained was 17 MV/m, the magnetic field at
breakdown was only 24 mT.

Alvarez structure

Normal conducting Alvarez structures
operating between 100 and 200 MHz are in
wide use to accelerate protons to the
100 MeV range. A superconducting Alvarez
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stî ucture at 700 MHz is being developed at
Karlsruhe for low energy protons around
10 MeV '*. A lower frequency is not feasible
because the structure diameter will become
too large. The resonance frequency of a
2-cell test resonator is 720 MHz, the struc-
ture diameter is 29 cm. The test resonator
has been designed for a particle energy of
5 MeV (8 = 0.10), the beam hole diameter is
2 cm. The construction is shown in fig. 8.

Fig. o:
Construction of the superconducting niobium
Alvarez test resonator- with a diameter of
29 cm, a gapwidth of 1.5 cm, and a length
of 8.6 cm. The resonator is operated in tne
0-mode at 720 MHz.

The optimization of geometric parameters
with respect to minimal peak surface fields
was done by means of LALA-calculations. For
the surface treatment after electron beam
welding a special chemical polishing tech-
nique had to be developed, because electro-
polishing was no longer possible.

Our test results may be summarized as
follows: (1) The surface treatment was good
enough to achieve low field Q-values above
1010 at 1.8 K. (2) The resonator was opera-
ted at a surface electric field of
Ep = 21 MV/m and at a surface magnetic field

Abb. 9:
Construction of the double-walled niobium
S-cell Alvarez structure, designed for a
frequency of 720 MHz and S = 0.10. The
inner diameter is 29 cm, tha length is
23.2 cm.

of Ep = 32 mT. (3) The field limitation was
given by electron effects. We consider at
present an energy gradient of 1.5 MeV/m at
a Q-value of 2 x 109 to be realistic. The
above mentioned peak surface fields would
correspond, however, to an energy gradient
of 3 MeV/m, which should be a reasonable
goal for future performance.

In connection with the proton acce-
lerator program at Karlsruhe a S-cell Al-
varez unit was fabricated. The design cri-
teria were based on the results of the test
resonator. Fig. 9 gives the construction of
the 5-cell Alvarez unit; fig. 10 pictures
the interior.

Fig. 10:
Photograph of the interior of the niobium
5-cell Alvarez unit for the Karlsruhe su-
perconducting proton linac.

Slotted-Iris Structure

For photon energies in the range of
20 - 600 MeV (g = 0.20 to 0.90) accelera-
ting structures of the i r i s type have been
investigated at Karlsruhe ' * . A slotted-
i r i s test resonator made from niobium has
been developed. The resonance frequency is
720 MHz, the structure diameter is 31 cm,
the design particle energy is 20 MeV. Pre-
liminary results can be summarized as
follows: CD High field Q-values of 2.5*108
at 1.8 ¥ were obtained. (2) Peak surface
fields of Eg = 11 MV/m and Bp = 25 mT were
achieved. (?) Field limitation was also gi-
ven by electron-induced effects.
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Conclusions

From the previous discussions i t
should have become evident that supercon-
ducting slow-wave structures are available
as heavy ion boosters for tandems. Helical,
split-ring, and re-entrant resonators have
been fabricated from niobium. A split-ring
structure has been fabricated from electro-
plated lead onto copper. Considerable ex-
perience and excellent performance charac-
teristics have been obtained in the opera-
tion at helium temperatures. The best rf
resonator for heavy-ion acceleration appears
to be the split-ring structure on the basis
of rf control requirements. However, the
larger radial dimensions and the more com-
plicated geometry of the split-ring reso-
nator may influence the overall cost per
unit. Therefore, a careful cost comparison
of helical, split-ring and re-entrant type
of accelerating systems may be necessary
in the future.

In order to simplify greatly the me-
chanical aspects of the linac design and
to reduce cost, new resonator fabrication
techniques are being developed. Several
approaches are being pursued, among them
are single-walled housing, reduced number
of welds and good electrochemical treat-
ment.

The key idea on simplifying cryogenic
cost is cooling by 4.2 K helium. Important
results have been obtained in that respect
for superconducting slow-wave structures.

The most promising rf structure for
the acceleration of protons in the energy
range of 5 - 150 MeV appears to be the Al-
varez structure. A niobium Alvarez-resona-
tor has been successfully tested at high
field levels with low power loss. The me-
chanical construction provided excellent
frequency stability. A 5-cell Alvarez unit
has been fabricated and will be used shortly
for proton beam acceleration.
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DISCUSSION

W. Jule, LASL: In the Alvarez superconducting cavity
where does the peak field occur which causes electron
emission breakdown?

Kuntze: At the corner of the drift tube.

Jule: Would it !ielp If you had slanted face drift
tubes instead of parallel face drift tubes?

Kuntze: No, we have optimized the shape of the
drift tube according to LALA calculations. We do not
have access to SUPEKFJSH, yet.

L.M. Bellinger, ANL: I'd like to comment on your
definition of a figure of merit for the phase con-
trollability of a resonant structure. The product
UAu does not include the influence of the resonant
frequency. As a result a high frequency resonator
appears more favourable than is warranted by the
inherent properties of the structure.

Kuntze: Yes, you are right but I thought it was too
much to reduce all this to one single frequency so I
reduced it to 1 megavolt voltage gain. The factor
goes quadratically with the frequency and so if you
compare the split ring from CalTech with the split
ring from Argonne there is a factor of more than 2
in the frequency which changes the figure by a factor
of 4.

E.A. Knapp, LASL: Does the statement that 4.2 K
cooling Is adequate mean that there is no advantage
for usi-ig super fluid helium in the system?

Kuntze: Yes, you know with 4.2 K cooling systems you
can reduce the refrigerator costs by more than 50%
and if you use forced flow, as we have done, there Is
no advantage in using super fluid helium. The only
advantage we had at higher frequencies is that the
rf surface resistance would reduce by a large factor
going from 4 K to below 2 K. That's not the case in
this frequency region of 100 MHz because ve are
already at the residual losses.
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THE ARGONNE SUPERCONDUCTING HEAVY-ION LINAC"

L. K. Bollinger, K. Senaroya, B. E. Clifft, A. H. Jaffey,

K. V. Johnson, T. K. Khoe, C. H. Scheibelhut, K. W. Shepard, T. P. Wangler
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9700 South Cass Avenue
Argonne, Illinois
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The paper summarizes the status of a project to
develop and build a small superconducting linac to
boost the energy of heavy ions from an existing
tandem electrostatic accelerator. The design of the
system is well advanced, and construction of major
components Is expected to start in late 1976. The
linac will consist of independently-phased resona-
tors of the split-ring type made of niobium and oper-
ating at a temperature of 4.2 K. The resonance fre-
quency ie 97 MHz. Tests on full-scale resonators
lead one to expect accelerating fields of * 4 HV/m
within the resonators. The linac will be long
enough to provide a voltage gain of at least 13.5 MV,
which will allow ions with A a. 80 to be accelerated
above the Coulomb barrier of any target. The modu-
lar nature of the system will make future additions
to the length relatively easy. A major design ob-
jective is to preserve the good quality of the
tandem beam. This requires an exceedingly narrow
beam pulse, which is achieved by bunching both be-
fore and after the tandem. Focusing by means of
superconducting solenoids within the linac limits
the radial size of the beam. An accelerating
structure some 15 meters downstream from the linac
will manipulate the longitudinal phase ellipse so as
to provide the experimenter with either very good
energy resolution (AE/E % 2 x 10"*) or very good
time resolution (At ̂ 30 psec). The planned linac
is viewed as the prototype of an energy booster that
can effectively upgrade the performance of tandem
electrostatic accelerators generally.

I. INTRODUCTION

This paper outlines the status and plans of a
project, now in progress, to build a small super-
conducting llnac to Berve as an energy booster for
heavy Ions from the FN Tandem electrostatic accel-
erator at Argonne. The main components of the plan-
ned accelerator system are shown in Fig. 1, and the
physical layout is given in Fig. 2. The injector
tandem will be used in its present location, and the
linac will be located in an existing target room.
As in all such systems being discussed at several
laboratories, the linac will consirf of an array of
Independently-phased resonators, thus providing a
range of flexibility and performance that has not
been available heretofore.

The main Justification for our linac project
Is the development of superconducting RF accelerator
technology. At the same time, every effort is being
made to produce a useful accelerator system. From
both points of view it has seemed worthwhile to

take on Che task of developing an accelerating
structure with a low resonance frequency (97 MHz),
even though the technology Is aasler at higher
frequencies.

In terms of performance, there are three main
objectives: (1) to provide ion beams that are
well "above the Coulomb barrier for ions with
A -5 80, (2) to provide easy energy variability,
and (3) to provide a bean with tandem-like quality.
In short, we view the tanden-llnac system as the
natural way to extend the capabilities and to
preserve the unique advantages of the tandem Itself.

Because of the project's emphasis on accelera-
tor development and because of limitations in fund-
ing, the maximum beam energy of the planned accel-
erator system will be less than some users want.
Also, it is unlikely that the existing tandem In-
jector will be able to provide ions with A > 100
even if the linac could accelerate them. Our re-
sponse to these limitations is to design a modular
system that can easily be expanded and/or modified
to take care of future developments.

The status of the project (in early September
1976) Is as follows. The cou-eptual design, which
has evolved during the past several years, is com-
plete and questions of performance and beam dynam-
ics have been carefully examined. Testing of pro-
totype components i3 well advanced. Construction
of the small building addition shown in Fig. 2 la
nearing completion. The detailed design of an
accelerator system is in progress. The construc-
tion of Borne major components (such as resonators)
will start in October 1976 and grow to a peak of

Figure 1. Main components
of the tandem-llnac system.
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activity in 1977. The aim is to have a first use-
ful beam by April 1976. However, because of the
developmental nature of the work, it is expected
that there will then be a relatively long period
during which the beam is not routinely available
to users.

The plans outlined in this paper are neces-
sarily tentative, since many design problems have
not yet been worked out in detail and since exper-
ience with superconducting resonators is not very
extensive. Also, It is advantageous to delay some
decisions as long as possible. Fortunately, the
flexibility that is inherent in a modular system
of independem.ly-phased resonators makes it feas-
ible to proceed efficiently with the work in spite
of these uncertainties.

The linac construction is planned as a multi-
phase process. In the initial phase, for which
funding is authorized, the linac will be designed
to provide t- 13.5 MV of voltage gain, the level
of performance originally proposed. However, all
aspects of the design are being worked out so that
the system can easily be expanded to provide i 20
MV of voltage gain, the level of performance that
appears feasible for a linac about 10 meters long.

II. DESCRIPTION OF THE LINAC

A schematic representation of the planned
linac is 3hown in Fig. 3. The system consists of
an array of independently-phased resonators of the
split-ring type. These resonators, in which the
superconductor is niobium, opera-' at 4.2 K and at
an RF frequency of i 97 MHz. A superconducting
solenoid after each second resonator is used to
confine the beam radially.

The outer wall of the resonator
is cooled to liquid-helium temperature
in a way that does not require a he-
lium bath. The helium-cooled com-
ponents are surrounded by a nitrogen-
cooled heat shield. A vacuum wall
encloses the whole assembly. The :
vacuum space within the resonator is
not separated from the insulation ir_ ....
vacuum outside of the resonators; "•>•••
cryopumping on the outer surfaces of
the resonators maintains an ultra- '
high vacuum within the resonators. ..' ' "

Sets of six resonators and three •• • . ; .
solenoids are housed within Individ- 1 ;\. ,:.*'
ual vacuum tanks that can be Isolated j"'
from the remainder cf the linac.
These assemblies form the complete ' i
accelerator sections B, C, and D that
can readily be removed from the beam
line without warming up adjacent sec- j
tions. Because all resonators are - i '
independently phased, the system can j
be made to operate usefully even ..
when a complete section is missing. ! ; ,

Sections A of Fig. 3 has the dual j "'" | |
functions of accelerating and of ( ' i
matching the longitudinal phase el- • [ I .
lipse of the incident beam to the : -._ i .. J
remainder of the linac. • '•

Other integral parts of the RF accelerator
system are a refined bunching system before the
linac and a debuncher after the linac (see Fig. 1)•

Split-Ring Resonator

Figure 4 gives an assembled view of the pro-
totype structure that has been tested for use in
the Argonne superconducting linac. In order to
reduce the diameter of the housing, the original
CalTech design has been modified by bending the
loading tube so that the drift tubes are coaxial
with the housing. The result is a structure that
haB an RF frequency of 96.7 MHz for a housing that
is 40.6 cm in diameter (inside). The inner com-
ponents of the structure are welded to the housing.
In the first prototype, one end plate is attached
to the housing by means of a demountable joint,
and the other end is welded into place. In a
second resonator nearing completion, both end
plates are attached by means of demountable joints.

Only two sizes (lengths) of resonators will
be used In the linac. The unit illustrated in the
figure is 35.5 cm long (inside dimension) and has
a maximum transit-time factor for a projectile with
g - 0.105. A unit of this size will be use<i in
accelerator section D of Fig. 3. The units to be
used in sections A and B will be of the same dia-
meter and i 20 cm long. The composition of section
C has not been decided yet, but Figs. 3, 5, and 6
were drawn under the assumption that high-B units
will be used.

The electrodynamic properties of the high-S
unit have been studied in copper models and in the
superconducting prototype. Since the results of

Figure 2. Layout of the
tandem-linac system.
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Figure 3. Schematic of the ANL superconducting llnac.
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these tests have been reported recently, they
need only to be summarized here. The initial mo-
tivation for considering the use of the split-ring
structure was the expectation that it would be
mechanically stable. It has turned out to be very
stable indeed. The eigenfrequency shift Induced
by radiation pressure is only 620 Hz at an accel-
erating field Efl • 2 MV/m, which is small enough

to effectively eliminate the problem of electro-
mechanical coupling. Similarly, the vibration-
induced frequency shift can be made as small as
± 60 Hz, which is small enough that the resulting
phase changes can be controlled with a relatively
Bimple form of voltage-controlled reactance (VCX).

The split-ring structure is also attractive
from the point of view of energy gain per unit
length. Let the axial accelerating field E be

defined as energy gain per unit charge divided by
resonator length (inside dimension) for a synchro-
nous particle. Then, 1 the high-S unit, E

max
4 - 8 V Bmax " 1 7 6 Ea» a n d W " 0 > 1 7 Ea' w h e r e \
is in MV/m, E^^ is the maximum surface electric

field in MV/m, is the maximum surface magnetic

field in Gauss, and W is the RF energy content in
Joules. Since all of the 92-MHz helix resonators

RF COUPLING PORT -

INLET ' ' L „ • J

3 4
tested ' at Argonne have operated with E > 20
MV/m and B >. 750 Gauss, it is reasonable to ex-

max
pect such performance for the split ring also. If
so, the accelerating field will be E > 4.2 MV/m.

In the best performance achieved to date, the
prototype resonator was operated continuously at
3.6 MV/m and was operated intermittently at 4.0
MV/m. It is probable that the field for continuous
operation was limited by inadequate cooling of the
ring and/or by power loss in the demountable joint
that connects the end plate LO the main part of the
housing. Since both of these problems can be
corrected, we are optimistic that the field will be
pushed considerably higher. In any case, even the
demonstrated level of performance is very attractive
for an accelerator since it corresponds to an energy
gain of about 1.3 MeV per charge In a single reson-
ator.

In order to avoid the need for a helium bath
in the llnac, the housing of the first prototype
was formed as a double-walled vessel (all of nio-
bium) within which the cooling liquid helium is
confined. Liquid helium also fills the hollow
drift tubes and the loading tube. This arrange-
ment greatly simplifies the mechanical deslgr of
the linac, but the specific mode of fabrication
used for the housing turned out to be undesirably
expensive. Consequently, we have turned to an
alternative approach that is expected to be both
better and less expensive. This new approach for
the hi -.ising makes use of a composite material in
which niobium sheet is explosively bonded to copper
plate. The niobium provides the superconducting
surface and the copper provides thermal conductivity
and mechanical rigidity. Extensive tests on samples
of the bonded material indicate that it will satisfy
all requirements, and a complete resonator of the
new kind Is scheduled for completion in October 1976.
An Important aspect of our optimism concerning the
bonded material is that both the electric and magne-
tic fields on the surface of the housing are very
much lower than they are on the ring and drift tubes,
which will continue to be made of pure niobium. Un-
less tests on the new resonator reveal unexpected
problems, the composite material will be used in the
resonators of our linac.

Figure 4. Assembled views of the first prototype
split-ring resonator.
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Phase Control

Otic of the primary problems In the design of a
superconducting llnac is the control of the RF phase
variations induced by mechanical vibration. The
magnitude of this problem increases rapidly as the
RF frequency decreases because the stored energy
increases with increasing resonator size.

In spite of the large size of our resonator,

the rigidity of the structure makes it feasible to

control vibration-induced frequency variations with

a comparatively simple VCX that consists of a X/8

transmission line with a FIN-diode switch at its

end. The basic ideas involved were described ear-

lier. Recent tests on greatly improved equipment

have shown that one can reliably switch, at a fre-

quency of 25 kHz, a 20-0hm line that has a reactive

power of about t 3.0 kvar. Such a VCX is capable

of controlling the phase of our split-ring to

£± 0.32° if E <4.2 MV/m and if the vibration-

induced frequency variation is Af C± 88 Hz.

Solenoids

The design of the superconducting solenoids used
to confine the beam radially is discussed in detail

in another paper submitted to this conference. As
shown there, such a solenoid is adequate for our
application because of the high magnetic fields
available and is preferable to a quadrupole on the
basis of both cost and ease of control. The results
of field measurements on a prototype superconducting
solenoid are in good agreement with calculations.

The cryostat for each section of the llnac con-
sists of a 3-foot diameter vacuum tank inside of
which is attached a liquid-nitrogen-cooled heat
shield. All components Inside of the heat shield
(the array of resonators, etc.) are mounted on a
framework, and the whole assembly is slid into the
cryostat from one end. The supporting framework Is
maintained at liquid-helium temperature so as to
minimize alignment problems and heat leaks.

Since the resonator-support structure is remov-
able from the cryostat, assembly and alignment of
the resonators and solenoids is expected to be
relatively simple. Also, partly because the reson-
ators are independently phased and partly because
there are not many of them, alignment tolerances are
not very demanding - a radial accuracy of 0.2 mm is
desired but random errors as large as 0.5 mm are
tolerable.

To maintain beam quality, it is desirable to
minimize the dead space between cryostats, whereas
for ease of maintenance and operational flexibility,
one wishes to be able to isolate and remove individ-
ual sections. By building beam-line vacuum valves
into the end flanges of each section, the dead space
has been kept to < 10 cm, which does not appreciably
affect beam quality.

Refrigeration

The prototype resonator was tested at both
1.8 U and U.I K. Since the performance was similET
at the two temperatures, we plan to use the higher
temperature.

The refrigeration system will consist of a
helium refrigerator from which liquid helium at
^ 4.2 K is pumped in parallel to the six resonators
in each acceleration section. The inner components
of each resonator are cooled by boiling liquid
helium flowing up the loading tube into the drift
tubes, from which the liquid-gas mixture is exhaust-
ed by means of teflon tubes inserted for that pur-
pose. The niobium-copper housing is cooled by heat
conduction to the base of the resonator, where
liquid helium is introduced into the Inner compo-
nents .

The present plan is to acquire a refrigerator
with a total capacity of about 100 Watts. This
rather low capacity is judged to be the best bal-
ance, in a limited budget, between the costs for
refrigeration and for other components. An Impli-
cation of the 100-Uatt capacity Is that the cool-
down time of the whole llnac will be several days.

III. BEAM BUNCHIKG

An important property of the tandem electro-
static accelerator is that It has a beam of excel-
lent quality both with respect to emlttance and
energy resolution. This beam quality can be pre-
served in the linac if all non-linear effects are
minimized, which requires the beam to be matched
to the linac in both longitudinal and transverse
phase space. The matching must be achieved without
much loss of beam intensity, since the Intensity
from a tandem Is small for most ions.

The matching requirement makes it desirable to
be able to compress a large fraction of the beam
from the ion source into pulses that may be as
narrow a6 50 psec. As shown in Fig. 1, ve plan
to achieve this by bunching the beam both before
and after the tandem. The pre-tandem buncher is
a gridded gap (room temperature) driven by a saw-
tooth-like voltage that is formed by the super-
position of four harmonic components—about 50, 100,
150, and 200 MHz. Calculations that take into
account all known debuncbing effects indicate that
this system should bunch about 80% of the DC beam
from the source Into pulses that are about 1 nsec
wide at the output of the tandem with a repetition
rate of about 50 MHz. These relatively wide pulses
are then linearly compressed to a very narrow width
(typically 20 psec) by a single superconducting
split-ring resonator. The feasibility of post-
tandem bunching has been demonstrated experimen-
tally.7

Since there are expected to be serious varia-
tions In the time of flight of Ions through the
tandem, the pre-tandem buncher is dynamically
linked to the post-tandem RF system by means of a
detector that Is resonantly excited by Ion bunches
from the tandem. This system is designed to detect
a fllfcht-time variation, of 0.1 tisec in 10 msec if
the beam current is 3 nA.
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A complete bunching system to be used for ex-
periments vlth the beam from the tandem alone is
under construction and Is expected to be opera-
tional by early 1977.

In order to minimize the influence of energy
straggling in the stripper in front of the linac,
one needs a time focus at the stripper. This up-
right phase ellipse then nesds to be transformed
into the shape and orientation required for opti-
mum acceleration through the llnac. This function
is carried out by means of the two resonators in
section A, and the additional drift spaces pro-
vided In that section are used for that purpose.

IV. PERFORMANCE

Characteristic features of a heavy-ion llnac
with independently-phased resonators are the flexi-
bility of the system and the wide range of useful
operating conditions. Thus, the uncertainty about
the level of accelerating field that will be
achieved ultimately in the split-ring resonator and
the uncertainty about the number of resonators that
can be built with available funds does not Interact
much with the design of the system.

In this section we give examples of the per-

formance for several sets of assumptions.

Maximum Energy of Beam

In Phase I of the project, we expect to con-
struct a linac consisting of sections A, B, and D
or, alternately, sections A, C, and D, depending on
the needs of prospective users. Since sections A
and D will be built first, the decision of whether
to build B or C next can be deferred somewhat. In
Phase II, the fourth section will be built.

Figure S gives the maximum beam energy as a
function of ion mass A for several assumptions.
The curve labelled 5X/2 helix gives the performance
projected originally when it was assumed that the
accelerating structure would be a 5A/2 helix and
that the overall length of the linac would be
i< 10 m. Comparison of this with the other curves
shows how the improved characteristics of the split-
ring resonator allow one to reach somewhat higher
energies for all masses with the smaller llnacs ABC
and ACD. All of the curves in Fig. 5 and 6 were
calculated for the same assumption that the maxi-
mum accelerating fields are those corresponding to
a maximum surface electric field of 20 MV/m.

An important consequence of Independent phas-
ing is that, for a wide range of projectiles, the
achievable energy does not depend sensitively on
the characteristics of the injector. This is
illustrated in Fig. 6 for a particular linac and
several sets of assumptions about the tandem in-
jector. If desired, the high-mass performance could
be improved without much loss at low masses by
modifying the velocity profile of the linac.

20 40 60 80 100
PROJECTILE MASS

120 140

Figure 5. Maximum achievable beam energy for
several linacs. For all cases, the injector is
a 10-MV tandem with a foil stripper.
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Figure 6. Maximum achievable beam energy of linac
ABCS for several injectors. For all cases, E "
It.l MV/m.
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Energy Variability

A major advantage of the planned tandem-llnac
system is that the output energy can easily be
varied. When continuous variation over a range of
energies Is required, the easiest procedure is to
keep fixed all operating conditions prior to the
last resonator and to vary the phase of this last
resonator over its linear range of acceleration.
In this way, the output phase ellipse remains al-
most unchanged while the energy Is swept over a
range of about 30 MV for a typical ion. When a
wider range is required, resonators are turned off.

Beam Intensity

For all except rather light ions, it is
necessary to use two strippers during the accelera-
tion process, one In the tandem terminal and another
between the tandem and the linac. Thus, even though
the linac is expected to accelerate most of the
Incident beam, the output from the linac will be
only about 2% as intense as the beam injected
into the tandem. Typically, then the output-beam
current is expected to be about 10 1' particles per
second for favorable Ions and lower for others. Tn
view of the good quality of the beam, this is
enough for most nuclear-structure experiments.

Beam Quality

As mentioned earlier, a major design objective
In our project is to preserve the quality of the
beam from the tandem by controlling all non-linear
effects in bunching and in the llnac. A careful
examination of all such effects indicates that this
is best done by minimizing the radial size of the
beam and by matching its longitudinal phase ellipse
to the acceptance ellipses of the linac. If such
matching is feasible, then none of the non-linear
effects need to be large enough to cause an Impor-
tant loss of beam quality for most projectiles.
The only exception la the extreme situation in
which, because one is straining for the ultimate
in energy, acceleration takes place zoo close to
4> - 0, the peak of the acceleration curve.

A solution of the equations for linear accel-

eration shows that longitudinal matching is
achieved when, throughout the linac, the energy
spread AU (in MeV) is related to the time spread
At (in sec) by the relationship

M. us sin

(2)

^ - 1.32 10"

/2
00 *. (1)

where A is the nucleon number, q is the ion charge,
• g is the synchronous phase for a convention in

which <J> - 0 yields maximum acceleration, E is the

peak accelerating field in MV/m, and f is the RF
frequency in Hz.

Equation (1) can be cast in several forms, of
which one of the most useful ia

Since the product AUAt is a constant (a parameter
of the incident beam), Eq. (2) may conveniently be
used to determine the relative energy spread of a
matched beam at the output of the linac.

An Important implication of Eq. (1) and (2)
is that, for a beam of very good quality (small
AU/it), the time spread must be exceptionally small.
For example, if a 100-MeV beam of ""Ca from a 10-MV
tandem has dV&t - 5 keV nsec (where both ,'.U and At
are half widths at half maximum) and has q » 17 as
It enters the linac, then tht matched phase ellipse
for our structure has At - ± 25 psec. The need for
such narrow pulses is the justification for the
emphasis on a refined bunching system. Of course,
if the beam from the tandem has poor quality, then
At should be much larger.

Although the product AUAt can be largely pre-
served by using a matched beam, the energy resolu-
tion &V/V of the output beam may not be exception-
ally good. Calculations based on Eq. (2) show that
for a typical beam of good quality the output beam
may be expected to have AU/U % 4 5x10"* and
At % ± 25 psec. A debunchsr located ^ 15 meters
downstream from the linac (see Fig. 2) will allow
the energy spread to be made about 5 times smaller,
if needed.
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DISCUSSION

R. Sundelin, Cornell; I didn't see any inner tube
inside the loi>p of the spiral In your drawing. Does
this mean that you are using super fluid cooling
rather than helium at 4.2 K?

Bollln^er: No, there is a tube there which was not
shown because of the complexity of the drawing. We
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use 4.2 K helium.

M. Kuntze, Karlsruhe: Could you comment on the
cooling of the drift tubes of the split ring
resonator?

Bolllnger: The boiling helium at a temperature of
4.2 K flows up the loading tube into the drift tube.
The gas-liquid mixture that results from this is
exhausted from the highest point of each arm of the
loading tube through a teflon cube.

J. Klabunde, GSI: How do you get the correct
frequency of each cell of your structure?

Bollinger: There are three levels of tuning. The
first level is to permanently deform one of the end
plates. Secondly, the other end plate is deformed
on demand by a remotely controlled mechanism and
thirdly, we use a voltage controlled reactance for
the fast tuning.

E. Jaeschke. Heidelburg: What kind of a phase
detector will you use to synchronize your tandem
pulsing with the linac?

Bellinger: It's a room temperature helix with a Q
of about a thousand excited by the bunched beam.
The signal from the helix is fed to a phase-locked
amplifier which integrates the signal until it is
well above noise level. The system is designed to
sense the bunch phase in about l m s , which implies
that the ion flight time changes rather slowly.
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A HYBRID SUPERCONDUCTING SOLENOID AS A FOCUSING ELEMENT IN A

SUPERCONDUCTING HEAVY-ION ACCELERATOR3

A. H. Jaffey, R. Benaroya, and T. K. Khoe

Argonne National Laboratory
9700 South Cass Avenue

Argonne, Illinois
U.S.A.

Introduction

Using superconducting solenoids as focusing ele-
ments in the Argonne Superconducting Heavy-Ion Linac
Booster Is considerably simpler than using the tra-
ditional quadrupoles. Although leakage of magnetic
field is a potential source of interference with
rf superconducting resonators, a soft iron shield
surrounded by a mu-metal shield adequately reduces
such leakage. A prototype solenoid, in all essen-
tial respects like that needed in the llnac, has
been constructed and tested. Its magnetic perfor-
mance was as predicted theoretically. The ease of
manufacture and relatively modest cost are impor-
tant advantages of this type of focusing element.

The natural radial expansion of a linac beam
with beam drift and the defocusing effect of the
resonator require that focusing elements be placed
periodically along the beam path to reconverge the
beam. As a minimum requirement, at least enough
focusing power is needed to keep any part of the
beam from colliding with parts of the accelerator,
especially the superconducting resonators, which
may be severely damaged by heavy ion bombardment.
The achievement of good energy resolution sets
even stronger requirements on minimizing the
radial extent of Che beam.

When the superconducting heavy-ion linac was
first considered, it was assumed that the focusing
elements would be quadrupoles, which are univer-
sally used in room temperature accelerators and
their beam-lines. The focusing ability of solen-
oids has long been known, and Indeed they have
been widely used for electrons, as in electron
microscopes. However, for room temperature use
with heavy particles, the quadrupole has far
larger focusing power than the solenoid. Since
focusing in a solenoid is a second-order effect,
focusing power is proportional to B2. Hence, the
large increase in field available with a super-
conducting solenoid makes the solenoid focusing
power comparable to that of a room-temperature
quadrupole doublet.

Treating the focusing elements as Bimple
lenses, the focal lengths are given by:

I-L_ . /la x
|fsol [2 A V

K Lsol (1)

with

and

sol B2 dz - P

quad
. a _*_m

o
v ) quad

(2)

(3)

where
q/A
e

Lsol

quad

-' charge/mass number ratio
* electronic charge (coulomb)
• unit rest mass (kg)

• particle velocity (m/sec)

• solenoid B*, averaged over solenoid
length (tesla*)

• solenoid focusing power (tesla2

meter)
• quadrupole field gradient (tesla/

meter)
- solenoid length (meter)

- quadrupole element length (meter)

. ' I
2 sol

Then for focusing devices of about the same length,
for q/A » 0 . 5 and for v/c - 0.1,

sol

quad B
ir 1.25
2

(4)

For room temperature devices, reasonable attainable

values are G • 25 T/m and (B 2)'^ 2 - 0.5 T, for
which 9 - 125. Clearly, the solenoid focal length
Is much too long. However, for a superconducting

solenoid, a value of (B 2) 1/ 2 » 6 T is reasonable,

for which (with the same G-value), 6 » 0.9. The

3olenoid focuses as effectively as the doublet-

Aside from the need for attaining high fields,

the use of superconducting focusing elements is

highly desirable in a linac enclosed within a

liquid-helium environment. The use of water-

cooled room-temperature elements has some undesir-

able features in that it would require liquid

helium-to-room temperature transition regions.

These would be expensive to fabricate and would

lengthen the llnac by Increasing the drift lengths.

Work performed under the auspiceB of the U. S. Energy Research and Development Administration.
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Further, If the bean tube inside the focusing ele-
ment were warm, there would be sources of out-
gassing components from the "hot" regions which
could deposit and contaminate the superconducting
resonator surfaces. A beam tube cooled to very
low temperatures would entail an Increase In the
bore of the focusing element.

Given that the superconducting solenoid pro-
vides adequate focusing power, it actually has a
number of advantages over the quadrupole doublet.
These advantages stem from the relative ease of
accurate construction and from the fact that only
one coil element is involved in a focusing lens.
Among the relative disadvantages of the quadrupole
system are not only the greater difficulty of
accurate construction, but also the greater com-
plexity of alignment and control for the two doub-
let elements.

Focusing Power Required

In the Argonne superconducting linac, it is
proposed to modularize with a basic structure (or
cell) having two resonators followed by a solenoid.
It is planned ro have the solenoid focusing power
sufficient to bring the beam size to a minimum
(i.e., a waist) between the two resonators of the
next cell. Under such operating conditions, and
for a given beam emlttance, the beam size is kept
as small as it can be Inside the resonators.

The quality of the beam emerging from the
tandem is expected to be quite good, so that re-
quirements of energy resolution would, in fact,
allow considerable relaxation of the focusing power
requirements. He plan, however, to be conservative,
and to use the minimum-beam focusing requirement.
This conservatism provides a reserve capability so
that the radial focusing properties of the linac
will not limit the energy resolution even in cases
of low charge and/or high-mass Ions.

The beam diameter increases primarily because
of the natural drifting spread, Influenced in only
a minor way by the radial defocusing force of the
phase-stable resonator. If the defocusing is ne-
glected, calculation indicates that the beam
achieves minimum radial extent when the solenoid
focal length is about half the cell length. When
the defocusing effect is included, for an effective
accelerating field of about 4 MV/m, minimum beam
size is achieved when the solenoid focusing power
is increased by 7 to 97..

In the initial phase of construction of the
Argonne superconducting booster, it is planned to
include twelve resonators, dividing them Into two
groups of high and low 3-values.

If the minimum beam size requirement is used,
the solenoid focal length Is fixed by the cell
goemetry (the correction for the defocusing effect
not varying much). Hence, from Eq. (1), the fo-
cusing power required is:

P. - K (5)

where K is a constant, f = jf| and B - v/c. For
m

5 8 N i a o + , for which q/A - 0.345, this becomes Pa -

324 BVf^. For a cell length of 1.3 m and an 8%

correction for defocusing, f • 0.6 m, so for 8 -

0.1, Pg - 5.4 T2m.

For a given type of particle, P increases as

energy 1B gained in the linac if (^ does not

change. For our design, f does change in a major

way when the shift occurs from the low-6 resonators
to the hlgh-B units, the latter being sizeably
longer. Aside from this effect, P increases along
the linac. Numerically, it turns out that to focus
58N1ao+ l o n s > l n j e c t . e d b y t h e ta;u|em a t 1.7 M ev/

nucleon and boosted to an energy corresponding to
6.5 MeV/nucleon, the values of P required vary

from 4.4 to 6.4 tesla2 meter. What this involves
in length will be discussed below.

Design and Construction of a Focusing Solenoid

The basic elements of the design considera-
tions were discussed in Ref. 1. In constructing
a solenoid focusing unit, it was necessary to take
into account the possible interference of the
leakage magnetic field. Since the performance of
a superconducting rf resonator is degraded by the
entrance of an Imposed D.C. magnetic rigid, it
was proposed to confine the leakage field with a
soft iron shield. An added bonus in using the
iron return path was the improvement in magnetic
efficiency. At the same current density, the
P -value for an Iron-shielded coil increased by

^ 40% for a 6 cm coll and ^ 137. for a 19 cm coil.
As the coil gets longer, the influence of the mag-
netic poles formed by the shield ends has less
effect upon the central field, so the increase is
less marked.

As noted in Ref. 1, the properties of the
coil-shield combination were calculated with the
computer program TRIM, which allows for the li-
variation with field intensity in the iron. From
these calculations, it was possible to develop
Interpolation and extrapolation relationships
which allowed evaluation of the Y vs coil length

curve shown in Fig. 1. Except at the lower end
(below 9 cm), the curve is essentially straight.
This results from the shielding effect of the
iron, which makes the shape of the fringing field
(at the ends) relatively insensitive to the coil
length. An increase in the coil length essen-
tially corresponds to the introduction of an
added high field section into the middle of the
coil.

It was decided to build a unit having a coil

of 15 cm length. From Fig. 1, this should have

a P -value within the range desired for the pres-

ent Argonne linac design. The solenoid design

is shown in Fig. 2. A mu-metal shield surrounds

(q/A)2
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15 20
COIL LENGTH (cm)

Figure 1. Focusing power P {« / B2 dzj vs length

of Nb-Ti coil, with an iron shield as shown in Fig
2, and with an outer coil radius of 4.25 cm. The
current density in all coils is the same and has
been adjusted so that the central field in the
longer coils is 6.8 tesla.

Mil- METAL
SHIELD

superconductirg before the solenoid is energized;
the resonator walls then exclude the leakage flux
from the solenoid.

A Nb-Ti coil was wound and epoxy-potted commer-
cially." The total cost of the unit, including coil,
vapor-cooled leads, power supply, persistent switch,
shield fabrication and annealing was less than
$5000. Some decrease in cost per unit is reason-
able when a number of solenoids are manufactured.
For operation in the Argonne llnac, there would
also be a moderate increase in the unit cost due to
the need for an enclosure. Because the solenoid
Is suspended in a vacuum, it would be necessary to
enclose it in a vacuum-tight stainless steel can,
with provision for current leads and for feeding
in liquid helium and removing the vapor.

The magnetic field was measured with search
colls and integrating circuits, with the results
shown in Fig. 3. A special TRIM calculation was

\ L__i1°JL J
\ r SHIELD H

15 cm

Figure 2. Basic features of the constructed focusing
solenoid. The coil dimensions are: length, 15.0 cm,
inner radius « 1.44 cm, outer radius - 3.6 cm. R>r
a central field of 6.8 T, the current ras 48.5 A and
the current density 25400 A/cm2. The iron shield
thickness is 2.75 cm on the cylinder and 4.0 cm at
the ends. The coil form and coil were directly
mounted onto a section of the beam tube and the
Nb-Ti (Cu) wireB secured with epoxy-potting. The
iron and mu-metal shields were then installed.

the iron shield. This is included because the lroit,
though low in carbon and annealed, has some reman-
ent field. If this field penetrates the resonator
before it is cooled below the niobium transition
temperature, the magnetic flux is then "frozen-in"
when the unit turns superconducting and leads to
unacceptable rf losses. Such an ambient field
should be reduced to the 50 mG level at the reson-
ator position. In operation, the resonator Is made

I 2 ~~3 4 5 6 7 8 9 10 II 12 13
DISTANCE FROM COIL CENTER (cm)

Figure 3. Measured and calculated axial field of
manufactured solenoid within the iron shield.

made, using the dimensions of the as-built coil.
Agreement was very good in the coil center, with
some disagreement near the Iron shield. The
explanation may be that the TRIM program used a
U-vs-field table different from that of the very
low carbon Armco iron. The measured results in-
dicate that the field actually dropped off more
rapidly than indicated by the TRIM calculation.
This is also evident in the field results outside
the shield, as shown in Fig. 4.

With the solenoid activated, the axial leakage
field dropped to 10 G at a distance of 1 cm beyond
the Iron shield. With no coil current, and with
the earth's field excluded with a large magnetic
shield, the remanent magnetic field was measured
to be 50 mG at a distance of 2.5 cm from the mu-
metal shield.

aAmerican Magnetics, Oak Ridge, Tennessee.
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Figure 4. Measured and calculated axial field of
manufactured solenoid outside the Iron shield.

Because It was desired to Investigate the
possibility of using persistent currents In the
solenoid, commercial fabrication included Instal-
lation of a persistent switch. ThiB allows oper-
ation of the solenoid without constant connection
to the current source. It was briefly tested over
a period of 8 hours and showed no field change with-
in the measuring accuracy (0.1Z). In actual oper-
ation, It would not be necessary to have both a
persistent switch and vapor-cooled leads, although
both were used In the test operation.

The solenoid was operated at a number of acti-
vating currents. Data for Figs. 3 and 4 were taken
with a central field 6Q - 6.2 T. The solenoid was

tested up to B o - 7.OS T without quenci.lng; the

available power supply did not allow operation at
higher fields. Fig. 1 was calculated for B -

o
6.8 T, a reasonably safe value.

Discussion

We have established that it is straightforward
to construct solenoid focusing elements adequate
for use In the Argonne booster, and that the fab-
rication cost per unit Is modest. The lengths re-
quired are quite moderate, when it is considered
that only 13 cm additional length is needed for
the coil form, the iron and mu-metal shields, and
the enclosing vacuum can. Thus, for colls of thiB
design, the physical length of a solenoid needed
for a particular Pg-value would 6e the length given

In Fig. 1 plus 13 cm. For situations In which high

P -values were needed, the coil length could be

reduced (relative to Fig. I) by increasing the
number of turns and wire size, hence the outer
coil diameter. This would allow an Increase of
BQ to "x. 8 T, which corresponds to an increase in

the slope of Fig. 1 by % 402.

References

1. A. H. Jaffey and T. Khoe, Nucl. InEt. and
Methods 171, 419-419 (1974).

DISCUSSION

E. Regenstrelf, Univ. of Rennes: Did you make a
comparison between the phase acceptance of a
solenoid and the phase acceptance of a quadrupole
system under comparable conditions?

Jaffey: I cannot give you a quantitative compari-
son. I have not calculated the acceptance of a
corresponding quadrupole doublet. Qualitatively,
however, for a given bore the doublet must have a
smaller acceptance because the first element of the
doublet defocuses in one dimension. The quad.upole
bore must accept the defocused beam, so can tolerate
a beam of lesser divergence than the solenoid which
focuses all radial directions at the same time.
Quantitative comparisons have been discussed in the
literature, see Ref. 1 of this paper, and these
agree with the qualitative comment just made.

The radial acceptance of this solenoid is
approximately 120 mm.mrad. If we insert colUmators,
this number would be decreased. We expect that we
may have to install some collimators in order to
ensure that stray particles do not cause radiation
damage to the superconducting surfaces of the
resonators. Our beam is so small that such colli-
mators can be installed with no interference with
the beam.

H. Klein, Frankfurt: Is this figure for the
acceptance normalized?

Jaffey: The acceptance calculated £s A /& where

A Is bore radius and B is the coefficient of r in
the expression for the transverse phase ellipse at the
solenoid center. For the case considered here,
where a waist is formed, 6 Is approximately the
cell length.

Klein: Is it not possible to make use of super-
conducting material for magnetic shielding instead
of iron?

Jaffey: In theory, yes, and I have considered using
such a shield. It is an attractive idea, having the
virtue that the shield has a small mass compared to
the iron shield. The iron shield itself -.'.Ughs

about 20 kg for a coil 15 cm long (P ">• 6 T m for

B = 6.8 T ) . This is a sizeable mass for cooldown
o
to liquid He temperature.

However, the fabrication of superconducting
shields is not simple. Shields would be expensive
and not commercially available. I rejected the
superconducting shield because I wanted to keep the
total cost below the $5000 figure I mentioned.
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ACCELERATING IONS WITH SUPERCONDUCTING RESONATORS, OPERATED AT A TEMPERATURE OF 4.4 K
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Abstract

A superconducting section of a post-
accelerator adding 0.5 MV of effective ener-
gy gain per charge to ions preaccelerated
by an MP tandem is presently tested in the
beam line at Heidelberg. 32S ions of two
different charge states with intensities up
to 2 yA were accelerated in cw operation.

The two helically loaded cavities are
independently phased to a reference line by
use of pin diode tuners. The rf system pro-
vides an excellent stability of the accele-
rating field: the amplitude was kept con-
stant within 5x10"" and the phase error re-
mained within 5><10~J radian pp.

A forced flow of subcritical helium at
a temperature of 4.4 K was advantageously
used to cool the resonators. Total cooling
power for continous operation of the sec-
tion amounted to 9 W where only about 1 of
rf power was dissipated by one superconduc-
ting cavity at the designed field level.

Introduction

A development program was started in
1974 by the Institut far Experimentelle
Kernphysik des KernforsChungszentrums Karls-
ruhe (IEKP) and the Max-Planck-Institut far
Kernphysik Heidelberg (MPI) on resonators
both normalconducting (MPI) and superconduc-
ting (IEKP) in view of designing a postacce-
lerator,adding ~10 MV of affective voltage
gain to ions preaccelerated by the 13 MV
upgraded MP tandem. High flexibility of
efficiently accelerating ions of arbitrary
charge and mass up to mass 80, preservation
of the high beam quality defined by the pre-
accelerator and pulsing system and coarse
and fine tuning of the target energy were
of particular importance in the design and
led to the concept of short accelerator ca-
vities independently phased '.

Though these demands can be fulfilled
by normalconducti-ng resonators as well as
by superconducting ones, operation at redu-
ced cost is expected from a superconducting
system. As comparative proposals were in-
tended to be drawn up by the end of 1976,
the R4D-work on the superconducting post-
accelerator was confined to building and
testing of a prototype section based on
components with sufficient operating expe-
rience. Consequently helically loaded X/2-
resonators and rf systems using a pin diode

tuner as control elements for the cavity
phase where used, components which had been
tested under more stringent demands in the
superconducting proton accelerator at Karls-
ruhe. In spite of thd short development time,
some essential improvements could be intro-
duced which simplify design and fabrication
and further reduce capital and operating
costs. These developments are discussed
within the following sections.

The test section

Two helically loaded niobium resona-
tors,, having an inside length of 2S cm and
a diameter of 16 cm, are housed in a cryo-
stat of about 1.2 m length (fig. 1). An

Fig. 1:
Cryostat for beam operation of two helix
resonators equipped for experiments with
alternatively t.4 K forced flow or 1.8 K
superfluid cooling

aperture of t cm clearance throughout the
cryostat allows for an ion beam to pass
along the axis of the system. Three rf li-
nes (power input, reactance line and refe-
rence probe) connect the resonators to the
electronic units. Helium is continously fed
from a pressurized 500 1 tank via a low
loss transfer line into the cryostat. Helium
vapor is compressed into a 200 bar storage.
A motor truck service provides for discharge
of gas bottles and refill of up to 1000 1
per week of liquid at the low temperature
plant of the IEKP, 50 km distant from the
experiment. Though all installations for
low pressure 1.8 K operation were provided
in the cryostat and helium recovering
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system, the test section has been operated
exclusively at t.4 K as this more advanta-
geous cooling method could be applied with-
out any difficulties (see below).

The superconducting resonators

The design of rhe helically loaded re-
sonators was described in detail in an ear-
lier publication 2. The most essential pa-
rameters are repeated in table I.

TABLE I

DESIGN VALUES OF
SUPERCONDUCTING HELIX RESONATORS

operating frequency

peak sur-face field strength

accelerating field strength
related to helix length

energy gain per charge at
optimum velocity

rf-cavity loss

stored energy

frequency shift by
radiation pressure

108.48 MHz

16 MV/m

2.3 MV/m

300 KV

1 Watt

0.16 J

-30 kHz

Fabrication of the resonators has been
greatly simplified: a single wall housing
is made out of 4 mm niobium sheet (fig. 2)

Fig. 2:
Helically loaded \/2 resonator before wel-
ding the endplates to the cylindrical part.
Simple construction and small dimensions
(16 cm dia) characterize the design.

The helix, made out of 10 mm o. d. tubing,
is wound on a mandril and stress relieved
at 1100° C in a vacuum furnace. Inner sur-
faces of the parts are electropolished
-100 nm before welding. The helix length is
adjusted in an rf test measurement to com-
pensate for fabrication tolerances to give

the correct frequency within typically
0.2 MHz. (Further frequency correction is
done by adjusting the pitch of the helix
and by a small niobium plunger in the ce
vity wall. The remaining error is typical-
ly 2 i 3 kHzO The helix ends are welded to
the cylinder and the resonator is finally
closed by welding the end plates to the
center part. TIG-welding is used throughout
all fabrication steps. Electropolishing
the complete resonator by -50 y is followed
by a 1200° C bakeout to reduce the hydrogen
content formed during the electropolishing
process. Final treatment is alternatively
oxipolishing or electrorolishing a f<=w ym.
If in a subsequent low temperature test
thermomagnetic breakdown was found as an
effect of field limitation further electro-
polishing and outgassing were applied.

Fig. 3:
Coupling probes and coaxial lines are moun-
ted to the resonator with the aid of stan-
dard clamps giving a very reliable low tem-
perature seal.

A resonator treated the way described
will show a high Q (10a-109) over a wide
range of field strength being ultimately
limited only be electron loading effects.
Laboratory experiments with the two reso-
nators fabricated for the test section
showed after preparation maximum field
strengths of 20 to 25 MV/m (peak surface
field). Surface preparation of the first
resonator (A) was finished last January.
More than 10 temperature cycles, interme-
diate storage under either vacuum or labo-
ratory air, and high field operation for
>100 h did not make a repeated surface pre-
paration necessary.

During tht; first period of beam tests
the maximum field strength which could be
maintained in stable operation was limited
to the design field strength due to elec-
tron loading. We attribute this behavior
to difficulties during assembling and to
the poor vacuum (~10~* Torr) during this
experimental period. Rinsing with methanol
(resonator B) and oxipolishing (resonator A)
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proved to be sufficient means to restore
the good performance of the resonators. In
the tests recently started with a vacuum of
<1CT6 Torr, more than 20 MV/m could be ob-
tained in stable operation.

rf system

A combination of control loops for am-
plitude , and phase is used to stabilize the
accelerating field to a reference line 3.
Phase between accelerating field and refe-
rence line is controlled by a variable reac-
tance using pin diodes as fast switches *.
This system, successfully tested for the
superconducting proton linac at Karlsruhe,
was modified for the demands of our cavi-
ties and further improved. The development
includes reduced size, modular technique
and remote control of amplitude and phase
reference values. Semiconductor elements
are used throughout the system including the
final amplifiers. Some parameters of the
system are given in table 2.

TABLE II

PARAMETERS OF THE RF-SYSTEM

amplitude control loop

loop gain

unity gain frequency

phase control loop

number of steps (diodes)

step width

switching frequency

rf power

amplitude stability
(measured DC to 1 MHz)

phase stability,
measured

100 dB

50 kHz

var. controlled
reactance with
pin diodes
6

250 Hz

100 kHz

50 Watts ave.,
100 W peak

< 5X10"1* pp

< 5x10"3 rad pp

The values of field stability, given
in table 2, were obtained with a frequency
modulation of -500 Hzpp by ambient vibra-
tions mainly induced by rotating pumps un-
flexibly connected to the cryostat. No
means of screening the vibrations were
applied.

The cooling, system

Measurements on the temperature depen-
dence of breakdown field strength and ca-
vity losses had been carried out in an ear-
lier experiment with a helically loaded re-
sonator whose axis was vertically positio-
ned in a helium bath to allow for a self-
acting flow by the thermosyphon effect.
Only a very weak dependence of the super-
conducting properties on temperature

was found for T < 4.2 K,which suggested the
application of a higher cooling temperatu-
re.

As the capital cost of a t.2 K refri-
gerator is estimated to be about 50% of a
machine delivering superfluid helium at
1.8 K.and as the overall efficiency of the
cooling process increases proportional to
temperature, essential cost reduction is
expected for an accelerator cooled at tem-
peratures .> H.2 K.

However it was feared that instabili-
ties often encountered in a two-phase flow
of subcritical helium might impede the con-
trol of a defined flow and might interfere
with the frequency stability of the reso-
nator. A further experiment with a helix
dummy having the configuration of our he-
lix resonators but heated by a dc current
and cooled by forced subcritical helium of
adjustable mass flow was carried out. Tem-
perature sensors at the entrance and exit
of the helix tubing showed that the tem-
perature rise along the tube remained within
0.2 K when the vapor content in the flow
was kept below 90% (mass fraction). These
observations are in accordance with measu-
rements of de la Harpe et al. *. The total
flow rate was varied in this experiment
from 6 to 22 1/h. A heat load of up to
15 Watt was thus removed in stable operation
from a single helix, whereas the maximum
heat capacity in a helix of our geometry
in a superfluid bath would be limited to
about 2 Watt.

Using a Joule Thomson valve at low
temperature to expand the two phase flow
into the helium bath and a heat exchanger
to calm and subcool the flow before entering
the heated path were found to be sufficient
means to supress pressure instabilities.

These preceeding experiments led to
the arrangement applied in the superconduc-
ting test section as shown in fig. **.

gas balloon

superconducting resonators

—mtrom liquifier toliquifitf*

Fig. 4:
Flow diagram for operation with a forced
flow of subcritical helium.
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The two helically loaded resonators are pas- Operating the cavities separately at the
sed in series by a flow of helium the rate design field resulted in spectra one of
of which is controlled automatically by an ex- which is shown as an example in fig. 6.
pansion valve to keep the helium level of
the surrounding bath constant. The necessi-
ty that liquid helium must be fed to the
helium bath, to compensate for the evapo-
ration rate caused by cryostat losses, en-
sures an efficient cooling of the resona-
tors , as a minor fraction of liquid in the
flow maintains stable temperatures within
the resonators.

Subsequent tests with our supercon-
ducting resonators confirmed that the flow
through the helix could be varied in wide
limits without influencing either the fre-
quency stability or the breakdown field.

The flow rate to maintain a constant
helium level in the system was found to be
about 7 1/h (-5 Watt of cooling power) with-
out feeding rf to the resonators. This va-
lue includes the transfer losses generated
in the line from the storage tank to the
cryostat. The pressure drop at this flow
rate was mainly generated across the JT-
valve whereas a dp of <50 mbar was deduced
from measurements of saturation temperatu-
res across the system of heat exchangers
and helices.

Beam experiments

A d. c. beam of 32S ions was injected
from the MP tandem into the superconducting
test section to measure the energy gain of
the resonators separately and in combined
phase locked operation. Energy analysis of
the beam was made by measuring the total
energy of ions scattered by a 100 (jg/cm2

gold foil about 1 m downstream from the re-
sonators with a surface barrier detector
at an angle of 15°. The spectrum obtained
from a 120 MeV 3 2 s + 1 * beam without post-
acceleration is shown in fig. 5.

it ic m in is a u » u B a n

I

accelerator field
ETW= 2.3 MWm

Fig. 5:
Energy spectrum of a 3 2S + >" beam as measu-
red with i semiconductor detector. Resona-
tors are switched of.

110 112 1U 116 118 120 122 124 I2« 128 130

Fig. 6:
The spectrum of fig. 5 is broadened to a
width of 8.1 MeV by action of one resona-
tor operated at the designed accelerating
field strength of 2.3 MV7m.

As the energy spread is still small compa-
red to the injection energy, the spectrum
can Le assumed to be symmetric, resulting
in an energy gain of half the total width
(4.05 MeV), or an energy gain per charge
of 290 kV.

Similar measurements were carried
out with 3 2 S + l 2 ions at 70 MeV and at
150 MeV to determine the velocity accep-
tance of the cavity. The measured values
are shown in fig. 7 and were found to be
in excellent agreement with calculations
based on a field profile measurement (fig.7).

In a subsequent test both resonators
were phase locked to a reference. The ener-
gy spread introduced to a 3 SS + l" beam of
120 MeV injection energy by operation of
the combined resonators amounts to 14 MeV
corresponding to a total voltage drop of
500 kV (fig. 8). This value is somewhat
smaller than the sum of the maximum values
obtained with the single resonators for
the following reason: The resonant frequen-
cies of the cavities were not perfectly
matched at the design field due to a tuning
error of the resonant frequencies. Conse-
quently the field strength in one of the
resonators was lowered to operate at a
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smaller value of static frequency shift
where the cavity frequencies coincided. An
adjustable plunger is being developed to
compensate for such tuning errors.

r
i vPTQUHt

/

/

I —•—.
EOMiV

E 0 = 2.3MV/m

— • - .

• injection energy E,n /M e V / A

Fig. 7:
Measured energy gain per charge for three
beams of different specific injection ener-
gies (velocities) agrees well with the cal-
culated curve derived from a field profile
measurement. The broad velocity acceptance
of the resonator is demonstrated.

Fig. 8:
Two resonators in phase locked operation
yield a spectrum widened by It MeV corres-
ponding to a voltage drop of 0.5 HV.

Conclusions

Extended experience has been gained
in constructing and operating superconduc-
ting X/2 helix resonators to be used as ac-
celerating elements in a heavy ion postacce-
lerator.

Small dimensions and simplicity of
construction yield fabrication at low cost
(4000 ? per element including material).
Operated at a conservative value of peak
electric field of 16 HV/m, 300 kV of volta-
ge drop are obtained from a single resona-
tor. The cavity loss of 1 Watt at ̂ .2 K keeps
the cooling power low: 15 Watt are estima-
ted to be required per MV of voltage drop.
Using t.t K forced flow operation a capital
cost of 2000 t per cold watt is expected for
the refrigerator system. The total prwer
consumption per MV will amount to less than
15 kW, comparing favorably with normalcon-
ducting solutions.

A stored energy of 0.5 J per .MV of
voltage drop and a frequency vibration of
500 Hzpp keep the tuning requirements in
reasonable limits. Using pin diode tuners
as variable reactances a reactive power of
2 kVA per MV has to be installed. The ne-
cessary maximum rf input power of about
300 W per MV can be obtained using tran-
sistor power amplifiers of high lifetime.

The test program carried out at pre-
sent aims at gaining more experience under
realistic conditions given during operation
in the beam line of a complex accelerator
system. Acceleration of pulsed beams and
long-term operation at the design field
strengths are projected.
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DISCUSSION

G.J. Dick, CalTech: Were the phase and amplitude
stability numbers obtained at high operating fields?

Vetter: The stability values were obtained at the
design field level at highest amplitude loop gain.

Pick: Has the dissipation measurement also made
with the stabilizing system in operation?

Vetter: Dissipation in the cavity walls amounted to
less than one watt per resonator. The additonal low
temperature fraction of the rf line losses was
measured to be ^ 0.7 watts, though this part of the
losses is not yet optimized.

Ill



PDSTACCELERATION AND BUNCHING OF 150 MEV 5SNi IONS BY INDEPENDENTLY PHASED- SPIRAL RESONATORS

E.Jaeschke,G.Ihmels.H.Ingwersen,B.Kolb,R.Repnow, Th.Walcher

Max Planck I n s t i t u t f i i r Kernphysik Heidelberg

A prototype linear accelerator module using

normal conducting spiral resonators was investi-

gated in acceleration and bunching experiments

with a Nl beam from the Heidelberg MP-Tandera

Three independently phased resonators were ope-

rated at 10B.48MHz with a total CW-pcwer input

of 52 kW yielding a peak accelerating field

of 1.5 Mv7m averaged over the external length

of the module. The total effective energy gain

for 147 MeV S6Nli22*was 1B.5 MeV.Bunching 156MeV

IMi beams on a drift of 3.7 m produced beam

pulses of Atp ^=180 psec.

Introduction
1.2

Normal conducting spiral resonators " ~ com-

bine high shunt impedance and flexibility over a

wide range of particle velocities with ease of

fabrication and effective decoupling of elec-

trical and mechanical properties from require-

ments imposed by the specific velocity profile

of the linear accelerator.This makes them very

attractive as acceleration elements for heavy

ion postaccelerators behind existing electrosta-

tic machines.At Tandem facilities with terminal

voltages of 10-12 MV pcstaccelerators useful for

a wide range of ion masses up to A=80-100 seem

to be feasible . In early 1974 the development

of a prototype accelerator was started on the

basis of this structure at Heidelberg.

The Prototype Power Tests

Fig.1 shows the open prototype resonator I which

was first tested after a period of model measure-

ments and optimizations of shunt impedance versus

mechanical stability of differently formed spiral

elements under full CW input power of 20kW HOB.48

MHz) in early 1975.The spiral element that can be

seen in this figure is constructed from two 9.3x

9.3 mm Cu-profiles with a 7 mm diameter cooling

channel soldered togethei in a radial plane.The

30 mm diameter drifttube at the free end of the

spiral defines together with grounded tubes at

the endplates the two 20mm acceleration geps of

the structure.Design velocity 0 =v.'c is O.OB,
79

corresponding to 130 MeV Br ions.

Fig.1 Open prototype resonator I showing spiral,

coupling loop and tuning plate.Tank diametBr

is 35 cm.

The rf-powBr is coupled to the cavity by a turnable

inductiVB loop near the leg of the spiral.Thermal

frequency shifts of typically 12 KHzAW input power

can be compensated by a servo system operated tu-

ning plate with a range of 0.5 MHz.This wide range

also easily takes care of -fabrication tolerances.

Spiral,coupling loop,tuning plats and the 35 cm

inner diameter tank are watercooled.A waterpres-

sure of Bkp/cm2 is sufficient for full power ope-

ration. A vacium of better 5x10 Torr can be main-

tained by a closed cycle cryopumping system.The

relevant data concerning the performance of the

prototype resonator having accumulated a test time

of over 3100h under CW input power of 19-23KW are

summarized in table I for two of the spiral geo-

metries tested.Thd quantity R relates the total

peak voltage drop UT(i.e. twice the drifttube vol-
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tage Up ) to the input power per resonator.

/?- ur - *V2
P 2N 2IM

a) longtime phase stability (>12h) A4><0.5

b) longtime amplitude stability[>12h] ~ <5 10~ 3

u
eff

= U7 TTF .with TTF =transit time factor for the

design 6

Spiral-
na

2

15

Splrai-
profile

(itm)

18.6x9.3

18.6x9.3

Table

Drlfttube

dianiBtar

_Cm)

3D

20

R
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3.1

3.4

U s f f CUkH)

tttV)

0.31

0.33

The rf-power Df 20KW Cw necessary for operating

the resonators is generated in commercially avai-

lable FM radio transmitters which havB proven to

be a reliable low cost source.Minor modifications

in the transmitter itself allow a 1:4 pulsed mode

of operation at a peak output power of 80kW thus

doubling the total voltage gain per resonator.

To run resonators of this type independently

phased on one common reference frequency,three

different regulation systems are used: a frequen-

cy regulation operating the tuning plate servo,an

amplitude control to keep the accelerating field

constant to within 1% and a phase stabilisation

loop to control the rf-phase between resonator-

field and reference voltage to better than 1°.

Beam Tests of thB Postaccelerator Module

In order to investigate the performance of a number

of independently phased spiral resonators at J

beam of heavy ions in comparison with supercon-

ducting helix resonators ,an accelerator module

consisting of three resonators and an external

quadrupole doublet was built.Design B of the

resonators is O.idjO.D6j0.06. Figure 2 shows this

functional subgroup of a possible postaccelerator

at the Max Planck Institut in Heidelberg.The elect-

trical and mechanical dimensions of the D.dS reso-

nators are those proved optimum during the power testa

of resonator I.The only changes are the endplates

simultaneously used by always two resonators and

the longer cell length af the B «0.10 resonator.
o

In a power test of the module before the actual

beam test the following stability results in inde-

pendently phased operation could be gained!

Fig.2 Postaccelerator prototype module with

three spiral resonators and quadrupole

doublet during assembly.

In the acceleration test a DC 147 HeV Ni

beam was Injected into the accelerator module.The

outgoing particles were focussed by the quadrupole

dublett onto the 1mm analyzing slits of a 35° de-

flection magnet (See fig,23.After selecting the

phase of each resonator for maximum energy gain,the

spectrum in figure 3 was taken at a total CW input

of 52 kW,

5 8Niw*147M«V Postacc«l«falor - Tost
3 Spiral Rwonators ( 50= .10. .06. .06 )
U.B=0.87MV Toi.l CW-Input N = S2K*J

BL38.94KG3I27.CMCV

S CKG)

Fig.3 Energy distribution of the postaccelerated
5 £ t a 2 Z + beam.

As the particles of the DC beam are entering the

module at random rf-phases,maximum acceleration and

deceleration occures at the B-values labeled B, and
n

B. respectively,corresponding to energies of 165.5MoV
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and 127.4 MaV.This asymmetry in gained and lost

energy can be explained by the different tendencies

of change of the transit time -factors for the acce-

lerated and decelerated ions during the passage of

the module.The dip in intensity at B Q is attributed

to radial focussing and defocuasing forces being

maximum for ths particles passing the gaps at ±90°

phase of the rf-field.As the analysis in table II

shows,calculated end measured voltage gain agree

well to O.B7MV.Peak accelerating field averaged

over the external length of 0.565m of thB module

is 1.BMV/m.

Fte senator

A

B

C

6 Q

0.06

0.05

3. tD

TTF

0.92

0.69

0.61

Table

R
P

[Mil)

3.36

2.35

3.26

Total vo

N I

CkW)

16 .

I B .

1 7 .

l toges

UT

U1V)

0.33

0.33

0.33

0.93

IMV)

a. 30

0.29

0.27

0.86

Uexp

cm/)

—

0.87

The Bunching Experiment

In a further experiment resonator C was operated

as a buncher for 156 MeV 5 i\|i23+ions .giving a time-

focus on a 10Gvig/cnn gold foil 3.7m from the mid-

plane of the resonator.The arrival time of the ions

scattered with an angle of 15 into a 25mm 50y

thicK surface barrier detector was registered versus

an rf-derived stop signal in a conventional TAC-fast-

timing set up. The time spectrum in figure 4 shows

the result of this measurement.

11

6 9.2
Time Insec]

Fig.4 Time distribution of bunched 156 MeV Ni

ions.

The pulsewidth of 180 psec FWHM is most likely a de

tection limit of the electronics,as neither beam

energy spread,target spot size nor radial phase

space of the beam can make up for the measured

value.

.Conclusion

These tests have proven the feasibility of a post-

accelerator consisting of independently phased re-

sonators. Normal conducting spiral resonators,which

can be operated in CM,are reliable,low cost acce-

lerator structures.

A large-scale postaccalnrator test section is

going to be constructed behind the Heidelberg MP-

Tandem in the course of the next year.This section

will use ten spiral resonators and one additional

buncher cavity,giving a total effective acceleration

voltage of 3 MV,already useful for heavy ion experi-

ments. The first prototype resonator presently is

being installed on a normal WP-beamline, to provide

picosecond beam pulses for heavy ion time of flight

experiments.
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APPLICATIONS OF LINEAR ACCELERATORS

E. A. Knapp
University of California

Los Alamos, New Mexico 87545

SUMMARY

Recently the possible applications of linear
accelerators have dramatically diversified with sev-
eral new uses for linacs in applied physics and the
commercial section being pursued very actively.
This Conference deals with several linac applica-
tions expHcity both in papers and in this session
and other sessions dealing exclusively with the in-
dividual applications. It is my belief that some
of these applications will become extremely im-
portant in the near future. Ue are facing an era of
expanded accelerator utilization, and the future is
very exciting indeed.

INTRODUCTION

I would like to review with you some applica-
tions in which linear accelerators are used today,
and some of the possibilities which these scientific
tools have for the near future. By applications
I mean use for other than basic science, for which
most of the concepts for these machines were devel-
oped and where the leading edge of technological
development still resides. A cursory look at the
program for this Conference indicates the magnitude
of the interest now developing for applications of
linear accelerators. I will Include both electron
and ion linacs in this review. Electron linacs,
being considerably simpler to build and operate,
comprise the bulk of the accelerators available
commercially in the world today. However, I believe
that we are at the beginning of an era where ion
linear accelerators will be applied to many non-
research problems, and will also become readily
available commercially.

I will break my presentation down into several
subdisciplines of applications-viz.,

1. Medicine
2. Radiography
3. Nuclear Fuel Breeding
4. Radiation Damage Neutron Source
5. Heavy Ion Fusion
6. Other Possibilities

Each topic is certainly not covered exhaus-
tively, but I do hope I can convey the aspects of
the application and the unique features of linacs
which lead to their application and success in the
field.

1. Medicine

Electron linear accelerators have ef-
fectively monopolized the field of high energy
x-ray beam production for cancer therapy in the
last few years. More than 500 electron linacs,
4 MeV to 35 MeV, are In service in hospitals and
clinics around the world, and have a record of

excellent trouble-free service providing optimum
beams for radiotherapy of cancer. Slide #1 shows
a typical accelerator system in use in a clinical
setting—not looking much like a linac as most of
us know the term, but still truly a linac inside.
Typically, 4 MeV electron linacs of the standing
wave, side-coupled variety, which are by far the
roost numerous systems in the field, can be oper-
ated by hospital personnel with no resident engin-
eer to oversee the operation and with a typical
down time of no more than 1 to 2 days per year.
These are essentially one-button machines—e.g.,
on-off, and they really work well. For a typical
4 MeV machine, the microwave power source is a 2 MM
S-band magnetron, and the accelerator guide is
about 27 cm long to yield a 150 mA, 4 MeV, .0005
duty factor electron beam on an internal tungsten
target. Higher electron energies are desirable
and are being achieved in the newest units offered.
Eighteen to twenty MeV units with 1.5 M. acceler-
ator guides drive by ^5 MW power sources are avail-
able. The medical application of electron linacs
is by far the biggest application of linear accel-
erators today. Linacs have displaced other accel-
erator types by considerations of reliability, beam
quality, and cost.

A possible future application of ion
linear accelerators in the medical area arises from
the neutron, heavy ion, and pion therapy research
programs underway at various centers arount the
country. It appears that these different radia-
tions, or "modalities," as they are referred to in
the medical jargon, may be more effective for cer-
tain cancer types than x-rays, and sources need to
be developed for economically producing these radi-
ations. The proton linac, in a rather modified
form from that used in typical basic physics use,
appears to hold a great deal of promise for this
application. We, at Los Alamos, have a program,
"PIGMI," funded by the National Cancer Institute,
Division of Cancer Research Resources and Centers,
Department of Health, Education, and Welfare, to
investigate new directions in linac technology de-
velopment which lead to the application of these
machines to medical use. This program is just get-
ting underway and some reports will be given later
in this meeting on PIGMI. A low duty factor, low
cost proton linac could find application in a num-
ber of areas if it is possible to develop such a
machine.

For the medical program associated with pion
therapy, the desire is to design a proton machine
to feed pions into a collector system capable of
irradiating deep seated tumors of up to 1 liter
volume at a dose rate of > 50 rad/min. The problem
of designing a pion collector to have optimal ef-
ficiency (energy spread and solid angle acceptance)
is certainly nontrivial. In fact, it is almost as
difficult as designing the accelerator system
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itself. Several solutions appear feasible, how-
ever, and a high solid angle (0.5 sterad) large
momentum {*(,% AP/P) pion collector is under test at
Stanford University. Also, in the Soviet Union at
JINR, Oubna, there is in use a solenoidai lens
collection system for pions with large solid angle
and momentum acceptance. While neither of these
systems necessarily satisfied all of the clinical
requirements for pion therapy in an optimum way, it
appears that acceptance figures for these channels
are reasonable for sizing an accelerator for pion
therapy.

To satisfy the dose rate requirement
for pion therapy, a -^50 MeV, 50-100 yA proton beam
is required. Duty factor is not important for medi-
ca? applications and for economic reasons should
probably be made as low as practical. Length is of
major concern since the machine should be a part of
a hospital complex where space is usually at a pre-
mium. Simplicity and reliability of operation are
essential for the hospital application. The PIGMI
(Pion Generator for Medical Irradiation) Program at
LASL will be described In detail later in this Con-
ference. The thrust of the program is to develop a
low cost, compact pion generator by investigating
various extensions of proton linac technology.
Higher gradient operation, at higher R.F. frequen-
cies, with baked surface conditioning will be in-
vestigated. Alternating phase focusing and low
energy injection will be tried to reduce the cost
of the low energy part of the drift tube linac.
Various microwave manifolding schemes are being con-
sidered to increase operation reliability. Per-
manent magnet focusing is being investigated, and,
finally, new fabrication techniques leading to ex-
cellent vacuum and surface conditions will be used.
Hopefully, a pion generator for medical application
can be built for less than $10M.

For neutron generation, it may be pos-
sible to utilize optimized proton linacs of the PIGMI
type directly, at an energy of ^35 MeV. Figure 1
shows a possible proton linac-based neutron gener-
ator. A 35 MeV, 100 pA proton beam incident on a
thick Be target yields 100 rads/min @ 1.25 m target
to skin distance. This is just about optimum for
neutron radiotherapy applications. The competition
for this service is a cyclotron system. I do not
feel that it is yet clear what the costs of either
system would be.

2. Radiography

The other well-established commercial
use of linacs is in the field of industrial radi-
ography. Several of the linac manufacturers make
high energy radiographic machines to investigate
thick sections of materials for flaws, weld cracks,
etc. I estimate that there are 70 linac-based radi-
o-graphic units in service around the United States
at the present time. The requirement is for small
spot size and high dose rate. Many of the newer
models are adaptations of the high energy medical
accelerators described previously.

3. Nuclear Fuel^ Breeding

The Chalk River Laboratory has for many
years discussed the possibility of building a very
high current, highly efficient linac system to use

as an intense neutron source for a variety of ap-
plications, including nuclear fuel production. The
advent of the energy crises and the difficulties
encountered in the design of the first liquid metal
fast breeder reactor make this possible application
of linear accelerators very interesting today. The
idea is to develop a machine which is highly effi-
cient in turning electrical power into neutrons of
the proper energy spectrum which are then suitable
for converting fertile material (U238, Th23') into
fissile material (I)235, Pu 2 3 9, U 2 3 3) in an appro-
priate target-blanket assembly. Rather extensive
studies have shown that one possible solution is a
spallation neutron source driven by a proton linear
accelerator of energy T-1 GeV and operating at very
high beam powers. Most of the energy of the in-
cident proton is given up in nuclear interactions,
rather than in dE/dx losses in the target. The
yield of neutrons per incident proton is most fav-
orable above 500 MeV, and does not appear to change
going to very high energy. There are almost an in-
finite number of variations on the target and blan-
ket design and optimization, and I will not discuss
these problems in detail here. The characteristics
of the accelerator needed to drive such a system
are quite clear, however. First of all, it must be
efficient. A net conversion efficiency of electri-
cal energy to beam power of >50& is required for
reasonable system performance, with a higher figure
desirable. A typical accelerator system might have
a 100 mA, 1 GeV beam yielding 100 MW beam power.
The major technological problem to solve is then
the handling of a 100 MW proton beam with safety and
precision. In my opinion, beam losses in such an
accelerator must be kept low enough so "hands on"
maintenance of the machine is possible, and under-
standing and controlling beam losses at this level

(say, 10 uA total, or 10" of the total beam) is a
challenge to the linear accelerator builder of
major proportion. If beam losses are allowed to
get higher than this level, costs will escalate out
of reason for such a system, The proton linear ac-
celerator is the only candidate I know of which can
even consider beam loss figures in this range. The
Chalk River group has made significant progress in
the directions needed for this application, and
will report extensively at this Conference on their
work.

4. Radiation Damage Neutron Source

Radiation damage in the components of
a controlled thermonuclear reactor may be the
limiting factor in the application of fusion power
commercially in the decades ahead. Recently, there
has been a strong interest in a facility to in-
vestigate the rat:cion damage induced by fast
neutrons (-W4 MeV) in structural materials at the
neutron fluence typical of the first wall of a
fusion reactor. A D-T generator is capable of pro-
viding exactly the spectrum expected from such a
thermonuclear reactor, but it appears that a
deuteron linear accelerator of about 35 MeV energy,
100 mA average current used in conjunction with a
Li target could mock up the neutron spectrum quite
well and achieve source strengths appreciably
greater than those available from D-T sources and
adequate to carry out the irradiations in a
reasonable time.
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There are four active proposals to build
such a radiation damage facility based on a deuteron
linear accelerator in the United States, at Brook-
haven (BNL), Oak Ridge (ORNL), Livermore (LLL), and
at Hanford (HEDL). The proposals are all basically
similar.

A large CW linac system is designed to
achieve 100 mA acceleration of a deuteron beam to
^35 MeV final energy. Some typical parameters
(these are taken from the BNL Study) are:

Energy
Current
RF Power
RF Frequency
No. Tanks
Length

35.5
200
MO
50
8
40

MeV
mA
MW
MHz

m

A major consideration in these machines
is the beam loss within the accelerator structure,
as loss could yield unacceptable radioactivity
levels within the accelerator Itself. "Hands on"
maintenance of these machines is essential for re-
liable operation at a reasonable cost.

The target systems for these facilities
are very complex, and need significant development
work. Typically, a flowing Li target systems are
envisioned which may be the most difficult engineer-
ing problem 1n the entire facility. While a 7.0 MW
beam power 1s small compared to the 100 MW discussed
1n the preceeding topic, it is still orders of mag-
nitude greater than current accelerator practice and
deserves very careful study and a great deal of re-
spect.

5. Ion Fusion

Recently several proposals for utilizing
heavy ions to initiate an inertial confinement
fusion power source have received serious consid-
eration. Laser systems have been studied in great
detail to heat a D-T pellet to igniting temperature.
However, laser initiated fusion is still decades in
the future. Recently several groups have come to
the realization that high energy storage (>100 kj)
laser systems are very difficult to build, and that
storage ring systems (such as the ISR at CERN)
routinely store large quantities of energy (in the
case of the ISR, >5 MJ) 1n circulating particle
beams. For driving a fusion power system, protons
are not satisfactory as they io not lose energy in
a small enough volume to satisfy the criteria of
the pellet fusion systems. Typically, heavy ions

(say, U of up to a few hundred MeV/nucleon) give
optimum performance. Beam requirements of 1 to 10
MJ stored energy, delivered 1n 10 ns in a few beams
directed to the pellet are typical requirements for
this application.

Ion linacs could play a significant
role in several areas of this research. If a
storage ring is used as the source of heavy ions,
a high gradient, low cost R.F. linear accelerator
appears to be an optimum way of filling the ring.
Programs such as the LASL PIGMI Study can have a
significant Impact on the size and complexion of
such a conventional linac injector.

However, a major contender to replace
the storage ring entirely is an induction linear
accelerator directly accelerating the ions into the
reaction chamber, with no storage ring involved.
Such a linac is discussed later in this Conference
by Dennis Keefe (LBL) and is a very interesting
alternative to the storage ring approach. Problems
of accelerator ion source, cost, length, and oper-
ation all need to be carefully investigated but the
induction ion linac represents a new approach to
this problem which deserves considerable attention.

6. Other Uses

Electron linacs have been considered in
the past as possibly being used for poiimerization
of plastics where deep penetration into the mate-
rial is required. CO 6 0 is routinely used for this
application, and linacs have been slow to penetrate
this field. Higher dose rate or direct electron
use may make linacs attractive in this area in the
future.

Sterilization of medical supplies is
routinely accomplished with isotopic sources, and
linacs may become competitive here also. Sewage
sterilization with linac-generated x-ray beams has
been studied. And food sterilization for room
temperature storage is also possible. None of
these applications is actively being pursued at
present by any of the linac manufacturers I am
aware of.

An interesting application which has
not progressed is the possibility of lowering
linac units into oilwell bore holes for logging
applications. With the additional information
this would make available and the cost of oil in-
creasing rapidly, we may see this application in
the future.

DISCUSSION

P. Grand, BNL: You indicated on a slide that the
neutron energy spectrum from 35 MeV protons on Be
is the same as from 35 MeV deuterons. Can you
explain?

Knapp: These measurements were made by John Dicello
of Los Alamos on the Davis cyclotron. The depth-
dose curve and the microdosimetric data indicate
that the radiation quality is similar for the two
projectiles.
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PROTON IINEAR ACCELERATOR
NEUTRON THERAPY FACILITY

Figure 1. Proton linear accelerator neutron therapy facility.
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MESSYMESH - AN IMPROVED VERSION

D.E. Johnson and S. Ohnuna
Fermi National Accelerator Laboratory*

P.O. Box 500
Batavia, Illinois 60510

Introduct ion

MESSYMESH, the MURA program to calcu-
late electromagnetic fields for an Alvarez-
type linear accelerating cavity, has been
revived as an operational program, pre-
sently residing on a CDC-6600 computer at
Fermilab. It has been modified so that one
may now start the over-relaxation computa-
tions from an analytically derived initial
load, instead of the simple Bessel function
load which was previously used. The effect
of this new loading Is to significantly
improve the running time for the program
and also to allow one to arrive at a tru-ly
converged solution to the field quantities
for a given mesh size. These two features
are of particular interest in calculations
associated with low-B structures, which
have previously been quite hard to do with
MESSYMESH.

The Analytical Load

In order to arrive at an initial load
which more closely represents an actual
drift tube cavity than the TMQ^o-type field
of a hollow cylindrical cavity previously
used, the drift tube geometry has been
approximated as a square step geometry,
shown in Figure A, where the step dimensions
have been optimized to best simulate the
rounded outer corner.1 General equations
for the magnetic field and its derivative
are then written for the three regions
shown as follows:

Region I OSrSA, -ii/2«ZSG/2

HH - a J.(kr) + E. a I, (t r) cos(2nirZ/L)

+ J. a t il (t r) cos(2mtZ/L)
n»l n n o n

Region II ASr<SD/2, -HSZSH

He - q ^ U r ) + Q^dcr) +

+ pfiCqpIi/Upr) + QpKx(Mpr)] cos(2PTiZ/L)

3(rHQ)/3r QokrYQ(kr)

" V o < V ) ] c 0 8 ( 2 p 1 T Z / L )

^Operated by the Universities Research
Association, Inc., under contract with the
U.S. Energy Research and Development
Administration.

Region III

c o F l ( k r )

2, -L/2JZSL/2

cm Gl ( sm r ) c o s

3(rHe)/3 = CQkrFo(kr) -

- ?. c s rC (a r) cos(2miiZ/L)m = l m m o "• m

where k = 2n/X;
(2pn/H)2 - k2,

(2mn/L)z - k2,
/ 2 2

2 -( / ) , p
<2mt/G)2 - k2; p

FQ(kr) = VQ(kr) - [Yo(k»/2)/Jo(kD/2)]-Jo(kr)

F^kr) = YQ(kr) - [YQ (kD/2) / J Q (kD/2)] • JQ(kr)

Gl ( sm c ) " Kl ( sm r ) "

- [K0(smD/2)I0(smD,/2)].I1(smr);

Jo,l. Yo,l- ro,l> a n d Ko.l being the regu-
lar and modified Bessel functions. Here
the c's, q's, Q's, and a's are coefficients
to be determined. The step dimensions have
been taken to be

A ~ —^ — ;r" RC

H = G/2 + j RC.

In order to solve these equations, the sum-
mation indices must be terminated at fi-
nite values. Taking the values m = 50,
n = p = 8, one can sufficiently accurately
determine the resonant frequency. Matching
the values of Hg and 3(rHg)/3r at the
boundaries r « A and r = SD/2, one arrives
at a set of linear, homogeneous equations
for the coefficients q's and Q's. Solving
in this region for the resoant frequency
one can then determine all but one of these
coefficients. The other coefficients, the
c's and a's are then linear combinations
of the q's and Q's, and the one remaining
unknown coefficient can be determined by
specifying the voltage across the gap.

Once the coefficients are known, the
field at each mesh point can be calculated
from the above equations and put into
MESSYMESH as the starting load for the
over-relaxation calculations. The typical
improvement in this load can be seen by
comparing the frequencies determined for a
particular geometry, as shown in Table t.
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Results

The advantages of using this initial
loading are manifest in both the total cal-
culational time needed for convergence, and
the accuracy of the final solution. MESSY-
MESH, starting with the Beslsel function
load, runs until some specified convergence
criteria are reached. It then stops at a
solution of some particular frequency. If
one subsequently reruns Che program,
changing neither the geometry, mesh size,
nor convergence criteria, but using the pre-
viously calculated fields as the loading,
the calculation continues and a somewhat
lower frequency is obtained. Subsequent
reiterations continue to produce progres-
sively lower frequencies, with the incre-
mental frequency changes becoming stcadiJy
smaller. Some attempts have been made to
start from the Bessel function loading and
reiterate the program until this progres-
sion converged, but these attempts have been
unsuccessful due the amount of physical
time required. Thus, there always remained
a question in using MESSYMESH as to how far
one should go before deciding to stop this
progress, and relatedly, how far from a
final answer one was.

Running MESSYMESH for some given geom-
etry, starting from the step loading de-
scribed above, the program not only arrives
at an answer much faster than it does usin?;
a Bessel function load, but also, the value
found does not change upon reiteration.
Thus, one is able to specify any set of
dimensions, not particularly limited to
those which are close to geometries

previously calculated, choose some appro-
priately small mesh size, and after one
short run, have a believable frequency
and field for that geometry.

Table II lists progressive calculations
for both a Bessel function and the step
loading for two particular geometries -
the first and last cells of the present
Fermilab linear accelerator. In this and
subsequent tables, the mesh size and con-
vergence criteria vere used the same as
those used in the old MESSYMESH calcula-
tions. In all cases, the first run is
from the load specified and the subsequent
runs use the results of the previous cal-
culation as a starting point. The times
listed are approximate running times, in
seconds, on a CDC-6600 computer. The fre-
quencies and betas listed at the top of the
table are values previously found at Ml'RA
for these cells. Table III compares cal-
culated quantities of interest for these
same two geometries for the final solutions
from these two leads. Finally, Table IV
shows, for several cavities constructed
and measured at MURA, a comparison of the
MESSYMESH, and those obtained after the
first run using the step load.2

References

.' . S. Ohnuma, "A Simple Program to Cal-
culate the Alvarez-Type Linear Cavity",
Fermilab Internal Report, TM-611, 1 Oct 75 .

2. P.F. Dahl, et a_e . , "Linac Cavity Field
Calculations", Proc. of 1966 Linear
Accel. Conf., LASL, 1966.
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PROPERTIES OF THE CYLINDRICAL RF CAVITY EVALUATION CODE SUPERFISH"

By

K. Halbach* University of California^ Lawrence Berkeley Laboratory^
Berkeley, CA 94720; R. F. Holsinger, W. E. Jule, and D. A. Swenson,

University of California, Los Alamos Scientific Laboratory,
P. 0. Box 1663, Los Alamos, NM 87545

A new rf cavity code has been developed that
allows evaluation of resonant frequencies and field
distributions of the fundamental and higher order
modes for practically all conceivable cylindrical
geometries. A short description of the procedure
to determine these quantities is followed by a dis-
cussion of the accuracy of the code, its capabili-
ties, and some applications.

Introduction

The computer code SUPERFISH calculates axi-
symmetric rf fields (and various secondary quanti-
ties), and the associated resonance frequencies, in
axisymmetrlc cavities of otherwise arbitrary shape.
It finds these quantities not only for the funda-
mental, but also for higher modes, and can handle
geometries with extreme aspect ratios. Since a de-
tailed derivation and description of the algorithms
that make u,> the heart of the code if being pub-
lished elsewhere1 we give here only a summary of
the major features of the code pertaining to the de-
termination of the resonance frequency and the as-
sociated field distribution. That summary will be
followed by some remarks about the use of the code,
and the remainder of the paper is devoted to a des-
cription of work related to accuracy, coir.rarisons
with other codes and actually existing phytUal
structures, established capabilities of the code,
and applications.

Field and Resonance Frequency Determination

The problem interior is covered by an irreg-
ular triangular mesh, with the boundaries defined
by short, straight, mesh lines. The rf fields are
described by the aziouthal tiagoetlc field strength.
H, and Maxwell's equations are represented : • one
difference equation for H at every mesh point on
and Inside the boundary. This homogeneous set of
linear equations for the values of H at the aesh-
polnts is transformed into a well-posed field eval-
uation problem by setting H"l at one (in principle
arbitrarily chosen) point, and eliminating the dif-
ference equation for that point from the system of
equations. The resulting set of inhomogeneous lin-
ear equations is solved with a non-Iterative Gaus-
sian block elimination and back substitution process.
At the point that has been removed from the set of
difference equations, the field value H calculated
from the now known values of H at the neighboring
points will in general be different from the value
1 that was arbitrarily imposed there. This differ-
ence, when nultiplied by an appropriate factor, can
be interpreted as the current I of circulating mag-
netic charges necessary at that point to drive the
cavity (at the chosen frequency) to the field value
1 at that point. Since the coefficients of the

*Work supported by U. S. Energy Research and Devel-
opment Administration.

original set of difference equations depend on the
frequency, this current depends on k = angular fre-
quency/c as well, and a resonance is characterized
by I = 0. To find a resonance, we use not I direct-
ly, but the normalized quantity D - 2nr:kI//H

2dv.
(rj « distance of the removed point from the axis.)
This simplifies the root-finding procedure, since
it can be shown that at every resonance, D - 0:
dD/dk2 = -1; and that between every two resonances,
D * 0 once, with dD/dk2 » +1.

To find a resonance frequency, it takes
typically 3-6 evaluations of D. One solution of
the difference equations is necessary for each D-
evaluation. On the CDC7600 under the Liverraore
Time Sharing System, it takes T a .75 lCT6N2e (sec)
for one such solution. (N represents the total
number of meshpoints, and e the short [mesh] di-
mension of the problem divided by the long [mesh]
dimension.) This time is so short because the co-
efficient matrix of the system of equations can be
partitioned into a block tridiagonal form.

The code has been tested for many numerical
effects such as mesh size and geometric configura-
tion. It has been determined how these factors in-
fluence the calculation of the resonant frequencies
and secondary quantities such as transit time fac-
tors, stored energy, etc. These effects have been
studied in the fundamental mode as well as in high-
er modes.

We have used an empty cylindrical cavity
for some of our studies since there are analytic
solutions for comparison. For the TMo2] mode (Fig.
1) we find that doubling the mesh size from L/50
to L,ilS (vUere L is the characteristic dimension at
the mode) results in a change in the resonant fre-
quency of several parts in 10*. Also for the TM021
mode we have inserted a metallic boundary as shown
in Figs. 1.B and I.e. The frequency is calculated
for both the Neumann and Dirichlet boundary condi-
tions at the symmetry plane and it changes by one
part in 10*. The code calculates the empty can
frequency also to one part in 10*. All of these
cases have a mesh size of approximately L/50. These
figures also illustrate some of the power of this
computation, i.e., the information about the field
shape of these modes would be very difficult to ob-
tain by measurement.

In Fig. 2 we see the effect of mesh size
on frequency for several different geometries and
for the TM021 mode in the empty can. One sees that
the frequency is approaching an asymptotic value
for a mesh size of L/60.

Fig. 3 shows a 3 cell and 6 cell cavity,
each, made up from the 1 cell cavity shown. One
sees that the frequencies for the three cases agree
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to several parts in 10 . This calculation was done
with a relatively coarse mesh as is shown in Fig.
3.D.

CAVITY DIMENSIONS

R =2.295417 cm

L = 2.000000 cm

TM O 2 I MODE

FREQUENCY 13705.14 MHz

A. FREQ = I37O7. MHz

B. FREQ=I37O6. MHz C FREQ=I37O6. MHz

Fig. l.A Empty can TH021 mode.
l.B Modified empty can TM021 mode with an

electric boundary condition,
l.C Modified empty can TM021 mode with a mag-

netic boundary condition.

Comparisons

We have compared the results calculated by
this code to results obtained from measurements on
real cavities and to those obtained by other rf
cavity codes. The computational results are shown
In Table II and the corresponding geometries are
given in Table I.

We have two cases of comparison with meas-
ured values. These are shown in Figs. 4 and 5.
In Figs. 4.A, 4.B, 4.C are shown the field patterns
of three modes measured by J. Potter. Also shown
there are the measured and calculated values of the
frequency for each mode. The agreement is quite
good.

Fig. 5 shows two modes in a CTR cavity at
LASL. Again the agreement between measurement and
calculation is quite good.

Capabilities

This code can solve many problems which
could not be easily handled by previously existing
codes and in Borne cases cculd not be handled at all.
The first of these, as has been mentioned, is the
ability to solve completely arbitrary boundary
shapes as long as they have cylindrical symmetry
(Fig. 6). While the input data preparation for
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\ \
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Fig. 2 Mesh dependence for various geometries.

such a geometry would be tedious for the user, the
code would not develop indigestion. Secondly,
there may be more than one closed region in the
problem as in Fig. 3.

Also there is no difficulty in solving
severe geometries, i.e., those which have a radial
to longitudinal ratio of 30:1. Geometries in this
category are low 6 drift tube linac cavities and
multi-cell cavities.

Another feature shown in Fig. 3.D is the
ability to have a variable mesh density. This fea-
ture allows the solution of larger problems than
would be possible with a fixed mesh density. Fig.
3.C is a good example of this.

Another aspect of the code is illustrated
in storage ring design. Here, it is desirable to
know the frequencies, stored energies, and transit
time factors for higher modes than the fundamental.
The code can find these modes with ease. Of course
the higher the mode, the less accurate is the cal-
culation. In fact, for the modes TM07] and TM01.1.,
which are the 29th and the 30th modes of the empty
can, the analytic values for the frequencies are
1179.9 MHz and 1186.3 MHz while the code finds
1183.0 MHz and 1196.6 MHz. These calculations are
done with a mesh spacing which has only 7 mesh
points between nodes. Even though these modes are
very close together, the code had no trouble in
finding them.
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TABLE I

SAMPLE LAMPF DRIFT TUBE LINAC GEOMETRIES

PROTON ENERGY

Cell Length

Cell Diameter

Gap Length

D.T. Diameter

Corner Radius

Nose Radius

Bore Radius

Face Angle

.75

6.063

94

1.288

18

2

0.5

0.75

0

15

94

4

18

2

0

0

0

5

.694

.270

.5

.75

21

90

4

16

4

1

1

0

10

.802

.229

30

90

7

16

4

1

1

0

20

.708

.632

.5

42

90

13

16

4

1

1

0

40

.620

.663

.5

SI

88

17

16

4

1

1

0

60

.252

.977

.5

58

88

22

16

4

1

1

0

80

.245

.507

.5

100

63.643

88

26.283

16

4

1

1.5

0

SAMPLE LAMPF SIDE COUPLED LINAC GEOMETRIES

PROTON ENERGY

Cavity Length

Cavity Diameter

Gap Length

Cone Angle

Outer Radius

Blend Radius

Nose Radius
1
i Bore Radius

| Septum Thickness

101

8.028

25.654

2.544

30

3.537

1

0.4

1.588

0.952

202

10.586

25.654

3.756

30

4.817

1

0.4

1.588

0.952

306

12.230

25.527

4.726

30

5.639

1

0.4

1.905

0.952

402

13.294

25.654

5.322

30

6.171

1

0.4

1. f 105

0 952

501

14.120

25.654

5.729

30

6.584

1

0.4

1.90S

0.952

601

14.764

25.908

6.213

30

6.906

1

0.4

1.905

0.9S2

703

15.278

25.908

6.468

30

7.163

1

0.4

1.905

0.952

800

15.660

25.908

6.659

30

7.354

1

0.4

1.905

0.952
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TABLE II

COMPARISON OF RESULTS (MESSYMESH TO SUPERFISH)

Geometry

Frequency
Power
Stored Energy
Shunt Impedance
Q Factor
Transit Time
T
TP
TPP

P
SPP
E2 (Gap Center)

DTL .75 MeV

MMESH SFISH

200.879
930

0.0607
65.11

82230

0.721
0.074
0.004
0.518
0.048
0.013
3.027

200.395
948

0.0619
63.9S

82163

0.749
0.069
0.004
0.498
0.050
0.012
3.274

DTI. 5 MeV

MMESH SPISII

201.101
2137

0.1577
73.34

93110

0.838
0.048
0.006
0.447
0.O57
0.006
3.444

DTI. 10 MeV

MMESH SFISH

200.982 200.69
2124 3020

0.1577 0.2074
73.87 72.09

93711 86462

0.842
0.04(1
0.005
0.436
0.057
0.006
3.557

0.884
0.035
0.004
0.376
0.05!
0.004
4.347

DTL 20 MeV

MMESH SFISH

200.663

3006
0.207S

72.51
87000

0.901
0.030
0.004
0.354
0.050
0.003
4.699

200.781
4326

0.2938
70.89

85552

0.854
0.044 I
0.005
0.427
0.056
0.005
3.649

200.839
4311

0.2941
71 .22

8607?

u.864
0.041
O.OOS
0.414
0.0S5
0.005
3.783

Geometry

Frequency
Power

Stored Energy
Shunt Impedance

Q Factor
Transit Time
T
rp
TPP
s
SP
SPP
EZ (Gap Center)

DTL

MMES1I

200.806
6243

0.4116
68.18

83074

0.800
0.059
0.007
0.503

0.062
O.OOS
2.7543

40 MeV

SFISH

200
6202

0
68

83580

0
0
0
0
0
0
2.

974

4105
72

808
057
007
495
062
008
807

DTL

MMESli

200.545
8138

0.500
62.89

77310

0.767
0.068
0.007
0.544
0.064

0.010
2.3859

60 MeV

SF1SII

200
8137

0
62

77799

0
0
0
0
0
0
2

695

502)
98

77S
066
007
537
064
009
427

DTL

MMESH

200.457
9523

0.5743
61.08

75841

0.719
0.081
0.008
0.592

0.065
0.013
2.050

80 MeV

SFISH

200
9551

0
60

76191

0.
0.
0.
0.
0.
0.
2.

52

5776
98

727
080
008
586
066
012
077

DTL

MMESH

200.366
10697

0.632
59.42

74355

0.677
0.092
0.008
0.628
0.065
0.015
1.825

100 MeV

SFISH

200.567
10607

0.6327
60.0

75161

0.684
0.091
0.008
0.623
0.065
0.015
1.851

COMPARISON OF RESULTS (LALA TO SUPKRFISH)

Geometry

1
Frequency
Power
Stored Energy
Shunt Impedance

ZT2
Q Factor
Transit Time
ZT2/Q

SCL 101 MeV

LALA

805
1603

0
49
38

20369
0

1882

000

0065
77
33

8776

[SFISH

806.
1593

0.
SO.
37.

20292
0.

1840

611

0064
33
33

861

SCL 20

LALA

80S
1785

0
59
47

23698
0

1994

000

0083
25
25

893

2 MeV

SFISH

805.
1799

0.
58.
45.

23652
0.

2256

056

0084
82
97

884

SCL 306 MeV

LALA

805
2097

0
58
44

24853
0

1803

000

0103
34
82

3765

SFISH

805.
2083

0.
58.
44.

24788
0.

1792

326

0102

70
43

870

SCL 402 MeV

LAW

805
2223

0
59
46

25670
0

1796

000

0113
90
113

8774

SFISH

305.437
2208

0.0112

60.19
45.82

25583
0.873

1791

Geometry

frequency
Jower
Stored Energy
Shunt Impedance

ZT2
} Factor
Transit Time
ZT2/Q

SCL 501 MeV

LALA

805
2352

0
60
46

26046
0

1780

000

0121
11
37

8783

SFISH

805
2336

0
60
46

^961
0

1784

.395

.0120

.43

.33

.876

SCL 601 MeV

LALA

805
2409

0
61
47

26665
0

1766

000

0126
89
117

872F

SFISH

805
2383

0
61
47

26573
0

1777

.223

.0125

.97

.23

.873

SCL 703 MeV

LALA

805
2499

0
61
46

26802
0

1751

000

0132

82
933

8713

SFISH

805.
2466

0.
61.
47.

26732
0.

1770

499

0130
94
34

874

SCL 800 MeV

LALA

805
2571

0
61
46

26873
3

1737

000

0136
67
681

870

SFISH

805.
2534

0.
61.
47.

26846
0.

1763

953

0134

81
33

876
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A FREQ= 203127MHz C. FREQ-2O3I7IMH2

B.FREQ •203.116MHz 0 MESH

Fig. 3. Cavities to test the sensitivity of large
multiple cell configurations.

A great deal of work has been put into the
development of an intelligent root finder for these
higher modes, and further work is in progress (for
instance, on a "next mode predictor") by one of the
authors (KH). In addition, we plan to implement in
the near future a procedure that eliminates prob-
lems that can arise from an unfortunate choice of
the point that has been removed from the initial
set of difference equations.

Further work Is in progress which will make
it possible to specify a desired frequency and iter-
ate on the geometry to produce a cavity which has
that frequency.

Applications

Some of the applications that the code Is
being used for are presented here. First, as al-
ready mentioned, it is being used to study higher
modes in cavities for the storage ring at BNL.
This geometry and several higher modes are shown
in Fig. 7.

Another very important structure in which
it is necessary to study a higher mode is shown in
Fig. 8. This cavity Is going to be used in the
li.S.S.R. meson facility3 and is being evaluated for
use in the high energy region of a pion generator
for medical applications. For this purpose the
accelerating mode (Fig.8.A) and the coupling mode
(Fig. 8.B) must be brought into confluence. Nei-
ther of these modes is the fundamental.

SIDE COUPLED LINAC STRUCTURE

HIGHER ORDER MODES

FREQUENCIES MEASURED CALCULATED
(MHz) (MHz)

TMOIO 804.8 804.5

TM O I I 1628 6 16266

TM... 18850 1885.0

W e s 1993.4 MHz

MHz

A.

W e = 2023 6 MHz

VCM =2024 6 MHz

B. TM0

Fig. 5 . Measured CTK modes.

a TMon C T M 0 1 0

Fig. 4. Measured side coupled linac modes.
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Fig. 6. Example of an arbitrary geometry.

1083 8MHz 1104 4 MH;

A FREQ° 1367147 MHz

ACCELERATING MODE

B. FREQ-1461597 MHi

COUPLING MODE

1955.5 MHz

2444.0MHz

2109.9 MHz

2796.8 MHz

3019.7 MHz 3215.1MHz

3305.3 MHz 3360.6 MHz

Fig. 7. BSL storage ring cavity - f i r s t 10 modes.

Fig . 9.A shows an output cavity and the c o l l e c -
tor of a 201 MHz klystron. Since the spent beam
that enters the co l l e c tor s t i l l contains rf current
at the k lys tron's fundamental frequency and i t s
f i r s t feu harmonics, i t i s necessary to determine
i f the c o l l e c t o r resonates at any of these frequen-
c i e s . A high impedance at a harmonic frequency
could cause collector oscil lations by reflecting
electrons back towards the klystron output cavit ies .
Fig. 9.C shows the fundamental mode of the collec-
tor to be greater than four times the frequency of
the fundamental node of the output cavity shown in
Fig. 9.B.

We wil l also use the code to study
the field distribution In a multi-cell structure
to be used for an alternating phase focused llnac.

As a last example, which wil l dem-
onstrate the extreme power of this code, we pre-
sent the results of a calculation for the f irs t 15
ce l l s of the f irst tank of the drift tube linac at
LAMPF (Fig. 10). This figure shows the field lineB
(Fig, 10.A) and the axial electric field (Fig. 10.B)
for a non-periodic structure.

C TYPICAL STRUCTURE

Fig. 8. U.S.S.R. meson factory cavity.

A FULL CAVITY WITH COLLECTOR

B FREO • »S 54

C. FREO'92184 MNr

Fig. 9. Klystron cavity.
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80

DISTANCE (cm)

100 120

Fig. 10. First IS cells of tank 1 of the 201 MHz
linac.
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tine to find ??.? field solution goes as the number
of mesh points squared. However there is also the
ratio of the short dimension divided by the long
dimension so another way to say it is: It is the
short dimension cubed times the long dimension to
Jhe first power which means If you compare the time
for a 6 cell cavity with that for a 15 cell cavity
the time goes up by only 15 over 6 or 2-1/2.

V. Elyan. RTI: From the results of calculations for
the disc and washer structure is there any agree-
ment with the calculations done by Andreev,

Jule: Yes, I think they agreed, fairly well.

Elyan: How much time or manpower did It take you
to develop your program?

Halbach: This program was developed in many
different steps. We first had a two-dimensional
magnet code that had the triangular mesh. Then we
developed it into a magnet code for cylindrical
problems. Then we needed a.n rf code and we built
a special rf code 6 years ago for the super Hilac
that was still using the over-relaxation method.
Then Ron Holsinger learned from Chris lselin of
CERN how to use the Gaussian elimination method and
wrote the equation solver in about three months.
The first version of the new code was developed in
one week by combining the existing pieces and
implementing the new ideas. That was in March 1976.
We have worked on the code on a part-time basis
since then and will continue to do so for some time
to come.

S. Kulinski, Swierk: Do you think it is possible to
use this code in combination with an analytical
solution as was done by Warner and Martin?

Halbach: I think it is possible, but the point of
the code is that that isn't necessary. The pre-
decessor of this particular code was a combination
of a numerical method and an analytical calculation
for part of the geometry. That is nice for certain
simple geometries. I don't think that method works
when you have very complicated geometries and it is
the advantage of this code that you just input your
geometry and it works.

Kulinski: But In the case of the Alvarez structure
you can have very good diminishing of time.

Halbach: You don't have that problem with this
code because we don't use over-relaxation, so the
field equations are solved very rapidly. It takes
about a second or so to solve the field for one
Alvarez cell with 1500 mesh points.

DISCUSSION

P. Morton, SLAC: As I understand it your parameter
epsilon is always less than 1. So the weirder your
cell is the faster It converges.

Halbach: You can get in trouble with that formula
if you don't use it carefully. It looks as if the
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EFFECTS OF PERTURBATION IN LOW 8 PROTON ACCELERATING STRUCTURES

by

W.E. Jule, D. Baggett, and P. Wechsler, University of Cali-
fornia, Los Alamos Scientific Laboratory, P.O. Box 1663,
Los Alamos, NM 87545; R.L. Gluckstern, University of Maryland,

College Park, MD 20742

In the first tank of the LAMPF 201 Linac it
is desired to have a linear field distribution. One
tries to achieve this by perturbing the first and
last cells of the tank. In this paper we consider
how perturbations in cell geometry In a periodic
structure affect the field distribution in struc-
tures which correspond to low to Intermediate val-
ueB of S. It is shown that a geometric perturba-
tion In one cell couples to many cells and we show
how to get the coupling distribution from the geo-
metric model. Finally we discuss what is necessary
to achieve the desired field distribution at LAMPF.

Introduction

The first tank of the 201 MHz drift tube
accelerator at LAMPF is designed to have a field
distribution which increases linearly from .1.6
MeV/m in the first cell to 2.2 MeV/m at the end of
the tank. One tries to obtain this distribution by
putting large geometric perturbations in the first
and last cells of the tank. This perturbation ts
achiev by moving the first and last half drift
tube_ - such a way as to preserve the frequency
of the tank, thereby increasing the gap in cell 1
and decreasing the gap in cell 31, Unfortunately,
this perturbation does not yield exactly the de-
sired distribution. Referring to Fig. 1, one sees
that the field distribution fluctuates strongly In
the first few cells. In fact, the field is 6S?
higher than desired in the first cell, correct, in
the second cell, and 6% lower than desired in the
third cell. It is clear that this distribution can
create beam dynamics problems.

10 15 20 25

CELL NUM8ER

30 35

Fig. 1. Average Electric Field Distribution in
Tank 1 of the LAMPF 201 Linac

Work supported by U. S. Energy Research and Devel-
opment Administration.

In order to be able to smooth this distribution, we
have been studying the effects of this type of per-
turbation using a code developed at BNL1 which uses
an analytic solution to Maxwell's equations to ob-
tain the gap fields in a multi-cell cavity. These
investigations have shed new light on understanding
physically what happens when a drift tube is axial-
ly misaligned, enabling us to determine how many
cells are coupled to the perturbation. Hence we
can construct any desired field distribution from a
known set of frequency errors as we shall now de-
scribe.

Theory

In our model, the field in each gap is re-
lated to that in adjacent gaps by an expression of
the form2

(1)

Earlier simpler forms of the theory approximated
the multi-cell structure by an ".quivalent circuit
chain, in which the basic equation for the zero
mode is of the form

n+1 E , - 2E = f
n-1 n k (2 )

Here Sw^/tn is the fractional frequency error in cell
n, and k is the coupling coefficient between adja-
cent cells.

The qualitative considerations for obtain-
ing a desired field shape have usually been the fol-
lowing.

1) There is a symmetry requirement at the
end walls which Is most simply represented by re-
quiring E Q - Elt E[)+1 - E R. Because of this, the

multi-cell structure will resonate at a frequency
which makes I 5 K - 0.

n

2) A flat field requires each 6 ^ = 0, that
is, exact resonance for each cell.

3) A linear tilt is obtained by making

kai -e , 6uin - 0 fov n * 1, N (3)

giving, for £N« 1,

E = E [<1+ e(n-l)]

(4) If a particular geometrical configura-
tion leads to a field distribution different from
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that desired, this can be corrected by

a) calculating the second differences of
the desired field changes

b) inserting frequency changes correspond-
ing to (2) in appropriate cells.

In order to check tills model, we used the
BHL code for six-cell periodic structures (Fig.
2.A), each corresponding to values of S from
S » 0.07 to S - 0.56. In this structure, a central
drift tube was axially displaced which gives rise
to equal and opposite perturbations in two adjacent
cells. If the frequency error distribution looks
like that shown In Fig. 2.B, equation (2) implies
that the gap electric field distribution will be as
shown by curve 1 of Fig. 2.C. However, the calcu-
lated electric field distribution is the one shown
by curve 2 of Fig. 2.C.

So the evidence from our calculations is
that the procedure outlined above is Imperfect,
and the explanation is clearly that (2) is too
crude an approximation. Equation (1) suggests
coupling to cells other than the nearest. This can
be simulated by writing

Vl En-1 " 2 En (5)

and by generating the coefficients a from compu-
tation of actual fields resulting from frequency
errors in individual cells.

Numerical Results

As an example of how the procedure works if
the a's are known, consider a 6-cell structure
where the coupling extends to the next nearest
neighbor cells only. Also assume that the couplings
are such that

"n±l,n - -2

(where the a 's are normalized with respect to
SdJn/di). Me want to Introduce perturbations in all
the cells such that we get a linear field distribu-
tion (which will be obtained if the right hand side
of (5) yields a distribution as is shown in Fig.
2.D.) In constructing this distribution, it is
necessary to include the Image effects due to the
end walls.

• • • • •
The procedure is to Introduce the perturba-

tion indicated above into the first and last cells
and some proportion of that same error into adja-
cent ce l l s .

First, we construct the error table below,
assuming that Em on the right side of (5) i s approx-
imately constant.

5(5ii). -26u),

.006
004

H 002
< 0

•£02
-.004
-£06

FREO • 201.25 MHz; j3- .210: L • .31304 menu

DRIFT TUBE*4 MOVED RIGHT 1% OF
SAP'S

9 4 3
6AP NUMBER

^2 56 ID 2 -2&J2

-2i5cu3 56u>3 -2i5u3

26u>,

2(5 (u

2Sio,

In this table we have assured that the perturbations
sum to zero. In order to get the distribution shown
in Fig. 2.E i t i s only necessary to require that
the 4 interior columns sum to zero. This gives two
equations for the two unknown frequency perturba-
tions iui2 and Su,. Solving these yields

Fig. 2. Frequency Distributions and Field Distribu-
tions £or a 6-cell periodic structure.

14/31 ; 5 ^ / 6 ^ - 4/31

This procedure can be extended to any number of
periodic cel ls (even or odd).

Now we will look at the results of the s ix -
cell studies using this model and try to const met
a linear gap field distribution. Table t shows the
relative a's calculated from a IX perturbation in a
single gap for 8 different structures, each corre-
sponding to a different S. The scale factor gives
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TABLE I

6
.07
.14
.21
.28
.35
.42
.49
.56

scale

factor

55
93
1Z8
173
234
325
453
622

1

.05

.08

.12

.18

.24

.29

.33

.35

Sg/g -

GAP

2

.11

.12

.16

.21

.26

.31

.34 -,

.37 -,

0.01

3

.35

.33

.27

.20

.11

.04

.01

.05

4

-1
-1
-1
-1
-1
-1
-1
-1

5

.36

.34

.28

.20

.11

.04
-.01
-.05

6

.12

.13

.16

.21

.26

.31

.35

.38

the magnitude of the central perturbation. There
is a slight asymmetry in the table due to the fact
that the perturbation was not symmetrically pro-
duced.

As an example, we will choose the set of
CL'B corresponding to S = .07. Going through alge-
bra similar to our previous example, we obtain

So), ™ 0.50 6u). and 6<»), = 0.17 <SUJ..

Making the corresponding gap changes in our model
produces the field distribution (curve 2) in Fig.
3. Shown there also are two other field distribu-
tions. One is obtained by perturbing only cells 1
and 6 (curve 1) and the second is obtained by add-
ing one quarter of the curve 1 perturbation to the
curve 2 perturbation (curve 3). The field distri-
bution obtained from our prescription is linear in
the interior 4 cells but deviates from the straight
line by 52 in the first and last ce l l s . The field
distribution obtained from the combination of per-
turbations (curve 3) deviates from linearity by
only 1.62. (Note that i t should be possible to
extend the model to study non-periodic structures.)

Discussion

The model represented by equation (5),
while not exact, gives a good first approximation

£06
ooe
J0O4

.002

O

M-.O02
"-.004

-D06
•008

FREQ°201.25 MHz; $• .07

1 2 3 4 5 6
CELL NUMBER

Fig. 3. Field Distributions for Various Frequency
Distributions

0
Fig. 4. Ratio Showing How Field Distribution

Changes as a function of 6.

to what is happening physically. In what follows,
we will try to partially explain why the agreement
is not better.

As Q increases, one expects the calculated
field distribution to approach that predicted by
equation (1) since the error should extend over few-
er cells. This distribution would yield a ratio of
field in cell 6 to field in cell 4 equal to unity.
This ratio is plotted in Fig. 4 as a function of 2.
The ratio starts to rise toward unity as S in-
creases and then, beyond 6 « .42, decreases.

In Table I, note that the a's in the cells
adjacent to the perturbed cell monotonically de-
crease and go through zero at B •= .42. One effect
which influences this behavior is the proximity of
the second passband and the character of this pass-
band. Using a different analytic formulation of
the periodic cavity code,2 one can incorporate the
phase advance per cell explicitly in the calcula-
tion. This same formulation also yields the sym-
metry of the zero and n modes. Using this code to
study the character of the first two passbands, it
was found that these bands cross in the region
.14<3<.21. This implies that the coupling constant
that one would calculate from any dispersion curve
obtained from equivalent circuit theory would not
necessarily be a monotonic function of S. This
coupling constant makes up part of the proportion-
ality constant which relates E " to ou/to. So, the
behavior of the passbands probably strongly influ-
ences the cavity response to perturbations.

It is evident that this model shows ua what
one has to do in order to smooth out the field dis-
tribution in the first tank at LAMPF. Specifically,
it is necessary to change several gaps at both ends
of the tank. (This is accomplished by inserting
several new drift tubes.) While this may not give
an exactly linear field distribution it will remove
the gross fluctuations and hence help solve the
beam dynamics problems.
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ON THE NEEDS AND STATUS OF CTR MATERIALS IRRADIATION FACILITIES, AN INTRODUCTION TO 14-MeV NEUTRON SOURCES*

F. Grand and A. N. Goland
Brookhaven National Laboratory

Upton, New York 11973

INTRODUCTION

In all likelihood, the next linear accelerator
to be constructed in the U.S. will be very different,
both in parameters and end use, from those built in
the past. It will be a high-current, cw, deuteron
linac with an energy of 30-40 MeV to be utilized a;,
a neutron generator for radiation damage studies and
development for future fusion reactor construction
materials.

This paper reviews the requirement of neutron
sources for radiation damage studies for fusion re-
actors, describes existing and planned facilities
and serves as an introduction to several papers
presented at this conference on proposed deuteron
linac — neutron generators and other papers related
to neutron sources.

RADIATION DAMAGE

A recent studyl sponsored by the Atomic Indus-
trial Forum states that..."The most severe problem
associated with fusion reactors is seen to be that
of the effects on reactor materials of 14-MeV neu-
trons and other high-energy particles generated in a
D-T reactor — Evaluation of materials to be used,
in the so-called first wall ... is considered to be
the pacing requirement in development of the planned
Experimental Power Reactor." This statement is the
result of the hard learned lesson gained from ex-
perience with fission reactors. Energetic fission
neutrons have a strong influence on the mechanical
properties and dimensional stability of reactor
materials which arises in part from the formation
of voids during long-term irradiation at elevated
temperatures.

The following few figures give a brief indica-
tion of the problems one encounters when subjecting
materials to neutron bombardment. In all cases
these graphs refer to bulk radiation effects induced
by fission (low-f-ergy) neutrons. Figure 1^ shows
the loss of dm ty in 304 stainless steel vs neu-
tron fluence; r. .ite the abrupt change after ir-
radiation of 10^2 n/cm^. Figure 2-* shows the effect
of helium produced by neutron bombardment on the me-
chanical properties of a vanadium alloy vs tempera-
ture and Fig. 3* shows the effect on dimensional
stability (swelling) vs neutron fluence for differ-
ent aluminum alloys. This swelling, produced by the
formation of voids within the material, is illus-
trated on Fig. 4.3 Here we see the voids produced
in Mo at 600°C (left) and in Nb at 800°C (right).

Fusion reactors, because of their high-energy
neutron production, present a new challenge to the
material scientist. Figure 5 compares the neutron
flux vs energy for the EBRII-7 reactor and BENCHMARK
which is a model fusion-reactor first wall neutron
spectrum (Tokamak, burning DT). Notice the large
spike of high-energy neutrons (~14 MeV) for

*Work performed under the auspices of the U.S.
Energy Research and Development Administration.

BENCHMARK.

Although useful, the experience gained with
fission reactor radiation damage is not adequate to
supply engineering data to make choices of materials
for fusion reactors. This experience does however
indicate that fusion reactor materials will be sub-
ject to much worse conditions, in terms of bulk
radiation damage, than those materials used in fis-
sion reactors. It is estimated that ~80% of the
damage will be produced by those neutrons having an
energy >10 MeV. It has become therefore Imperative
that a large experimental program be carried out to
obtain 14-MeV neutron radiation damage data on ex-
isting materials and that new alloys be developed
for this application. This program will require
the irradiation of thousands of samples to fluences
up to 10^2 n/cm^ under varied conditions to produce
the engineering data necessary for a reactor de-
sign.6

The USERDA, DMFE (Division of Magnetic Fusion
Energy) plan Is to start the design of a first EPR
(Experimental Power Reactor) in the mid-eighties.
Tliis sets a schedule for the need for radiation
damage information at about that time.

Irradiation facilities to carry out this pro-
gram are sorely needed, and U.S. laboratories have
responded to that need with many proposals for such
facilities. These are described in detail in the
Proceedings of the International Conference on
Radiation Test Facilities for the CTR Surface and
Materials Program, held at Argonne in July 1975. I
will briefly describe here only those facilities
which are being built or considered for the imme-
diate future.

NEUTRON SOURCE FACILITIES

Table I shows a composite summary of existing
and planned neutron source facilities. The first of
these (RTNS I, RTNS II and INS) are either existing
(RTNS I) or have been authorised for construction.
These three facilities utilize an energetic deuteron
beam (trlton beam for INS) at 300-400 kV to produce
a DT reaction resulting in a pure 14-MeV, isotropic
neutron source. In the three cases, the useful ex-
perimental volume is very small and the neutron
flux is limited by thermal considerations.

At the other end of the table are two proposed
plasma sources, one of which is a fusion reactor.
At this time, these are outside the state-of-tht
art technology. As such they are not being consid-
ered for the near-term program.

A brief description of each facility follows:

RTNS's7.8 (Rotating Target Neutron Source)

The RTNS built at LLL (Lawrence Livermore Lab-
oratory) consists basically of a deuteron, duo-
plasmatron ion source, an electrostatic dc accel-
erator and a rotating tritium-containing target.
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RTNS I operates with a beam of~l5 01A accelerated
to 400 keV. The beam on target reacts with the
tritium to produce an isotropic neutron source of
very limited volume at high flux. RTNS I operates
at fluxes of 1-2x10*2 u/cmZ/aec in a volume of ~1
cm3. The achievable flux is limited by the thermal
capacity and the life of the target. RTNS 11 which
is scheduled to operate in 1978 will have greatly
improved target cooling* operate with a 150 mA -
400 keV beam and is expected to produce fluxes of
2x10*3 n/cm^/sec in a volume of—1 cm3. It iB
hoped that the facility can be further upgraded in
the future to produce 10** n/cm^/sec with a 400 mA
deuteron beam.

(Intense Neutron Source)

The INS to be built at LASL (Los Alamos Scien-
tific Laboratory) and scheduled to operate in 1982
consists of the interaction of two beams: one of
1.1 A of 300 keV tritium ions and the other of a
supersonic jet of deuterium gas. The tritium ions
will be produced in multiple duoplasmatron ion
sources arranged around a single plasma expansion
cup. The beam will then be extracted and acceler-
ated in a 300 kV electrostatic accelerator. Like
the RTNS the neutrons will be produced via a DT
reaction resulting in an isotropic source. The
expected performance from this source is 1-2x10*4
n/cm2/sec in a volume of 2-3 cm3.

d-Li Neutron Sources

The d-Li Neutron Source concept is very dif-
ferent from that of DT sources. In this case the
neutrons are produced by the breakup of energetic
deuterons incident upon a low Z material (lithium)
target. The neutron energy spectrum peaks at about
half the deuteron energy and its width is deter-
mined by secondary processes. To achieve this peak
at about 14 MeV, one requires a 35 MeV deuteron
linac. Figure 6 shows the difference between a d-
Li primary neutron spectrum and that of a DT source.
This difference has been a handicap to the desira-
bility of such a facility. However, work carried
out at BNL and other laboratories is demonstrating
that the d-Li neutrons closely approximates the
radiation damage effects of the 14-MeV neu-
trons. 10,11 Table II illustrates the point by
comparing the radiation damage effect of various
facilities in terms of dpa/sec (displacement per
atom per sec) and helium production in ppm/sec and
perhaps more importantly in terms of the ratio of
the two, dpa/ppm He. This a priori handicap is
however overshadowed by the advantages that the
d-Ll neutron source has over the DT sources, the
main one being a large, accessible experimental
volume (—1800 cm3 for a 200 mA deuteron beam) at
high flux (1014 n/cm2/sec).

The d-Li Neutron Source consists of a high-
current, cw deuteron linac and related flowing-
liquid lithium target. It will be described in
greater detail in several papers at this conference,

The concept developed by BNL resulted in a
formal proposal for BANG (Brookhaven Accelerator-
based Neutron Generator) in July 1975.12,13 The
enthusiasm for such a facility was so great that
within 6 months thereafter three other proposals,
going by such names as: INGRID,14 (MIT13 and
High-Intensity Neutron Source,1* were published

competing for the identical facility. All this
activity, of course, has resulted in getting the
linac community quite interested since NAL and LBL
got involved and have also produced some interest-
ing papers for this conference.
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Table I Composite summary of parameters of neutron and plasma sources

NEUTRON SOURCES PLASMA SOURCES

SOURCE TYPE

REACTION

YIELD (n/sec)

GEOMETRY

USEFUL FLUX
(n /cm 2 -sec)

CORRESR VOL.
(cm 3)

CORRESR AREA
(cm2)

EST. REQ POWER
(MW>

EST. COST (M ft)

EST. OPER.
DATE

RTNSI

DT

2XIO12

4TT

IXIO'2

2 -3

2-3

—

—

NOW

RTNSH

DT

4XI01 3

4TT

2 X IO13

2-3

2-3

6.3

5

1978

INS

DT

8XIO14

4TT

<IO14

2-4

2-4

2

25

1962

BANG

D-Li

2XIO17

2TT

>IO14

>I8OO

<IO2

25

70

1983?

DPF

DT

-

47T PULSED

~ I013

>IO3

>IO3

12

—

-- —

FERF

DT

—

—

~IO' 4

>IO4

>IO4

—

>400

—

Table II Production rates of helium and lattice atomic displacements at
various nuclear facilities

Flux He
Facility n cm-2 sec-1 dpa/secXlO7 appm/secXlO7 dpa/He

HFIR

EBRII-7

LAMPF

BENCH (CTR)

"14MeV"(RTNS)

Li(d,n) (34.06 MeV)

Li(d,n) (28.94 MeV)

6X10"

4X10"

2xlO1 3

2X10"

2xl0>2

IX10"

IX10"

1.49

1.24

0.124

2.11

0.061

2.81

2.57

0.06

0.024

0.08

4.0

0.18

6.95

6.00

24.8

51.7

1.55

0.53

0.34

0.40

0.43
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Fig. 1 Creep elongation and rupture life as
a function of fast neutron fluence
for annealed type 304 stainless steel
tested at 550°C and 35000 psi.
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Fig. 3 Material swelling as a function of fast neutron
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Fig. A Mlcrophotograph of voids formed by neutron bombardment in molybdenum at 600°C (left)
and in niobium at 800° (right).
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Fig. 5 Comparison of neutron energy spectra of calculated "first-wall"
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136



1-0

0.9

0.8

3 a.-

tr
0.6

0.5

g 0.3
z

0.2

0.1

0° NEUTRON SPECTRUM
FROM 35 MeV
DEUTERONS INCIDENT
ON THICK Li TARGET

4ir NEUTRON
SPECTRUM FROM
DEUTERONS INCIDEN
ON TRITIUM

0 4 8 12 16 20 24 28 32 36
NEUTRON ENERGY, En (MeV)

Fig. 6 Comparison of neutron energy spectra
between a 14-MeV DT neutron source and
35 MeV D-beam on a lithium target.

DISCUSSION

M. Allen, SLAC: At the beginning you mentioned
unpleasant things happening at fluxes above 10 2 2 n
per cm2 yet you are talking about 10 1 4 per cm2 which
is 8 orders of magnitude less.

Grand: The 101* is the flux (neutrons/an2/»ec)
while the 10 2 2 is the fluence or integrated flux
(neutrons/cm ) .

A. Lone, CRNL: We have measured the neutron yields
from Ll(d,n) reactions and find a lot of low energy
(En < 2 MeV) neutrons. These measurements w«re done
at 14, 18 and 23 MeV. Does this create problems in
using this kind of source as compared with the 14
HeV sources?

Grand: Nobody is looking at neutrons of energies
less than a couple of MeV. For the bulk radiation
damage problems nobody seems to be worried about
the low energy neutrons.

137



THE SPS ACCELERATION SYSTEM

TRAVELLING WAVE DRIFT-TUBE STRUCTURE FOR THE CERN SPS

G. Dome

SPS Division, Radio Frequency Group
CERN, Geneva, Switzerland

The SPS accelerating structure is essen-
t ia l ly a high energy proton linac, except for a
small frequency swing during the acceleration
cycle. I t is operated almost CW with a travelling
wave giving an energy gain around 0.1 MeV/m. The
guide-lines for the design of such a structure are
explained, and practical solutions are described.

Introduction

The SPS is the European proton synchrotron
of 400 GeV bui l t underground near Geneva. I t
reached i t s design energy for the f i r s t time on
June 17, 1976. The RF accelerating system was de-
signed to meet the specifications shown in Table I .

Although the relative frequency swing is

only 4.4 x 10 , i t would necessitate variable
tuning for a cavity operated with a standing wave
at a reasonable power level. On the other hand,
travelling wave operation easily provides the re-
quired bandwidth without any variable tuning .
It also presents another major advantage : the ca-
vity may be connected by a long feeder line to the
power amplifier, and continues to appear as a
matched load even with varying frequency and beam
loading. This is very important when the power amp-
l i f ie rs are located at the surface, whereas the ca-
vi t ies are in a tunnel, 60 m underground.

Requirements for the Accelerating Structure

Each accelerating cavity is essentially a

TABLE I

SPECIFICATIONS FOR THE SPS ACCELERATION SYSTEM

Frequency at t r a n s i t i o n energy (24 GeV) 200.222 MHz

Frequency swing from injec t ion energy (10 GeV) 199.526 MHz

to top energy (400 GeV) to 200.396 MHz

Number of c a v i t i e s a 2

Peak acce lera t ing voltage per cavi ty ]v| * 1.8 MV

Synchronous phase angle (from cres t of the wave) | t>s | > 45°

Energy gain per cavi ty for one t raversa l (at <t>s • 45°) eU = 1.27 MeV

Average beam current I o - 70 mA

Beam power per cavity (at * s - 45°) UIQ - 89 kW

Duty factor close to 1

The l a s t requirement in Table I stems from
the fact that the RF power i s needed during most of
the acceleration cycle.

At the present time, a 3rd cavity is being ordered.

loaded waveguide of length t, terminated in a

matched load for travelling wave operation. The im-

portant parameter for RF power is the series impe-

dance Rj of the structure, defined as

„ ,• Si . E2 ,,,
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where E is the peak value of the effective accele-
rating field on the axis (including the transit
tine factor), and P is the power flux of the tra-
velling wave.

The effective shunt impedance Rj per unit
length of the structure, defined as

Rj (in -) « E2/Power loss per unit length
of the structure (2)

is related to the series impedance by the equation

«. • $, ? • • *-. <3)

where Vg is the group velocity of the travelling

wave, and a is the field attenuation constant.
At 200 MHz, the attenuation length I/a is large
(several hundreds in); therefore, in the absence of
beam loading, the peak value of the effective acce-
lerating voltage per cavity is essentially E5.

If the RF component of the beam current is
I], and the particle velocity is v, the electric

field induced by the beam along the axis of the

cavity is given by
.0]

where z i s the distance along the cavity. The angle
T is the total phase slip between the travelling
wave and the proton bunches along the cavity :

1 —- (ID - u0) (5)

In eq. (5), uQ is the angular RF frequency at which
there is perfect synchronism between the wave and
the particles; it corresponds to a definite velo-
city (or energy) of the particles.

In all formulae, the group velocity v~

should be taken essentially as positive. The par-
ticle velocity v, on the other hand, should be ta-
ken as positive or negative according to whether
the passband used for acceleration is of the for̂ -
ward wave or of the backward wave type. In the first
case, the distance z in eq. (4) is taken from the
cavity end where the particles enter; in the second
case, z is taken from the end where the particles
leave the cavity.

With eq. (4), the effective voltage V seen
by the beam upon one traversal of t'ie cavity is

"it should be mentioned that eq. (1) represents
only that particular space-harmonic of the beam-
induced field, which is closest to perfect syn-
chronism with the beam. It is no longer valid
when the operating mode approaches the edge of a
passband, where vg vanishes.

where $ is the phase of the bunches with respect to

the crest of the axial electric field in the middle

of the cavity. The first term in eq. (6) is the RF

impressed voltage V'rf, while the last term repre-

sents the beam-induced voltage V^. For tightly

bunched beams, I5 is very close to 2IO.

For relativistic particles, the velocity
increase during one traversal of the cavity is very
small, which allows the loaded waveguide structure
to be exactly periodic, as for an electron linac.
On the other hand, the small increase of velocity
from turn to turn produces a cumulative increase
in the revolution frequency during the acceleration
cycle; this is the reason why the RF frequency must
also increase, in order to maintain an exact har-
monic relationship with the revolution frequency
of the particles.

Because of this slight change in RF fre-
quency, perfect synchronism cannot be maintained
throughout the acceleration cycle between the tra-
velling wave and the particles; the corresponding
reduction in accelerating voltage is given by
equations (5) and (6). Such a reduction, which
does not apply in a normal linac, is the small prire
to be paid in order to recirculate the beam some
100 000 times through the SPS "linac". On the other
hand, this recirculation allows the latter linac to
work with a rather low accelerating field E, about
10 times lower than in normal proton linacs.

Fig. 1 shows the phasor diagram for eq. (6).
At transition energy, ;s must abruptly change sign
(going from a negative to a positive value) while
|v| is K'.pt constant. If this is to be done without
changing the RF amplitude \F.Z\ but only the RF
phase $, then T must be zero at transition. In this
case, T and is have always the same sign throughout
the acceleration cycle.

Fig. 1. Hiasor diagram for eq. (6)

In order to limit the voltage reduction due
to T at other energies, it was decided that |T!
should not exceed ? radians in the worst case, i.e.
at injection. According to eq. (5), this condition
sets an upper limit for the filling time e/vg of
the cavity :

or — ^ 903 (7)



which may be rewritten as

I < (215 m) vg/c

To this condition should be added

e < 22.3 m

(8)

(9)

which is the maximum length available for a single

cavity in a long straight section of the SFS ring.

Optimization for power efficiency

For simplicity , we now assume T » 0 in

eq. (6), which then reduces to

V -

where
R 2£

2

8

(10)

(11)

is the beam-cavity coupling impedance.

The RF power is given by eq. (1) as

or, from fig. 1 when T • 0 :

p-.jjr [ivl2 + Ivb|
2
 + 2|v||vb|cos

This may be rewritten as

(12)

(13)

For |v|, 4>s and Ib fixed, P is minimum when

|V| - r cl b = |vbl (14)

hence with eq. (11), there is an optimum R2 H.
2

which provides maximum power efficiency at the no-

minal values of |v| and I o :

8 M = 4 M
J-b * o

But condition (7) yields, with eq. (3)
and (15) :

5ii
903 903

Jli
I o

(16)

Inserting |v| - 1.8 MV and I o • 70 mA, this yields

with the condition (9)

Ri/Q 2- 5000 Sl/m (17)

which is an extremely large value at 200 MHz.

This large value comes from the relatively small

nominal beam current I o in eq. (16).

Because T and $s have always the same sign, i t is
clear from fig. 1 chat T • 0 corresponds to a
larger |vrf| , i . e . to a maximum value of EH and of
the RF power.

1. The structure should be a wave-guide pe-

riodically loaded with identical cells.

2. The travelling wave should be exactly

synchronous with the beam at the transition frequen-

cy (200.222 MHz).

3. For optimum power efficiency at the de-

sign values of energy gain per turn and beam current,

I and R)/Q should verify conditions (8), (9) and

(16).

Choice of the accelerating structure

Among all structures suitable for accele-

rating relativistic protons , the cross-bar struc-

ture appears to have the largest Kj/Q and the lar-

gest bandwidth. This structure contains two sets of

drift tubes, supported alternately by horizontal and

vertical bars placed across a circular envelope.

The second set of bars is used to produce a large

bandwidth, and to provide a resonant coupling bet-

ween each set of parallel bars when the structure is

operated in IT mode (i.e. TT/2 between adjacent bars).

The bar passband is of the backward wave type.

Orders of magnitude are Rj/Q -500 JJ/n at

200 MHz and v«/c -0.2 at ir/2 mode between adjacent

bars. The maximum length £ allowed by eq. (8) vio-

lates condition (9) and still fails to verify condi-

tion (16). On the other hand, going to a simpler

structure where the second set of bars is parallel

to the first one, reduces Vg to v^/c -0.1 while

Rl̂ /Q remains pratically unchanged. Conditions (8j

and (9) are then easily fulfilled, while condition

(16) can still only be met with a beam current se-

veral times the nominal value.

Therefore, it was decided to use the simpler

structure with all bars parallel, and to optimize

it for maximum series impedance R2. Obviously, this

choice of accelerating structure does not provide

(nor could any other choice do) optimum power effi-

ciency at the design values of beam current and

energy gain per turn; but according to condition

(15) for maximum power efficiency, it could do

so in the future, if the beam current is increased3.

Consequently, the structure is made of a

cylindrical envelope containing a set of identical

and equally spaced drift tubes, all supported by

horizontal bars (Fig. 2). It was designed in such

a way that each drift tube assembly (Fig. 3)

can easily be taken out and replaced.

Already at present it is contemplated to increase

the beam current in the SPS by a factor 5, when

multipulsing its CPS injector. For such a beam

current, the final cavities described in Table II

come close to yielding maximum power efficiency;

while for still higher beam currents, the cavities

should be shortened.
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Fig. 2. Inside view of a cavity section

Fig. 3. Drift tube assembly

Many reduced scale (1:5) models of the stru-
cture have been measured, using a classical bead
perturbation technique. All geometrical dimensions
have been varied : drift tube diameter (determined
by the necessary beam aperture), drift tube length,
stem diameter, cavity diameter. Although a somewhat
larger cavity diameter would yield a slightly better
series-impedance, the inner cavity diameter had to
be limited to 750 ram in order to accommodate the ca-
vity and all the ancillary equipment in the SPS tun-
nel.

For manufacturing, the cavity had to be di-
vided into sections shorter than 4.5 m. With a maxi-
mum allowed length of 22.5 m, this corresponds to at
least 5 identical sections made of an integral num-
ber of cells. The total number of drift tubes is
chosen in such a way that the phase shift between
the two extreme drift tubes be a multiple of r; in
that case there is no impedance transformation by
the cavity between these drift tubes, and therefore
the matching of the couplers is less critical.

Once I is determined, R2 is optimized under

condition (8). Both n/2 and 2n/3 modes were inves-

tigated-, in tVve latter case Vg'<^ u a « at most .0674

and condition (8) was not fulfilled. For n/2 mode,

optimization has led to the set of parameters

shown in Table II. As usual, the optimum is very

flat.

Technology

Manufacturing of the cavities

The cylindrical envelope is made of ordina-
ry steel clad with OFHC copper : 5 mm of copper on
20 mm of steel. The flat steel sheets were clad
with copper by hot rolling. Afterwards, the sheets
were rolled to a cylinder and welded longitudinally.
In the final assembly, the weld line is turned to
the top of the cavity, where no electric current is
flowing. The surface finish of the copper is better
than 3 urn.

The drift tube assemblies are made of OFHC

copper pieces brazed together under vacuum. Since

half of the power dissipation occurs on the stems,

these are cooled by a high speed waterflow. In order

to insure perfect tightness against water, both

ends of the stems have been electron-beam welded.

On their outside ends, the stems are terminated by

stainless steel flanges.

The total waterflow per cavity is 550 li-

ters/minute, all cooling circuits being connected

in parallel; the same waterflow then cools the

matched load at the end of the cavity. At the no-

minal field level, the temperature difference along

a pedestal radius is 1.1° C; it is only 0.4° C

along a stem. The envelope itself is cooled suffi-

ciently by 8 waterpipes (with 120 mm2 bore) running

all along the structure and glued to it by an epoxy

resin with good thermal conductivity. The whole

cooling system is made of copper or stainless-steel

parts.

All RF contacts are provided by silver pla-
ted copper-beryllium springs, inserted in grooves
which are machined in the OFHC copper. This is the
case, for example, of the contacts between the pe-
destals and the envelope holes : they normally
carry a peak current of 3 A/cm, but they have been
tested successfully under a peak current of 30 A/cm
in a \/4 coaxial resonator.

Under normal working conditions, the vacuum

in the cavities is better than 2 x 1 0 ° Torr.

Tuning of the cavity sections

As mentioned, the original purpose of tra-
velling wave operation was to avoid any variable tu-
ning in the cavities. Nevertheless, they must be
tuned to the transition frequency ac rr/2 mode.
This was achieved by tuning each section indivi-
dually. The section envelope was fitted with a set
of 11 drift tubes especially used for this purpose,
and the TT/2 mode frequency was measured. The fre-
quency error was corrected by carefully adjusting
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the spacing between pedestals before brazing of the
final drift tube assemblies at CKRN. An overall,
fine tuning of ± 25 kHz is provided by the regula-
tion of the cooling water temperature to within
± 7.5° C.

axis) and will hopefully be suppressed once the
damping loops are installed.

TABLE II

PARAMETERS OF THE SPS TRAVELLING WAVE STRUCTURE

Operating mode at trans i t ion frequency (200.222 MHz)

Lower bar passband (0 mode

to u mode)

Cell length (BX/4)

Cavity inner diameter

Drift tube inner diameter

Drift tube outer diameter

Drift tube length

Stem diametera

Q (measured on the f i n a l , f u l l - s c a l e cavity)

v g / c

Series impedance R2

Cavity length : 5 sect ions of 11 c e l l s , including
2 h a l f - c e l l s for the input and output couplers

Interaction length t " 54 c e l l s

Beam cavity coupling impedance r c « RjJl2/8

Power attenuation 2ott - w£/(vgQ)

Axial e l e c t r i c f i e l d (without beam loading) Eo =• | v / « |

Power flux without beam loading Po - Eo/R2

Power d i s s ipat ion per cavity

"/2

221.6 MHz
to 191.2 MHz

374 ran

750 mm

130 ran

170 mm

150 tun

85 mm

611 n/m

19650

.0946

27.1 kSl/m2

20.570 m

20.196 m

1.4 Mft

.0456 neper

89 kV/m

293 kW

13 kW

Higher Modes of the Acce lerat ing Structure

In the higher passbands of the a c c e l e r a t i n g
s t r u c t u r e , many modes are synchronous with the
beam. I f the beam-cavity coupling impedance for
such a mode i s large enough, i t can drive the beam
into longitudinal or transverse instabil it ies. Since
the main couplers are not intended to couple to the
higher modes, they do not provide sufficient dam-
ping for them. Therefore, two special coupling loops
have been foreseen on each cavity end-plate; they
are terminated by 600 W, air-cooled loads. These
loops are designed in order to couple as l i t t l e as
possible to the main accelerating mode, and as
much as possible to all other modes.

Bunch to bunch dipole oscillations of the
beam have already been observed at high energy in
the SPS, together with a 628 MHz signal growing in
the cavities. This instability seems to be driven
by a longitudinal mode (with Ez i* 0 on the cavity

For practical reasons during brazing of the drift
tube assemblies, tlie stem diameter has been in-
creased from 85 nto to 86.5 mn.

Beam loading and RF power

From eq. (4), the beam induced field vani-
shes at z *= 0, i . e . at the cavity end which must be
fed by RF power in order that the phase velocity
(of the synchronous space-harmonic) of the travel-
ling wave be of the same sign as the particle velo-
city. Therefore, there is no RF power induced by
the beam towards the feeder line : the power ampli-
f iers ignore the presence of the beam, and the beam
power is merely subtracted from the power which
would otherwise go into the terminating load.

Nevertheless, the amplifiers must deliver
more power in order to maintain the same cavity
voltage V against beam loading, as shown clearly
by Fig. 1. Assuming again T * 0, we get from
eq. (12) with |vbj » rcl(,, t n e following maximum
value for the RF power which is required in the
presence of beam loading :

r c lb
2 + 2j V|Ib cos *s (18)
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The power Pj, - \ M l b c o s *s delivered to the beam
is most easily deduced from eq. (13), which yields
for the power efficiency

b

T • 4 cos
+ 2 cos • s (19)

For a given is, the power efficiency reaches its
maximum value

PjA 2 cos ts
P /max 1+cos * 3

(20)

when [v| » rcli,, which is exactly the same condi-
tion as eq. (14). This condition inserted in eq.
(18) determines the bean current which corresponds
to maximum power efficiency for given values of
P, rc and <ts :

J 2 " w i t h (21)

Inserting now the nominal values of jvj, j>s
and Ib in eq. (18) and (19) gives P * 340 kW with
a power efficiency Pb/P • .261. This is the power
required at the input of the cavity, for an average
beam current I o * 70 mA. With provision made for
the losses in the feeder lines, for the possible
increase of beam current in the future, and for
some safety factor, it was decided to specify a
power level of 500 kW per amplifier.

The nominal P • 340 kW inserted in eq. (21)

gives Ib - 0.754 A or Io =0.377 A for the beam

current which would yield maximum power efficiency

with the actual cavities. This current is 5.4 times

the present nominal value; from eq. (20), the cor-

responding power efficiency would be 0.828. From

eq. (21), the peak accelerating voltage per cavity

would then be 1.06 MV.

Input and output couplers

Both ends of the cavity are equipped with

identical couplers. They provide a matched transi-

tion between the cavity and the big coaxial lines

which connect the cavity to the power amplifier

at one end, and to a matched load at the other end.

The big 50 ft coaxial line splits at a T-junction

into two smaller ones, the central conductors of

which eventually end up into two coupling loops

connected to the pedestals of the first drift tube

assembly (Fig. 4 ) . The shape of the couplers was

determined by measurements on a 1:5 reduced scale

model with 16 cells; the final adjustments were

made by measurements on the first two sections of

the first cavity (with 22 cells) . The two short

coaxial lines from the windows to the coupling

loops are practically loaded with their 50 SI cha-

racteristic impedance by the structure. Each piece

of line from the windows to the T-junction is

essentially a cascade of two X/4 transformers which

transforms the 50 :1 impedance at the window into

100 n at the T-junction. Just above the T-junction,

HORIZONTAL CROSS SECTION OF AN ACCELERATING CAVITY AND CF ITS

OUTPUT COUPLER

At theo therend

Vertical coaxial line
to terminating load Beryllium oxide window Proton bunch Accelerating electric field

[Peak voIMgr JC kV j

Bar Drift tube

Fig. 4. Horizontal cross section of a cavity and a coupler
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4 high speed fans (working with 400 Hz A.C.) blow

air into the line. This air is forced down and flows

along the coaxial lines of the couplers, up to

outlets at the bottom of the big stubs (Fig. 5) .

I
Fig. 5. Cavities installed in the SPS tunnel

It was possible to make the matching of the
couplers broadband around the "/2 operating mode,
just because the latter is far from the passband-
edges. Consequently, the terminating load of the
cavity damps also the adjacent modes, thus reducing
their coupling impedance with the beam : this is
very important to prevent beam instabilities.

The most remarkable part of the couplers is
probably the RF window. The basic design principle
was to have it easily replaceable in case of break-
down. Instead of the usual ceramic disk, the win-
dow has been transformed into a short ceramic cylin-
der, by expanding the coaxial line radially in order
to form a big X/4 stub on the air side. The electric
field is roughly parallel to the ceramic, but it is
more uniform than in the usual ceramic disk, resul-
ting in more uniform dielectric losses. The ceramic
itself is beryllium oxide, because of its good ther-
mal conductivity (roughly 10 times higher than alu-
mina), rhe neighbouring metallic pieces of stainless
steel are covered at their ends by caps of a Fe-Ni-
Co alloy, which are brazed to the ceramic; these
caps jre water cooled (Fig. 6 ) . The caps and that

Fig. 6, RF window assembly

stainless steel cylinder which is exposed to RF

fields are coated, first with an electro-deposited

copper layer of 10 urn, then with a vacuum-deposited

copper layer of 2 urn. In the early windows, the

first copper layer was coated with an electro-depo-

sited gold layer of 2 urn, and the ceramic was left

uncoated. Under RF power, this gold coating was

sputtered onto the inner conductor of the line and

onto the ceramic, starting from the end close to

the coated stainless steel, and progressively

reaching the other end. This process resulted in a

nicely conducting window and a large reflection of

RF power. Afterwards, the gold coating was replaced

by a vacuum-deposited titanium layer of .5 um which

was also applied to the inner conductor of the line;

the inner side of the ceramic was vacuum flashed

with titanium (the D.C. resistance being at least

500 MS) measured in vacuum). Titanium has been cho-

sen for its low secondary emission coefficient and

its low sputtering yield. With the titanium coated

window assemblies, sputtering has totally disap-

peared.

As shown by the temperature rise at the win-

dow rings, multipactoring still occurs on the win-

dows, at a power level ranging from 10 to 50 kW.

Once the cavity has been conditioned, this power

range is being traversed very fast during the acce-

leration cycle, with no noticeable RF reflection.

On the other hand, the maximum power which can be

fed into a cavity seems to be limited by multipac-

toring between the end plate and the first drift

tube assembly. Progressive conditioning of the ca-

vity pushes this maximum level up to 550 kw; but

even when the cavity is being used for acceleration,

the maximum level steadily goes down to 350 kW

after one week. Two hours of hard conditioning are

then necessary in order to bring the cavity back

to the 550 kW leveia.

Terminating load

The output coupler must be terminated by a

load which is matched at 200 M!!z, and capable of

dissipating 500 kW of RF power. This is achieved

with a uniform 6!/g " coaxial line, 6 m long,

filled with water as dielectric (Fig. 7). Water is

both the dissipative and the pooling element of the

line; it is heated by dielectric and conduction

losses (the conductivity is increased by addition

of a small amount of sodium nitrite). The main pro-

blem is to produce an input window which stands the

static water pressure on one side (the water column

is 60 m high, and the test pressure is 15 atm), and

which provides a transition from the 5.8 (1 water

line to the 50 fi coupler on the other side. Finally

the two problems have been separated : the window

which stands the water pressure is an alumina disk,

30 mm thick, while the matching element is a X/4

coaxial transformer, the dielectric of which can

be either alumina or air. In the first case, the

X/4 transformer is water cuoleu; in tite second

case, it is air-cooled.

In order to avoid this periodic reconditioning of
the cavities, a reconditioning pulse of 600 kW du-
ring 300 Ms is now being inserted at the end of
each acceleration cycle.
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Fig. 7 Terminating load under test (in the fore-
ground.)

Feeder lines

The feeder lines are big 345 ran, 50 ft
coaxial lines, containing normal air. The inner con-
ductor is copper, the outer conductor is aluminium.
It can transport a CW travelling wave of 750 kW at
200 MHz, under natural cooling by air convection
and by heat radiation.

The line is made of sections 5.55 m long.

The different thermal expansions between inner and

outer conductor are compensated by sliding contacts

on the inner conductor at both ends of each line

section. At both ends also, the inner conductor is

supported by a triangular ceramic, which is radia-

tion resistant. With this shape, the ceramic can

stand a power level of 3 MW (travelling wave) be-

fore cracking under dielectric losses; but in order

to achieve this performance, the ceramic must be

moulded with a uniform hydrostatic pressure applied

from all sides. This ceramic is basically a magne-

sium silicate ("Frequenta", made by Rosenthal-

Stemag).

The total attenuation between the power
amplifier and the cavity is .037 neper for one line
and .043 neper for the other (the line lengths are
about 95 m and 110 m, respectively). In the frequen-
cy range used during acceleration, the VSWR of both
lines is always smaller than 1.05. For the complete
system, including feeder line, couplers, cavity and
load, the VSWR as measured at the amplifier output

is always less than 1.25 .

Power amplifiers

Each cavity is fed by an amplifier capable

S8S«w ,

Fig. B Diagran of a power amplifier
In fact, the amplifier interlock switches i t off
at a VSWR of 1.4.
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of delivering a CW output power of 500 kW at 200 MHz.
Because 200 MHz klystrons were not available on the
market, the choice fell on high power tetrodes.
Still it was necessary to combine the output power
of several tubes in order to reach the 500 kW level.
The final solution combir.es the output of four
tubes by using three coaxial hybrids (which are
3dB directional couplers) as shown in Fig. 8 and
Fig. 9.

Amplifier units and hybrid junctions.

The 3rd unit on the left hand side is used

as driver for the 4 units in the foreground

Among other advantages, the use of hybrids presents
the following ones :

1. If the Coat tubes have the same output

impedance, the cavity sees a matched load when

looking towards the amplifier.

2. If one out of the four tubes fails, ope-

ration may continue with the three other tubes. In

such a case, the accelerating voltage in the cavity

is reduced in proportionality to the number of tubes

left. Switching to the new operation mode may be

done at the end of the faulty acceleration cycle,

and acceleration can continue without interruption,

provided the remaining tubes of all amplifiers can

be stepped up in power so as to compensate for the

reduced accelerating voltage.

The four tubes of 125 kW each are driven by
another identical tube, the 50 kW output of which
is divided into 4 parts by using smaller hybrids.
The tubes were especially developed by Siemens as
tetrode type RS 2004 J, in order to meet the SPS
specifications. The tube lifetime as guaranteed by
the manufacturer is a total of 30 000 hours per set
of 6 tubes.

The amplifier units themselves allow a quick
replacement of the tubes (Fig. 10). They use a
grounded screen-grid configuration. As usual in high
power amplifiers, they had to be damped in order to
prevent higher mode oscillations. Two kinds of
ferrite were used in this respect : one of them is
the Siferrit (J-17 from Siemens, which has low losses
at 200 MHz but presents a large peak of magnetic
losses in the range from 400 to 2000 MHz; the other
is the Eccosorb ZN from Emerson and Cuming, which

Fig. 10 Replacement of a power tube

has large electric and magnetic losses in the full

range from 30 MHz to 50 GHz. The control grid cir-

cuit is fitted with U-17. The screen-grid circuit is

a very low impedance line terminated by the very los-

sy Eccosorb ZN, which keeps the input impedance of

this line, as seen between the control grid and the

screen grid, at a low value for all frequencies.

The anode circuit was fitted with U-17 ferrite in

order to prevent breakdown at the output coupling

loop. But this circuit also showed a most dangerous

oscillation on a H]| mode at 840 MHz, which killed

the first tubes. This mode was selectively damped

by 8 small coupling loops resonating at 840 MHz

and terminated by small 50 ii loads.

Finally, it should be mentioned that the

amplifier units can safely deliver a CW power of

140 kW, that is 10 % more than the nominal 125 kW.

The bandwidth of one unit, measured at the 3 dB

pointr, is 3 MYiz. The bandwidth of the whole ampli-

fier chain, from the low level to 500 kW, is 1 MHz.

Manufacturers

The power amplifier plant was made by
Siemens (Berlin, Erlangen and Munich). The hybrids
and the feeder lines were made by Spinner (Munich).
The accelerating cavities were made by Leybold-
Heraeus (Hanau, Germany). The terminating load was
made by Varian (Palo Alto, California). The coup-
lers were made at CERN except for the beryllium
oxide windows, which were first ordered directly
from the U.S.A. (Coors, Golden, Colorado), but
which are now delivered by l/uartex (Paris).
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A DEUTERON LINAC FOR A HIGH-INTENSITY NEUTRON SOURCE*

1976 Proton Linear Accelerator Conference

J. Staples, D. Clark, H. Grunder, H. Lancaster,
R. Main, F. Selph, L. Smith, F. Voelker, R. Yourd

Lawrence Berkeley Laboratory
University of California

Berkeley, California

The preliminary design of an accelerator suitable
to meet the flux and neutron energy requirements of
a CTR materials test fac i l i t y is presented. The
specifications of such a fac i l i t y call for a neutron
flux of 101* n/cm2-sec distributed over an area of
about 10*cm2 with a neutron spectrum similar to that
anticipated from a fusion reactor. A 30 MeVdeuteron
linac producing a CW beam of 125 mA , upgradable to
40 MeV at 250 mA at a later date, would produce the
relatively broad spectrum of neutrons at the
required intensity.

Beam dynamics at the required current dictate an
injection energy of 750 keV and a frequency of 50
MHz. The average axial f ie ld of 1 HV/m results in a
wall power density of slightly less than the Super-
HILAC at fu l l gradient and 30% duty factor. Each of
the seven cavities wi l l have i ts own 800 kW r . f .
power source for a 125 niA beam intensity, expandable
to 250 mA by doubling the number of r.f. sources.
Attention to the low-energy beam intercept on the
d r i f t tubes and diffusive losses producing neutrons
and attendant activiation problems are discussed.

Introduction

The primarily specifications of a national mate-
r ials test fac i l i t y for the CTR program call for a
neutron spectrum that would produce radiation
damage similar to that anticipated from a fusion
reactor. This spectrum can best be approximated by
stripping deuterons 'n a l ight target. Thedeuteron
source would be a high-current Alvarez-type linear
accelerator.

The neutron flux i n i t i a l l y available from the
proposed fac i l i t y would be at least an order of
magnitude below the fluxes anticipated in CTR fusion
reactors. After a reasonable period of operation,
i t is inevitable that an increased flux would be
desired. This could be accomplished by augmenting
the beam intensity, the energy, or by a combination
of both.

With our choice of 30 MeV as the in i t i a l oper-
ating energy, beam intensity is determined by es t i -
mating the maximum power that can be dissipated in
the targets with a reasonable value being 125 mA.
However, as experience is gained in this technology,

*This report was done with support from the United
States Energy Research and Development Administra-
tion. Any conclusions or opinions expressed in
this report represent soley those of the author(s)
and not necessarily thos of The Regents of the
University of California, the Lawrence Berkeley
Laboratory or the Unfted States Energy Resesrcrt am*
Development Administration.

we expect rapid improvements in target capability
to raise the early power limitations. Consequently,
we have designed the accelerator so that the beam
intensity can be increased by up to a factor of
four. Our design is such that a factor of two can
be made with minimum disruption of the operating
schedule.

For the proposed accelerator, neutron production
and attendant component activation are problems,
particularly at the high-energy end. In the injec-
tion system and early linac cells beam loss is sub-
stant ia l , resulting in beam interacting with
implanted deuterium, producing relatively low-
energy neutrons. In the high-energy end of the
linac beam losses are small, but charged particle
and neutron interactions are more severe. To con-
trol the losses we have incorporated sophisti-
cated transport and bunching techniques for highest
possible longitudinal acceptance in the l inac, gen-
erous dr i f t tube apertures to provide a large stay-
clear region, precise alignment of the linac quad-
rupples, in-cavity beam steering, and judiciously
positioned beam scrapers along the entire length of
the linac.

Because completion of the experimental program
of the proposed fac i l i t y is dependent on the rou-
tinely available beam current, i t is vital that
estimates of the current not be exaggerated. Ion
sources exist that are capable of producing high-
quality deuteron beams in excess of that required
to saturate the linac entrance. However, perfor-
mance is ultimately limited by linac acceptance of
space-charged beams.

Choice of General Parameters

The deuteron linac is planned for 30 MeV output
energy, with a provision for a 10 MeV add-on, i f
desired. The i n i t i a l current level is 125 mA,
but, in fact, the linac we propose is designed to
accommodate a current of 250 mA. The cr i t ical
parameters—once the output energy and current are
set—are the frequency, injection energy and accel-
eration rate.

Principal parameters chosen are listed in Table
1 ; more detailed structure parameters are given in
Table 2.

Quadrupole focusing is used with an N = 1 (+-+-)
sequence. The gradients required are nominal, and
the magnetic design of the quadrupoies wi l l present
no di f f icul ty .

Beam dynamics considerations require that the
transit tine factor (TTF), which decreases with
aperture and frequency and increases with injection
energy, be maintained above about 0.70. This
requirement influences the choice of frequency and
injection energy. The injected beam is matched to
the lattice structure to minimize transverse
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oscillations of the beam envelope.

Cavity

Output Energy

Energy Gain

No. Cells

Cell Length

O.T. Length

Gap Length

9/L

a per radius ra

Inner comer radius

Cavity Length

\

TTF

Quad Length

Quad Strength B'l

Zsh

Wall Powerl

3eaa Power (125 ma)

Total Po»er (125 ma)

Total Power {250 ma)

1 Ulth end walls

(lieV)

(IteV)

(en.)

(">

(o>)

(cm)

rc (en)

(n)

(decree)

(en)

<kG)

(IK/m)

(kw)

(k»>

(k»)

(k»)

1

3.M

2.99

16

17.5-37.1

13.6-27.4

4.4-9.3

.25

2.25-2.5

1.5

4.33

-30

.72-.84

10

15.7

31

240

375

615

990

Table 2
Structure Pararefers

2

8.10

4.44

13

IS. 5-55.1

29.4-40.9

9.6-13.6

.25

2.75-3

1.5

6.08

-30

.83-.86

20

15.7

33

250

555

305

1360

3

12.70

4.52

10

56.5-68.7

41.8-49.7

1S.3-1B.6

.27

4

1.5

6.26

-30

.32-. 84

30

15.7

35

250

565

915

1380

4

16.92

4.22

8

70.0-79.3

50.3-55.9

20.3-23.0

.29

5

1.5

5.97

-30

.31-.02

40

15.7

35

24C

52S

763

1296

5

21.06

4.14

7

60.6-8A.4

56.2-60.6

25.0-27.8

.31

5

1.5

5.92

-30

.8J-.B1

40

15.7

36

230

513

748

1266

6

25.57

4.51

7

89.7-97.3

61.5-64.9

27.8-32.1

.33'

5

1.5

6.54

-30

.79-82

40

15.7

36

254

534

813

1382

7

30.*"!

'..83

7

98.6-106.0

64.6-53.6

34.5-37.]

.35

i

1.5

7.15

-30

.73

49

15.7

37

270

604

074

1473

To establish the injection energy and operating
frequency, we plot in Figures 1 and 2 the matched
beam size in the first cell in the "smooth" approxi-
mation1 for 50 and 70 MHz. A focusing phase advance
of IT/2 per two-quadrupole periods, a constant nor-
malized source emittance of 0.7TT cm-mrad, and a
bunch length of twice the stable phase is assumed.
The bore necessary to contain the beam is taken to
be larger by 40% for strong focusing flutter and an
additional 35? stay-clear. When the transit time
factor, deceases to 0.70, the curve is terminated.
The inner bore radius rc is held at 1.5 cm.

detailed geometry of the drift-tube entrance and
its influence on the TTF.

Fig. I Fig. 2

The maximum achievable current is a strong func-
tion of the injection energy. The ratio of longitu-
dinal space charge force to the r f restoring force
at 250 mA is about 0.8.

We choose 50 MHz tank frequency and 750 kV injec-
tion energy on the basis of Figures 1 and 2, as well
as on practical considerations. This injection
energy corresponds to available high-current, high-
voltage power supplies. The frequency is acceptable
from the standpoint of achieving a reasonable tank
diameter (-\4 m) and obtaining suitable r f tubes. We
note that the curves of Figures 1 and 2 are depen-
dent on assumptions regarding the emittance and the

'Ohnurna and Vitale, NS-14, No. 3, p. 594, 1967.

Table t

MKfkAL PARAMETERS

Output Energy (HeV)

Output current CW (mA)

Injection Energy (fceV)

Normalized Emittance ( InJ. ) (cm-inrad)

Minimum bore radius (cm)

Lfnsc frequency (HHz)

X t c n p axial E-Meld (MV/«i)

Acceleration rate (BcV/n)

Stable phase

Dri f t Tutie Quad, sequence

Integrated quadrupole strength (kg)

Total rf-power (HW)

Number of cavities

Linac length (m)

30/4O
variable jr. steps

125 upgraded 250

750

0.84« (for 250 tnA)

2.25

50

1

.62- . 74

-30°

* ' 1 (•-•-)

15.7

5 (for 125 i*)

7 (30 KeV)

46.5 (30 MeV)

The average acceleration rate is a compromise
between many considerations, such as power density,
total power, r e l i a b i l i t y , length and longitudinal
space-charge forces. We adopt 1 HV/m as the aver-
age axial voltage gradient resulting in a gap f ie ld
of 40 kv/cm and a wall-loss per unit length slightly
less than that of the SuperHILAC.

Each of the seven cavities has i ts own 800 kW r f
power source for acceleration of a 125 mA beam. To
accelerate a 250 mA beam i t is necessary to add one
more tube per r f cavity.

149



Injection System
A plan view of the proposed injector system is

shown in Figure 3. We have specified two injectors
and a single power supply. We consider that dupli-
cation of ion source and high-gradient column is
advisable in^a facility of this nature"because these
components are likely to require frequent mainte-
nance, at least at first.

When allowance is made for D2+ beam and for linac
acceptance losses, the ion source must provide 225
mA for total ion output, upgradable to 450 mA later,
at 100% duty factor. Among existing ion sources
most promising for this application are those being
developed as injectors for CTR reactors at
Liver-more2, Oak Ridge3 and elsewhere. These sources
now produce up to 1-2 amperes of hydrogren ions with
80-90% H+ fractions.

tion for a full-wave C-W voltage multiplier:1'

Fig. 3
The HATS III source at Livermore, for example, is

a multiple-aperture reflex design, developed from a
duoplasmatron geometry. This source currently pro-
duces 1 ampere of deuterium ions with 65% d* fraction
at 29 keV. At a beam diameter of 6 cm the nor-
malized emittance is .22 cm-mrad for 700 mA at
14 keV. Allowing for some emittance blowup in the
column, low-energy beam transport and buncher, this
production level becomes a reasonable match to the
linac brightness requirements.

In order to handle the 225 mA ion current and the
backstreaming electrons, a 750 kV 500 mA Cockcroft-
Walton power supply will be provided. For an
upgraded ion current of 450 mA we assume a method
can be found to suppress most of the backstreaming
electrons.

The output voltage of a Cockcroft-Walton power
supply is given by the following approximate equa-

J.E. Osher and G.W. Hamilton, An Intense 1 kV
Ion Source for Controlled Fushion Research,
Proc. of the Symposium on Ion Sources and
Formation of ion Beams (1971).

R.C. Davis, et al., A Multiampere Ouopigatron
Ion Source, Review of Scientific Instruments,
Vol. 43, #2 (Feb. 1972).

Vdc "Vo " 4fC
n . n<
12 + T

where n = number of decks
f = frequency of driving source

\ - load current
C = capacitance per stage

VQ = voltage per deck.

As the load current increases, i t is necessary to
lower n or increase f. Two approaches are either
to develop very high-voltage decks, which require
high-voltage, high-current rect i f iers and capaci-
tors, or to push the frequency up and develop large
high-frequency generators and transformers. Haefely
and Co.*, for example, have taken the f i r s t approach
and have successfully bui l t 2.5 HV/200 mA and 2.2
MV/200 mA C-W power supplies.

The accelerating tube selected is a 750 keV high-
gradient column of the type used successfully for
several years at BNL, LBL and other laboratories. A
modular design of 3 to 6 sections is chosen to
fac i l i ta te assembly, alignment, accuracy and module
replacement, i f necessary. The electrodes and al l
other metal in the column are made of titanium alloy
to reduce f ie ld emission, suitably shaped to shield
the beam from charges on the insulators.

Additional cooling is provided in the terminal to
handle power dissipation from backstreaming elec-
trons. Tests with LBL's existing 750 keV high-gradi-
ent column wi l l further clar i fy the backstreaming
problem and aid the design process.

Due to the high average power- in the beam, par-
t icular attention is given to beam transport and
buncher arrangement. The 750 keV beam from the
ground end of the column is transported approxi-
mately 5 meters through a buncher to the f i rs t gap
of the linac by a system of 4 quadrupole tr iplets
and a t 45° switching magnet (see Fig. 4 ) . A
double-gap harmonic buncher6*' is preferred to the
double-gap fundamental buncher because i t not only
gives over 80% acceptance, but also places more of
the beam in the central part of the phase-accep-
tance area of the linac.

Linac Structure

The proposed linac wi l l operate at a frequency of
50 MHz. Its dimensions are approximately 4 m diam-
eter and 45.5 m long, divided into seven e lect r i -
cally independent cavit ies, separated by diaphragms.

Some of the quadrupoles may have to be of the
mineral-insulated conductor variety.8 In i t i a l
investigations, however, show maximum neutron doses

••G. Reinhold, J. Seitz and R. Minkner, Advanced
Development of the Cascade Generator, 67^
p. 258-265, Basel, Switzerland, 1959.

SG. Reinhold, Ultra-high Voltage D.C. Power Sup-
plies for Large Currents, Emil Haefely & Co.,
Ltd. , Technical Report E4-19.

6Blashke and Friehmelt, UNILAC Report No. 1-69.
7Bru and Weiss, NS-20, No. 3, p. 963, 1973.
aK. Mirk, SuperHILAC Vacuum System, Lawrence
Berkeley Lab. LBL-1329, October 1972.
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to the drift-tube magnet structure of 7 x 109 rads/
year. Consequently, adequate lifetimes possibly
could also be guaranteed using the SuperHILAC tape
quadrupole methods9 and a mineral f i l l ed epoxy with
lifetime approaching 10 u rads.'0

The d r i f t tube design provides access for easy
servicing and removal through large tank ports.

To minimize activation of the linac d r i f t tube
surfaces, removable collimators are inserted at fre-
quent intervals (^5 HeV, at diaphragms) to scrape
off the beam halo resulting from gas and other scat-
tering. In the latter part of the tank, above 10
HeV, the bores for the d r i f t tubes contain an easily
removable sleeve for quick disposal during tank and
dr i f t tube maintenance periods.

Radiofrequency System
There are seven r f stations, each composed of a

50 MHz amplifier chain, amplitude and phase control
loops, cavity tuning control, and power supply.

The r f amplitude and phase of each cavity is
independently adjusted by control loops similar to
those presently used on eight cavities at the
SuperHILAC.

A separate DC power supply for each amplifier
consists of two conventional three-phase solid-state
converters in series connected for 12-pulse opera-
t ion, followed by a f i l t e r to remove fast transients
coming from the converter. A crow-bar protects the
final tubes in case of a fault. A switching system
between these power supplies and the final tubes
allows the linac to be run at reduced energy (last
cavity off) in case one of the power supplies fa i ls .
The possibility of having an additional spare power
supply in the switching network is clearly attrac-
t ive.

Space 1s provided to expand the rf system for
250 mA beam loading. The amplifier chains and power
supplies would then be paralleled on each cavity.

The.beam passes through d r i f t tube gaps in a
pulse approximately 30° out of phase with the peak
of the electric f ie ld in the gap. The energy to
accelerate the beam is stored in the fields and the
gap. Since much more energy is stored than
extracted, only the fundamental Fourier component of
beam current needs to be considered in calculating
beam loading.11 In this linac the fundamental
component of the beam current is several times
larger than the copper loss component.

The resulting load on the final amplifier is
reactive and can be handled successfully in one of
three ways: (1) The amplifier can supply the
reactive load, which increases the tube dissipation
and so reduces the power i t can deliver. (2) A phase
shift can be introduced between the amplifier and

9A. Harvey, Radiation-Hardened Magnets Using
Mineral Insulated Conductors. Proc. Fourth
International Conf. on Magnet Technology, 1972.

"H. Brechna, Effect of Nuclear Radiation on
Organic Materials, Specifically Magnet Insula-
tions in High Energy Accelerators, SLAC-40,
March 1965.

"S . Main, Alignment of Drift Tube Lenses Using a
Pulsed Wire, Lawrence Berkeley Laboratory
LBL-1224, September 1972.

the cavity. This is satisfactory during steady
state, but may introduce high voltages in the drive
line during transient conductors. (3) The cavity
can be tuned slightly off resonance when beam load-
ing is present, so that the reactive energy required
by the beam is just compensated by the reactive
energy unbalance in the -avity.12 Under these
conditions, the amplifier sees a resistive load.

Control System
The accelerator control and monitor functions

wi l l use a radially distributed control system
architecture. Sets of localized signals are inter-
faced to a process control terminal. Some number
of process control terminals are linked to a real
time computer. The real time computers in turn are
linked to a central computer which interfaces al l
the signals to the operators.

Since the computer system requirements for con-
trol of the accelerator and the experimental test
fac i l i ty are quite different, a separate computer
system should be used for the latter. The two sys-
tems should be identical to faci l i tate maintenance
and operating systems support.

Interlocks required for personnel safety are
hard-wired, with only monitoring being done by the
computer. Protection circuitry required to prevent
expensive machine components ( r f , d r i f t tube:., etc)
from damage are also hard-wired.

Beam Monitoring
The beam intensity is monitored using induction

and pick-ups at the linac entrance, exit and between
between-tank diaphragms. These detectors are used
primarily during startups. To detect beam loss at
less than 1%. sensitive loss monitors (neutron
detectors) are installed inside drift-tubes at sev-
eral positions along the linac. Continuous moni-
toring of these detectors by the computer alarms
the operator or shuts the machine down i f a preset
loss l imit is exceeded.

Nondestructive beam profile monitors, probably
of the residual gas ionization type, are specified
in the injection transport line to faci l i tate match-
ing injector emittance to linac acceptance. Addi-
tional profile monitors in the transport system
from the linac exit to the target serve as an aid in
tuning quadripoles and steering magnets for lossless
transport.

Accelerator Shielding and Residual Activation
The neutron shielding requirement is for 0.25

nrem/hr at 6 meters from the beam axis for a design
current of 125 mA of 40 MeV deuterons.

The injection shielding would be 134 cm of 2.4
gm/cm3 concrete, also adequate to shield against
bremsstrahlung radiation from 200 mA of back-
streaming electrons of 750 keV peak energy. The
neuteron shielding along the linac varies in thick-
ness from 125 cm to 280 cm of 2.4 gm/cm3 concrete,
assuming point losses of 125 mA of beam at 10 to 40
MeV along the linac. Neutrons yields range from
1.7 x 10r2 n/sec at 10 MeV to 7.6 x 1013 n/sec at
40 MeV.

2P.N. Lapostolle and A.L. Septier, Linear Accel-
erators, p. 809-829.

151



Residual induced activity in the injector and
first cavity area is not present, as deuteron ener-
gies are below the coulomb barrier. Activation
along the rest of linac is expected to be up to 2
rem/hr after an 8-hour cooling period, neglecting
self-shielding of the magnet structure. The dose
rate from the last drift time (40 HeV) alone under
the above assumptions is 0.5 rem/hr.

To stop incident deuterons, we incorporate easily
removable sleeves inside the drift tubes, and col-
limators between cavities. A large fraction of the
residual activity would then be contained in these
sleeves and collimators.

If 0.1% of the beam were to be lost uniformly
among 52 drift tubes, 2 x 1 0 " n/sec/uA would be
produced. The dose deposited in the copper shell
has been calculated to be 6 x 10 1 2 rads/year--wel1
below the threshold for damage (^10" rads). The
dose to the magnet structure could reach 7 x 10'
rads/year, depending somewhat on sleeve and col-
limator material.

Transport to the Experimental Area
Because a failure of the target, or some portion

of the experimental area equipment, may result in
the release of targe amounts of radioactive mate-
rials into the vacuum system, it is essential to
isolate conductance beam line, provided with high-
speed vacuum pumping and fast valves. This line
also allows the beam to debunch.

This shielding section
removable for cavity

10 MeV expansion \ installation

Fig. 4
In addition to this isolation and dsbunching

dr i f t space, approximately 15 m has been reserved
within the accelerator enclosure to allow for the
future installation of linac cavities to increase
the maximum energy of the accelerator to 40 MeV.
(See Fig. 4).

Two experimental areas are proposed, a + 45°
from the primary beam axis, as well as a beam dump
on th° axis. The beam dump is used mostly during
tune up, but is designed for easy removal should the
ev ri mental areas be expanded.

Doubling the Maximum Beam Intensity
We conclude with aninnovative though admittedly

speculative option for another doubling of the maxi-
mum intensity. The 250 mA l imit is imposed already
by acceptable pre-injector voltages and drift-tube
bore radius rather than r f power availabil i ty.
However, two independent beams could be provided by
placing two quadrupoles side-by-side in the dr i f t
tubes and doubling the r f power. One more highvcit-
age set is placed in the space allotted in the pre-
injector area, and the two ion sources would provide

simultaneous beams through two low energy beam
transport systems.

This arrangement offers additional benefits in
that two irradiation caves can be used simultan-
eously without the use of a septum or two beams can
be combined to give a higher flux or larger uniform
volume in one cave. The failure of one ion source
wi l l not interrupt an irradiation.

This cot, i;>t has no obvious flaws and appears to
be a workable method in providing beam currents of
up to 0.5 ampere.

Additional people who contributed to this effort
are V. Elischer, W. Lamb, G. Lambertson, E. Lofgren,
J. McCaslin, W. Patterson, R. Richter, R. Thomas,
C. Van Atta, C. Weber and E. Zajec.
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THE PROPOSED BROOKHAVEN ACCELERATOR-BASED NEUTRON GENERATOR*

P. Grand, K. Batchelor, R. Chasman, and R. Rheaum'
Brookhaven National Laboratory

Upton, New York 11973

INTRODUCTION

The d-Li Neutron Source concept, which includes
a high-current deuteron linac, is an outgrowth of
attempts made to use the BNL, 200-MeV proton linac
BLIP facility to do radiation damage studies. This
concept was first proposed by BNL In 1973.l>2 It
included a 100 mA, 30-MeV deuteron linear acceler-
ator and a fast-flowing liquid lithium jet, as the
target. The latest design is not very different
except that the current is now 200 mA and the linac
energy has been raised to 35-MeV. Both parameters,
were changed to optimize the effectiveness of the
facility with respect Co flux, experimental volume
and match to 14-MeV neutron-radiation-damage ef-
fects.

It is not the intent here to delve into the
utilization of this facility. For background in-
formation on the subject one can refer to a number
of published papers.^'"

This paper describes the proposed Brookhaven
Accelerator-based Neutron Generator,?»® with par-
ticular emphasis on the linear accelerator.

DESIGN CHOICES

The fundamental choice of the combination of
the 35-MeV deuteron linear accelerator and its
associated liquid-lithium target to produce an
intense neutron source was motivated by the desire
to find the best compromise between many factors:
such as, cost, technical feasibility, operational
reliability, flexibility, and not least, the desire
to give the user a viable, large volume experimen-
tal facility. As it turns out, the drift tube
linac is the only type of accelerator that can pro-
duce cw currents of the magnitude contemplated here
(~200 mA).

The proposed design whose main characteristics
are shown in Table I has not yet been optimized. It
constitutes however, a conservative approach to a
working design based on experience and scaling of
existing operating facilities. In addition, the
proposed accelerator-target system will provide
some unique characteristics:

a) The deuteron beam delivery on the target
will be flexible to allow the tailoring of the neu-
tron flux and equiflux contours to meet the require-
ments of a given experiment.

b) Although the accelerator will operate cw,
(dc beam on target), it will also be capable to op-
erate in a pulsed mode to simulate pulsed fusion
reactors (e.g. Theta-pinch type reactors).

c) The deuteron energy on the target will be
available in discrete steps of ~5 MeV between 20
and 35 MeV to provide the user with a desired range
of neutron energies. This will be done by deener-

*Work performed under the auspices of the U.S.
Energy Research and Development Administration.

gizing linac cavities at the high energy end of the
machine.

Also, because the facility will be required
to operate reliably at high current and for long
periods, the choice of design parameters will be
extremely conservative. All components will be
overdesigned to guarantee long life, high plant-
factor and minimize radiation losses around the
accelerator.

Linac Design Parameters and Beam Characteristics

So far, short of detailed quantitative cal-
culations, we have relied on experience with pro-
ton linacs to arrive at the preliminary design
parameters for this machine. It is however clear
that the acceleration of a high current, cw, deu-
teron beam presents some particular problems, es-
pecially at injection. These problems are related
to the low r, cw aspect of the beam and are com-
plicated by the potential production of 3.5-MeV
neutrons by D-D reaction. Thus, the injection
scheme is far from being optimized.

The injection system will consist of two 500
to 700 kV, 0.5-A, direct current generators. The
second injector will be a stand by to provide the
overall reliability required of such a facility.
The ion source will be of the duoplasmatron type
presently used as a proton source in the Brook-
haven 200-MeV linear accelerator injector for the
AGS. Tills source has operated at currents up to
0.5A in a pulsed mode.

The BANG proposal utilizing 500 kV injection
energy is now being reviewed. It is clear that
for injecting a 200 mA beam in the linac, a higher
injection energy is desirable.9 It is therefore
likely that the final injection energy will be
>500 kV. This requirement will necessitate a
Dultielectrode accelerating column, something we
were trying to avoid, based on the difficulties
that the Chalk River people have had so far.

Figure 1 shows one version of an injection
system. Each accelerating column will have a re-
entrant section housing a quadrupole triplet
followed by beam diagnostic equipment to measure
the beam quantity and quality. Also at this loca-
tion, a dc chopper will .'.Sleet the beam away from
the accelerator in the event of a malfunction and
will divert the beam during the switching time of
a high-energy chopper used for pulsed-beam opera-
tion. This will be followed by a second quadru-
pole triplet to focus the beam at the entrance to
the electromagnetic buncher.1" This device con-
sists of two fundamental frequency bunchers sep-
arated by an analyzing magnet. Slits placed at
the maximum dispersion point within the magnet will
intercept those particles which are outside the
linac energy-acceptance region and would not be ac-
celerated to the final energy. If not intercepted
in this low energy area, these particles would gain
some energy in a nonsynchronous manner and even-
tually strike the walls of the drift-tubes giving
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rise to unwanted gamma and neutron radiation.

This bunching scheme has the addition, L advan-
tage of localizing the dumping of the unwanted low
energy beam on the slits which makes localized
shielding at that paint possible. Shielding will
be necessary to protect against the 3.5-MeV neutron
produced by the D-D reaction. This bunching scheme
cHous a very tight phase acceptance at the expense
of efficiency. Although it is desirable to limit
losses in the llnac, it may be too wasteful in
terms of ion source current. Other bunchers will
therefore be examined.

For the linac itself, the design considera-
tions for acceleration of a 200-mA deuteron beam
in a cw configuration require a conservative choice
of parameters, since the beam will be largely space-
charge limited. Any significant beam loss along
the accelerator will cause difficult activation
problems. Specifically, this means strong trans-
verse focusing (high quadrupole strength in a + -
+• - configuration), strong longitudinal focusing
(high accelerating gradient), and a conservatively
large drift-tube aperture. In turn, the choice of
large aperture determines the transit time factor
for a given frequency, hence the acceleration ef-
ficiency of the linac. For a large drift-tube
aperture, it is therefore desirable to operate At
low frequencies. At the same time, considerations
of available rf power-amplifier systems for the
large amount of power required, limits our choice
of frequencies to the VHF region. With these con-
siderations in mind, we have chosen a linac oper-
ating frequency of 50 MHz resulting in ~3.8 m diam-
eter linac cavity. Table II lists the major cav-
ity parameters as calculated at LASL with the
Farmilla program. These parameters are far from
being optimized, they will serve however to es-
tablish a design basis for the machine.

BEAM DYNAMICS

The major design parameters affecting the
beam dynamics are as follows:

Injection energy
Injection (3=v/c
Accelerated current (I)
Injected transverse emit-

tance (e)
Radio frequency (£)
Acceleration rate
Synchronous phase (0S)

(Tank 1, -35°)
Initial drift tube bore

diameter

Transverse Focusing

0.5 MeV-0.7 MeV
0.023-0.027
0.2 A
6nxlO-*mrad @

0.7 MeV
50MHz (\=jj=6m)
1.0 MeV/fi
-30°

4 .8 cm @ 0.7 MeV

A + - + - quadrupole configuration with a phase
advance per magnet period, HSF> 5TT/8 is chosen in
order to operate near the center of the widest pos-
sible stability diagram when space charge is in-
cluded. If the quadrupoie magnets in the begin-
ning of tank 1 occupy about 1/2 of the cell length
one finds that magnetic gradients must be approx-
imately 3.0 kG/cm. It can easily be shown that
under these conditions, taking into account the rf
transverse defocusing and the longitudinal phase
excursions, the operating region stays well within
the transverse stability limits given by cos |USpo=±l.

For a constant phase advance per magnet peri-
od, the quadrupole gradient will vary as 3'* down
the machine assuming a fixed ratio of magnet to
cell length.

Matched Beam Sizes and Space-Charge Parameters

It is important to match the beam transverse-
ly as well as longitudinally to ensure minimum
beam loss and transverse emittance growth.*1'*2 in
a high current linac, repulsive space-charge
forces become comparable to transverse quadrupole
focusing forces, and longitudinal rf focusing
forces and space-charge effects have tc be includ-
ed in the calculation of matched beam sizes. As-
suming that the beam bunch is a uniformly charged
ellipsoid, space-charge forces are linear and can
easily be incorporated in the beam envelope equa-
tions from which the matched beam size's are de-
rived.

With a being the average beam radius (a^a xa ,
and ax and ay are the half-widths of the beam in
the x and y directions) and b the half-length o£
the bunch, one can calculate a from the equation
(nonrelativistic approximation):

(i)

Here k is the wave number of the transverse oscil-
lation in the zero space charge approximation,
given by Hgy/2i3X and M o is the deuteron rest mass
in energy units. Assuming that the half length of
the beam bunch, b, corresponds in phase spread to
0 S one finds a-1.10 cm for 0.2 A beam current. The
flutter factor, which is space-charge independent*-^
takes the maximum transverse oscillation amplitude
to about 1.65 cm.

One can now calculate the transverse and lon-
gitudinal space-charge parameters (i|P and p^ p

equal to the ratios of the space-charge defocusing
force to the external focusing force. They are
given by:

sp _ 300 ell

(2a)

(2b)
an 2

where I2TTtET s in I0JI

o

1/2

is the longitudinal wave number in the zero space-
charge approximation. Equations 2a and 2b give
u£p-0.40 and (-1^=0.55 demonstrating the importance
of space-charge forces in the proposed linac. Under
these conditions, experience gained from operating
machines^ as well as from computer simulations^*"
indicates that some transverse emittance growth is
to be expected in the low energy part of the linac.
The drift tube bore having a 48 cm aperture at in-
jection will most probably have to be enlarged
continuously through tank 1 to allow for trans-
verse beam growth. Because of the gradually in-
creasing values of 3 this can be done without
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appreciably lowering the transit time factor T
which is proportional to [IO(2TTR/PX)]-

1. Further
computer studies are required to determine the ne-
cessity for such a design feature.

As can be seen from Eqs. 2a and 2b, a constant
value of MgF down the machine is ideally consistent
with a constant transverse beam size except for a
weak energy dependence of b (the half-length of the
beam bunch).

Energy Spread

To match the beam longitudinally, it is re-
quired that the deuteron beam enter the linac with
an energy spread given by

AE = ±M B2b k,(l-H?p)
O <* !•

which with the present design parameters yields
±27 keV. This can be achieved with the bunching
scheme described earlier. With the adiabatlc 3 3 M
growth in energy spread found to hold under space-
charge conditions1^ a perfectly matched beam would
have an energy spread of ±125 keV at 35 MeV.

A more pessimistic estimate for the output
energy spread can be obtained if one assumes that
an imperfectly matched beam will fill the bucket
area that is calculated without space charge at
injection. The energy spread of this bucket is

.11/2
cos <t> - sin

AE = ±M E^ 3

and is ±60 keV in this case. Again, assuming a
S3/4-type growth one finds AE=±275 keV at 35 MeV.

HARDWARE DESIGN CONSIDERATIONS

The drift-tube structure will be of conven-
tional, state-of-the-art design. It will be dif-
ferent, however, from existing modern proton linacs
in that its duty factor will be 100%, hence partic-
ular attention will be paid to the thermal and
radiation problems.

At 50 MHz and an acceleration rate of l.OMeV/m,
the total length of the machine will be about 35
meters, plus allowances for some drift lengths be-
tween cavities. These however will be kept short
to avoid longitudinal debunching. In order then
to limit the drift space between adjacent cav-
ities, the eight cavities will be contained in a
single vacuum tank. The tank will be constructed
of copper-clad steel containing both vacuum and rf
power in an integral envelope, like all modern pro-
ton linacs. Water-cooled copper-boundary plates
will be mounted inside to provide Che separation
between the 8 radio-frequency resonators.

The 54 copper drift-tubes mounted on the axis
of the accelerator will each contain a dc, water-
cooled, electromagnetic quadrupole. The drift-
tubes and the tanks will demand an efficient water-
cooling system to dissipate the ~2.5 MW of excita-
tion p rfer and maintain a constant temperature. The
accelerating cavities resonant frequencies will be
maintained and adjusted by means of a servo system
controlling the operating mean temperature. This
scheme is being successfully used presently on the

Brookhaven proton linac.

Radiation damage considerations dictate that
the accelerator be built excluding all organic
materials. Rubber hoses, vacuum viton seals,
electrical organic insulation, etc., will all be
replaced by radiation hardened materials. Al-
though these are design constraints, today, radia-
tion hardening is standard procedure in new accel-
erator designs and the technology is well devel-
oped.

The dc quadrupole magnets will utilize hollow
conductors for direct cooling and shunts will be
used to achieve the required current distribution
allowing the utilization of economically large and
well-regulated power supplies.

The accelerator is expected to operate at a
pressure of ~10" 7 torr. This low pressure param-
eter is common practice in all operating linacs
and can be met with state-of-the-art commercially
available equipment. The preliminary design is
predicted upon the use of ion pumps. However,
cryogenic pumping will be considered. The need to
protect against radiation damage dictates that all
vacuum seals be inorganic which inherently helps
in producing a "clean" vacuum system and in mini-
mizing the capital cost of the pumping system.

The heat dissipated in the tank walls will be
carried away by the water cooling system. A water
jacket designed to maximize the surface area in
contact with the fluid will be welded to the tank's
external surface. The cavities' resonant frequency
is directly related to the dimensional stability
of the system and it is therefore mandatory that
the thermal stability be maintained to within a
fraction of one degree. This is accomplished by
the careful design of the water circuits to avoid
large temperature gradients and by the proper
choice of a control servo system to maintain the
temperature constant during operation.

The rf excitation power dissipated in the
tank walls and drift tubes will be ~2.5 MW. This
power loss is high; it is a direct result of the
1007. duty factor. To operate the cooling system
efficiently it is planned to maintain the linac
operating mean temperature between 40° and 50°C.
The cooling system will consist of two closed loop
circuits providing separate cooling for the rf cav-
ities on the one hand and the drift tubes and
quadrupole magnets on the othur hand. The two
circuits are the result of different requirements
of flow, velocity and pressure drop in the two sys-
tems.

The rf system will be cooled by a separate
loop circulating about 5000 GPM of low conductiv-
ity water. The rf system's losses to the water
will be about 6 MW.

RADIO FREQUENCY AND CONTROL SYSTEM

The total rf power required is about 9.5 cw
MW, or 1200 kW per accelerating cavity section at
50 MHz frequency. The choice of final amplifier-
tube type and rf system configuration have forced
a critical compromise among such factors as com-
mercial availability, reliability, service life,
wide band efficiency, ease of prototyping, costs,
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and others. Criteria for tube selection were:

1) The tube should be derated sufficiently
to ensure performance with long life.

2) The tube should be available commercial-
ly and have a good enough history to evaluate an-
ticipated performance with certainty.

3) The number of separate amplifier chains
should be minimized consistent with performance,
reliability, and cost.

Wich these criteria in mind we presently re-
gard either Einac 2170 or CFTH 537 coaxial tetrodes
as possible final stage tubes in grounded-grid,
grounded-screen concentric circuits at 300 kW cw
output per tube. This rating is slightly less than
half that allowed by Varian for Eiraac 2170 In wide
band service at frequencies up to 30 MHz.

Figure 2 is a block diagram of the rf power
system for a typical (one of eight) accelerating
cavity. Starting from a common low-potential
master reference frequency bus, the cavity would
be energized through four parallel 300 kW amplifier
chains driving separate twelve-inch coaxial output
lines with series phase adjustors and magnetic cav-
ity coupling loops. If a high-power tube failed,
the survivors would operate at 400 kW pending re-
placement. Fast phase and amplitude commands will
be derived by comparing information from a cavity
phase/amplitude scanning probe with the master
reference frequency bus and injecting the dif-
ference signal at the common input of the four
amplifier chains to provide drive-modulated closed
loop control of cavity amplitude and phase. Match-
ing each of the four amplifier chains to the cavity
section and tracking them with each other will be
accomplished by adjusting the phase shifters and
the penetrations of the coupling loops. The se-
quence of amplifier stages preceding the final of
each chain would preferably have £6 MHz open cir-
cuit bandwidth to ensure closed loop stability and
rapid rise-time. Such a bandwidth is believed to
be within the capability of commercially available
25 kW VHF TV transmitters; accordingly, they might
be directly specified for this application. Well-
known designs of voltage and current probes and
directional couplers would be located appropri-
ately to furnish frequency/phase/amplitude sensing
data for the closed loops. The natural resonant
frequency of the cavity section would be maintained
the same as that of the master reference frequency
bus through closed loop control of its coolant tem-
perature. The master reference frequency bus it-
self will be energized by a temperature-stabilized
low-frequency quartz crystal oscillator through
varactor multipliers and buffering amplifiers.

All rf, and other machine operation, includ-
ing beam control and radiation monitoring, is to
be effected by a common control system. This sys-
tem will make use of local dedicated computers
performing real time operations and receiving com-
mands from and transmitting data to a large central
control computer which will carry out computations
and Interact with an operation's console. CAMAC
hardware will be used to interface with the local
computers and Co interact directly in a hard wired
fashion with a malfunction and machine protection
system for the llnac. For the rf system in

particular, power tube coolant loops, sequences of
cathode turn-on and warm-up, grid, anode, and
screen activation, an1 power supply overload and
crowbar circuits must be arranged and monitored.

Because of the large potential for radiation,
deuteron beam losses must be kept to a minimum and
a radiation monitor system with various types of
monitors including detectors in each drift tube of
the high energy accelerator end will be an import-
ant diagnostic tool. Nonintercepting instrumenta-
tion will include dc beam transformers,1' rf posi-
tion^ and bunch length detectors1" and residual
gas profile monitors.19 At the low energy end
conventional emittance measuring units,
be employed.

20,21 may

THE BEAM TRANSPORT AND TARGET SYSTEM

The lithium targets will be separated from
the accelerator complex by a drift distance of -
This distance is required to debunch the beam rf
structure to achieve the desired dc beam at the
target. It also has the advantage that the ex-
pected lithium vapor generated in the targets will
not migrate all the way back to the accelerator,
but will be trapped at predetermined places in the
beam channel.

The beam will be transported with a conven-
tional system of quadrapole lenses properly align-
ed on the axis. A bending magnet wil1 then direct
the beam to its appropriate experimental cave and
additional quadrupoles following the bending mag-
net will control the beam spot size and geometry
at the target.

The target itself is a thick film (2 cm thick)
of flowing liquid-lithium with a 12x12 cm area.
The film will flow across the beam vacuum pipe and
be supported on the sides, a-*d on the back by a
vacuum window. Figure 3 shows the conceptual de-
sign of the target. For a design power of 7 MW,
the target velocity required is 15 m/s. The
centrifugal force acting on the liquid at this
velocity, due to the curvature of the window is
50 torr at the highest energy deposition point.
This pressure keeps the liquid at that point be-
low its saturated temperature of 1000°C, thus
preventing the possibility of boiling.

The lithium loop necessary to circulate the
hot lithium will utilize standard liquid metal
technology. The bulk temperature of the lithium
being ̂ -30(^0 provides for an essentially corrosion
free system. The hot lithium will be pumped uti-
lizing electromagnetic pumps and the cooling will
be done through a lithium-air heat exchanger. The
system will contain the necessary heating elements
for start-up and all safeguards required in case
of accidental spills.

FACILITIES

Figure 4 shows a plan view of the 30 MeV deu-
teron llnac facility. It could be located at Brook-
haven, adjacent to the existing 200 MeV proton
linac, allowing for efficient use of operating and
maintenance personnel as well as use of laboratory
space.

The accelerator will be housed in a 20-ft
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vide shielded tunnel with the beam height 5 ft below
ground level. Adjacent to the tunnel a light struc-
ture will house the rf systems and adjoining assem-
bly area. The control room which is located at the
hf.gh energy end of the machine will monitor the ex-
perimental areas as well. With the use of local
computers and CAMAC controllers, we expect ro great-
ly diminish the need for a large number of cables.

Downstream from the accelerator the experimen-
tal building consists of a staging area with the
necessary hot cells built on top of the target
caves. The material samples to be Irradiated will
be transferred from the staging area to the targets
through a duct system.

CONCLUSION

This proposed facility is a practical and ef-
ficient way of producing the intense, high energy
neutron beams needed for CTR material studies.
The accelerator and liquid-metal technologies are
well proven, state-of-the-art technologies. The
fact that no new technology is required guarantees
the possibility of meeting construction schedules,
and more Importantly, guarantees a high level of
operational reliability.
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Table I Principal Characteristics of the
Accelerator-based Neutron Generator

BEAM CHARACTERISTICS

l| MAXIMUM ENERGY 35 MtV

2) AVERAGE ACCELERATION RATE I 0 M«V/m

3) ENERGY VARIABLE ABOVE 20 M«V IN STEPS OF ABOUT S M V (20,25,30,35 MtV )

4) BEAM MICROSTRUCTUNE, 4 - I I M C PULSES SEPARATED BY 20 nwc AT 50 MHz

5) TIME STRUCTURE AT THE TARGET, BEAM 0E6UNCHED AT TARGET ESSENTIALLY DC

WITH MAXIMUM 57..5OMHI FLUX MODULATION

61 AVERAGE CURRENT 200mA 1^2 1 fOl8DEUTERONS / SEC)

7) BEAM DUTY CYCLE 100% ICW OPFRATIONI

8) AVERAGE BEAM POWER 7 MEGAWATTS

91 BEAM PULSING POSSIBLE

ACCELERATOR PHYSICAL CHARACTERISTICS

I) TOTAL LENGTH OF ACCELERATOR 40m MADE UP OF B CAVITIES, EACH ABOUT

Sm LONG AND 3.8m DIAMETER

2) INJECTORS 2 X 50OKV, 0 5A BOWER SUPPLIES

3) TOTAL RF POWER ~ 9 MEGAt 'TTS

4) STRONG FOCUSING UTILIZING ELECTROMAGNETIC OUADRUPOLES

TARGET CHARACTERISTICS

II TARGET MATERIAL, 220"C FLOWING LIQUID LITHIUM

?) TARGET SIZE, 12 X 12cm X 2cm THICK

3) FLOW RATE, I3m/«flc U 3 0 m 5 / h r )

41 OPERATING BULK TEMPERATURE, 2 2 0 » - 3 O 0 » c

5) OEUTERON BEAM AREA ON TARGET, VARIAGLF. FROM lem2 TO ~ 10cm DIAMETER
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Table II Basic Linac Parameters

CAVITY

INPUT ENERGY (MEV)

INPUT Sr

OUTPUT ENERGY(MEV)

CAVITY LENGTH (m)

INPUT CELL LENGTH (ml

NUMBER OF CELLS

INPUT GAP/ LENGTH RATIO (g/L)

INPUT DRIFT TUBE LENGTH (ml

DRIFT TUBE DIAMETER (in)

DRIFT TUBE APERTURE (m>

QUAD. FIELD STRENGTH (kG/cm)

TRANSIT TIME FACTOR

STABLE PHASE ANGLE

CAVITY EXCITATION POWER (kW)

BEAM POWER FOR 200 mA (kW)

AVERAGE SHUNT IMPEDANCE (MQ/m)

0.70

0027

4.26

3 53
0.16

13

0.20

0.13

0.72

0 048

3.0-0.7

0.7-QS

35*

373

712

32

4.26

0067

6 61

438

0.41

9

0 24

031

0 7 2

0 0 6

0.6-0.4

08-085

' 30'

306

868

36

861

0.096

12.59

J.79

0.58

6

0 2 6

0.43

0.72

0 0 6

0.4-03

ass
30*

276

796

36

12 59

0.115

I7.O<

4.48

070

6

0 2 7

asi
0.72

0.08

025

0 8 0

3 0 -

318

890

37

1704

0.134

21.26

4.24

0.81

5

0 2 9

0.56

0.72

0.06

0.23

OJSO

30*

300

8 4 4

37

21.26

0.149

25.94

4.70

090

5

0.30

0.63

0.72

0.08

0.21

0.80

W

345

937

37

25.94

0.165

31.08

5.16

0.99

5

0 3 2

0.68

0.72
0 08
0.19

0.80

3 0 '

372

1028

37

31.06

o.ieo

3552
4.45

1.06

4

0.33

0.72

0.72

0.08
0.16

0.80

3 0 -

322

888

37

HICH VOLTAGE
GENERATOR

ONE ACCELERATING CAVITY SECTION
(ETIC CAVITY COUPLWO i

HIGH VOLTAGE
GENERATOR

Fig. 1 Injection System

TYPICAL ONE (OF FOUR)
AMPLIFIER CHAW

TO WATER TEMP.
CONTROL

Fig. 2 Typical RF System
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LOWER LEVEL HOOK « < N

LOWER LEVEL FLOOR PLAN

Kig. 4 Pl.-,r. View of Facility

DISCUSSION

J.E. Vetter, Karlsruhe: Are the targets served
simultaneously by the beam?

Grand: No, only one target is in operation at any
time. The other caves are for standby and the
setting up of other experiments while irradiation
takes place in another target cave. The possible
addition of a d~ beam however might make the
simultaneous operation of two targets practical.

W.D.West. RHEL: Have you looked at the problem of
the untrapped beam in the first tank?

Grand: Ves, we have been concerned with the.
problem. The bunching scheme proposed was chosen
for that reason. In principle, it shoulu make 100Z
trapping in the linac possible.

Fig. 3 Schematic of Liquid-Lithium Target
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CHOICE OF INITIAL OPERATING PARAMETERS FOR HIGH AVERAGE
CURRENT LINEAR ACCELERATORS

Kenneth Batchelor
Brookhaven National Laboratory

Upton, New York 11973

1. Introduction

Recent emphasis on alternative energy sources
together with the need for intense neutron sources
for testing of materials for CTR has resulted in
renewed interest in high current (~1QO mA) c.w. pro-
ton and deuteron linear accelerators. (!•"') In de-
signing an accelerator for such high currents i t is
evident that beam losses in the machine must be min-
imized, which implies well matched beams, and that
adequate acceptance under severe space charge con-
ditions must be met. This paper investigates the
input parameters to an Alvarez type drift-tube ac-
celerator resulting from such factors.

A number of authors have investigated the ef-
fects of space charge on injection for existing
proton linear accelerators(°~^)using as models
either a uniformly charged ellipsoid or infinitely
long e l l ip t ica l cylinder. I t has been shown(^)that
the elliposidal model tends to give pessimistic re-
sul:s in terms of maximum acceptance without beam
loss but is a useful analytical tool for comparative
data so i t will be used in this analysis.

Assuming that the beam bunch is a uniformly
charged ell ipsoid, one can write the non-relativist ic
beam envelope equations' ^taking the smooth approxi-
mation for the transverse motion as:

d2a + K

7 c
. a -P2 =

7
( 1 )

Eo is the average electr ic field in volts/m. T is
the transit time factor, 0S is the synchronous phase).
moC is the deuteron rest mass in electron vol ts .
P is the area of the beam in TT meter2 in the a,
da/dn space. Q is the area of the beam in Tt meter2

in the b, db/dn space and is proportional to the
conventional longitudinal eroittance in Av-£; space

for beam of width 3 Zs and(Q
3gs SX lay
2 2TT

 x
 Sy3

energy spread corresponding to ± i y ) . I is the beam
current in amperes.

f (—)is a form factor for the ellipsoid and can be
approximated by a_ for 1 ^ b < 5.

3b a
.,2for matched conditions d a

dn2

Giving for f ( | ) "• |g-

O i l n^ . . r It,

0 and d̂ b
2

dfb
dn 2

0.

£ 3ab

These can be rewritten as:

... =,2,2 _ P2

'X"
4

(5)

(6)

( 2 )

dn = T?T (X is the rf wavelength and s is the dis-

tance along the linac axis both in meters).

where K^ = Kt (1-M^) and K^ (1-n,) where K^, K,'
are the modified wave numbers in the radial and
longitudinal directions in the presence of space
charge and vt and v.^ are the ratios of the space
charge defocusing force to the restoring force in
those directions. It can be seen that

a ..
x ya is the average beam radius in meters (a = / a

where 2 a^ and 2 ay are the width of the beam in the
s and y directions). At a symmetry point in an x-
focusing and y-defocusing quadrupole magnet
a
— = ¥, where ¥ is obtained from the radial s t ab i l -
ay ity diagram of Smith and Gluckstern.(16)
2b is the bunch length in meters,
Kt is the wave number in meter'l of the transverse
particle oscillations in the zero space charge ap-
proximation. (Kt where nS£ is the phase
advance of the transverse particle oscillation per
magnet period for zero beam current assuming +-+-.
quadrupole configuration).
Kt is the wave number in meter"! of the longitudinal
particle oscillation in thp zero space charge approxi-
mation f ^ ^ o 1 a^n I* '"|;- w n e r e

and

or substituting for p, K and K̂

where

60e
2

m co

15

I
X

"sf (x> <r )

I . 6
1 TTE,,T sin [ JS I . Hf) $f

( 8 )

(9)

(10)

*Work performed under the auspices of the U.S.
Energy Research and Develapment Administration
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Study of relationships (9) and (10) remembering

that j- « 3 shows the following:

(a) The higher the input 3 and hence input
energy the smaller the radial and longitudinal space
charge forces relative to the restoring forces.

(b) The higher the current the higher the space
charge forces relative to the restoring forces•

(c) The larger Che phase advance per magnet
period the lower the space charge to restoring force
ratio in the radial direction. (Note that y,Bf may
not exceed rr if radial stability is to be maintained
do this sets an upper limit to the initial quadrupole
focusing field.)

(d) The longer the rf wavelength or the lower
the rf frequency the smaller the ratio of longitudinal
space charge force to restoring force.

(e) The higher the average acceleration rate
(=E0T cos [ 2S| ) the smaller the ratio of longitudinal
space charge force with respect to the restoring
force. (Since the maximum attainable electric field
gradient varies as X*^ this conflicts with condition
(d) above).

(£) The larger the stable phase angle the
smaller the longitudinal space charge to restoring
force ratio.

3. Practical Considerations

In a practical design the maximum acceptable
current may be limited by factors other than space
charge. For example, there is an upper limit to the
electric field gradient and quadrupole field gradient
both of which are frequency dependent. The total beam
emittance from the pre-accelerator and low energy beam
transport system will also influence the results. In
addition, for a given frequency or wavelength, there
is a practical upper limit to the drift tube aperture
resulting from transit time considerations.

For this report an injection energy of 750 KeV
has been used as a compromise between these various
factors. For practical transit time factors this
limits the aperture radius to about 6.7 X 10"3 wave-
length. Having selected the injection energy and
maximum aperture the maximum acceleration rate is
determined by the sparking limit. Taking Kilpatrick's
data as a criterion this implies a maximum accelerat-
ion rate of 1.6 MeV/m at a wavelength of 1.5 meters
for a stable phase angle of 40°. Space charge con-
siderations indicate that the highest practical ac-
celeration rate and stable phase should be used for
maximum acceptance so this value has been chosen for
the design. The electric field breakdown limit varies
as X."* giving an acceleration rate of 1.12 Mev/m at
X = 6m.

The longitudinal etnittance of the input beam
is determined largely by the bunching scheme used
since the beam from the d.c. pre-accelerator has
essentially zero longitudinal emittance. It has been
assumed that the phase width of the input beam can be
made equal to ±0s and that the energy spread can be
made equal to the "matched" energy spread given by

AE = ± moc
2 32 b where b x|j

iH is assumed to be about 0.75,
These considerations define the longitudinal input
beam parameters given in Table I,

Given these parameters and a value for the
radial emittance it is now possible to optimize the
acceptance by varying the quadrupole gradient within
the practical limits of attainable quadrupole grad-
ient and radially stability/16) Radially stability
is determined by the operating point on the stability
diagram (Fig. 1 ) under space charge conditions.
For a given quadrupole gradient the operating point
for the reference particle moves towards the -sf =
+ 1 stability limit as the space charge force in-
creases ,

For a given injection energy, increasing the
wavelength clearly reduces the required quadrupole
gradient due to the greater drift-tube length avail-
able, but at the same time increases the r.f. de-
focusing force thus requiring stronger focusing
fields. A non^normalized radial emittance of
(I) 3.7 it x 10" m. rad. was chosen for the re-
ference design where I is the beam current in am-
peres. This value is a conservative estimate based
on measured values for pulsed proton currents of up
to 400 mA.

5. Numerical Results

Interest at Brookhaven has centered on a 1 GeV
proton linac with a beam current of 300 mA and a
deuteron accelerator of 35 MeV energy and 200 mr
beam current. For the deuteron machine the ei.'.-ct
of injection energy on the acceptance was invustigat-
ed at a wavelength of 3 meters or frequency of 50
MHz. The bore radius was allowed to increase with
energy roughly as i so that the aperture at 750 KeV
Is 4.8 cm compared with 4 cm at 500 KeV and 3.5 cm
at 350 KeV, This is a conservative choice and as
can be seen from Fig. 2, gives rise to quadrupole
fields which are readily attainable. Fig. 3 shows
the matched beam parameters for deuterons of different
energies for three different initial quadrupole field
gradients. The optimum attainable beam current at
a given injection energy is obtained when the radial
and longitudinal acceptance limits are reached at
the same time. This is achieved by allowing the
initial electric and magnetic quadrupole field grad-
ients to vary within the acceptable stability limits
and practical quadrupole magnetic field and electrical
sparking limits. Thus, in Fig. 2 the maximum attain-
able beam current without loss is plotted as a func-
tion of injection energy for a deuteron beam of con-
stant longitudinal emittance of 6n x 10"4 m. rad and
a radial emittance given by 1 x 3n x lO'^m. rad where
I is the beam current in amperes. For protons,with
their higher S value.it is possible to increase the
drift-tube aperture by almost a factor of 2 and thus
accept a larger beam current for the same emittance
value. Here the radial acceptance limit Is defined
as that point at which the flutter factor causes the
beam to occupy 2/3 of the drift-tube aperture.

The influence of wavelength or frequency on the
Latched beam parameters for protons using the longi-
tudinal emittance values given in Table I, with a
ridial emittance of 1.11 it X 10"* m. rad, and a beam

rrent of 300 mA Is plotted in Fig. 4. It shows a
idial increase in the beam radius and beam length

to wavelength ratios with increasing frequency. The
phflse advance per magnetic period was held constant
at £ for zero current in order to compute this set
of curves. The increase in a//, and b/.1. would be greater
(approximately increasing as f%), if the longitudinal
emittance was held constant.
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Figures 5 and 6 show the matched beam parameters
as a function of beam current for deuterons and pro-
tons respectively. The injection energy used is 750
KeV in both cases and the operating frequency is 50
MHz. Note that the higher B value and hence larger
aperture for protons allows currents of up to 1.2
amperes in the proton case compared with 0.4 amperes
for deuterons. Calculations indicate that even at a
frequency of 200 MHz it is possible to accept 0.4 A
of proton current but Che quadrupole field strength
required is high (13.5 KG/cm) and is probably at the
practical limit for conventional quadrupoles.

The effect of longitudinal emittance on the
matched beam parameters is shown in Fig. 7 for a
0.2 ampere deuteron current of 750 KeV energy at a
wavelength of 6 m. Fig. 8 shows the corresponding
effect of radial emittance for deuterons.

The effect of longitudinal and radial emittance
on the matched beam parameters for a 750 KeV proton
beam current of 0.3 amperes is shown in Figs. 9 and
10 for wavelengths of 1.5 m, 3 m and 6 m.

5. Conclusions

The analysis indicates that an accelerator oper-
ating at a frequency of 50 MHz is capable of accept-
ing deuteron currents of about 0.4 amperes and pro-
ton currents of about 1.2 amperes. These values de-
pend critically on the assumed values of beam emitt-
ance and on the ability to properly "match" this to
the linac acceptance.

The analysis does not concern itself with ac-
celeration so none of the growth effects arising
therefrom are considered. These effects and the
effects of misalignments and quadrupole and electric
field gradient errors may further limit the accept-
able beam current. A detailed computer study will
be necessary to determine the full validity of the
above.
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Wavelength
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Spread

Longitudinal
Emittance
M. rad

IT Meter Meter
-1
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200

6 ±0.034 3.65 X 10' 5

3 ±0,:-29 3.06 N 10"5

1.5 ±0.024 2.58 X 10"5

9

3

1

.12IT

.82n

.61n

X

X

X

10 -
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ID'4

2

0

0

.19
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.097

0

0

0

.0342

.0573

.0968
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MATCHED BEAM PARAMETERS AS A FUNCTION OF INJECTION
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Abstract

The Electron Test Accelerator has been
built to model the behaviour of the high energy
portion of a proton linear accelerator which would
be suitable for breeding fissile material. The test
accelerator and its control systems have been tested
at 100% duty factor producing a beam of electrons at
1.5 MeV and currents up to 20 mA where the incident
rf power is shared equally between the structure
dissipation and the beam loading. The structure
has performed satisfactorily in all respects at
dissipation power densities up to 5 kW/cell where
the mean energy gradient was 1.1 HeV/m. Experiments
have been done on the beam loading effects in the
coupling of the transmission line to the cavity,
the amplitude depression in and phase tilt along
the structure, and the phase lag of the structure
field. The phase acceptance, the variation of
transmission with buncher-uccelerator phase shift
and the beam energy spread are in qualitative agree-
ment with beam dynamics calculations.

Introduction

A 100% daty factor proton linear accelerator
with a mean current of 300 mA or more bombarding an
actinide-element target at an intermediate energy

would be suitable for breeding fissile material .
The operation of linear accelerator structures at
room temperature, with 100% duty factor and with
high mean current is new. Much experience must be
acquired in the design and operation of such an
accelerator before a practical demonstration and the
economic assessment of a breeding scheme is possible.
As a first step in acquiring this experience, two
low-energy, high-current linear accelerator experi-
ments are in progress at Chalk River f . One of
these, the Electron Test Accelerator (ETA), uses a
bi-periodic, side-coupled standing wave structure
designed to model beam loading phenomena in the high
energy section of a large accelerator. The objective
of the experiments described here is to understand
the behaviour of the accelerator and its control
systems, first by comparing measurements using a
low-current beam with results from a beam dynamics
computer program, then by investigating beam loading
effects on various parameters of the system. The

experimental accelerator comprises an electron gun
and a buncher cavity as the injector, a graded-8
structure and a B = 1 structure. This paper describes
the operating experience with the injector and
graded-B sections of the accelerator.

Beam loading of the buncher, discussed

elsewhere , has been found to have small but

Present address: Nevis Cyclotron Laboratory,
Columbia University, New York,
New York, U.S.A.

important effects in high current applications.
Normally, buncher beam loading is not important. In
fact, if the average energy of the beam is not
modified by the bunche;r, the beam loading is zero.
But in a 1-iincher with a longitudinal rf field, the
energy gained by tho incident dc beam during the
accelerating half-cycle slightly exceeds the energy

lost during the decelerated half. U '.•-V.'hiting' has
calculated the average energy gained by n ,.article
in a buncher gap^ taking into account the variation
of particle velocity across the gap. To evaluate
the effect, the longitudinal field strength profile
(or the effective shunt impedance and transit time
factor) must be known. The effective shunt impedance
of the ETA buncher was measured using a filter lens

apparatus as described by Simpson and Mar ton . With
30 watts power dissipation in the !<uncher, the? peak
energy modulation was observed to be 7.3 keV giving
an effective shunt impedance of 1.7 ; 0.2 M"i. With
an estimated transit time factor of 0.9 the average
energy gain of an electron in the buncher was pre-
dicted to be '••> 30 eV. The power dissipated in the
buncher cavity is normally 30 watts so at 10 mA
beam current, 1.02 of the power would bo absorbed
hy the beam and the field depression would be 0.57'.
A reproducible, small field depression has hoen
observed in qualitative agreement with this
prediction.

In a proton beam buncher operated at 200
MHz, beam energy 750 keV and with the same bunching

factor as in the present experiment, the buncher
beam loading will be approximately the same as noted
here.

Beam loading can also affect the phase of
the field in the buncher cavity. If the phase
reference signal for a multi-tank linear accelerator
were derived directly from the master oscillator,
the beam loading at high currents could create an
intolerable phase error in the bunched beam as it
arrives at the first accelerator cell. Such a
method of deriving the phase reference signal is
also subject to phase errors caused by mistiming of
the buncher cavity and phase shifts in the buncher
drive line. To avoid these errors, t'tw buncher fiold
probe line was chosen as the phase reference line.
In this way the reference phase is more closely tied
to the actual phase of the bunched beam.

Initial operating experience with the buncher
showed that the increase in the effective emittance
(an ellipse enclosing the distorted phase space con-
tours) caused by radial defocussing in the huncher
gap could be kept within tolerable limits by reducing
the buncher power. To regain the optimum bunching,
the drift distance between the buncher and the
accelerator was increased from 1.0 to 1.5 metres.

Following the operation experience reported

earlier , an unexpected difficulty was encountered
when water-cooled copper (oxygen-free high
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conductivity) apertures were installed a £ beam
scrapers in the injection line. The dispenser
cathode used in the electron gun was repeatedly
poisoned whenever a few tens of microamperes of
beam was normally incident on copper within one
metre of the gun. Subsidiary experiments demon-
strated that copper atoms were being sputtered
preferentially along the perpendicular to the sur-
face. The sputtering is probably caused by the
negative oxygen ions emitted by the dispenser

8 9
cathode ' rather than by the electron beam itself
which at the 80 keV energy used, is incapable of
transferring sufficient energy to copper atoms in
single collisions to exceed the sputtering thres-
hold (% 5 eV for many metals10). Tapered apertures,
with the intercepted beam halo incident at a grazing
angle of 10°, solved this problem. As a precaution
such apertures are now used throughout the accelera-
tor beam line. With water cooling, they are capable
ot intercepting several milliamperes of beam
indefinitely without poisoning the cathode.

The Graded-8 Structure

The shape of the end walls of the eleven
accelerating cavities in the graded-B structure is
similar to that used in the LAMPF accelerator for
8 = 0.65 but the cell length is varied to match the
increase in B from 0.54 at injection to 0.95 at the
output. The structure is driven through a coupling
port: in a bridge-coupler cell (see Fig. 1 of ref 3)
The design gradient of 0.8 MeV/m is achieved with a
structure dissipation power of 32 kW at 805 MHz.
The performance of the accelerator is modelled by a
beam dynamics computer code, LINGUN, similar to
PARMILLA and adapted for use with the jr/2-mode,
side-coupled structure with focussing provided b-
solenoidal magnetic gap lenses at the ends of th<-
tank sections. The structure was operated with
beam currents of less than 1 mA while measuring the
transmission, phase acceptance and beam energy
spread. The results were then compared with the
calculations.

Figure 1 shows the variation of beam trans-
mission with gun voltage. The transmission is
defined as the current I measured in an output
Faraday cup expressed as a fraction of the dc current
lQ iron, the gun. The experimental data shown as
solid circles were taken with the buncher off and
the solid square point with the buncher on and with
the gun at its normal operating voltage. The lack
of detailed agreement may be attributed in part to
the sensitivity of the low energy electrons in the
injection line to the beam transport settings.

The transmission was then measured with a
variable phase shift between the buncher and
accelerator. The results of runs at structure
dissipation powers of 20, 26 and 32 kWb are shown in
tig. 2 together with a predicted curve for 32 kW
The broad features of the transmission-phase curves
are insensitive to the structure power; the measure-
ments are in fair agreement with the prediction.

The mean accelerating gradient is frequently
quoted to characterize the operating conditions
but in a graded-8 structure the gradient is not
simply related to the structure power.
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Fig. 2 Beam transmission vs. phase between buncher
and accelerator for various tank dissipation
powers.

The energy spectrum of the output beam was
measured with a magnetic spectrometer consisting of
a 30 bending magnet, water-cooled object and image
slits and a Faraday cup. The magnet was calibrated
using 626 keV conversion electrons from a 137Cs
source. Two different object apertures were used,
a 3 mm diameter aperture transmitting typically 30%
of the beam and a 1 cm x 1 cm square aperture with
95% transmission. With the smaller object aptrture
the momentum resolution with the 1 mm image slit
was 1%.
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The energy distributions measured with both
object apertures for a tank power of 32 kW are shown
in Fig. 3. The spectrum measured with the larger
aperture has a full width at half maximum of 110
keV. The LINGUN prediction for this aperture is
95 keV and for the smaller aperture less narrowing
of the peak is predicted than observed. The mean
value of the beam energy obtained with the spectro-
meter was 1.55 ± 0.1 MeVj using the LINGUN code a
mean value of 1.44 MeV is calculated. The beam
energy obtained from a calorlmetric measurement of
beam power and the measured beam current was 1.50
± 0.06 MeV.
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The percentages of the beam intercepted by
and transmitted through the 1 cm x 1 cm aperture as
the buncher phase is varied are shown in Fig. 4.
The solid curves are drawn through the measured
points and the calculated transmitted and stopped
beam fractions are shown as dashed lines.
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Fig. 4 Beam transmission and aperture current vs.
phase between buncher and accelerator
tank.

We concluded that the LINGUN model cal-
culations account fairly well for such average beam
properties as mean energy, transmission and radial
acceptance. More detailed agreement with the
observed beam parameters would probably be obtained
if a more accurate representation of the magnetic
gap ienses were available. Imperfect modelling of
the lenses and perhaps of the accelerating cells
undoubtedly affects the low energy portion -lost
seriously.

Beam Loading Experiments

An accelerator operated at 100% duty factor
factor Is well suited to experiments on steady-state
beam loading. All difficulties associated with
transients during the build-up of the structure
field and of the beam current are eliminated. The
steady-state measurements of fields and, more
importantly, phases, are straightforward. Experi-
ments have been done on the beam loading erfpets in
the coupling of the transmission line to the cavity,
the amplitude depression in and phase tilt along the
structure and the phase lag of the structure field.

The first stage of the experiments with
the accelerator is designed to accommodate beam
currents of up to 20 mA. During fabrication and
tuning of the graded-B section, the coupling iris
between the waveguide and the bridge coupler was
machined to give an overcoupled termination without
a beam. The expected effect of the beam loading was
to change the mismatch from over- to undercoupled.
The size of the iris was initially chosen fur the
experimental tests so that the voltage standing wave
ratio (VSWR) in the waveguide would be the same
value at incremental beam powers of zero and 2* I;W,
and be unity (structure critically coupled> at 11 kW.
For optimum efficiency the reverse power should be
zero (VSWR - 1,0) at the design level of beam power.

The VSWR's observed when varying beam load
and witli Lhi structure power held -onstant are shown
in Fig. 5. The smooth curve is the theoretically
predicted VSWR, with the value of beam power
corresponding to critical coupling as an adjustable
parameter. As the incremental beam power increased
from zero to 22 kW, the VSWR initially fell until it
reached a minimum value of 1.04 at 12 kW (9 raA).
The smooth curve is the best fit to the data which
implies that critical coupling is reached at a beam
power of 11.7 kW. The measured beam current at this
point was 8.6 mA, giving a beam energy gain in the
tank of 1.36 MeV. Adding the injector energy give?
a total of 1.44 ± 0.07 MeV, in good agreement with
the LINGUN prediction but lower than the spectrometer
and calorimeter measurements given above.

The field depression Induced by the beam
loading was iseasured in the two end cells of the
structure. For a beam current of 15 mA, the fields
decreased by less than 0.3% from their values at
zero beam current.

The phase tilt along the structure was
obtained by comparing the phase of signals from the
first and seventh accelerating cells. The results
are shown in Fig. 6. At the design accelerating
gradient of 0.8 MeV/m, the magnitude of the phase
shift was 0.0082 ± 0.0006 deg/mA or a phase tilt of
0.0014 deg/(mA-cell). In a high-current proton
linear accelerator, the existence of a small but
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finite beam-Induced phase tilt will have to be taken
into account.

1.5!

angle $ ahead of the accelerating field induces a

decelerating f<eld giving a resultant structure
fieH that U > s the rf driving field by a phase
angle $. According to the beam loading theory

12 13
developed by Nishikawa , Knapp et al. , and

14
others the relation between the cavity phase lag
$ and the beam bunch mean phase angle <$> is

1.3"

>- 1.2'

• \

1.0
10 15

BEAM POKER. k*

20
I

25

Fig. 5 Variation of voltage standing wave ratio
in the transmission line to the structure
with incremental beam power. The points
are measured values and the smooth curve
is the theoretical best fit for critical
coupling at 11.7 kW.
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Fig. 6 Beam-induced phase shift in the

accelerating field over six cells of
the structure.

The reactive effects of beam loading have
been studied by measuring the phase change between
the accelerating cavity field and the drive field as
a function of beam loading. The graded-^ structure
was designed for a synchronous leading phase angle
of 2b'. A tightly bunched beam injected at a phase

tan $ = u tan *

where the beam loading parameter 3 is the ratio of
incremental beam powor to total rf power.

Measurements were made while the beam
loading parameter <i was varied from zero to 0.4,
corresponding to beam currents of zero and 16 mA
respectively. The buncher-acceleralor phase and
beam transport were adjusted for maximum transmission
at the higher current, then the '••din current reduced
to zero. Throughout this experiment the reverse
power in the transmission line was held at a mini-
mum and the accelerating field held constant. The
resonant frequency, as determined by the condition

of minimum reverse power , vjas observed to vary
less than 1 kHz. The phase angle between a signal
from the forward power port in a directional coupler
in the waveguide feed and a magnetic coupling probe
in one of the accelerating cells was observed to
change by 4°. This suggests that the niean beam
phase angle for the conditions of the experiment was
10° although the interpretation of the results is
not clear.

The operation of the B - 1 structure will
make possible additional experiments not now
feasible on the graded-B stiucture. With the
former, it will be possible to inject a tightly
buncheJ beam at an arbitrary phase angle. This will
permit a more direct test of reactive beam loading
theory.

Conclusions

Experiments on the graded-J3 structure of the
Electron Test Accelerator have shown that it is a
satisfactory experimental facility for detailed
studies ol beam loading phenomena. It has been
found that as a consequence of beam loading effects
the phase reference signal should be derived from a
probe in the buncher.

Critical coupling of the waveguide feed to
the bridge coupler was achieved close to the predicted
incremental beam power of 11 kW. The acceptance,
energy gain and energy spread are in fair agreement
with the calculated values:. The amplitude depression
and phase changes along the structure induced by the
beam are small, but finite, and must be taken into
account in the design of longer structures.
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DISCUSSION

£.A. 1 tapp, LASL: Do you have any trouble with
multipact.iring or other rf conditioning problems at
these low iields in cw operation?

Fraser: Not serious troubles. I think when the
tank was first conditioned we had to do some pulsing
of the power but in the usual turn-on procedure the
multipactoring level (about 2 kW structure power) is
easily avoided.

Knapp: In your computer \ ̂ presentation of these
tanks, is the phase shift per cell as a function of
beam loading given?

Fraser: No.
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Iwo high current 100% duty factor dc
accelerators have been built and are h-v ing com-
missioned at Chalk River. One Is a 750 keV
accelerator designed to investigate problems in the
acceleration of d.: proton beams IT. the 50-100 mA
range; the other is a 25 mA, 300 keV D + dc

accelerator designed for a 4 x 10 s fast
neutron source. The 750 keV accelerator has been
in operation with beam currents up to 40 mA. Beam
induced voltage breakdown problems encountered in
the commissioning of the high-gradient accelerating
columns of these accelerators will be described.
Changes in column design philosophy brought about
by these problems will be discussed.

Intr̂ ':'icL ion

Electrically produced n-ji.trons may have
important roles to play in future fission power

stations and in the investigation of materials prob-
lems for the controlled thermonuclear research

programs . The accelerators required to generate
these neutrons must be capable of average ion
currents greater than 0.1 A. Two 100% duty factor
ion accelerators are being built at Chalk River:
one, a 3 MeV proton accelerator designed to investi-
gate problems in the acceleration of dc beams In the

50-100 mA range ; the other a 25 mA, 300 keV
12

deuteron accelerator designed to produce 4 x 10

fast neutrons per second . These accelerators both
use high gradient dc accelerating columns intended
to produce low emittance ion beams and this paper
will describe their operation at high current.

fftf#

Description of Columns

A cross section of the 750 kV accelerating
column of the proton accelerator is shown in Fig. 1.
It consists of seventeen 534 nan I.D. by 32 mm high
unglazed alumina rings (Coors AD96) bonded to flat
Ti6A£4V annular discs with polyvinyl acetate.
Demountable T16AS.4V electrodes are used and are
shaped to produce a Pierce potential distribution
over the first 200 kV of acceleration followed by a
uniform 3.1 MV/m gradient. The penultimate electrode
is held several kV negative with respect Co ground
to prevent electrons from the beam transport system
entering the column. The potential across each
insulator is 50 kV.

A section through the 300 kV accelerating
column and ion source assembly is shown in Kig. 2.
This two gap column consists of six 343 mm I.D. by
33 mm high unglazed alumina rings similarly bonded
to Ti6A£4V annular discs with polyvinyl acetate.
The front of the ion >ource container and the
extraction electron-- have Pierce geometry. The
negatively biased suppressor electrode serves the
same function as the penultimate electrode of the
750 kV column. T16AWV skirts attached to the con-
ductor annular discs hide the insulators from the
beam. The average accelerating gradient is 3.0
MV/m.

Fig. 1 Cross-sectional view of 750 kV
accelerating column.

\
Ti6Al4v DISCS

Fig. 2 Cross-sectional view of 300 k"

accelerating column and ion s urce.
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Both accelerating columns are contained
SF, vessels and use metal-oxide

D
chains to define the voltago gradient.

within SF, vessels and use metal-oxide resistor

Operating Experience

Following high voltage conditioning both
columns will withstand design voltages indefinitely
in the absence of beam. Eight hour spark free
periods have been obtained at the power supply
voltage limits of 800 kV and 305 kV respectively.
When ion beams are accelerated, however, ftequent

breakdowns occur, even at voltages 50-100 kV helow
design, until the columns are "current conditioned".
The amount of current conditioning required before
operation at design voltage is possible, depends on
the recent history of the accelerating column. It
is necessary to current condition the 750 kV column
at 650 or 700 kV if the column has been opened to
atmosphere or if the beam intensity is higher than
that accelerated in recent operation. Once the
column has been operated at 750 kV for longer than
30 minutes without breakdown at a specific current,
operation at that current without additional con-
ditioning is normally possible. The minimum break-
down re^e after full conditioning is influenced by
ion source geometry and operating parameters. Typi-
cally at 20 mA operation breakdown rates are ^ 1/b.
Low current operation (6 raA) has been possible for
breakdown free periods of up to 8 hours.

Reducing the accelerating gradient on the
750 kV column does not produce a large improvement
in reliability. Over the range 600-750 kV the beam-
induced breakdown rate at 20 mA is proportional to
the voltage once the current conditioning plateau
has been reached. Increasing the apertures of the
non-Pierce electrodes from 20 to 26 ram to reduce
beam interception produced no measurable effect on
breakdown rates and showed that not much can be
obtained from further increases.

Similar but more severe beam-induced break-
down problems occur in the 300 kV column. Breakdown
free operation at 300 kV with beams of 5-10 mA has
not been possible for times greater than 15 minutes.
Current conditioning, while observed, is not as
effective as in the 750 kV column.

Breakdown Investigations

The mechanism of beam-induced breakdowns is
not understood. It Is difficult to establish whether
components showing spark damage have triggered the
breakdowns or are damaged as the result of breakdowns
initiated elsewhere in the column.

The ion source-extraction electrode assembly
(Fig. 3) may provide the trigger for some o£ the
observed breakdowns. The extraction electrode which
is supported by three alumina insulators is an
important focussing element whose operating potential
is dependent on beam intensity and ion source
geometry. Fluctuations in this potential because of
insulator breakdowns, microdischa>:ges or beam inten-
sity fluctuations may cause a large increase in beam
spill and trigger a breakdown.

Ion source operating cDnditions produce
significant changes in the breakdown rate of the
750 kV column. In a series of column reliability

measurements the arc and coil currents of the duo-
plasmatron ion source were adjusted over a wide
operating range in such a manner that the beam
current was maintained constant. Large changes in
the breakdown rates were produced even though only
minor changes in the beam emittance or in the. amount
of beam intercepted by the electrodes occurred
(typically 10 MA for 20 mA beams). Attempts have
been made to relate the breakdown rate to magnetic
effects of the ion .source coiJ on electrons and in-
sulator charging around the extraction electrode sup-
port assembly, but the relationship between breakdown
rate and ion source parameters is not yet understood.

Fig. 3 Ion souri:i? container and extraction
electrode assembly for 750 kV column.

Radiation produced by electrons generated by
beam spill and background R.IS ionizntion m.iv trigger
breakdowns by mechanisms such as photoeJectron
emission. To investigate the effects of radiation
on the column without the effects of ion source
operation parameters the ion source war removed from
the 300 kV column and an electron-emJft ing filament
was installed at ground potential. The radiation

intensity outside the column SF, vessel was monitored
o

and the electron current was adjusted to produce the
same radiation intensity as that observed wnen an
ion beam was accelerated. Corrected for absorption
by the column structure, the intensity at the insu-
lators was estimated at 0.8 R/h. Breakdowns of the
column occurred at a rate approximately proportional
to the rad iat ion intens ity and were similar whether
the radiation was ion beam or electron beam produced.

Irradiation of the column with external

radioactive sources of Co i. 2 MeV gamma rays)
241

and Am (0.059 MeV gamma rays), which reproduced
the radiation field intensity at the column insu-
lators approximately, failed to induce voltage
breakdowns. It would therefore appear that very low
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energy quanta from the electron bremsstrahlung and
ion recombination spectra are primarily responsible
Eor the breakdown mechanism.

Examination of the 300 kV column after about
100 h of operation with beam revealed a large
numbe, of voltage breakdown tracks on the ceramics
and evidence of sparking having occurred across tha
vacuum gap between the Ti6A!4V skirts.

Examination of the 750 kV column after
several thousand breakdowns over three years opera-
tion revealed only minor sparking damage on the up-
stream surfaces of the electrodes near the beam
aperture (Fig. 4) together with five voltage break-
down tracks on the internal ceramic surfaces.

Fig. 4 Electrode surface damage in upstream
area of beam aperture. Aperture
diameter is 20 ir,in.

The primary voltage breakdown problems with
the 300 kV column appear to be associated with the
insulator. It is not yet known whether this is
because of the failure to hide the conductor-insu-
lator bond adequately from the beam or to the choice
of materials. The reason Cor the comparative absence
of spark damage evidence in the 750 kV column is not
understood.

Design Changes

A large number of breakdown mechanisms are
known and column design requires numerous compromises
to be made. Designs incorporating those compromises
effective at low current fail at high current and new
compromises must be added to improve reliability* It
appears necessary to design electrode geometry so
that the electric fields near the insulators are less
sensitive to photoelectron emission and to design

the electrodes to provide better shielding of the

insulators from the ion beam for low energy X-rays

and ultra-violet light.

Successful high current dc coJurons such as
the one used on the DCX-2 plasma injector at Oak Ridge

National Laboratory5 have been bui'l. This 600 kV, 4

gap accelerator operated for many days without break-

downs with a 100 mA beam . The insulating material

which was glazed porcelain with a corrugated geometry

showed no voltage standoff problems in radiation

fields estimated to be '•• 100 R/h .

A new design for the 300 kV column, now
being tested, is shown in Fig. 5. It uses three
254 mm l.D. 86 mm high unglazed alumina insulators
available from a previous experiment bonded to
stainless steel rings; demountable stainless ste«l
electrodes are shaped to provide greater insulator
shielding from the beam and to minimize the electric
field at the ceramic-metal bond. Stainless steel
has been chosen partly because of its availability
and partly to avoid possible problems caused by
large outgassing bursts from titaniuro electrodes

used in a hydrogen atmosphere . Pierce gradient
geometry in the ion source region has been abandoned
in favour of minimizing electrode areas. The average
accelerating gradient remains 3.1 MV/m and although
the maximum insulator surface gradient is larger
(1.9 MV/m versus 1.5 MV/m) than on the previous
design, it is reduced near the insulator-conductor
interface.

CORONA
SHIELD

5PARK
GUP

EXTRACTION
ELECTRODE

Fig. 5 Cross-sectional view of new 300 kV
accelerating column design.

Geometry and materials changes to be made to
the 750 kV column have not yet been determined and
will depend on the results obtained from tests with
the new 300 kV column.
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HIGH DUTY FACTOR STRUCTURES FOR e V STORAGE RINGS*

M. A. Allen, L. G. Karvonen
Stanford Linear Accelerator Center

Stanford University, Stanford, California 94305

Abstract

The next generation e+e" storage rings will need rf
systems similar to those required for a continuous-
duty linac of over 50 MeV. For the PEP Storage
Ring at 18 GeV, it is presently planned to provide
a peak accelerating voltage of 77 HV in 18 aluminum
accelerating structures, each structure consisting
of five slot-coupled cells operating in the v mode.
The power dissipation will be 100 kW per cell for a
total of 500 kW per five-cell structure at 353 MHz.
A two-cell model has been designed and built to
dissipate 100 kW per cell or a total of 200 kW.
This structure has been powered (cw) to over 100 kW
per cell and detailed calorimetric data have been
taken and compared with the original heat transfer
calculations. The power level achieved corresponds
to a peak accelerating field (transit-time factor
included) in the two-cell model of 0.8 HV per cell
or 1.9 MV/meter. Operating experience with the
SPEAR five-cell structure is discussed. The four
SPEAR structures are each designed to operate with
wall losses of 75 kW and up to 50 kW into the stored
beam. Power to each structure is provided by a 125-
kW high-efficiency four-cavity klystron. No isola-
tion has been used and the resulting interaction be-
tween the accelerating structures, klystrons and the
stored beams is discussed.

Introduction
At the last linac conference held in Los Alamos

in 1972, a report was made on considerations being
given to using linac-type rf structures for high
energy storage rings. For the upgrading of SPEAR,
the e+e~ storage ring at SLAC, it was necessary to
produce cavity designs with the highest obtainable
shunt impedances since the straight section space
available for cavities was limited. An accelerating
structure consisting of five cavities of high-shunt
impedance-shaped cell design as shown in Figure 1
was built and successfully run in SPEAR."

The cavities were constructed with 6061 alumi-
num alloy. Coupling is provided by azimuthal slots
in the common end walls for operation in the IT mode
and cooling is provided by means of radial cooling
channels bored close to the nose cones in the manner
shown in Figure 2. The end walls of the cavities
were machined from forgings and the outer shells
were rolled from aluminum plates with cooling pro-
vided by circumferential water channels with exter-
nally welded covers. Each cell is provided with a
water-cooled tuner and the coupling of rf power is
by means of a water-cooled loop in the center cavity.
Each cell was designed to dissipate 15 kW of rf power
for a total of 75 kW for each five-cell structure.
The power is fed to the coax loop from WR2100 wave-
guide through a coax-to-wave-guide transition in
which there is a cylindrical ceramic window as shown

*Work supported by the Energy Research and Develop-
ment Administration.

FIGURE 1. Cut-away drawing of SPEAR structure.

in Figure 1. To inhibit multipactor, the cavities
were coated with a thin layer of titanium nitride.
Each five-cell accelerator section is powered by a
CW 125-kW klystron which was developed at SLAC.3

Four of these cavities have been installed in the
SPEAR storage ring and colliding beams have been
obtained up to 4 GeV where the peak accelerating
voltage required is over 6 MV.

An 18 GeV storage ring (PEP) is presently under
design and construction at SLAC. In order to run
at the highest energies, a peak accelerating voltage
of about 80 MV is required. One mode of operation
will be to provide this acceleration voltage by
means of 18 five-cell accelerating structures simi-
lar to the ones described above. However, this
will require power dissipation of 100 kW per cell
for a total of 500 kW per five-cell structure.
This paper describes the design and operation of a
two-cell experimental structure capable of dissi-
pating 100 kW per cell it the PEP rf frequency of
353 MHz.

Structure Design
I t was desired to take advantage of the exper-

ience with the highly successful SPEAR I I struc-
tures in order to rrinircize development time and
costs. Although the SPEAR I I cavities serve as a
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model for PEP cavities they required modifications
to accomodate a small decrease in frequency, higher
power dissipation and other required changes. As
part of this redesign, cost reductions were effected
wherever practical. The reduction in frequency
meant scaling '.he size of the cavities up to approxi-
mately 1.58 to bring the frequency down from 358.54
MHz to 353.21 MHz.

The spherical shape of the SPEAR cavity shells
was abandoned in favor of a more economical cylindri-
cal shape, 1100-F aluminum plate material was substi-
tuted for 6061 throughout, and plate substituted for

WATER FITTING

PEP RF CAVITY DIVIDER '<"«"

FIGURE 2. Cut-away drawing of cavity divider wall.

aluminum forgings for the dividers and end closures.
The decrease in shunt impedance brought about by the
cylindrical shape was offset by the increase in
shunt impedance by the use of the higher electrical
conductivity (about 1658) 1100 alloy. This change in
alloy also increased thermal conduction and the
change to plate simplified material acquisition and
lowered costs. The modified SPEAR cavity design was
then subjected to a heat transfer analysis and com-
pared with the original design. The first analysis
assumed the same nose cone shape (and certain other
cooling water parameters) as in SPEAR. The maximum
temperature of the nose tip was then calculated to

be 160uC and 118°C above that of the bulk cooling
water temperature for 6061 -T4 and 1100-F aluminum
materials respectively. Since the PEP cooling water

will be supplied to the cavities at 35 C, and rises
20°C in the cavities, one should odd the resulting
45° mean bulk water temperature to the above dif-
ferentials. Nose tip temperatures of 205°C and 163CC
would then be indicated for the 6061 and 1100 materi-
als respectively. Thickening the nose cone and using
1100-F aluminum reduced the predicted nose tip tem-
perature to 125°C. This was felt to be adequately

below the 180°C bakeout temperature to minimize out-
gassing. Further detailed heat transfer analyses in-
dicated requirements for increased cooling in the
coupling loops and tuners. The net effect of the
above changes on thermal detuning was calculated to

be within the range of the cavity tuners.

Experimental Model
A 2-cell cavity, shovn in Figure 3, was con-

structed to test the new design at the PEP operating
level of 100 kW dissipation per cavity cell and a
modified SPEAR klystron was used to power it to over
200 kW. Since the SPEAR klystron was available,
the cavity was designed to the SPEAR frequ2Pcy of
358 MHz. A coating of titanium nitride was added
as a multipactor inhibitor by evaporating a source
of titanium in each cell in a partial pressure of

2 x 10 Torr nitrogen. It was planned to deposit

a layer of between 100 and 1000 A0 thick but unfor-
tunately considerably more was deposited with a
consequent reduction in the unloaded QQ and shunt

impedance R. The measured QQ was 22000 (QL was

12,500 with the loop set for critical coupling).
The R/Q by a sapphire rod measurement is 302 M:i
transit time corrected, giving a shunt impedance of
6.6 Ms?. Thus, at 100 kW per cell the peak acceler-
ating field with transit-time factor is 0.8 MV per
cell or 1.9 MV/meter. If the QQ was at design value

of 25,000, the accelerating field would have been
over 2 MV/meter.

11 . T - ; • COUPLING n c c

;i \ Be?f* ^ = t THERMC-C-XPLE--.
ll iff^ PPICK'JP

FIGURE 3 . Cut-away drawing of experimental 2-cel l
s t ructure.
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Calometric data on all water cooling channels
was taken at several power levels into the cavity.
These were taken using venturi meters to measure flow
rates and thermocouples to measure input and output
water temperatures. The predicted nose-tip temper-
ature was verified by direct measurements using ther-
mocouples imbedded in the nose cones. The results
are shown in Figure 4 where the nose cone tempera-
tures are given as a function of power into both
cavity cells. It is noted that the nose cone temper-
ature rise is as predicted by the heat transfer ana-
lysis and is adequately cooled to allow the structure
to receive a 100 kW per cell. Less than half of the
available tuner travel was required to correct for
100 kW per cell power dissipation changes. The re-
maining travel is available to correct for unequal
power distribution between the cells, beam loading,
manufacturing variations, and other variables.
o 120

U)(TT) + ul

• Nose Cone on Coupling Side
° Nose Cone on Other Side

FIGURE 4 .

50 100
TOTAL POWER INTO 2-CELL CAVITY (kW)

Temperature of nose cones as function of
total rf power.

Further experiments were conducted for the pur-
pose of identifying major sources of the thermal de-
tuning. By decreasing or increasing flow through
individual water channels it v/as possible to identify
those channels that had the most effect on tuning.
The amount of compensating tuner movement was used
as a measure of thermal detuning. Normal water flow
rate was taken to be that which resulted in a
20°C rise when the cavity was operated at 100 kW per
cell. The largest tuner movements were observed to
occur when the water flow in the shells were varied.
By simply increasing the water flow through the
shells, thermal detuning was shown to decrease sig-
nificantly. Insufficient water velocity and result-
ing loss of surface coefficient of heat transfer in
the shell was identified as the major single source
of detuning and will be corrected by a plumbing
change.

The cavity was also operated with one tuner
fixed to test if omission of three out of five tuners
in the PEP cavities is feasible.

The strong coupling between cells allows the
tuner placed in one cell to pull the frequency of
the entire structure. If 6 V w is the frequency
shift by a tuner in one cell, the droop in field pro-
file to the untuned cell is given by 1 "4

AE J_ 6w
E " 2k u.

For the two-cell model k = .005 and thus to
keep the field droop to less than 1 db, the fre-
quency shift between cells must not be greater
than about 0.4 MHz.

Typical test results are shown in Figure 5.
The tests were conducted at power levels up to
150 kw (75 kw/cavity). One tuner was fixed while
the other tuner kept the two coupled cells on
resonance. The cavity field levels show the result-
Ing relative power division between the two cells.
Note that the two cells show no field droop at
110 kW (55 kw per cell). The power levels corre-
sponding to no field droop could be altered by
changing the position of the fixed tuner. The
tests indicate that while operation at 100 kW
per cell with one tuner fixed is marginal, oper-
ation at lower power levels may be feasible. The
problem as stated above has been identified as due
to inadequate cooling probably largely in the shells.
As the shells expand, the cells detune at a rate of
1.15 MHz/cm change in shell length. Thus to keep
the field droop due to shell expansion within 1
db using only one tuner, the thermal expansion of
the shells must be kept below 3.5 mm and this can be
achieved by increasing the water flow to the shells.
For the 5-cell PEP structure the coupling k will be
almost .01 since in the 3 center cells there are
four coupling slots per cell instead of the two
coupling slots per end cell, and it is antici-
pated that tuners in only two of the five cells
will be sufficient to accomodate both thermal de-
tuning and beam loading.

0 50 100 150
TOTAL POWER INTO WELL CAVITY IkWI

FIGURE 5. Tuner movement with one tuner fixed.

Operation in a Storage Ring
The installation of the four 5-cell cavities

into SPEAR was completed almost two years ago. The
four cavities were each designed to operate with
wall losses of 75 kU and up to 50 kW into the
stored beam. The power to each cavity is pro-
vided by the SPEAR 125 kW high efficiency four-
cavity klystron.
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Initial operation was made difficult due to insta-
bilities in the klystrons when they were operated be-
low saturation. Adjustments of klystron cavity tun-
ing eliminated many of these instabilities. The
klystron was still very sensitive to the load impe-
dence since no isolator was employed. The electri-
cal length between the klystron detuned short posi-
tion and the cavity detuned short position was mea-
sured and all klystron positions were located to
make that electrical length an integral number of
half wave lengths.5 This stabilized the klystron
over most of its operating range. There are, how-
ever, still values of klystron collector voltage
at which the klystron puts out spurious oscilations,
but these values can be avoided in normal storage
ring operation.

Conclusion
The two-cell experimental results and the SPEAR

operating experiment provides a firm basis for the
design of the PEP rf system. This system is similar
to the rf system of a continuous-duty linac in the
greater than 50 MeV range.
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DISCUSSION

J.E. Vetter, Karlsruhe: Do you expect problems
arising from the excitation of higher order modes
by the beam?

Allen: Yes. Beam excited higher order modes can
heat up uncooled components of the cavities and
vacuum chamber such as bellows, etc. We will shlt-l
these components from unwanted rf. Also we will
"smooth" transitions in the vacuum chambers to
minimize the impedance of the higher order modes.
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ION SOURCE AND INJECTOR DEVELOPMENT

C. D. Curtis
Fermi National Accelerator Laboratory*

Batavia, 111 60510

Introduction

This is a survey of low energy accel-
erators which inject into proton linacs.
Laboratories convered include Argonne,
Brookhaven, CERN, Chalk River, Fermi, ITEP,
KEK, Rutherford, and Saclay. A few lab-
oratories are missing whose data had not
reached the author.

At the 1972 Linac Conference, Th.
Sluyters presented a review of ion sources
for most of these laboratories and compar-
ed sources in terms of descriptive features
and beam performance. Few changes have
occurred since that time. Consequently,
this paper emphasizes complete injector
systems, comparing significant hardware
features and beam performance data, in-
cluding recent additions.

There is increased activity now in
the acceleration of polarized protons, H+

and H~, and of unpolarized H~. New source
development and programs for these ion
beams is outlined at the end of the report.
Heavy-ion sources are not included.

Comparison of Systems

Because of space limitations, no de-
scriptions are given for component systems
such as the high-voltage power supply,
source electronics, controls, and vacuum.
Parameters are given for ion sources in
Table I, accelerating columns in Table II
and transport lines in Table III. Beam
performance data are reserved for Table IV,
where a consistent set of numbers is given
for a particular operating beam current
throughout the system including the linac.
Beam emittance is, of course, a measure of
beam quality. We use it here, although
with a word of caution. For comparison of
beams at different laboratories, it can
sometimes be misleading for two reasons.
Methods of measurement are sometimes dif-
ferent and do not measure identical quan-
tities, and the measurement frequently is
not accurate to more than one significant
figure. Althcugh design goals are seldom
the same in terms of beam current, duty
factor, tolerable beam loss, etc., and do
vary greatly from one laboratory to another,
beam brightness and intensity are of gen-
eral interest. With these disclaimers we
now examine beam performance in detail in
relation to current and emittance values.
The reader may wish to examine certain

•Operated by Universities Research Associ-
ation Inc. under contract with the Energy
Research "and Development Administration.

construction details in Tables I-III in cor-
relation with the performance data.

Figure 1 plots beam emittance for the
90% contour both at the input and output of
Alvarez linacs as a function of the injec-
tor current measured at the linac input for
eight laboratories and eleven beam condi-
tions. The new-ar injectors at CERN, Chalk
River and Rutherford are not represented in
this graph because of presently incomplete
performance data. The two data points for
Los Alamos are for collimated beams, both
deriving from the same initial column beam
of 22mA. The severely collimated beam of
2.1mA is standard operation to meet their
present requirements. All data presented
in graphical form come from standard pro-
ton beams only.
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Pig. 1. Beam emittance at entrance and exit
of linac versus input current.

The emittance both into and out of the
linac is a generally increasing function of
the input beam current in Fig. 1. The same
data are shown in another way in Fig. 2.
Plotted are ratios of output to input emit-
tance and output to input brightness ver-
sus input brightness at the various labor-
atories. No error bars are shown but could
be large enough to minimize the importance
of at least the smaller fluctuations from
one point to another. The re seems to re-
main, however, a slow general increase in
emittance growth and in brightness dilution
with increasing brightness of the input
beam. That this trend is true for each lin-
ac does not necessarily follow, but is prob-
ably true. At Fermilab these and other data
suggest the same trend. A practical conse-
quence of this trend is that an improvement
in emittance or bri ghtness of the injector
beam gi ves an imp rovement, howeve r smaller,
in the linac be am.



Type of Source

Hydrogen Pressure (Torr)

Arc Current (Amperes)

Maxinun Magnetic Field (kG)

Source Aperture (mm)

Plasma Expansion Cup
Exit Dlan. x Len^thCnm x

Wall Bias (Volts)

Cathode Type

Duty Factor of Arc

Lifetime of Source (hours)

Comon Cause of Failure

Extraction
Directly Into Column Field Direct
Into Focussing Lens Section
Extraction Voltage (kV)

Other Distinctive Source
Features

Argonne

Duoplasmatron

0.3

40-50

3

0.6

) 13 x 24

0

RCA J1855
Indlr. Heated
Matrix

0.5 x 10"*

5000-10000

Cathode

Direct

TA.1LE I

ION SOURCE

Brookhaven

Duoplasmatron

0.2 - 0.5

10-25

2-5

1.3

22.2 X 24.6

0

Oxide on Nl Gauze

4 x 10"3

-6000

Cathode

Direct

30(up to 45)

CEHK

Duoplasnatron

0.5

70-90

8

0.6

20 x 61

-30

Oxide on Nl

1.2 x 10"*

>1 year

-

Direct

Chalk River

Duoplasnatron

-0.3

6-15

1

0.5-1.0

19 x 14

Insulating Liner

Oxide on Nl Cause

100*

>250 hrs S 100mA

Cathode

Direct

10-35

Fermilab

Duoplasnatron

-0.15

60-80

3

1.3

[27 x 751
<41 x 75 } *
{.31 x 75j

-100**

Oxide on Nl Gauze

2-3 X 10"*

3000-8000

Cathode

Direct

43-65

Laboratory

Type of Source

Hydrogen Pressure (Torr)

Arc Current (Amperes)

Maximum Magnetic Field (kG)

Source Aperture (mm)

Plasma Expansion Cup
Exit Diam. x Length dm x I
Wall Bias

Cathode Type

Duty Factor of Arc

Lifetime of Source (houra)

Common Cause of Failure

ITEF

Duoplasaatron

0.6 - 0.8

50 - 80

2

1.8

100 x 100

Molybdenum disk on
arc side of anode
aperture is critical
factor in transporting
plasma through cup.

KEK

Duoplarmatron

0.25

60

1.1

1.5

*Three cup sizes to
match three column
apertures.

**Cup bias Is pulsed to
shape the beam pulse.

Los Alamos Rutherford

Duoplasmatron Duoplasmatron

28 x 45
Auto-bias
Extractor
as a cup*

5 x 10

>8000

,-5

Oxide on Ni

4 x 10"* (max)

>700

Extraction
Directly into Column Field '. Into electrostatic Direct
Into Focussing Lena Section focussing lenB sec.
Extraction Voltage (kV)

Other Distinctive Source
Features

18 350

0.2

5 - 1 0

2.5

0.6

14 x 6

Oxide on Ni

6 x 10"2

3000

Cathode

Direct

15 - 27

0.38

45

2

0.8

20 x 15
None

Oxide on Si Gauze

5 x 10"*

Not known

Not yet failed
In service

10 x 20
-55V

Oxide on Nl Gauze

>6000

Cathode

Directly Into column Pierce Extraction
thru thin extraction before focussing
electrode lens,
up to 50 -30

Voltage pulse on "Original plasma Pierce anode
Intermediate cup removed. between cup
electrode controls Extractor connect- and extractor
shape and amplitude ed to source anode run at -200V.
of beam pulse. by lkft resistor.
Pulsed gas shutter

at source exit re-
duces gas throughput
by factor of 80,
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TAIJIJE II

Laboratory Argonne

Insulator-Eloctrorfc Section

Length of Insulator Stack (en) SI

Pressurized or Open Exterior Pressurized

Number cf Accelerating Gaps 6

Overall Cap Length (cm) 18.4

Electrode Apertures (cm) 4,4

Electrode Material Titanium

Number of Inbulator Rings 6

ID of Insulator Rings (cm) 45.7

Insulator Material 851 Alumina

Mechanical Bonding Material Epoxy

Vacuum Sealing Material

ACCKbEKATI'.G C O L U M N

Brookhaven

114

Open

6

18.7*

89.4

Open

2

12

121.4

Open

2

14

2.22 - 3.71 4.8 5

Titanium Titanium Tltanlu

18 14 19

63 50 50

Chalk River

63.6

Pressurized

8

27.0

2.6

T16A14V

18

45.8

94% Alumina Porcelain Porcelain 96Z Alumina

51.4

Pressurized

8

30, 22.9*

2.8, 4.2, 3.2**

Titanium

8

45.7

85* Alumina

Voltage Vs Axial Distance, z

Overall Length of Column (cm)

Voltage-Dividing Resistor

Indium
Metal Braze*

V - z

190

Water

Epoxy

Indium

V - z

120

Carbon

Araldite Araldlte Polyvinyl Acetate Polyvinyl Acetate

Indium

94.9

Carbon

Indlu

126.9

Carbon

Polyvinyl Acetate Polyvinyl Acetate

4/3

31kV/cm for V>200kV

158

Carbon Film

*Polarized Proton *Thlckneas of
Column Only

ITEP

electrodes
subtracted.

V- z
V

213

Hater

*22.9cm for beam
#3 In Table IV.

**Slzes for beams
#1,2,3 respectively
in Table IV.

Los Alamos

Insulator-Electrode Section

Length of Insulator Stack (en) 190

Pressurized or Open Exterior

Number of Accelerating Gaps

Overall Gap Length (cm)

Electrode Apertures (cm)

Electrode Material

Number of Insulator Rings

ID of Insulator Rings (cm)

Insulator Material

Mechanical Bonding Material

Vacuum Sealing Material

Voltage Vs Axial Distance, z

Overall Length of Colutm (cm)

190

Open

58

45.0

40

Stainless Steel

58

50

Porcelain

BF-4

Pb

V - z

225

306

Open

2

22

5.0 - 6.0

Titanium

2

101

Porcelain

None*

VIton O-Rlng

V - z

330

50

Pressurized

16

36

4.0

Titanium

14

35

94Z Al2Oj

Polycarbonate

Polycarbonate

V - z*'3

300

Voltage-Dividing Resistor Water R11O2 Resistor Carbon
1700Mft Resistors

*The accelerating column consists of two
big porcelain tubes, which are not stacks
of insulator rings and metal plates.
Although cast-metal flanges are cemented
at both ends of each tube, the column haa
no bonding in an ordinary sense.

Rutherford
New Llnac

44.4

Pressurized

16

44.

14.0

Titanium

16

21.5

Pyrex

Polyvlnyl Acetate

Polyvinyl Acetate

V - z

200 (164 cm
voltage graded)

Carbon Track
Resistors

Saclay

45

PreBSurized**

14

43

10

Stainless Steel

15

34

Alumina

Vinyl Acetate

Vinyl Acetate

V - z

52.2

Organic Liquid
Resistor

**Co«plete ion-
source dome and
column are In a
pressurized tank.

181



TAHL: 111

T R A N S r O K " L t N E TO L I N A C

Laboratory
Line Use

Length (meters)

Number of Bends

Number and Type of Focussing
Elements

Lens Apertures (cm)

Argonne
H or H" Polarized H

5.5

0

2 Magnetic
Triplets

7.5

13

2
1 Doublet
11 Triplets
1 Singlet
(all magnetic)

10.2 i 7.5

Brookhaven

0

4 Triplets
2 Matching
Quad*

7.5

Old Linac 1

0

2 Magnetic
Triplets

5

CERN
{* N(

6,

ew Llnac H

.6

0

4 Triplets
6 Quads
(all magnetic)

7,, 10, 4.8
2.9

Chalk River

7.5

2 x 45'

6 Doublets
1 Triplet
(all magnetic)

7.5

Number of Trln or Steering
Elements

Beam Chopper?

Tvpe of Buncher
Buncher Aperture (cm)

Distance of Buncher Gap
from First Llnac Gap (cm)

Single Gap
3.2

190

Single Gap
3.2

190

2 Double-Gap
Bunchers*

Single Gap
1.8

94.6 from last
buncher to ™
llnac

2 Pairs 2 Pairs

Mo No

Double-Drift ., , r

Harmonic Buncher f l n « U "**
2 l-5

96 I SI
respectively

126

*78c« bemeen
bunchera

Length (meters) 3.5

Number of Bends 0

Number and Type of Focussing 3 Magnetic
Elements Triplets

Lens Apertures (cm) 7.5

2 Magnetic
Doublets

1 Quadruplet
5 Triplets
(all magnetic)

Los Alamos

Polarized H*. H~

12.0

2 Quadrupoletsl
2 Triplets 1
2 Doubletsi "
2 Singlets/
(all magnetic)

9.08, 7.8, 5.0 • 7.5
••5.0

4.67

0

3 Magnetic
Triplets

2 x 9.0
1 X 6.0

4

0

1 Triplet
+5 Lenses
(for
adaptation)

7.5

Number of Trim or Steering
Elements

Bean Chopper ?

Type of Buncher
Buncher Aperture (cm)

Distance of Buncher Gap
from First Linac Gap (cm)

Yes

Single Gap
3.0

2 Palra

Single Gap
3.8

3 Pairs
+ 2 Vertical

Yes Yes

Coaxial, Double-Drift
Double Gaps Single Frequency
3.8 2.0

e o 150 cm from
last Buncher to
Llnac

Accel. Column 0
la Mechanically
Steerable

Single Cavity
2.5

80

Yes

Single Gap

+6 meters between
bunchers
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Lab oratory
Be s3

Energy (kcV)

Operation Ion
Current from
Co loan (aA)

Proton

Current into
Cinac (aA)

Sait tance* a t Linac
Entrance (cs-crad)
Percentage of B«aai

Xathsd c£
LT!ittan:c
Measurement

Areonne

H+

750

150

75 - 80

sa

O.37T
90

Sllc +
Bialci-scri
collectors

Polarized H

750

Current Out of

750

0.050

0.030 70

TABLE IVa

PiiEACCELERATOR SEA:! PROPERTIES

CERfl

Old Linac H

8C

100

0.25n
90
Slit +
multi-strip
collectors

80

190

0.3ir
90

Permanent
Facility

ew '_inac

750

275

0.371
•*)

Slit-riulti-
plo
colla^tor
<150 <)

CW HT

750

-100'

Measurements
underway

Pepper Pot
Beam pulsed
onto plate
65

750

165

0.2ir
90

Slit +
Multi-strip
collectors
90*

750

535

0.55TT
90

Slit +
Multi-strip
collectors
235

750

590

-80

445

0.41
90
Slit +
Multi-strip
collectors

270

r-i.-r.'t.̂ .tage of Beaa
Method of

Sur.chsr Iriproveaieac
?ac:or
Pulse Length from
Source (JE-JC)

Pulse Lâ -jjrh iroa
Linac t « i j
Repetition ?,ite (Hz)
jlaxlir.u- Current
Achieved from
Coluca fe£)

-50

Coirjuted
from Bea

2

Up to
550

'JD co

Up t o 30

250

• Area :

Up to
550

0.6i;
90

Slit •

0.6TT
90

0.6u
*) * )

Swept beam on Swept beam on
nulti-vire slifrhnuiti- slit+iiultiple
collector collector(S^SS) collector(SPES)

> 2

U> to
400

Up to
300

Up to 30 10

0.070-H 500

1.8

120

100
1

=600

>2.5

<220

£200
2

>300

*>

***) 45

0.7JT
90

Computed from
wire-scanned
Profiles

2

20

15

15

285

1.06TT
90

1.07*
90

Computed fron Computed from
wire-scanned wire-scanned
Profiles Profiles

2 2

8 7

4

as

675

4
15

650**
*) Estimated at design value

**) Enittance of full "equivalent beam1 ,
4 h E i h

*Maxiir.u!E operation linac current
for this eoluen was 160 mA for

i . e . , 4 E , where E is the rms emlttance. single-turn booster injection.
***) Limit not'yat explored "Limit not yet explored fully.



Laboratory

Beam

Energy (keV)

Operating Ion
Current from
Column (mA)

Proton
Percentage

Current in to
Linac (mA)

Emittance* at Llnac
Entrance (cm-mrad)
Percentage of Beam

Method of
Emittance
Measurement

Current Out ot
Linac (nA)

Emittance* at Linac
Exit (cm-mrad)
Percentage of Bean

Method of
Emittance
Measurement

Buncher Improvement
Factor

Pulse Length from
Source (usec)

Pulse Length from
Linac (ysec)

Repetit ion R a t e (Hz!

Maximum Current
Achieved from
Column (mA)

1TEP

H+

700

800

83 - 85

450 - 510

0.821T
90

Two-Slit

250

l.Sir
90

Two-Slit

1.7

50

30

1 2

1500

KEK

H+

750

600

>80

230

0.311
90
Single Slit and
24-Segment
Detector

120

0.6TT
90

9 Sl i ts and
Multi-segment
Detector

2

7 - 2 5

0.6 - 20

1 - 2 0

650

Present +

Operation H

750

20

60

2 . 1

0.04TT -
0.06TT 99%
0.02T 90Z*

Single Slit +
multi-segment
collector

1.7

0.1571 -
0.20TT 99%
0,08TT 90%*

Single Slit +
multi-segment
collector

3

500

500

120

60

Table IVb

PREACCELERATOR BEAM PROPERTIES

Los Alamos

Design
Operation H

750

35

75

21

0.2ir
99

Single Slit +
multi-segment
collector

17

3

500

500

120

60

Present
Operation H

0.5

H~7H* - 8
H /Hi - 60
H /Hi - 32

0.3

0.2-n

Single S l i t +
multi-segment
collector

0.3

0.5TT
(100 MeV)

3

500

500

120

3.0

Rutherford

New
Linac H

665

170

Not
Known

135

Not
Vet
Measured

Two-Slit

BO
at lOMeV

Not
Yet
Measured

3 Multi-
wire
Monitors

2

<500

~500

1

200

H+

750

40

80

30

O.llT
95

Size of
Holes
and Wire

17

0.5Tt
90

Size of
Holes

2

400

400

1

120

Saclav
D+

375

28

80

20

O.lTT
95

6

0.5n
90

2

400

400

]

»e +

-820

IS (He+)

~10(He+)

Not
Measured

2

Not
Measured

2

400

400

1

*Emittance » Area *0.05TT for 12.5 mA in and 0.12it for 10 mA out at 90S; contour. Al l input beams collimated.
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Fig. 2. Ratios of output to input emittance
and brightness versus li.iac imput-beam
brightness.

The brightness of the injector beam
as a function of current is shown in Fig.
3. One notes the large values for the two
Los Alamos and the saclay-beams in the low-
current range. Overall there is a reduc-
tion in brightness for increasing current,
however little if any reduction above ~100
inA. Because both high current and high
brightness are desirable in some injectors,
the product of injector current times
brightness versus current is plotted in the
same figure. The increase in this product
attests to the modest: success of injectors
in this regard.

2SO

SOO 60OIOO ZOO 300 ,
Ii(MAJ

II I I I I I I I I I

wwiis i i ?

Fig. 3. Injector brightness and current-
brightness product as a function of current.

50 100 150 200 250 300
l | l I I I I I I I

l»(mM (i a! i

Fig. 4. Linac brightness and current-
brightness product as a function of current.

Figure 4 gives a plot of iinac-beam
brightness versus current up to 2 70mA.
One notes no consistent trend. The pro-
duct of linac output current and bright-
ness shows again a pronounced general rise
with increasing beam current.

T

100

II I IIII «

Fig. 5. Linac current-brightness product
versus injector current-brightness product.

Finally, in Fig. 5. we show the pro-
duct of current times brightness for the
beam from the linac as a function of the
same product for the beam from the injec-
tor. There is an apparent proportional
relation, as expected from the behavior
of the other graphs. The brightest injec-
tor beams are in the small-current and
small plasma-cup systems at Saclay and Los
Alamos. The best performance in terms of
current-times-brightness product is clearly
in the high-current injectois. The author
has played some games with the data. The
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TABLE VI

CHARGE-EXCHANGE

Lab

Los Alamos

Novosibirsk

Argonne

Livermore *

Donor

„
H2
H
2

H2
+Na

H2
Cs

SOURCES

Beam mA Emitt./n
(max) cm nrad

0.5(3) 0.2

20 <0.1

54 0.2x0.025
_

76, H
>100, D~

10(19) -0.1

32 at 1.5kev _
18 at 0.7kev

TABLE VII

H" DIRECT-EXTRACTION

Lab

Aperture

Type ma

Novosibirsk Penning 0.5x10

Lenigrad
Brookhaven

HagnetronO.5x10
1x10

0.5x5
1x30
3x10

HDDP 1.9
HDDP 4.7

M».gnetron0. 5x10

0.5x10
135 (6
slits)

SOURCES

Beam Emitt
•A en

100 (Cs)
100(Cs)
300ICS)
92(Cs)

880(Cs)
IPOOfCs)

6
11
40ICS)
17

45
100 (Cs)
900(Cs)

./It

i Brad

-0.
0.

.
0.
0.
0.

- 0 .

0.

1
0B

07
1
23
14
19

4

reader may wish to play his own to empha-
size other aspects of the systems.

Of the complete sets of operational-
beam data compiled here the set from KEK
is from the newest commissioned injector.
The data in beam #2 and #3 in Table IVa
for Fermi lab are from the latest sequential
alterations in that injector over the past
several months.

Table I shows that al l ion sources in
operation are duoplasmatrons with small
anode apertures to minimize gas consumption.
Rather large plasma-expansion cups serve as
an aid in matching the beam to moderately
high-gradient columns(Table I I ) . As the
cup size increases for the higher current
injectors, there i s generally a larger
emittance. Of interest in this connection
is the relatively intense ion-source de-
velopment over the past several years for
thermonuclear application. Much higher
ion currents extending to many tens of amp-
eres have been provided. Multi-aperture
sources for this purpose appear capable of
high-quality beams. In this conference
John Osher is reporting a normalized emit-
tance of O.27T mrad cm for a 500-mA beam
from a modified MATS III source.3 In a
single-aperture (1.1cm diameter) source of
the same style he obtains an emittance of
0.02H mrad cm for a 100-mA beam. These
sources do require relatively large pump
capacity* however.

Table IV also shows a polariaed-proton
beam of 60 UA in operation at Argonne. The
atomic-beam-type source has been in oper-
ation for three years during which modifi-
cations have improved i t s s tabi l i ty , re-
l iab i l i ty , and output current.* A Lamb-
shift source will produce a polarized H~
beam of 0.5 yA peak current when i t goes
into operation at Los Alamos early in
1977.5 KEK has a Lamb-shift source which
has produced a polarized H~ beam of 0.35
HA with 60% polarization.6 With develop-

ing interest in CW linacs, high-duty-fac-
tor injector design is now more cr i t i ca l .
The recent development work at Chalk River7

emphasizes this . It i s time to remember
the operation many years ago at Oak Ridge
with a 1/2-ampere beam at 600kV. ether
dc-beam projects now under way include che
neutron-source work at LASL with one-amp-
ere T+ beam at 300kV, at Wisconsin with a
20-mA Df beam at 250kV; and at Livermore
wit.i a 1/2-ampere D+ beam at 400kV.

Neqative-Ion-Source Development

Negative-ion source currents have
increased recently beyond the milliampere
to the ampere level . There are predom-
inately two types of sources in use and
under development. One is charge-exchange
sources in which a positive-ion beam is
f irst extracted and then converted in an
electron-donor gas cel l or jet and direct
extraction sources in which negative ions
come from reactions within the plasma vol-
ume or at metal surfaces. The direct ex-
traction sources of whatever type have their
negative-ion yield increased greatly, up
to a factor of five, by the introduction of
cesium vapor into the sources. There are
two recent survey papers on the field of
negative-ion production. One paper by Fre-
lec and sluyters emphasizes direct extrac-
tion sources.10 The later paper by sluy-
ters covers both charge-exchange and di-
rect-extraction sources.11

The performance of some charge-ex-
change sources (with currents up to 100mA)
is presented in Table VI.11 The beams
from two of these sources, Argonne and LASL,
are being accelerated in linacs. Argonne
is now changing to routine H~ injection
into the ZGS at 50MeV.1;> A sodium-vapor
jet will be tested in an effort to improve
conversion efficiency of the H+ beams. 3

Testing has started on a compact Penning
source, similar to the Novosibirsk design,
for future applications at LASL.
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1 5

The improved yield from a "iuop las ma-
tron with a rod on axis to create a hollow
discharge as developed by Golubev et.al.,
has been developed further at Brookhaven *
A detailed and systematic optimization of
many source parameters has yielded peak
currents of 11mA in the hydrogen mode and
6 0 mA in the hydrogen-cesium mode. * 6 Re cent
meas uremen c of the H" energy spectrum from
this source indicates the primary origin of
the ions to be the surface of the rod tip.17

Fig. 6. shows the geometry of the source.

Removable
-Rod Tip

Intermediate
EJectrode

i . i • i

0 10 20mm

Fig. 6. Ho How-discharge duoplasmatron H
source.

A great improvement in source develop-
ment occurred in Dimov's laboratory with
the small magnetron source, which was re-
ported in 1972.:8 See Fig. 7 for a sche-
matic source representation. Sources of
this kind with an anode emission slit of
0.5mm or longer have achieved H~ current
densities at the slit of 0.7SA/cm2. With
addition of cesium, the current density
reaches 3.7A/cm2. l9 The bulk of the H~
ions are emitted from the cathode surface,
usually molybdenum, untie r bombardment by
fast particles from the plasma discharge.
Cesium deposit on the cathode lowers che
work function and increases the H~
yield.19'20 A very narrow cathode-anode gap,
down to 0.5mm, prevents destruction of the
H" ions as they are accelerated through the
plasma to the anode. A depression in the
anode near the emission slit permits fas t
H~ ions to charge-exchange on neutral atoms
into slow H" ions to charge-exchange on
neutral atoms into slow H~ ions there when
the gas pressure is sufficiently high.
Th is reduces the H~ ion energy spread. The
compact source geometry of the magnetron
has been applied to the Penning source in
Novosibirsk with similar beam performance.
The transverse magnetic field in both the
magnetron and Penning sources has the ad-
vantage of reducing the extracted electron
current.

Brookhaven has reproduced the magne-
tron and demonstrated similar high-current
beams at somewhat lower current densities.
2 1 Construction cf six parallel slits,
total area 1.35 cm2, in the anode permi tted

B-FIELD

HYDROGEN-CESIUM

ANODE

CATHODE

PLASMA CORE

EXPANSION CHAMBER

PLASMA
BOUND/tARY

EXTRACTION
ELECTROOE

Fig. 7. Magnetron H~ source.

extraction of a 900-mA H beam.9 The pr i -
mary emphas is at Brookh aven is on produc-
tion of high-current neutral beam? for
injection into Tokamaks.

The emit tar. ce of these surface-plasma
sources (see Table VII), makes them suit-
able as linac injectors. Consequently
Fermi lab contracted with Brookhaven for
construction of a magnetron. A sourer-,
delivered early this year, easily produced
in excess of 100mA of negative-ion be am.
Since then Fe rmilab has modi fied and re-
buil t the source to serve better the re-
quirements of shorter pulse length, higher
repetition rate and low gas consumption.22

The result is a source of simple-assem-
bly design, which conditions quickly and
operates at 15Hz with a pulse length of
90 Usec and beam currents to 150mA. The
volume of the source including connecting
channel to a piezoelectric pulsed-gas value
is 1-4 cm3 so that gas consumption is a
modest 0.03 Torr l i t e r s / sec . Fig. S.
shows a section through the source and
Fig. 9, shows a beam pulse.

-PULSED VAi.\L

SOURCE BOO'

P i g . 8 . F N A L M A & N I E T R O N NEGATIVE ION SOURCE

A disadvantage of the small high-
current direct-extraction source s is the
small size of the beam and i ts 1 urge space
-charge forces. Proper handling of this
beam following extraction is essential
and is being studied. One successful
approach in Novosib irsk has been to c x-
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tract directly into a 90°-bending and
focusing magnet.

Fig. 9. Negative-ion beam pulse from mag-
netron 2 0mA x 20 usec per division.

'-r~

Conclus ions

Most injecL^'s to linacs today ube
duoplasmatron ion sources with plasma ex-
pansion cups. in a comparison among lab-
oratories, the operating beams the s ; in-
jectors deliver to linacs have emittances
which, with individual exceptions, in-
crease slowly with increasing beam current
so that the product of current and bright-
ness is approximately proportional to beam
current.

With the increasing interest in cw
linacs , neutron sources and fusion device
injectors, there is a con tinuing and re-
newed interest in high-current dc sources
and accelerating columns that can accom-
odate the beams.

There is increased usage of a variety
of beams in proton linacs now, including
H+

f H~, D
+, He +, and polarized H+, and H"

baams. The very significant increase in
yield from negative-ion sources in the
last few years augurs well for their in-
creased use in the future.
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KEK PREINJECTOR ACCELERATING COLUMN

S. Fukumoto and S. Takano
National Laboratory for High Energy Physics

Oho, Tsukuba, Ibaraki, 300-32, Japan

Abstract

A high gradient accelerating column was con-
structed for a preinjector of a 20 MeV proton llnac.
The column consists of two big porcelain cubes with
a two gap accelerating system. The overall gap
length is 22 cm. The column ensures a clean vacuum
and has sufficient strength because there is no
bonding with any organic adhesive. To prevent break-
down, the operating pressure is kept at several

times 10~ Torr in the column.

Fig.l KEK high gradient column. Ions are
accelerated from right to left.

Introduction

A high gradient accelerating column was made
for the 750 keV preinjector of the 8(12) GeV proton
synchrotrcn at National Laboratory for High Energy
Physics (KEK). There are two types of the high

gradient column, open1'2 and enclosed?•* Since
the high voltage is supplied by an open Cockcroft-
Walton generator, not only the open column but also
the enclosed column have surfaces in the atmosphere,
BO an open column was preferred. The column should
have properties of (1) clean vacuum and (2) enough
mechanical strength. The latter is a distinct fea-
ture at Toukuba, because it suffers earthquakes
several times a year, fortunately they are not so
intense. As the open column has a reentrant struc-
ture, it should be large enough.

It is well known that the breakdown voltage is
not proportional to the insulator length but rather
proportional to the square root of its length.
Therefore, the electrostatic accelerating tube is
usually not a long insulator pipe but a stack of
short insulator rings and metal sheets. However,
if the column diameter becomes large and some organic
adhesive is preferred because of difference In ther-
mal expansion, then it is difficult to satisfy the
above mentioned two requirements by the stack.

Since the operating voltage is only 750 kV, a
porcelain tube of 3 m long can be an accelerating

tube?

Accelerating Column

Fig.2 Sectional view of the accelerating column.
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Although the insulator itself is usually strong
enough against the electric breakdown, its surface
suffers flush-over. In the open tube, the outside
wall is electrically weaker than the inside wall
which is in the vacuum. Therefore, if the potential
is distributed uniformly on the outside wall along
the tube, and if the inside wall is shielded suit-
ably from bombardment of charged particles, it is
possible to make an accelerating tube of reasonable
length from a long porcelain tube. To mount a
intermediate accelerating electrode easily, the col-
umn is made of two tubes each 1.53 m long and 1.01 m
inside diameter. Two casterd iron flanges are
cemented to each tube at both ends. Since the flange
is 20 cm long, the porcelain tube of 113 cm in length
should hold a high voltage of 375 kV. The average
field is 0.35 MV/ra.

The tubes are connected by the metal flanges
and the column is supported at the joint of the two
tubes by an insulator post. The post has a gear for
alignment of the column on it.

The column in site is shown in Fig.l and Fig.2
is a drawing of its cross section. There are 3 x 9
= 27 holes in each tube. A stem, which passes
through the hole, is fixed to the tube as shown in
Fig.3, Three stems support one inside and one out-
side shielding electrodes. The seems also hold
springs which surround the tube to give suitable
potential along the porcelain surface. Assuming a
two-dimensional model as shown In Fig.4, the maximum
electric field E is calculated on the stem by

Eo (1)
0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

alb

Fig.4 Ratio of stem radius and hole radius
a/b vs. the maximum field on the stem.

where a is the stem diameter, b is the diameter of

t'o (i) (?) •$) @ ,gi

Fig.3 Stems are fixed to the porcelain
tube. Three stems support one
inside and one outside shielding
electrodes.

the hole bored through the porcelain tube, E_ is the

electric field far from the hole, and c is dielec-

tric constant of the insulator and is about 6 for

porcelain. If there is very thin air (or vacuum)

gap between the porcelain and the stem, that is a;b,

then the electric Field, E ^ ^ , becomes as high as

2£ rE 0 or 12 E Q in the gap. E m a x decreases as decreac-

ing the ratio a/b as shown in Fig.4. As a and b are
chosen to be 6 mm and 15 mm respectively, the maximum
field is 3.9 times higher than the average field E .

If there are voids in the porcelain, extremely
high electric fields might arise in the voids. If
discharges take place in the voids, the porcelain
might be destroyed by treeing during long periods of
operation. This is a reason that the column was
made as long as possible. The tube diameter was
determined so that a standard Japanese technician
could work easily in the tube to attach or remove
the stems and Inside shielding electrodes.

Since the bonding with any organic adhesive is
avoided, there is no organic material except Viton
O rings in the column. The porcelain tubes are
glazed except surfaces which are polished to seal
the vacuum with the 0 rings. Although there were
several small leaks at the beginning, these leaks
were eliminated by careful polishing of the surfaces.
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Each tube were separately evacuated by a 1000
?/s sputter ion pump for electrical test. The tube
is divided to nine sections with the shielding elec-
trodes supported by the stems. High voltages were
applied to the eight sections of the tube for con-
venience. After conditioning, the tube withstood a
voltage of 420 kV with sparking rate of 2~3 per hour

at the prtessue of several tiroes 10~ 7 Torr.

The weight of the tube is 1,200 kg including
the flanges. The mechanical strength was tested as
follows: the tube was fixed at one end and 10,000
kg was loaded at the other end perpendicularly to the
tube axis for one minute. This is about 10 times
higher than the actual load.

Accelerating Electrode

The accelerating electrodes were made of pure
titanium plate of 3 mm thick by a hydraulic press.
They were originally designed for four-gap accelerat-
ing system of Pierce geometry.6.7 However, we could
not find appreciable difference in breakdown voltage
between the four-gap system and two-gap system in a
vertical model of the high gradient column. The
two-gap system was adopted for simplicity as shown
in Fig.2. It consists of a 50 keV extractor, shown
in Fig.5, a 375 keV intermediate accelerating elec-
trode and a 750 keV grounded electrode. Beam hole
diameters are 2.8 cm for the extractor, 5 cm for the
intermediate electrode and 6 cm for the grounded
electrode. Until March 1976, the accelerating system
had Pierce geometry with overall gap length of 31 cm.
To increase beam intensity, the gap length was
shortened to 24 cm. The accelerating system deviates
now from Pierce geometry, because the extractor is
connected eventually to an ion source with an 1 kfl
resistor. Tims the overall gap length becomes 22 cm
and the average field is 3.4 !!V/m.

Fig.5 Inside view of the accelerating
tube after one year operation.

The accelerating gaps is surrounded by a big
shielding electrode which is connected electrically
to the intermediate electrode. This structure as-
sures changes in the gap lengths without affecting
electric fields along the tubes. Some of the inside
shielding electrodes -were -made of pule titanium and
they were distributed in the higher electric fields,
whereas others were made of stainless steels.

Dividing Resistors

The electric field along the column is so big
that it is difficult to find commercially available
resistors which can be put parallel to the electric
field. Therefore, the resistors are put obliquely
to the electric field. If the resistor is a thin
plate Instead of a cylinder, it does not disturb
the uniform field along the tube. Then four com-
mercially available flat resistors are connected in
series and put between the external shielding elec-
trodes of the accelerating tube as shown in Fig.6.
They are protected by two spark gaps. The resist-
ivity and the maximum voltage rating of each resis-
tors are 100 Mfi and 15 kV. The column is in-
stalled with four resistor chains In parallel, and
the drain current is 420 yA. So far there is no
trouble in normal operation.

Fig. 6 Dividing resistors are put between
external shielding electrodes.

Pressure Dependence of Breakdown Voltage

The column is evacuated by a 650 H/s turbo-

molecular pump. At a pressure of -10~6 Torr, the

breakdown takes place at about 500 kV. If hydrogen

flows Into the column from the ion source and the

pressure is raised, then the breakdown voltage in-

creases as shown in Fig.7 until it decreases rapid-

ly at a pressure of 6 >• lO"1* Torr. The breakdown

voltage is defined by the voltage at which the

grounded electrode collects 10 uA of discharge cur-

rent. Pressures were measured by a small sputter

Ion pump which was calibrated for air. The anode

voltage of the pump Is reduced to 80 % of its nom-

inal value. If the pressure IS kept at 3-5 x 10"1"

Torr, the column withstands a voltage of 800 kV with-

out conditioning process. The voltage is not limit-

ed by the column, but is limited by the high voltage

apparatus. The sparking rate is less than one per

day with ion beam at the pressure of 2-3 * 10 Torr.
This is similar operating pressure in ref.l. Some-
times there is no sparking over three days. On the
contrary, although the overall gap length was 31 cm
at the begining of operation, the column suffered
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frequent break-down at pressure of 1 * 10"1* Torr.

600

700

: 600

500

10 i<r id*
PRESSURE (Torr)

"<j*

Fig.7 Hydrogen pressure In the column vs.
breakdown voltages, fa denotes that the
voltages Is not limited by the column.

So far the ion current of 650 mA is accelerated
to 750 keV and 230 mA of which is injected into the
linac.

Conclusion

The 750 keV high gradient accelerating column is
made of two long porcelain tubes instead of a stack of
of short insulator rings and conductor plates. It
ensures clean vacuum and enough mechanical strength
because of no bonding of any organic adhesive. There
is no appreciable change in breakdown voltage between
two gaps, 31 cm and 22 cm, at the pressure of several

times 10"k Torr of hydrogen. Ions of up to 650 mA
are accelerated to 750 keV at the sparking rate of
less than one per day. Since July 197*, the column
has worked satisfactorily. It is hoped that more:
intensity will be achieved by a shorter gap.
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OPERATION OF KEK PREINJECTOR

S. Fukumoto, H. Ishimaru, K. I to, C. Kubota, T. Sakaue, A. Takagi and S. Takano
National Laboratory for High Energy Physics

Oho, Tsukuba, Ibaraki 300-32, Japan

Abstract

High voltage apparatus of the KEK preinjector
are briefly reviewed. Intensity modulation or noise
of the accelerated beam was eliminated by biasing
negatively the plasma cup of the duoplasmatron ion
source. Ion beam of 600 mA is accelerated routinely
to 750 keV with accelerating gap of 22 cm and 230 mA
is injected into the proton linac. Normalized beam
emittances are 0.3 ~ 0.5 it cm mrad at the entrance
of the linac. Beam loading of the accelerating vol-
tage is more than 15 kV without bouncer and it is
compensated to less than 2 kV with bouncer. There
is no appreciable change in the energy spread of the
linac beam for ±0.5 % of Injection energies.

Introduction

IB October 1971, a half year after the estab-
lishment of National Laboratory for High Energy Phy-
sics (KEK), an 800 kV Cockcroft-Walton generator
was moved from the Institute of Nuclear Study, Tokyo
University, to KEK at Tsukuba. On July 23, 1974, the
first ion beam was accelerated to 700 keV. A design

Fig.l. Bird's-eye view of KEK prelnjector.

Fig.2 Schematic diagram of high voltage apparatus.
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energy of 750 keV was achieved immediately with beam
intensity of 100 raA on July 24. Since then, the
preinjector has accelerated ions to inject them into
a 20 MeV proton linac. The maximum repetition rate
is 20 pps. Also efforts have been done to improve
its operating characteristics.

High Voltage Apparatus

The Cockcroft-Walton generator was made in 1967.
It is an open type with voltage stability of irO.2 %
including drift and ripple. It is equipped with
eight selenium rectifiers and its frequency is 350
Hz. The maximum rating of continuous current is 5
mA. It has a filtering capacitor of 0.0075 uF and a
resistor of 500 kCl to reduce ripple voltage. It
may be used as an unstabilized power supply and this
mode of operation is convenient for conditioning
of the accelerating column. Its output voltage is
fed to a high voltage terminal with a long resistor
of 10 Mfi.

Electric power for the ion source is supplied
by a generator of 5 fcVA (100 volts, 50 Hz) in the
high voltage terminal. It is driven by a motor with

a shaft which consists of three fiber-reinforced
plastic bars of one meter long. The generator is
mounted directly on the high voltage terminal, so
the accelerating column Is separated mechanically
from the high voltage terminal to prevent vibrations
caused by the generator.

Beam loading in accelerating voltage is com-
pensated by an open loop bouncer. It is a hard tube
pulse generator with the maximum rating of 50 IcV for
30 Ms pulse duration. Its output voltage is fed to
1000 pF capacitor with a 50 kQ resistor, whereas
the capacitor is connected directly to the high vol-
tage terminal as shown in Fig.2. Ions are accel-
erated by a high gradient accelerating column which

consists of two big porcelain tubes.1

Duoplas^dtron Ton_Source

A cut-away view and a cross-sectional drawing

of the duoplasinatron ,ire shown in Fig.3. Until March

L976, a nozzle type plasma cup3 was attached to It
in the accelerating column with overall accelerating
gap length of 31 cm. The cup is now removed and the
50 keV extracting electrode is connected to the duo-
plasmatron anode with an 1 \d'l resistor, so that the

extractor serves as a big plasma cup3 as shown in
Fig.4. The accelerated beam was intensity-modulated
by noise during the first eight months of the opera-
tion. The modulation was eliminated by biasing neg-
atively the plasma cup as shown in Fi.g.5. It sug-
gests some kind of Instability Is generated or at

least amplified in the large plasma cup!! The neg-
ative voltage can be supplied by auto-bias. This
method is adopted for simplicity. Strictly speaking,
however, the effect of the negative bias is somewhat
different for individual duop?asmatron.

The CAiAe cathode is replaced according to
schedule, and no deterioration occurs until 800 hours.
The diameter of the anode hole is .1.5 mm and the
distance between the anode and the intermediate elec-
trode is 8 mm. Arc current and voltage are 60 A and
90 volts under the hydrogen pressure of 0.25 Torr.
Ion source parameters, such as arc current, cathode.

(b)

Fig.3 Duoplasmatron ion source, (a) cut-
away view, and (b) cross-sectional
drawing.

750 397 0 h V

I IJ I

i- jl -no hi no 4

Fig.4 Schematic diagram of accelerating
electrodes and duoplasinatron anode.
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Fig.5 Negative bias eliminates noize or
intensity modulation of beam.

power, magnetic field and hydrogen flow, are control-
led by an infrared light telemeter system. It has a
pair of light channels, from the ground to the high
voltage terminal and vice versa. Triggering pulses
of the arc are also transmitted by the same system.
Interlock and reset signals are transmitted by an-
other pair of simpler infrared light channels.

The aperture of a focusing quadruplet, which is
immediately after the accelerating gap, is as large
as 9.08 cm. Somewhat divergent beams are focused by
this optical system so that the beam Intensity in-
creases.

• 22 cm Sip 7.9.1976
• 24cm(jM> 724.1975
O 31 cmj ip 6.36.1975
A »cmg»p 319 1976

CM-I CM-2 CM-3 CM-* CM-5 CM-6 CM-7 LINK
C M E W MOMTOB ° u m ) T

Fig.6 Beam intensities along 750 keV beam
line. Intensity of the linac beam is
also included.

Operational Results

Beam intensities are measured by seven toroid

current transformers from just after the accelerat-
ing gap to the entracne of the linac. Typical exam-
ples are shown in Fig.6. The 6-th toroid, CM-6,
which is just upstream of a buncher, is always af-
fected by secondary electrons, because the beam size
is somewhat larger than the aperture of the buncher.
When the beam intensity was 200 mA at the CM-1 with
the accelerating gap of 31 cm, the maximum beam
intensity was achieved at the exit of the linac.
The intensities of more than 200 mA gave lower in-
tensities of the linac beam. And the beam became
so divergent that ions impinged upon an electrode,
which is denoted by 0 kV in Fig.4 and grounded with

an ammeter' The ammeter also indicates microdis-
charges before they grow into big breakdowns. Mole-
cular ions might be mainly responsible for decrease
In beam intensity at CM-1 and CM-2 for longer gap.

Beam intensites are increased from 200 mA of
31 cm gap to 600 mA of 22 cm gap by a factor of 3,
whereas a ratio of the squares of the gap lengths
ie (J1/2Z)2 - 1.99. This discrepancy is due to the
fact that more divergent beam can enter into the fo-
cusing channel for shorter gap, because the apertures
of the accelerating electrodes are unchanged. Too
divergent ions also might be lost in the channel
between CM-1 and CM-2.

During the Ion beam is accelerated, a droop of
the column voltage is observed by a capacitor pick
up. It is more than 15 kV without bouncer and is
compensated to less than 2 kV with bouncer as shown
in Fig.7. If the bouncer is turned on without beam,
the column voltage is raised as shown In Fig.7.
However, no breakdown takes place. Energy spread
of the linac beam was measured as a function of injec-
tion energies (Fig.8). There is no appreciable
change in the energy spread for injection energies
of 742 keV to 754 keV. Then, 0.5 X of Injection
energies is tolerable. The buncher is installed 80
cm upstream from the first linac gap.

At the beginning of the operation, the system
was evacuated by three 1000 ^/a sputter ion puwps.

The pressure was about 1 x 10'5 Torr with beam.

Although the column was carefully conditioned under

the pressure of less than 1 x 10~s Torr, frequent
breakdowns took place during the operation. Then,

the pressure was raised to 1 x 10"h Torr and no
breakdown occured for 12 hours after conditioning.
However, the column suffered breakdowns later and
it should be conditioned again. Since the sputter

ion pump does not work under the pressure of 1 • 10
Torr, the system is evacuated by a 650 i/s turbo
molecular pump which was originary prepared as a
rough vacuum pump. The pressure in the column was

raised again to prevent breakdowns from 1 * 10"1 Torr

to 2-3 x 10~" Torr. Little conditioning is neces-
sary. The sparking rate becomes less than one per
day. The column pressure can be adjusted by the
rough vacuum of the turbo molecular pump.

During acceleration of the ion beam of 4 pps
with 15 us duration, X-ray radiation is 2 mR/hour
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Fig. 8 Injection energies vs. energy
spread of linac beam.

Fig. 7

with beam

with
compensation

Beam loading compensation
oscillograms. Abscissa:
5 us/div., ordinate: 5 kV/div.

at 5 m from the column* and it reduce to 0.05 mR/
hour without beam. The X-ray radiation is nearly
proportional to the average beam current.

Recently, computer controlled emlttance probes

came into operation? Normalized beam emittances,
SYA, are 0.3 - 0.5 TT cm mrad for 90 % of beam inten-
sity at the entrance of the linac. They are consist-
ent with the values which were measured previously
by the pepper-pot method.

Total operating time from June 8 to August 7
of this year was 477.9 hours. Down time due to
accelerator failure was 35.2 hours or 7.3 % of total
operating time. Down time due to preinjector fail-
ure was 0.9 hours or 0.2 % of total operating time.
It was caused by breakdowns in the column and fail-
ure in interlock system in the high voltage terminal.

Concluding Remarks

The KEK preinjector accelerates ions of 600 mA
to 750 keV in routine operation, thus the linac beam
intensity of 120 mA is achieved. Measurements with
the computer controlled emittance probes are being
continued to tune the ion source and the focusing mag-
nets. If higher beam intensity is achieved, then a
bouncer with fast feed back loop should be included,
because the accelerating voltage will be affected
by pulse-to-pulse change in beam intensities.
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DISCUSSION

C D . Curtis, FNAL: When you operated the column at
600 mA, you showed a loss down to ^ 200 mA at the
end of the transport line. Did you find this
transmission to improve after a long period of
operation because of increase in the proton per-
centage of the beam?

Ishimaru: We did not observe an improvement.
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Oho-machi, Tsukuba-gun, Ibaraki, 300-32, Japan

Fukumoto

Abstract

The construction of 750 keV bean line of the KEK
injector of the 12 GeV proton synchrotron was describ-
ed. The beam line consists of the beam focusing
qjadrupolea, vacuum system, the electrostatic chopper
and the various beam monitors.

Introduction

Started in September, 1972, the construction of
750 keV beam line of KEK injector of the 12 GeV pro-
ton synchrotron had been constructed. First 750 keV
proton beam had been transported from column to a
linac on 24 July 1974. Efforts are continued to
improve the beam characteristics and the various
monitor system.

Beam Trajectories and Focusing System

The basic design1' is somewhat modified after
calculations of ion beam optics. Assuming the emit-
tance of the ion source and the acceptance of the
linac as shown in Fig.l, the beam envelopes are cal-
culated by the program LINDA?) The first matching
section composed of a quadruplet and a triplet Is
enclosed, just after the accelerating gap, in the
column.3^ A steering magnet system is inserted between
the quadruplet and the triplet. Between first match-
ing section and the linac, there are four triplets.
The last two triplets compose the second matching
section. The calculated beam envelopes are shown
in Fig.2. The quadrupole magnets parameters are
shown in Table I. The length of the transport line
is 7 m.

Quadrupole Magnets and Steering Magnets

The maximum field gradient of the quadrupole
magnets is 1.9 kgauss/cm. The maximum field of the
steering magnets is 240 gauss. Both magnets are
excited by dc power sources. The dimensions of the
quadrupole magnet are determined by the results of
calculations of field distribution in the pole,
yoke and the field gradient uniformity versus the
radius of the pole tips. The calculated field dis-
tribution in the pole and the yoke is shown in Fig.3.

The calculated field gradient of the quadrupole mag-
net versus the radius of the pole tip is shown In
Fig.4. The radius of the pole tip Is chosen to be
1.17 rg, where rQ is a bore radius of the quadrupole
magnet. The parameters of the mechanical and elec-
trical design of quadrupole magnets are shown in
Table II. Also the parameters of the mechanical and
electrical design of the steering magnets are shown
in Table III.

The measurement of the field gradient was carri-
ed out by the vibrating coll method. A schematic
diagram for the field gradient measurement is shown
in Fig.5. The accuracy of the measurement is better
than 10"'.

Uniformity of the radial component of the meas-
ured field gradient is 2-3 x 10~3

 u p to about 70%
aparture as shown in Fig.6. Axtal component of the
measured field gradient is shown in Fig.7. DC power
sources for exciting the quadrupole magnets and the
steering magnets are stabilized within the order of
10~*. Quadrupole magnets can be divided into two
parts, for convenience of aligning of the magnets
and setting of the beam ducts. A photograph of the
quadrupole magnet is shown in Ftg.8. The winding
oi the coils is about 10 layer of the enamel wire
with cross section of 2.2 x 1.8 mm. The cooling
pipe of 10 x 5 mm cross section is wound for single
layer on the outside of the coil. These coil and
the cooling layer filled with epoxy resin in vacuum
and cured in a thermostatlc oven.

Vacuum System

Since clean or oil free vacuum is necessary for
the high gradient accelerating column the turbo-
molecular pump and the sputter ion pumps are prefer-
ably used. As the hydrogen gas consumption of the
duoplasmatron is about 0.2 torr H/sec, a 650 '-/sec
turbomolecular pump is mainly in 2-3 * 10"* torr.
Sputter ion pumps are only used tu preserve the
high vacuum without beam. The length of the accel-
erating column and the beam duct is about 8.5 m and
the total system volume is about 3000 £. The wall
thickness of the beam ducts is about 2 ran, the ma-
terial Is stainless steel SUS-304. Flanges jointed
with Viton 0-ring gaskets are used. Various chemical
cleaning and glass bead blast cleaning are performed
to reduce surface out-gassing rates. A forevacuum
pump is a combination of the rotary pump and mecha-
nical booster pump. A diagram of the vacuum system
is shown in Fig.9. The vacuum pressures are mon-
itored by 1 S./sec appendage ion pumps at two posi-
tions. The pressure along the beam from the accel-
erating gap to the linac is so high that the space
charge effect may be reduced by trapping of the
secondary electron for gas ionization process.

Electrostatic Chopper

Since the beam from the ion source does not rise
and fall so quickly, the beam is chopped by pulsed
electric field. The pulse length of the chopped
beam is variable from 0.6 psec to 20 Msec. Its rise
and fall times are 100 nsec. As 0.6 psec corresponds
to the one turn time of the beam injected into the
500 MeV booster, the thin beam is useful for survey-
ing the various machine tuning study, while the long
beam is used for multi-turn injection.

A schematic diagram of the electrostatic chopper
is shown in Fig.10. The chopper consists of two 200
mm in diameter plates separated by 40 mm. The high
voltage pulse generator is connected to electrodes
with coaxial vacuum tight feedthrough and short co-
axial feeder. The stray capacitance of the high
voltage side Including the electrodes is about 40 pF.
The output double pulses is shown in Fig.11. The
deflected ion beam is intercepted by water cooled
collimatot as shown in Fig.12.
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Collimator and Beam Shutter Reference

There are two collimators. The first one whose
diameter is 30 mm is placed upstream of the electro-
static chopper avoiding the beam from hitting the
chopper electrodes. The second collimator, with three
fixed apertures whose diameters are 10, 20, 30 mm
respectively, driven by stepping motor is installed.
The variable aperture collimator is shown in Fig.12.
The small apertures are used for making pencil-beams,
which is very convenient for tuning not only the
linear accelerator, but also the booster and the main
synchrotron.

The fast acting beam shutter for emergency is
also installed. This shutter is moved by pneumatic
valve which Is installed in vacuum chamber.

Buncher

Single buncher is equipped. The buncher is a
coaxial cavity type. The bore is 40 mm in diameter
and some tungsten grids are attached to make the
electric field uniform. The buncher is Installed in
front of the last triplet, 80Q ram upstream of the
linac.

Beam Monitors and Control System

A number of diagnostic devices have been built
and used to measure properties of the KEK prelnjector
beams. The data logging for the focusing system,
vacuum system and others is interfaced to mini-computer.
The digital printout of the data logging Is shown in
Fig.13. The control Is performed by the KEK standard
modules such as an On-Off module, a Up-Down module,
a Hellpot module, an Interlock module, etc. The
pulsed operating equipment are triggered by the
master clock pulse with Digital Delay modules.

Setup and Alignment

The optical axis of the ion source, the accel-
erating column, the quadripoles and the other equip-
ments are aligned by means of a He-Ne laser. The
alignment errors are within about 0.1 mm. Fig.14
shows the schematic diagram of the 750 keV beams line.
The bird's-eye view of the 750 keV beam lire is shown
in Fig.15.

Conclusion

Recently, more than 600 mA ion beam is accelerated,
260 mA is injected lnCO the linac. A 140 mA beam is
accelerated to 20 MeV. About 60 % of the current
extracted from the Ion source Is transported to the
linac. The advantages of this transport are as follows:
1. It is easy to handle, 2. It has the first quadru-
plet of large aparture, 3. It has good beam trans-
mission rate after first focusing quadruplet, and
the high pressure operation is applied to reduce
the space charge effect 4. The axis of the ion
source, the accelerating column, the quadrupole and
the linac are aligned precisely, so the steering
magnets are not used.

We would like to thank Prof. T. Nishikawa for
his encouragement.
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Fig.2 Focusing quadrupoles and calculated beam
envelopes.

Fig.6 Quadrupole magnet of the 750 keV line.
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Fig.3 Two-dimensional calculated field distribution
In the pole and the yoke.
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Fig.4 Two-dimensional calculated field gradient
v.s. the radius of the pole dps.
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Fig.5 A schematic diagram for the field gradient
measurement.
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rO "max **"»
cm kG kG/cm

k x y y

max max max max
cm mr cm m

2.00 24.4 2.00 24.4

q- 1 4.54 1.66 0.366 +1.55 +49.9
q- 2 4.54 -2.07 -0.457 "1.37 "16.9
Q- 3 4.54 1.46 0.322 1.35 31.8
q- 4 4.54 -1.23 -0.272 0.994 9.84

q- 5 3.90 1.96 0.503
q- 6 3.90 -1.51 -0.389
Q- 7 3.90 1.96 0.503

q- 6 3.90 -1.94 -0.498
0- 9 3.90 1.21 0.312
Q-10 3.90 -1.94 -0.495

q-11 3.90 1.94 0.498
0-12 3.90 -1.21 -0.312
q-13 3.90 1.94 0.498

q-14 3.90 -1.24 -0.318
0-15 3.90 1.34 0.345
0-16 3.90 -1.24 -0.318

q-17 2.50 1.95 0.780
Q-18 2.50 -1.32 -0.528
q-19 2.50 1.95 0.780

0.873 46.4
0.533 43.5
1.02 9.66

1.41
1.78
1.05

0.807
0.560
1.05

1.30
1.18
0.209

1.96
1.33
1.38

60.8
60.8
9.66

43.6
43.6
9.66

39.8
64.9
51.9

73.7
35.2
54.3

+2.86
"3.73
3.26
3.40

0.950
1.73
1.02

0.807
0.560
1.05

1.41
1.78
1.05

0.912
0.770
1.06

1.32
1.51
0.786

+ 109
"62.6
41.5
S5.3

80.5
59.2
9.86

43.6
43.6
9.86

60.8
60.8
9.86

28.4
29.3
9.54

67.6
75.8
21.7

0.214 54.3 0.451 21.7

Table I Quadrupole magnet parameters.
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Fig.9 Vacuum system In the ion source, the

column and 750 keV beam line.
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Q-15
Q-16

Q-17
q-is
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Table I I

r b
mm

45.5
45.5
45.5
45.5

39
39
39

39
39
19

39
39
39

39
39
39

25
25
25

R
y
inn

185
)85
185
185

185
185
185

185
185
185

185
185
185

185
185
185

155
155
155

mm

80
80
80
80

80
200

80

80
200

80

80
200

80

80
200

80

70
165
70

Parameters

•9

398
398
398
398

328
328
328

328
328
328

328
328
328

328
328
328

290
290
290

kG/cm kAT/p

0
0
0
0

0
0
0

0
0.
0

.85

.85

.85

.85

.83

.83

.83

.83

.83

.83

0.83
0.83
0.83

0.
0.
0.

1.
1.
1.

of the

83
83
83

87
87
87

6.84
5.84
6.84
6.84

5.24
6.24
5.24

5.24
5.24
5.24

b,
5.
5.

5.'
5.

.24
24
24

24
24
24

4.63
4.63
4.63

ohm

3
3
3
3

2
4.
2,

2.

2.

2.
4.
2.

.69

.69

.69

.69

.59
24
59

59

59

59
24
59

2.59

2^59

2.04
2.04
2.04

anp

16
16
16
16

16
16
16

16
16
16

16
16
16

16
16
16

16
16
16

: m e c h a n i c a l and

watts

944
944
944
944

662
1084
662

662
1084
662

662
1084
662

662
1084
662

521
816
521

elec-
g q

|j is the bore radius, Ry is the radius
of the yoke, Ly is the length of the yoke
and T/P is the turns of coil per pole.

BEAM

ELECTRODES ° / 0

60k 0.5 CXXIIMATOR

4PR1000A

Fig.11 a) Long pulsed ion beam, b) chopped ion
beam and c) high voltage doub*^ pulse
output. Sweep 5 jjsec/div.

Fig.10 A schematic diagram of the electrostatic
chopper.

Fig.12 A variable aperture collimator.

200



max. magnetic field
max. excitation current
turns of winding
current
current density
resistance of coi!
terminal voltage
power

length of yoke
thickness of yoke
width of yoke

120
882
210
4.2
2.'1
3.8
15.?
67 >

230

x 2 gauss
x 2 Aturns
x 2 turns
A ?
A/nrf
ohm

1 x 2 V
[ 2 watts

mm
20 inn
60 mm

III Parameters of the mechanical and elec-
tr ical design of the steering magnets.

13 A digital printout of the data lodgin
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QUADRUPLET

CM-2

TRIPLET
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Fig . 14 A schematic diagram of the KEK 750 keV beam l i n e .

Fig. 15 A bird's-eye view of the 750 keV beam ltne.
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750 KEV BEAM MONITORING AT THE KEK

H. Ishlmaru, T. Sakaue, K.Itoh, K. Muto and S. Fukumoto
National Laboratory for High Energy Physics

Oho-machl, Tsukuba-gun, Ibaraki, 300-32, Japan

Abstract

Various diagnostic devices have been built and
used to measure the properties of the KEK preinjector
beams. The mechanic 1 and electronical design and
characteristics of the current tranforraers, Faraday
cups, fluorescent screen and three kind of emittance
probes are described.

Introduction

First 750 keV ion beam had beera monitored by
seven current monitors fror. V.\e. column to the linac
on 24 July 1974. Beam size and position were measur-
ed by a fluorescent screen on 4 Aug. 1974. Beam
emittance was obtained with pepper pot method on 12
Feb. 1975.

To Improve the monitor system efforts have been
continued. Recently, computer controlled beam cur-
rent measurements and beam etnlttance measurements
have been operated routinely.

The design of the mechanical and electrical com-
ponents of the monitoring and the beam measurements
will be presented.

Current Transformers and Faraday Cups

The beam parameters to be measured are 10 mA ~
600 mA beam ..jrrents, 0.5 Msec ~ 30 Usec pulse width
and 1 - 2 0 pps repetitions. Beam intensity is measur-
ed using 7 toroidal current transformers. The trans-
former is 72 mm in diameter and 15 mm thick with a
core of Mn-Zn ferrite of 14 y 9 mm cross section.
The winding is a single layer of 245 turns with 0.5
mm in diameter holmal wire. After winding, the core
is placed in stainless steel electrostatic shielding
case, 0.1 mm in thickness. The transformer is locat-
ed within the vacuum chamber. The shielding case Is
filled with epoxy and is welded by electron beam
vacuum tightly as shown in Fig.l. The small holes
for Che lead wire extension are only exposed epoxy
to vacuum. Measurements of the inductance and the
resistance of the transformer give values of 0.12 H
and 1,6 £ respectively. A single turn loop is also
wound around the transformer, with termination of
50 !J. This is used for calibration purpose. The
50 & impedance allows the remote placement of the
electronic circuits from the transformer by matching
the coaxial cable impedance. Signal rise time of
about 100 nsec can be observed. A sensitivity of
13 mV/ 100 mA, with a droop of 1 % per 30 ysec has
been achieved. The output signals of the monitor
are reduced to 65 % of a monitor which is not com-
pletely enclosed with a metal plate. Fig.2 shows
the oscillogram for the output signal vs. the cali-
bration pulse. The output signal from the beam is
shown in Fig.3.

The beam current information is displayed as
follows. Each signal conditioner which consists of
an amplifier, a sample/hold circuit and a buffer
amplifier is interfaced to the mini-computer to pro-
vide the operator?; with digital readout and the (x,t)
record. An analog multiplexer and an analog/digital

converter are interfaced to the mini-computer. Thi.;
electronic diagram is shown in Fig.4. The output
signal of the sample/hold circuit corresponding to
the llnac beam is displayed on the (x,t) recorder
as is shown in Fig.5. It sho'JS the continuous cur-
rent variation of linac output. The digital readout
on the printer is shown In Fig.6. For computer
system, the output connector of the current trans-
former should be isolated from the vacuum chamber
to reduce the loop noise. Then insulated liMC-vacuum
feedthrough was developed1' as shown in Fig.7.

Current transformers are checked by a biased
Faraday cup in combination with a calorimetric
detector. To suppress the secondary electron emission
the suppressor electrode and the deep Faraday cup
is employed. Negative bias voltage of 2 kV is ap-
plied. Output waveform of the Faraday cup is shown
in Fig.8, which agrees with the magnitude of the
current from the toroidal current transformer within
±10 %. A calorimetric measurement also agrees
within ±10 % to the value of the toroidal transformer.

Fluorescent Screen

The fluorescent screen of aluminum coated quartz
plate has been used for observing the size and shape
of an ion beam. The beam image is displayed on the
picture monitor by TV camera.

Emittance Probes

The first stage, the beam emittance was measured
by a photographic pepper pot method at the entrance
of the linac. The head of the emif.tance monitor is
shown in Fig.9. The detector consists of a multi-
hole disk made of copper and aluminum coated quartz
prism. A pepper pot pattern is shown in Fig.10.
The normalized emittance is estimated to be less
than 0.4 ir cm mr in both directions. Although this
method is troublesome and time consuming, the accu-
racy of the result is not satisfactory.

The second stage, beam emittances were measured
by analog electronic method at two points ,
1.5 m upstream and the just front of the linac.
Emittance probes used to obtain the beam of the den-
sity profile, and the phase space shape consists of
a single slit, a drift space, and a 24-segment detec-
tor. A positive voltage of 200 vjlcs is applied to
the single slit to suppress the secondary electron
produced by proton beam Impinging on the slit and
ionizing the residual gases. Each Ion collector
is separated by the intermediate grounded plates.
A drift space and ion collector are covered with
stainless steel box to shield electrostatically.
This assembly is then scanned across the beam. Den-
sity profile and focal condition are displayed on
the storage scope. Emittance data is acquired In
31 beam pulses. There Is only one emittance probe at
each position, so the polarity of the all quadrupole
magnets is changed quickly. Then emittance of x-x1

and y-y' plane can be measured. The dimensions and
characteristic parameters are shown in Table I. A
schematic diagram of the electronic emittance probe
is shown in Fig.11. A photo of the emittance monitor
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head is shown in Fig.12. The signal processing and
display are performed without computer. The output
signal from the sample/hold circuit with 24-ch analog
multiplexer is fed to z-axis of a storage scope
through a level comparator, a gated pulse train
generator and a pulse amplifier. The signal of the
31 steps staircase generator which is triggered by
sampling pulse of the sample/hold circuit is fed to
y-axis of the scope. Zero level drift of the output
signal from analog multiplexer is the order of 5 mv,
and S/N ratio corresponds tc more than 100. Two-
dimensional emlttance diagram is shown in Fig.13.
A dot corresponds to 0.016 u cm mr which is normalized
value. To display a three dimensional emittance dia-
gram on the scope, mixed signal of the output of the
analog multiplexer and the staircase output is fed
to y-axis of the scope. A photo of the three-
dimensional display is shown in Fig.14.

The scanning mechanism consists of dynamic
bellows, ball screw, ball bush and external trig-
gered pulse motor as shown in Fig.15. The position
is monitored by a linear potentiometer with accuracy
of ± 0.1 mm. This probe is useful for adjustment of
the beam line, because it gives quick displays of the
eraittauces.

The third stage, a case of computer controlled
emittance measurements, the signal from the sample/
hold circuits is fed to the computer through the
differential buffer amplifiers, the gain of which is
about 10. Because these emittance probes give destruc-
tive measurement, signals from two probes are locally
sub-multiplexed to send to the computer. The data
collection time for 30 steps is about 15 seconds.
The emittance display on the large storage scope re-
quires about 3 minutes. A block-diagram of the com-
puter controlled emittance measurements is shown in
Fig.16. The digital printout of the output from the
sample/hold circuits is Bhown in Fig.l"1. This print-
out shows the three dimensional phase space emittance
diagram. Abscissa is the radial distribution and
ordinate is the angular distribution. At present, a
mini-computer Melcom 70 with a S bits 48 Kwords memory
is being used. The emittance display represents the
beam profile, the phase space shape, the intensity
distribution and the emittance area v.s. beam inten-
sity • The contours refer to bean properties as
dotted area; one-dot la 100 Z emittance, two-dots is
80 % emittance, three dots is 60 Z emittance and so
on. Host one-dot contour is estimated for noise
in digital printout. Emittance area of a 750 keV
beam line is seemed to be 0.3 - 0.4 IT cm mr in the
horizontal and vertical planes for SO % of beam
intensity of 230 mA.

To improve the angular resolution of the emit-
tance probe, the ion collector will increase 24
channel to 32 channel and the spacing of the ion
collector will decrease.

Future Development

As future development of the fourth stage emit-
tance probe, the fast measuring emittance probes will
be installed. This fast probe consists of a fast
scanning mechanism, and a single slit, a single col-
lector, a electronic sweeper and the fast transient
recorder-computer assembly.

We would like to thank Prof. T. Nlshlkawa
for his encouragement.

The authors acknowledge the advice for the
electronics of Dr. S. Shibata. The authors would
like to thank Dr. K. Uchino for his work in the soft
and hardware of interface to computer.
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Linear Accelerator Conference
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Fig.l The cross section of the completely
shielded current monitor.

Fig.2 upper: output signal 5 mV/div.
lower: calibration pulse 2 V/div.
sweep: 5 psec/div.

Fig.3 Signal from the current transformer
for direct measurement In 750 keV line,
sweep: 5 psec/div. range: 10 mV/div.
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Fig.4 Electronic diagram for digital display.
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Fig.5 Continuous current variation for linac output.

Fig.8 a) Output from the current transformer.
b) Output from the biased Faraday cup.
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Fig. 6 Digital printout for beam current by mini-
computer*

Fig.7 Vacuum tight shielded current monitor
installed in monitor unit , the insulated
BNC-vacuum feedthrough and small ion pump
for vacuum gauge.

Fig.9 First stage **mittance probe.
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Fig.10 Pepper pot pattern.
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Fig.11 A schematic diagram of the electronic
emittance probe, a case of two-dimensional
emittance measurement.

Fig.13 Two-dimensional emittance diagram, a) com-
parator level is low, b) is high.

Fig.12 A head of the emit Lance monitor and
driving mechanism.
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0.
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3 mm
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5 mr 0.14 cm 0.0089 cm-mr
5.7 0.22 0.016

Vable I The dimension and characteristic parameters of the eniittance probes.
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Fig.16 Digital printout shows the three-
dimensional phase space emittance diagram.

Fig.14 Three-dimensional phase space diagram. Fig.17 Emittance display in KEK p^e-injector.
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Fig.15 A block-diagram of the computer controlled emittance measurement.
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DISCUSSION

M.R. Shubaly, CRNL: What was Che proton percentage
in the beam and are your emlttance measurements
taken only on the proton component of the beam or
are they on all species?

Ishlmaru: The proton percentage in the beam is
estimated at 85X from measurement in the test ion
source. In the illustration of the two-dimensional
emittance display (Fig. 13) at low comparator level
the small percentage contributions from ITI+ and H^+

can be seen.

R.L. Wltkover. BNL: I noticed that the slit of the
emittance probe had a bias voltage. Have you
observed any effect of this voltage upon the
measurement?

Ishlmaru: Yes, there was a 5% offset which was
eliminated by the bias. No rotation of the emittance
was seen.
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ADJUSTMENT OF A DOUBLE DRIFT HARMONIC BUNCHER

AND BUNCH SHAPE MEASUREMENTS

J. Knott, D. Warner and H. Weiss

CERN, Geneva, Switzerland

The longitudinal beam matching of the new
50 MeV linac is achieved with a double drift har-
monic buncher. For optimum bunching efficiency the
RF phase difference between the two cavities should
be known and controlled to about 1° (at 202.56 MHz).
The adjustment of the RF levels and phases is based
on observations of the bunch form via a broad-band
probe connected to a travelling wave oscilloscope.
The time base is tightly locked to the RF by a
specially developed circuit allowing a systematic
study of different bunching conditions. A compari-
son is made between some preliminary measurements
and the waveforms predicted by a simplified theory.

Introduction

The aim of a linac bunching system is to pro-
duce, via modulation of the proton beam prior to its
injection, bunches which will be matched to the
longitudinal phase plane acceptance of the accelera-
tor. These bunches will remain stable if their
space charge density distribution is compatible with
the available longitudinal focusing arising from the
acce*- ration process. To have a good control of the
filling of the longitudinal acceptance, a bunching
system containing a double drift harmonic buncher
(DDHB) has been chosen for the CERN new 50 MeV
linac1 (see Fig. 1). Such a buncher works effi-
ciently only if the RF voltages on the gaps of the
first and second harmonic cavities are adjusted
correctly, a particularly important parameter being
their respective phases (precision of the order of
1-2° at 200 MHz).

This paper treats the problem of the correct ad-
justment of the DDHB by bunch shape measurements. The
approach is essentially the same as the one applied
for a single buncher2. A coaxial probe detects the
bunch density in a destructive manner, and the broad-
band signal is transmitted via a matched circuit to
a display device, a high-speed oscilloscope. Im-
provements have been achieved in the construction
of the broad-band probe following the suggestions
outlined in Ref. 2, and new electronic circuitry
has been developed3, permitting a tight locking of
the horizontal sweep of the oscilloscope with the
phase of the RF frequency (200 MHz). This last
point was essential for obtaining a clear picture
on the oscilloscope screen (real-time measurement).

The experiments reported here were done at
500 keV with a double buncher and sufficient fo-
cusing before the probe to obtain a realistic
approximation to an actual linac bunching system3

(Fig. 1). Note that on the new linac the beam
energy will be 750 keV, the focusing sysrem much
more complex (six quadrupoles), and the final long-
itudinal matching will use an energy correction
c^Vity placed 165 mm before the first linac

accelerating gap1. In comparison with previous
studies the emphasis here is on effects peculiar to
double buncher systems. Thus the simplified theory
shows the dependence of bunching on beam radius
(important for the 400 MHz cavity), dependence on
the settings of bunching voltages (Vj and ratio
V2/V1) and, most important, the asymmetry in the
bunching arising from any effective phase errors
between the bunchers and also arising from defects
in the phase response of the measuring system. The
space charge effects, though important, are assumed
to act symmetrically and not to alter the general
conclusions relating to measured bunch shapes.

Modulation with the Double Drift
Harmonic Buncher (DDHB)

The bunching possibilities of the DDHB are
greater than those of a single buncher, but at the
same time the adjustment is more complex. As the
quality of bunching depends critically on the pre-
cision of the setting of bunching parameters, the
modulation process with the DDHB will be first
studied analytically. Although this analysis does
not have a strict quantitative significance (the
correct buncher settings have been found in Ref. 1
by optimization routines including space charge), it
will nevertheless reveal the influence of various
parameters on the bunch shape and be useful for com-
parisons during the study of bunch measurements.

Applying the usual bunching theory to the case
of a DDHB, we can establish an expression which
links the phase of a particle at the position of
observation (in our case the position of the broad-
band probe) to the phase at the first buncher Bl
(see Fig. 1):

+ 3 - )T1(ri) sin <h + *2

i1T1 (rj) si\. i)ii+5i}

The meaning of the various symbols is as follows
(see also Fig. 1):

transit time factors.

T2(r2) - T2 [• • (sr -•],
with W * kinetic energy of proton and \ = free space
wavelength of the fundamental frequency. After
fixing the geometry, W and A, the phase $3 is a
function of the remaining variables:
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Particles having the same <$>i but different ri
and T2 at Bl and B2, respectively, will be bunched
differently; this means that a tight bunching can
be obtained only with beams which are narrow when
passing through bunching gaps. Some examples of
$3 * f<<t>i) with V l 0, VZo, rj, r2, and 6 as parame-
ters are shown in Fig. 2a. The three curves which
are shown on each graph are due to the fact that
the beam cross section was divided into three equal
rings and the bunching of each ring computed separ-
ately.

A more interesting function than ^3 - f(4>i) is
the density distribution in the bunch, i(fj)3)» which
is the magnitude accessible to measurements and is
defined by2:

d<t>;

where i0 represents the uniform longitudinal den-
sity of the unbunched beam, whilst d<J»! and d$j re-
present the phase extensions of the element of the
beam under consideration at positions (1) and (3),
respectively (see Fig. 1). The most convenient way
of expressing 1(^3) is as a Fourier series:

double bunchers for various frequency damping and
phase shift parameters.

The bandpass characteristic used is constant
up to harmonic number r\\, then cutting off as a
Gaussian defined by the 3 dB point at harmonic num-
ber n2.

To first order we have assumed a phase shift of
the nth harmonic relative to the fundamental one
given by

0 = arctan

where for both effects we aim to fit the parameters

ni, nj and 0 to measured curves.

A more complete analysis treating the bunching
gap as having finite thickness shows that there is
an intrinsic asymmetry in the process even for a
single buncher. For energy modulations V0T/W £ 5£
we neglect chese effects (< 1° shifts and * \%
asymmetry in AW). For an efficient adjustment of
the bunching parameters, tlie beam size at the gaps
has to be known and controlled, as larger beams
cause an unnecessary widening of the bunch shape.
A similar effect is caused also by increasing the
ratio of bunched voltages V?0/V

ri0, as shown in
Fig. 4.

bi sin <p3 + ... b sin n<Ji3 ,n

where the presence of the sin terms allows for
asymmetries in the bunch. The Fourier coefficients
are given by the usual integrals, which in the case
of DDHB have to be evaluated numerically. To obtain
more realistic bunch densities, the beam cross
section at Bl and B2 is divided into three rings
with equal population and the coefficients obtained
as arithmetic averages

, _ ami+am2+ami

where a . corresponds to the i ring of the cross
section?1 The same applies for b . It is interesting
to compare the characteristic bunch densities i(<t>a)
given in Fig. 2b with the familiar ones obtained
with a single buncher. It can be seen that with
DDHB it is possible to obtain two or more peaks of
the curve i((J>3). The ripple seen on this and other
undamped waveforms arises from cut-off of the summa-
tion at n * 25. Unless 6 ^ 0 , the curve is always
symmetric about its centre, which is very important
when measuring the correct phase setting between V]
and V2.

When making real-time bunch measurements, it is
usual to display the bunch shape on an oscilloscope.
Owing to the finite bandwidth of the measuring de-
vice, the higher Fourier coefficients will be damped
and the original density curve changed (smoothed).
If the frequency characteristics nf the system are
known,appropriate corrections can be introduced when
interpreting the displayed bunch densities; the
situation is particularly delicate when frequency-
dependent phase shifis occur, causing asymmetries
in the displayed curves even for 6 = 0 . In Fig. 3
we show density curves obtained with single and

Description of the Measuring System

The improvement."; described below were mainly
intended to reduce the difficulties of observation
of fast transients which previously have been a
serious discouragement when using the 'fast probes'
on operational linacs.

Broad-band Detector

The design of the broad-band detector profited
from the experience gained with the one described
previously2, and in particular some of the diffi-
culties encountered in biasing and obtaining a good
transit time have been tackled in a different way.
For frequencies above 2 GHz the possible mismatches
and other effects which distort the response have
not been considered important as they will have
little relative influence after attenuation by the
transmission line and the available oscilloscopes.

The new probe head consists essentially of an
asymmetric strip line tapered smoothly tc a coaxial
line. The beam passes through a (negatively) po-
larized grid in the outer conductor and is stopped
in the inner conductor on a tungsten insert (Fig. 5).
A 1 mm gap between the grid and the inner conductor
is thus achieved, resulting in a good transit time
factor. (For 750 keV protons, an ideal 1 mm gap
leads to a -3 dB reduction at 5.3 GHz.) The charac-
teristic impedance of 50 Q is maintained over the
entire length of the probe by means of step-by-step
calculation of the capacity at each cross section.

Compared to the probe previously used, the pre-
sent arrangement is much simpler mechanically and
electrically as the line inner conductor requires
no bias connection or decoupling components, these
being transferred to the grid in the outer body
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which is more robust and accessible. The grid is
mounted directly on the decoupling capacitor (C -
* 200 pF), which is a sandwich construction using
a 0.5 mm plate insulated by 0.15 mm teflon foils.
The cover plate of the capacitor carries a stainless-
stetl aperture used as a dump for particles outside
the aperture of the grid, thus avoiding bombardment
of the capacitor plate and teflon foil. Another
grid in front of this protection aperture is used
as a trap for back-streaming electrons, which is
important if one wants to control or prevent beam
neutralization.

The open-ended structure of the head ensures
better pumping of the line, which diminishes the
possibility of sparking between grid and inner con-
ductor. (On the previous device, sparking was
thought to be caused by increased pressure due to
outgassing of the tungsten insert.) The end has
been designed such that the 'round trip' time for
reflected signals can be expected not to exceed
100 psec.

Broad-band Oscilloscopes

The scope generally used was the Tektronix 519
because of its easy manipulation and relatively
large screen (useful area 54 x 18 cm 2), A
CR-50/125 ft adapter matched the cable to the scope
impedance. The brightness of the CRT trace was
just on the limit for single shots. Multiple trig-
gtring (pulse to pulse) was used to increase the
total intensity for photographic recording.

An EG&G Type 2236 A scope with a KR 3-B TW-CRT
was equipped with a faster horizontal sweep (of
5 nsec linear part) and trace intensifier (un-
blanking) circuit corresponding to 12 mm horizontal
deflection. The useful bandwidth fell below the
2 GHz specification as a balun transformer 50 ft
coax/2 x 100 SI balanced had to be used to match the
signal to the vertical deflection system. This
scope was used when the extra writing speed and
bandwidth were considered essential.

Associated Electronics

The limiting factor (apart from the bandwidth)
of high-speed oscilloscopes for real-time observa-
tion is the poor light output, especially on single-
shot mode (or with low repetition rates).

For photographic recording, the superposition
of several shots can improve the brightness of Che
CRT trace, and for visual observation the compari-
son of successive signals is easier if the image
always appears at the same place on the screen.
Both require a stable trigger of the horizontal de-
flection of the oscilloscope. The required stabi-
lity is of the same order as the trace width of the
CRT for a given horizontal deflection speed, i.e.
20 psec for a 0.1 mm trace and 2 nsec/cm horizontal
deflection. For the frequency of the first buncher
of 202.5 MHz, this would correspond to 1.5° stabi-
lity .\n phase. This criterion is met with a speci-
ally developed gated prescalar using ECL III tech-
nology. The logic derives triggers from the 202.5 MHz
RF at any precisely adjustable moment during the pro-
ton beam pulse. Multiple triggers during one proton
beam pulse (50 to 200 ysec duration) are possible
with this logic provided that the horizontal deflec-
tion repetition of the scope used allows it (about

every 10 psec for the T5!9). This facility requires
a stable mean energy of particles during the beam
pulse, as otherwise differences in time of flight
between buncher and probe cause a phase shift of
successive bunch displays, making their direct super-
position impossible. The stable trigger makes the
adjustment between the 202.5 MHz and 405 MHz RF
phases easier.

In order to be able to use these facilities
also for the EG&G scope, a new fast time base and
appropriate unblanking circuit have been designed.
A capacitor discharge delivers a 100 V linear part
of 5 nsec (between 25 and 75%) of the slope to the
horizontal deflection plates, and a Hlumlein-line
pulse generator a 170 V pulse of 10 nsec half-width
and 6 nsec (10 to 90Z) rise- and fall-time to the
unblanking. The latter circuit permits appreciably
higher photographic recording speeds than is possible
with the T519 oscilloscope (for single sweep).

Bunch Measurements: Methods and Results

Bunch measurements with a DDHB are considerably
more compLex than with a single buncher because of
th*> three main variables, Vj 0, V2o» and 6, and coupled
variables, beam current, W, rj, and r2. In practice
it will be difficult to obtain consistent pulse
shapes from one run to the next merely by setting
the above parame'.ors, i.e. the waveforms have to be
observed. It is assumed that the beam can be fo-
cused sufficiently well for rj and r? to be within
acceptable limits and for the signal on the probe
to be representative of the whole beam. By previous
calculation of the buncher cavities and by calibra-
tion of the RF monitoring loops, we could be rela-
tively certain (±5%) of absolute values of VmTj
and V20T2 (peak energy modulations) with a better
precision for relative values. The measurement of
phase between the 200 MHz and 400 MHz RF excitations
could be made precisely (+1° at 200 MHz), but only
relative to an arbitrary zero phase (depending on
coaxial line lengths and on the pre-injector energy).
Thus we had to adopt a systematic way of setting up
the phase for each accelerator physics run by ob-
servation of the bunch waveforms, and this was the
main concern in the measurements described here.

In Fig. 6 we show on the left the bunches pro-
duced by the 400 MHz buncher operating alone at its
nominal excitation level. Each successive waveform
is shifted in phase with respect to the 200 MHz bunch
shown at the bottom, and this procedure allows us to
set the phases between the bunchers to ^ +10° (when
the 200 MHz bunch falls exactly between the 400 MHz
bunches). On the right of Fig. 6 are shown the cor-
responding combined waveforms produced when both
bunchers are operating* and the effect of phase
shifts on the symmetry can be clearly seen. The
fine adjustment of phase about this approximate
setting was made by observation of the combined
bunch shapes (Fig. 7) where we see distinct changes
in form for phase shifts 2.5° at 200 MHz.

Note that the measurement is sufficiently sen-
sitive to be used for our purpose, but the absolute
settings can only be obtained after taking account
of distortions introduced by the measuring system
itself (compare, for example, the theoretical curves
of Fig. 3 and the measured results of Fig. 6 ) .
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Discussion and Conclusions

The measurements described in this paper have
been carried out in the frame of the study program
connected with the construction of the new linac.
The feasibility of adjusting the DDHB via measured
bunch shape forms has been investigated and a satis-
factory answer found; some useful operational ex-
perience with a DDHE has been obtained.

Within the assumptions made concerning band-
width limitations, the measured bunch shapes conform
to those expected by the theory. The measuring
system is sufficiently sensitive to detect phase
shifts of a few degrees. However, if the correct
phase is to be determined in an absolute way* work
still remains to be done in eliminating distortions
introduced by the measuring system and finding appro-
priate corrections when interpreting distorted os-
cilloscope waveforms.

Another important parameter is the beam dia-
meter at the DDHB. In fact, in the new 750 keV
beexa transport, a beam profile measurement is fore-
seen just in front of the DDHB, and between the
200 MHz and 400 MHz bunchers a quadrupole is in-
serted for fine focusing adjustments.

In conclusion we must admit that as far as the
bunching efficiency was concerned our present meas-
uring method had a limited quantitative significance
at 500 keV. However, when we can accelerate in the
linac, the planned measurements at 10 MeV will help

DDHB
B1

(202.56MHz) B 2
1 (405.12MH2I Triplet

; (phase
24 0 acceptance I

us to calibrate our (improved) observations at
750 keV and make them more useful in an absolute
sense.
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Fig. 2 Modulation curves (2a) and bunch densities —»»
(2b) for various settings of DDHB
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HIGH EFFICIENCY BUNCHER FOR LINAC

L.C. Teng
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Introduction

Since the output current of proton
sources has increased by several orders of
magnitude during the past twenty years, the
striving toward higher efficiency buncher
systems for linacs has waned considerably.
Recently, however, the desire to accel-
erate exotic particles such as polarized
particles and antiparticles, negative and
heavy ions, etc. for which the source
currents are still rather low, revived
interest in pushing for higher efficiency
buncher systems. In addition, for extreme-
ly high current applications, the radiation
and radioactivity problems caused by the
uncaptured beam is becoming mo re acute.
This also calls for higher capture ef-
ficiencies to be attained by improved
buncher systems.

The ideal beam buncher for injection
into a linac should have a single-slope
sawtooth voltage waveform. Such a buncher,
in principle, bunches a d.c. beam into
6-function bunches, thus lead ing to 100%
rf capture efficiency; but sawtooth wave-
forms are difficult to produce at high
powers. A sinusoidal waveform buncher
gives a capture efficiency of only about
2/3. Higher efficiencies can be obtained
by adding second and higher harmonics to
approximate the sawtooth waveform, but with
the addition of each higher harmonic the
complexity and cost of the buncher system
get progressively higher and the gain in
efficiency gets progressively lower. Tho
proposed buncher system is based on an idea
introduced many years ago by Beringer and
Gluckstern.1 To make it realistic and
practicable their original idea is aug-
mented and mod ified.

A single harmonic buncher bunches a
360° section of beam so that about 24 0° of
it is contained in a linac rf bucket 90°
wide. In fact, 180° of it can be contained
in a bucket approximately 22° wide (Fig. 1).
The basic idea for the proposed buncher
system is to cut the beaj into 36")° sec-
tions and send alternate sections through
two separate but identical buncher cavities
operating at half the linac frequency.
Each beam section is, then, 180° in buncher
phase. When bunched it should fit inside a
bucket 22° wide in buncher phase or 44°
wide in linac phase. The efficiency of
capture into a 90° wide bucket is, there-
fore, easily 100%. In fact, for buckets

*0perated by the Universities Research
Association, Inc., under contract with the
U.S. Energy Research and Development
Administration.

90° wide In linac phase or 45° wide in
buncher phase, the beam sections can be
considerably longer than 180° buncher
phase. This latitude is useful for ac-
commodating imperfections in the beam
.sectioning, bunching, and recombining oper-
ations. In any case, some small amount of
beam loss unrelated to capture is expected
during these operations.

Beam Sectioning and Branching

As shown in Fig. 2, this is accom-
plished by a sinusoidal transverse de-
flector (wobbler W ) , an electrostatic sep-
tum S, and two dewobblers W^ and fc'2 . The
beam is wobbled laterally (not visible in
the scale of Fig. 2) back and forth across
the septum at half the linac frequency by
the wobbler field. Sections of Che beam on
opposite sides of the septum are deflect t-d
in opposite directions to form two separate
branches each containing every oLher sec-
tion. The half-wobble or" the sections of
beam in each branch is, then, annulled by a
properly phased dewobbler identical In con-
struction to the wobbler. Lens L (e.g. a
magnetic quadrupole triplet) images point-
to-po_int with_unit magnification between W
and W (W ̂ or W2) so that the cancellation
between the effects of the wo bbler and the
dewobbler is straightforward. If the wob-
bler can produce a square waveform which
may well be possible at the very low power
level required for transverse deflection,
there will be no need for the dewobblers.
To obtain clean beam sectioning with mini-
mum loss the septum should be as thin as
possible and the beam should be focused at
the septum by lenses upstream (including I.).

Hardware feasibility depends, of course,
en the beam energy and emittance, and the
linac frequency. In discussion of param-
eters we will take as an example a 7 5 0 kcV
proton beam with an quittance of 50TI mm-mr .id
entering a 200 MHz linac. The parameters
given are by no means optimal and serve
only to demonstrate feasibility.

Fur a 750 keV proton beam, lenses of
focal length 30 cm are reasonable. In
discussion of beam optics and as shown in
Fig. 2 only thin lenses with 30 cm focal
length are used. Thus, the wobbler and
dewobblers are located 60 cm up- and down-
stream of lens I,.

The electrostatic septum could be made
of an array of 0.1 mm tungsten wires having
an effective field length of 10 cm and



producing a transverse field of ±4 5 kV/cm.
This septum will deflect the branch beams
±0.3 rad. Thus, at the location of the
dewobblers the two branches are already
separated by some 30 cm.

We assume a beam width at the wobbler
of ±10 mm, hence a divergence of ±5 mrad.
For sectioning the beam the peak, deflection
produced by the wobbler should be larger
than the divergence. We will take the peak
deflection to be ±10 mrad. The wobbler is
conceived as a pair of parallel plates with
an effective field length (taking into
account fringe field and transit tlme) of
1 cm and a peak field of 15 kV/cm. When
focused down to a waist at the septum the
beam width will be approximately ±3 mm,
and the ±10 mrad deflection at the wobbler
will wobble the beam ±6 mm at the septum.
This gives a beam loss on the 0.1 mm thick
septum of about 0.5%. For pulsed linac
operation this amount of beam heating of
the septum is tolerable.

shown in Fig. 2. Electrostatic dipoles D -j,
D5 a_

S
nd have the same strength as^ 5 _ ^ g

septum S, and are located at the foci of
lenses L3 and L4. The strengths of S" and
the dipoles are fine-adjusted so that at
the exit of S the beams are separated just
by their width (touching), 6 mm, and are
directed toward each other by the sir.all
angles +10 mrad. The_y cross each other
30 cm downstream of S where the beams are
also optimally bunched. At this location
a combiner C identical in construction to
the wobbler rf will kick the bunched beams
laterally ±10 mrad on the peaks of the
field to remove the remaining Z0 mrad angle
between the branches and achieve total re-
comb ina t ion .

The entrance to the linac Is located
immediately downstream of C. The first 3
or 4 quadrupoles in the linac are used to
match the transverse optics of the beam.

Beam Bunc hing

Associated with the transverse deflec-
tion the wobbler will also wobble the
energy of the beam.2 With the parameters
given above, the peak energy swing is only
about ±8 keV which is small. Furthermore,
this energy wobble will be annulled by the
dewobblers to the extent that the bunching
effect between the wobbler and the de-
wobblers due to this energy swing is
negligible. Thus, to first order, exiting
from the dewobblers the two branch beams
are identical and uniform in energy, each
consisting of a train of beam sections
360° linac phase long, spaced by gaps of
the same length.

Beam Recombinlng

After the dewobblers the branch beams
are refocused at the buncher cavities Bj
and B2 by lenses h'L and L2 which are iden-
tical to lens L. The distances between S
and Lj (or L2) and between L^ (or L2) arid .
&l (or B2; are, thus, all 60 cm. In the
perpendicula.- plane the beams should also
be focused at Hj and B2 to reduce the re-
quired aperture of the buncher cavities to
a minimum. Since there is no other focal
requirement elsewhere in this plane, this
should not be difficult to accomplish.

In addition, two electrostatic dipoles
»j and D2 are placed 30 cm upstream of the
buncher cavities. These dipoles have
twice the strength of the septum and de-
flect the branch beams toward each other
for eventual recombination. The beams are
refocused at the recomblning septum S !>y
lenses L3 and L4 wh^ch are again identical
to lens L. Septum S is identical to S but
used in reverse.

After the bunchers the beams have size-
able energy variations, hence the beam
transports must be achromatic from the __
bunchers through the recombining septum S.
One simple achromatic arrangement is

At the buncher cavities t
focused in both planes so tha
tures of the cavities can be
(~8 mm diameter) to reduce th
spread caused by the transit-
For a 180° section of beam,st
geometry (see Fig. 1) gives a
length of about 22° after the
ceiving the peak energy from
cavity has gained A<J> = -1.38
a drift distance I after the
the phase gain is

Av AZ
X

t_: beams are
t the aper-
made small
e energy
time factor.
ra i ghtforward
minintum bunch
particle re-

the buncher
in phase. At
buncher cavity

1 I
2 ~E

*W 1 AE
where -— = j -~=- relates the relative gain
in velocity to that in kinetic energy (non-
relativistic), and *j* is the relative orbit
length increment which, because of dis-
persion in the beam transport, is not
vanishing in our case. Instead we have

where d is the distance between D5 (or D<
and S, and 9 is the bending angle of the
dipoles. Altogether we have

AE
E

With d - 30 cm, 6 = 0.3 rad, E = 750 kV,
H - 150 cm = distance from B(Bj or B2) to
C, &\ = 12 cm (750 keV protons and 100 MHz),
and At}) = -1.38 rad we get the required peak
voltage

AE = 25.4 kV,

a rather modest value.

Discussion

The example shows that at least for the
application specified the hardware

214



requirements of this buncher system are
realistic. A few special remarks should be
made.

1. In principle, except for the 0.5%
loss on the upstream septum there should be
no other beam loss through this buncher
system and through capture into the ltnae
rf buckets. The number of components in*
volved in this system is more than double
that of a simple first harmonic buncher
system, and the tuning is considerably more
complicated. But for special application
where the source current is low or where
the radiation from lost beam must be mini-
mized, the near 100% efficiency may well be
worth the cost and complexity.

2. In deriving the parameters we used
many simplifying approximations such as:
thin lenses, first order optics (no aber-
ration), etc. More exact calculations are
needed for a real design. In particular,
the effect of the energy swing between the
wobbler and the dewobblers caused by the
wobbler field, although small, should be
investigated mnre thoroughly.

3. More effort should be made to op-
timize the parameters. For example, if the
lateral dimensions of the components in the
branch beams do not require such large
separations between the branches, the septa
field can be reduced, thereby making their
operation easier and more reliable. The

total length from W to C is about 3.3 m and
scales almost linearly with the focal
length of the lenses. We can shorten the
system by increasing the strength of the
lenses. For beam bending we used electric
dipoles. Clearly, they can equally well
be magnetic dipoles. The transports down-
stream of the buncher cavities are achro-
matic as long as all bending elements have
the same dispersive properties (all elec-
tric or all magnetic).

4. The basic idea of sectioning the
beam into two branches each using only 180°
of the rf field in a buncher cavity is
simple and attractive. The complexity of
the system lies mostly in the manner in
which beam sectioning, branching, and re-
combining are performed. Perhaps simpler
and more clever schemes can be devised to
accomplish these operations.

The author wishes to express his thanks
to L. Smith for pointing out the energy
swing caused by the wobbler and to
S. Ohnuma for several helpful discussions.
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FIGURE 2

DISCUSSION

D. Warner, CERN: I think in the paper by Beringer
and Gluckstern th y made it quite clear chat they
weren't happy with the longitudinal modulation
aspects of the vo^bler and in fact 1 put a paper
in for Frasc.ati (1963) which put this same point of
view. I don't believe that your dewobbler does
ievurse what your wobbler does. I don't think
bunchers act like that.

Teng: It has to. Aside from the fact that the beam
is broadened by the- bunching effect, If you look at
the whole thing as a black box, you are coining in
with no transverse deflection and you arc going out
with no transverse deflection.

VJarner: I don't believe you are going out with no
transverse deflection because your phases are wrong
now.

Teng: Yes, you have some remaining transverse
deflection of course. The energy wobbling in between
the wobbler and the dewobbler broadens the beam so
that the phase of the dewobbler is slightly wrong.
It is off by say t 15° but it is wrong only to that
extent.

Warner: I look at it as if the wobbler were acting
as a buncher. With a buncher can you put another
buncher at a certain dif^nce and exactly cancel it?

Teng: No, I didn't say exactly,but ± 15°. It's
largely but not exactly cancelled, I have to invoke
the fact that the linac bucket is ninety degrees
instead of 44° so that you have some slop there and
I think you need all chat. You probably fill up the
who]e bucket.
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ELECTRON UNACS'
Gregory A. Loew

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

To study the present status of the thousand or so
electron linacs in the world,and future trends in the field,
we have classified these machines according to their use:
medical, industrial,and nuclear physics. In the medical
category, two types of electron linacs are discussed: the
conventional ones which are used for X-ray and electron
therapy, and those which may in the future be used for
negative pion therapy. The section on industrial ma-
chines includes linacs for radiographic and other spe-
cialized applications. In the nuclear physics category,
the status of conventional low- and medium-energy as
well as high duty cycle linacs is reviewed. The ques-
tion of how one might obtain a C.VV. , 1 GeV, 100 nA
electron linac is raised and various options using recir-
culatioD and stretchers are examined. In this connec-
tion, the status of RF superconductivity is summarized.
Following, there is a review of linacs for injectors into
synchrotrons and e* storage rings. The paper ends with
a description of recent work done to upgrade the only
multi-GeV linae, namely SLAC.

Introduction

This paper concerns itself with linear electron ac-
celerators in which the electrons (or positrons) acquire
their kinetic energy from some type of RF power source.
Electrostatic accelerators such as Van de Graaffs, induc-
tion linacs, and other machines will not be covered here.

In the past forty years.sinee the inception of the first
modern electron linacs in England and at Stanford in the
USA, both the number and the diversity of these machines
have expanded enormously. Today there are close to
1000 electron linacs in the world. The evolution of de-
signs has been governed by both supply and demand,
namely, self-motivated progress on the part of acceler-
ator builders and improvements generated by the needs of
the users ami the financial means at their disposal. Con-
siderable progress has also been realized because of de-
velopments in adjoining branches of technology such as
metallurgy, vacuum, magnet design and, above all, elec-
tronic instrumentation which has made possible increased
compactness, flexibility of use, and speed of control.

While there are many ways in which the field can be
surveyed, in this paper we shall review status, innova-
tions and future trends by categorizing electron linacs
according to their use: medical, industrial,and nuclear
physics. In this latter class, we shall distinguish con-
ventional low- and medium-energy linacs of various
characteristics, special high duty cycle machines
(< 1 GeV), injectors into synchrotrons and e* storage
rings,and multi-GeV accelerators (SLAC). In looking at
the future, we shall consider how one might attain the
goal of a C.W., 1 GeV, 100 jiA machine by means of
beam recirculation, stretching and/or RF superconduc-
tivity.

1. Electron Linacs for Radiotherapy

a. X-ray and Electron Therapy

Electron linacs began to come into use for radio-

therapy in 1953 with the inception of an 8 MeV machine ;tt
the Hammersmith Hospital in London, England. They can
now be found in several hundred hospitals all over the
world. Therapy is performed either with X-rays (derived
from the primary electrons hitting a target) °r with the
primary electrons themselves. While the machines on
the market are of many different types and offer a wide
variety of features, they can be classified into two broad
categories; <i) linacs with electron energies below 10
MeV which are almost exclusively used for X-ray ther-
apy, and (ii) linaes with energies between 10 and 35 MeV
which offer both options, i . e . , X-rays generated by an
electron beam at one or two discrete energies, and elec-
trons at several discrete energies ranging all the way up
to maximum capability. Since, for a given dose, the hio-
logical effect of X-rays and electrons is believed to Ije
indistinguishable, deciding between X-ray therapy (-901--
of all treatments) and electron therapy (~10'c) in a hos-
pital which has both modalities available is entirely de-
termined by the type of tumor and the optimum dose dis-
tribution that can be delivered to it. The criteria are
complex but can be understood in a general manner by
referring to Fitf. 1 from Ref. I. ft is seen that electro;?*

5 MV (X-Roys)
22 MV (X -Rays)

B 12 16

Depih in Water (cm) icj,»>

Fig. 1—Relative depth-dose curves for electrons (at
200 cm source-tu-skin distance) and X-rays
(at 100 cm target-to-skin distance) as a
function of depth in water (large field, cen-
tral Mis).

between 10 and 35 MeV have relatively sharp and well-
defined dose dropoffs but suffer from the disadvantage of
high entrance dose at the skin. X-rays on the other hand
exhibit a much lower entrance dose but a much broader
depth distribution, which results in a less favorable con-
centration but also in a reduced risk for error. Since
sparing of the ski,, is of vital importance (unless of
course cancer of the skin itself is involved), X-ray ther-
apy is chosen in a great majority of cases. Electron
therapy, however, is desirable in specific cases for deep
tumors, so-called "booster" doses (added on to X-ray
therapy), and skin cancer.

Table I gives a list" of commercially available or
announced radiotherapy electron linacs and some of their
characteristics. Practically all those machines have an

*Work supported by the Energy Research and Development Administration.



Manufacturer-

CGR/AECV

Mitsubishi

I'hilips/MEL

Radiation Dynamics

SUM/EMI

Siemens/ARCO

Toshiba

Varian

Model

Therac 6

Therac 20

Therac 40

ML-4M

ML-15 MIIB

SL75-S

SL75-10

SL75-20

Dynaray 4

Pynaray 10

Itynaray 18

Therapi 4

Therapi 400

Mevatron 6

Mevatron 12

Mevatron 20

LMR-4

LMB-13

LMR-1S

Clinac 4
Ciinac 6X

Clinac 12

Clinac 18

Clinac 35

Table 1: Commercially available

Beam Energy
and Type of Radiation

6 MV X-rays
18 MV X-rays
6-20 MeV electrons

25 MV X-rays
7-32 MeV electrons

4 MV X-rays

10 MV X-rays
8-15 MeV electrons

4-6 MV X-rays
8 MV X-rays
4-to MeV electrons
8 and 16 MV X-rays
5-20 MeV electrons

3-5 MV X-rayB
8 MV X-rays
4-10 MeV electrons

6-12 MV X-rays
6-18 MeV electrons

4 MV X-rays (no gantry rotation)
4 MV X-rays

6 MV X-rays
a or 10 MV X-rays
3-11 MeV electrons

10 or 15 MV X-rays
3-18 MeV electrons

4 MV X-rays
10 MV X-rays
8-13 MeV electrons

10 MV X-rays
8-16 MeV electrons

4 MV X-rayB

6 MV X-rays

6. or 8 MV X-rays
6-12 MeV electrons

10 MV X-rays
6-18 MeV electrons

8 and 25 MV X-rays
7-28 MeV electrons

H- announced radiotherapy electron linacs.

Accelerator
Structure

Length and Type

1.0 mTW

2.3 mTW

6.0 m TW
2 sections

0,21 m SW

1.7 mTW

1. 25 m TW

2.25 m TW

2.5 mTW

0.75 m TW

2.2f, m TW

- 2 in TW

0. 3 m Stt'

0.3 m SW

0.95 m SW

I.a5 m SW

1.38 m SW

0.31 m SW

1.6 m TW

1.73 m TW

o.a m sw
0.3 m SW

1.0 m SW

1.4 m SW

2.25 m TW

Microwave
l*ower Source

2 MW magnetron

r, MW klyslr-'n

!l MW klystron

2 MW magnetron

5 MW klystron

2 MW magnetron

2 MW maRni-tro'

5 MW magnetron

2 MW magnetron

2 MW magnetron

r> MW klystron

2 MW magnetron

2 MW magnetron

1! MW magnetron

2 MW magnetron

7 MW klystron

2 MW magnetron

4.8 MW magnetron

4. s MW magnetron

2 MW masnetron

2 M\V magnetron

2 MM' magnetron

r. MW klystron

20 MW klystron

Binding Angle
of Magnet

- 2 7 0 °

- 270°

+30°, -311°
•K'i0°. -12U"

Hone

-m°

- 9 0 "

- <HI»

- 9 0 °

266°

266°

nutie

none

2fi 1°

2(i 1°

27*!°

lll.V1

I or."

none

none

270°

270°

••'>'" a n d !></'

X-rav tit-Id
Size at

SAD or SSD

40 •«• 'Id cm

4li / 4u cm

not j;iven

:iu -• :n> cm

40 • 10 cm

30 ' 'Hi cm

WM> ' : w v.m

3« ' ;iu cm

:tr, *• 35 c-m

:i(i y 30 cm

40 * 4ii cm

40 ' 4n cm

:15 • -15 cm

:(.") • :i:*j cm

35 - 3,7 cm

4(i • -I" t-ni

:jo - :td cm

30 • ;in cm

•(2 • :J2 em

:v2 * ;v> i-iii

;t"j - :tr( c m

:i.ri • :r> c m

isocentric mount which enables the gantry to be rotated
by at least 360°. The target or source-to-axis distance
(SAD) is commonly of the order of 100 cm and the max-
imum source-to-skin (SSD) distance of the order of 120
cm. Within the fields given in the last column of Table I
these linacs can now deliver between 300 and 500 rads/
min. Figures 2 and 3 show cutaway views of two repre-
sentative machines (Varian's CLINAC 6X and CLINAC 12*
The first uses the "straight ahead" beam design charac-
teristic of most of the smaller X-ray machines. The
second uses an achromatic magnet system which bends
and focuses the twain on target and must be adjusted for
different electron beam energies. Discrete electron
beam energies are obtained by a variety of adjustment
such as magnetron or klystron output power or RF fre-
quency. The RF puwer can be changed by adjusting the
high voltage on the tube or the match on the three- or
four-port circulator generally inserted between the tube
and the accelerating guide for RF Isolation. X-ray out-
put can be reduced from itB maximum value by reducing
repetition rate. Typical duly cycles are of the order of
10~3 with RF pulse lengths between 2-3 fis. Gun voltage is

in the range of 15-30 kV; it is generally adjusted to control
capture and beam current in the electron mode. For X-
rays, peak currents are typically between 100 and 200 mA.
For electrons, they are reduced by a factor of 100. The
frequency of most of these machines is either ~2856 M51z
or ~2998 MHz and it is governed by the availability of re-
liable commercial tubes. AFC is generally necessary to
preserve a good match to tbe accelerating guide. Im-
pressive improvements have been made in the past few
years in the shunt impedance of the standing-wave (S\V)
accelerating guide, commonly the side-coupled structure.
Typical values at S-band for a standing-wave (SW) struc-
ture are of the order of 70 megohms/m but impedances
in excess of 80 megohms/m have recently been reported.

A typical treatment consists of delivering 6000 rads
fractionated into about 30 equal daily increments of 200
rads each and it is desirable to control each dose to
within 2%. Thus, not surprisingly, the most delicate
features of these machines have to do with dose homo-
geneity, stability, and control. Leakage and so-called
"penumbra" effects due to edge scattering must be
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Fig. 2—Varian CLINAC 6X.

minimized. To achieve these features requires good en-
ergy stability, minimization of beam spot size and posi-
tion changes at the target and well-designed field flatten-
ers. Energy stability in turn requires stable matching
conditions which are not easy to achieve with imperfect
RF sources and over wide beam current excursions, par-
ticularly with standing-wave structures. The more flex>-
ible the machine, the more difficult it is to meet all these
criteria. It is In these areas that improvements remain
to be made.

Another area where improvement Is needed is cost.
The smaller isocentric X-ray machines all seem to cost
between $150,000 and $250,000 and generally can be

afforded by an average hospital. On the
other hand, some of the higher energy
electron machines cost between \ and
l j million dollars and they are compar-
atively more complex to use. Their
price is relatively high to be widely af-
fordable, given the fact that the number
of patients that can be treated per day
with these higher energy machines is
often lower. A challenge to the accel-
erator community would be to build a
machine with two possible X-ray out-
puts (4 and 20 MV) and a continuous
range of electron energies between 5
and 30 MeV for less than $400,000!

b. Electron Linacs for Pion Therapy

Another challenge to the electron
linac designer now comes from the med-
ical community's interest in negative
pion therapy. The potentialities of neg-
ative pion therapy have been explored by
a number of authors and a successful
prototype for a superconducting pion
concentrator (SMPG, for Stanford Med-
ical Pion Generator) has been built at
the W. W. Hansen Laboratories at
Stanford University (for a review see,

for example, Ref. 4). In order to achieve the desired
pion dose rate of 30 rad/min in a 1000 cc volume, it ts
necessary to bombard the primary target of such an
SMPG with 6 kW of ~600 MeV protons or 300 kW of ~600
MeV electrons. At first glance this power ratio would
seem to favor strongly the proton machines. A commit-
tee under J. P. Blewett in fact met in the summer of
1975 to examine the relative merits and costs of proton
synchrotrons, proton Unacs* and electron linacs to per-
form this task. The conclusions of the committee were
that the proton linac may hold the best long range poten-
tial but that the electron linac is at the present time the
simplest, cheapest, state-of-the-art candidate. General
design considerations for proton linacs, electron linacs,

Fig. 3—Varian CLINAC 12.
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and microtrons can lie found in the literature. ' ' In
response to a request from the Radiology Department of
the Stanford Medical Center, SLAC came up with the de-
sign of a specific electron linac and associated beam
transport system that could be built within a period of
2.5 years for about $8 million.

The starting point to determine the main parameters
of this machine was the pion yield vs incident electron
energy obtained from experiments with the Stanford Mark
HI linac.8 A reasonable linear approximation of the form

N VmA/sr/l%Ap/p =--4.125 x 10 (1)

seems valid between 300 and 900 MeV. Given that the
desired number of Dions out of the target has been estab-
lished at 7.42 x 10' 7r~/sr/l%Ap/p, one can obtain a re-
lationship between the necessary electron energy and
current:

(2)

where i , . is the peak current in amperes and D^ is the
beam duTy*cycle. The energy of a multisection constant-
gradient linac is given by9

V =n(l-e'
T)2(Prt)2- (3)

where P is the peak RF power into a section of length t,
attenuation r, and shunt impedance r, n is the number of
sections, and i k is the puak current. Combining Eqs.
(2) and (3), we get expression (4)

n(l-e - 200 -

which together with the expression for RF-to-beam power
conversion efficiency

(5)

where DRp is the RF duty cycle, can be programmed on
a computer and used to optimize any practical design.

Criteria for a practical design can be somewhat sub-
jective but should include:
- A commercially available, reliable, reasonably priced

klystron
- Minimization of total accelerator length and RF power
- Practical RF pulse length
- Minimization of risk of beam breakup
- Overall economy
A large number of S-band and L-band designs were ex-
plored with these criteria in mind and sets of curves such
as those shown in Figs. 4a and 4b were obtained. From
these it can be seen that the increase in pion yield with
energy favors relatively higher values of r and corre-
spondingly lower peak beam currents which in turn are
more conservative from the point of view of beam break-
up. Although choosing L-band reduces the risk of beam

ASSUMPTIONS: I = 3m. DR F = 10~3, r = 50 MS/m,
P = 30 MW, f = 2856 MHz
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Fig. 4a—Energy V (MeV) and corresponding peak cur-
rent v (A) versus number of sections n for
design accelerator capable of producing de-
sired electron beam for pion generation.
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NUMBER OF SECTIONS, n „,. .

Fig. 4b—RF-to-beam conversion ef-
ficiency versus number of
sections n.

breakup because the HEM^-mode r/Q scales with fre-
quency, S-band seems preferable because of shorter total
length and/or lower total RF power. The parameters for
a proposed design which makes use of readily fabricated
o'LAC-type sections and klystrons are given in Table II.
This design is by no means unique but it should be prac-
tical and realizable without major surprises. With extra
money, one could for example increase the number of
sections from 18 to 20 and decrease r somewhat. Cal-
culations carried out at SLAC by R. H. Helm indicate
that quadrupole focusing and detuning of the HEM,, res-
onance in the first two sections by about 2 MHz male the
proposed design entirely safe from the point of view of
beam breakup. An Injector capable of launching a 0.350A
beam into such an accelerator should be straightforward.

n. Industrial Electron Linacs

The class of electron linacs used for industrial pur-
poses is not quite as well defined as that for radiotherapy
because the boundary between industrial applications and
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Table II: Parameters for proposed electron Hnac for pion radiotherapy.

loaded electron energy V

Beau loading voltage V.

Repetition rate

RF pulae length tRp

Bean pulse length t.

Klystron output power P .
(SLAC-RCA-ITT model) p K

(allowing for waveguide losses)

Frequency If

Shunt Impedance per unit length r

Section length I

Number of klyatrons and Modulators

Number of acct-lerator sections ji
(Including injector)

Number of instrumentation drift sections

Length of instrumentation drift .sections

Number of quadrupole doublets

Total approximate length

770 MeV

1020 MeV

250 MeV

0.350 A

180 pps

5.55 us

4.95 us

30 KV

28.5 MW

2856 MHz

57 Mti/m

0.57 nepers

3 m

18

18

8

1.5 in

8

75 m

pure nuclear research is often fuzzy. One application
where industrial usage is clearly categorized is that of
radiography. Table ni gives a list of commercial models
together with some of their specifications. Most of these
machines use basic components very similar to the radio-
therapy linacs. The electron beam, however, is never
extracted and in most cases only one energy is used for

X-ray generation. The electron current is generally in
the range of 100 to 200 mA with a duty cycle of 1 (T3.
The machines are usually crane-mounted and they arc
built for heavy duty in a harsh environment.

Machines for other applied usages are more special-
ized and therefore require more particular beam speci-
fications. Table IV lists some of the more modern ma-
chines, either in existence or under construction, with -
their applications and noteworthy characteristics. This
list is of course only representative and certainly not all-
inclusive.

Other applications include radiobiological research,
pulse radiolysis, dosimetry, and sterilization. Among
the older but noteworthy accelerators, one can list the
L-band IRT, San Diego linac capable of 10A short pulses
for research and sterilization, the L-band E. G. &G. /
ERDA linac in Goleta, California, used for measure-
ments of weapons test detectors and capable of acceler-
ating a single bunch (30-50 picoseconds) by using a sub-
harmonic buncher, and the US Army S-band, 10 MeV,
650 mA ltnac at Natick, Massachusetts, made by Varian
in 1961, which in the past 12 months irradiated 30,000
kilograms of meat at -40°C to a dose of 4.5 megarads!

HI. Electron Linacs for Nuclear Physics

a. Conventional Lov. - and Medium-Energy Machines

The machines in this category have been and are
still the "work horses" used all over the world for nu-
clear physics research with electron beams. Table V
gives a representative list of these accelerators with
some of their parameters. Unless noted otherwise, they

Table III: Commercially available or announced electron ltnscs for industrial radiography.

Manufacturer

CCR/AECL

Mitsubishi

Radiation
Dynamics

SUM

Varian

Model

Neptune 6

Neptune 10

ML-1 RII

ML-3R

ML-5R

ML-10R

ML-15RII

Super X 600

Super X 2000

Super XX

Rsdlograf 4

Radiograf 13

Llnatron 200

Llnatron 400

Linatron 2000

Llnatron 6000

Nominal
Electron
Energy
(MeV)

6

10

0.95

1.5

3

8

12

S

8

12

4

13

2

4

8

15

Microwave
Power Source

2 MW magnetron

? magnetron

1 MM magnetron

1.5 MW magnetron

2 MW magnetron

2 MW magnetron

5 MW klystron

2 MU magnetron

2 MW magnetron

5 MW klystron

2 MW magnetron

2 MW magnetron

1 MW magnetron

2 MU magnetron

2 MW magnetron

5 HW klystron

Maximum X-Ray
Output

(unf lattened)
(rad uln"1 m2)

750

2000

20

50

300

1500

7000

600

2000

6000

500

6000

175

400

2000

6000

Maximum
Field Size
(at I ml
(cm)

50 (dian)

50 (dlam)

30 (dlam)

30 (diam)

30 (diam)

30 (di.m)

30 (dian)

30 (diac)

',0 (dlam)

30 (dlan)

26 x 35

26 x 35

77 x 77

39 x 39

55 (dlan.)

27 (dlam)

Nominal photon
Leakage Radiation
(per cmc of useful
beam at 1 m)

0.1

u.l

0.1

0.3

0.3

0.2

0.1

0.1

0.1

0.1

0.5

0.5

0.02

0.25

0.1

0.1
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all operate at S-band in the neighborhood of 3000 MHz.
Most of the machines came into operation after 1960 and
have been upgraded in some way since their inception.
One of the noteworthy features is the trend toward higher
current pulses, both in the nanosecond and microsecond
range. This, in the case of some of the longer accelera-
tors, has necessitated more focusing and HEMjj-mode
detuning to control beam breakup (BBU). As an example,
with these and other improvements, the Kharkov 2 GeV
linac, now limited to 1.5 GeV because of RF breakdown
problems, may gradually be upgraded13 to produce 3 ps,
100 mA pk pulses at 2 GeV. In addition, this machine is
presently being fitted with a polarized electron source
based on elastic electron-hydrogen spin-exchange colli-
sions.1*

Another noteworthy innovation is the development and
installation of energy compression systems (E.C.S.),
first at Mainz and now at Tohoku and Glasgow. This sys-
tem was first tried by M. Crowley-Milling and G. Saxon1"1

at NINA. It is based on using a non-isochronous achro-
matic magnet system to debunch a beam emerging from
the accelerator with a poor spectrum and then compress-
ing the spectrum by passing the electrons through an ac-
celerating structure in phase quadrature with the other
sections. With a "linear" ramp (which can be improved
by adding a second harmonic cavity as proposed by the
group at Glasgow), a lower-energy electron which has
been retarded will receive a posii'.ve energy, and vice
versa, a higher-energy electron which has been advanced
will receive a negative energy. At Mainz, where the sys-
tem has been in operation since 1972, a compression fac-
tor of 7 from AE/E of 1% down to 0.14% has been obtained,

b. Special Medium-Energy High Duty Cycle Machines

By the time the Medium Energy Accelerator (MEA) at
IKO, Amsterdam, comes into operation (140 MeV
in 1977, full 530 MeV in 1979), it will be the third ma-
chine in this class, together with the ALS linac at Saclay
and the Bates linac at MIT. Since these accelerators
have teen described in great detail in the recent litera-
ture , ""• * •1 only their main parameters are summa-
rized for comparison in Table VI. All three machines are
or will be devoted to electron scattering, pion and muon
physics. Narrow energy spectrum and small emittance
are at a premium to permit optimum use of their spec-
trometers , some of which have momentum resolutions
Ap/p in the radge 10"4 to W 5 .

Recent work at the ALS includes extensive use of
beam switching among experimenters and computer-aided

operation described in a separate paper by G. Bianchi et
al. at this conference. The machine is now equipped
with a positron source with a power-handling capability
of 3-5 kW to be upgraded to 20 kW. With a 200 nA aver-
age current of 85 MeV electrons incident on a gold tar-
get, it should produce a positron current of 200 nA av-
erage.

The Bates linac is i/rw in steady operation. Work
continues on improving their modulator switch tubes
whose MTBF has now reached 7000-8000 hours. At IKO,
installation is proceeding, Hecent tests with their kly-
strons and solid-state modulators have produced19 500
pps with a pulse length of 50 us at 1 MW peak power.
Voltage ripple is within 17c. Injector beam tests are
under way.

c. The Next Step for High Duty Cycle Machines

Beyond the medium-energy high duty cycle linacs
just discussed lies a major challenge to the accelerator
community. A number of discussions have been held in
the last few years in the USA and elsewhere to ascertain
what the next step should be. While there cannot be
unanimous agreement on the beam parameters before the
type of accelerator is actually chosen, we might for the
sake of discussion set our minds on a 1 GeV, 100/JA CW
machine. To achieve such parameters, there are today
at least six possible candidates:

1. a conventional CW "brute force" linac
2. a conventional CW linac with recirculation
3. a multistage racetrack microtron
4. a pulsed linac with a beam stretcher
5. a superconducting linac
6. a superconducting tinac with recirculation.

Let us consider these briefly. A CW linac would make
use of a standing-wave structure with a good shunt im-
pedance, say 67 MQ/m, at S-band. Higher shunt im- • '
pedances could indeed be considered, as mentioned ear-
lier in this paper, but probably at the expense of redu-
cing the central iris diameter to a dimension unsafe for
this application, particularly if beam recirculation must
be considered. CW klystrons with 500 kW output power
are now available and, while quite expensive, may come
down in price below $100K if ordered in quantity. As-
suming a gradient of 1.66 MV/m and a length of 600 m,
one would need fitly 500 kW klystrons. The RF struc-
ture would have to be able to dissipate about 40 kW/m,
which is high but does not look impossible. Taking beam
centerline costs (including accelerator sections, supports,
vacuum and waveguides, but no instrumentation or
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Institution

Centro Atomlco
Barlloche,
Argentina

IFK, Darmstadt
Germany

1.VK, Gent,
Belgium

IFK, Giessen,
Germany

U. of Glasgow,
UK

U. of Glasgow.
UK

Harwell, UK

Harwell, UK

KhFTi, Kharkov,
USSR

KhFTi, Kharkov
USSR

IFK, Mainz,
Germany

NPGS, Monterey
USA

RTI, Moscow,
USSR

RTI, Moscow,
USSR

Oak Ridge, USA

NRC, Ottawa,
Canada

CBPF, Rlode
Janeiro, Brazil

IDF, Sao Paolo,
Brazil

U. of Saskatchewan
Canada

U. of Tohoku,
Sendal, Japan

HEPL, Stanford,
USA

JAERI, Tokal,
Japan

NBS, Washing-
ton, USA

Yale University,
USA

Table

Maximum
Energy
(MeV)

25

70

90

65

130

30

55

136

280

1500

351)

110

60

30

J78

35

30

50

' 280

380

1200

190

150

70

V: Conventional low- and medium-energy electron llnacs Cor nuclear physics

Maximum
Peak

Current
(mA)

300

60

400

400

300

>500

500

1000

15

25

250

25

1000

10000

20000

250

100

10

300

120

30

350

350

750

Beam pulse/

>'rate(pps

1.2 / 200

5 / 150

3 / 300

2 / 250

3.5/210

3.5/240

2 / 200

5 I 300

1.5/ 50

1.5/ 50

4 / 150

1/ 60

5.5/ 50

0.01/2400

0.024/1000

3.2/ 180

3.3 / 360

1 / 120

1 / 360

3 / 300

1.3 / 120

2 / 150

5 / 360

4,5 / 200

Beam
Duty
Cycle

2.4 X 10"4

7.5 x io"4

5 x jo"4

8.4 X 10"4

8.4 X !0"4

4 X 10"4

1.5 XIO"3

7.5 X10"5

7.5 X 10"5

6 X 10"4

6 X 10"5

2. 7 X 10"4

2.4 x 10"5

2.4 X 10"5

6 x 10~*

1 X 10"3

1 X 10"4

3.6 X 10"4

9 X IO"4

t.6 x 10"4

3X 10"4

1.8 X 10"3

9 x 10"4

Number
and Peak
Power of
Klystrons

1 / 15 MW

1 / 22 MW

2 / 2 0 MW

1 / 30 MW

3 / 25 MW

1 / 25 MW

7 / 8 MW

8 / 20 MW"

11 / 14 MW

51 ; j ¥ MW

8 / 23 MW

3/20MW

6 25 .MW

1 / 30 MW

4 / 30 MW

1 / 20 MW

2 / 7

2 / 2 1 MW

6 / 22 MW

5 / 20 MW

3 1 / 2 0 JIW

5 • 20 MW

12 / 5 MW

5 10 MW

Total
Accelerating

Length
(m)

3

6.0

6

8

18

3 . 5

- 2 0

- 2 4

- 4 8

-225

- 4 0

9

~ 2 0

- 8

16.5

8

- 1 0

- 6

20

54

93

13

30

15

Special Features

Energy loss
spectrometer
BBU at 400 mA,

3«sec
e source u.c

e+ source u . c . a

BBU at 300 mA,
3.5 usec

E .C .S . 6 u . c .*

L-Bantf

e+ source in ex-
istence

Polarised clec-
• tron source u.c. a

Overall Improve-
ment plan under

^consideration.

E.C.S.b

Long high cur-
rent pulses

Nanosecond high
current pulseB

L-Band
Nanosecond high
current pulses

1 Amplitron,
1 Klysiron

Pulse stretcher
"EROS" proposed

BBU at 35 mA,
3usec. E.C.S."

No longer oper-
able al max.energy

L-band, BBU at
200 mA. onsec
Can generate
short 5A pulses

L-band, can gen-
erate short 10A

pulses

u.c, : under construction E.C.S, : Energy compression system
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Table VI: Comparison of main parameters of medium energy high duty cycle machines.

Name

Maximum design energy
and beam duty cycle

Beam pulse repetition
rate and length

Current

Energy Bpectrum

Output emittance

Recent beam-hours
per year

Number and peak
power of klystrons

Accelerating length

SACLAY
ALS

600 MeV 1%
470 MeV 2%

3000 pps (max)
20fisec (max)

42 mApk (max)
370 jiA A.V (max)

5mA pk at 1000 pps
AF

within ^ -• . l1^

&tf\ of current

within O.Olirf—r)cm

4000

15 / 4 MW pk

~ l 7 0 m

NUT
BATES

430 MeV 1.8%
ZOO MeV 5.6%

5000 pps (max)
13ftsec friax)

25 mApk (miuc)
250 jiA av (max)

85% of current

within ^ = . 3 6

90*£ of current

within 0,0006ir(^~)cm

4000

1 0 / 4 MWpk

~ 153 m

SCO
MEA

(under construction)
400-500 MeV 2%
250-400 MeV 4%
200-250 MeV 8%

2000 pps (max)
45^sec (max)

20 mA pk (max)
500 fiA av (max}

50"?; of current

within ^ - - 'SI

90*t of current

within 0. 006?r P ~ | cm

—

1 2 / 4 MW pk

-180 m

aThe maxima given here are extrema and cannot be reached together.

buildin? usts) at $25K/m and 1 MW regulated power sup-
plies ;>t v 00K, the cost of the klystrons, powar sup-
plies, and the accelerator would amount to $25M. The
total power demand of 50 MW would seem prohibitive and
hard to justify, especially since the beam power would be
only 100 kW at 100jiA. (Actually, the beam current
could easily be increased to 1 mA and would still only
contribute 48 MeV of beam loading.) Given these facts,
one is forced to think in terms of at least one, two, or
three turns of recirculation. *" With the same klystrons
as above, all the above numbers are then reduced by 1/n
where n is the total number of passes, except for the av-
erage current present in the accelerator, which is mul-
tiplied by n. The risk of beam breakup probably in-
creases as n2 but the effect should be controllable with
focusing and possibly feedback. Thus with 4 passes the
accelerator might only be 150 m long, use ~13 klystrons,
and require ~13 MW of. power. The above cost, even al-
lowing $3-4M for the recirculation system, might come
down by a factor of 2.

The next candidate to consider is the multistage or
cascaded racetrack microtron. A feasibility study for
such an accelerator of up to 820 MeV and 100 fiA with 3
stages (14, 100, and 820 MeV) has been carried out at
Mainz, Germany.22 The cost is estimated at $3M. A
total of seven 50 kW klystrons would be needed. Specific
magnets and RF components are presently under investi-
gation. Final feasibility remains to be proven and care-
ful beam breakup calculations must still be made. The
advantage of this project, however, is that the three
stages can be built sequentially and resources can be
committed gradually as each stage is proven to perform
successfully.

We now come to the pulsed linac followed by a beam
stretcher. Combinations of this type have already been
studied for the ALS (600 MeV) and the University of Sas-
katchewan (250 MeV) linacs (Projects ALIS23 and

EROS ). One of the problems in
designing a satisfactory stretcher
is to be able to extract a beam with
a small phase space and a narrow
energy spectrum. In our case, one
might start with a 1 GeV, 100 JJA
average, 200 mA peak current
linac. With a 10"3 RF duty cycle,
36-MW klystrons and 2-meter sec-
tions with an attenuation of 0.2
nepers, such an accelerator would
have to be 60m long and have 30
klystrons. As an example, u
stretcher with a 26m radius could
be filled in a single orbit time of
500 ns. The linac RF pulse length
could be ~1 (is, i . e . , ~0.3 ^s for
the linac filling time and 0.7 us for
the beam pulse, of which the last
0 . 5 MS would be used for injection.
The repetition rate would be 1000
pps. Each pulse would contain at
least 6 y 10 electrons within an
energy spectrum of 0.5"t. The
electrons outside of this range
would be lost in momentum de-
fining slits. Injection into the
stretcher could be achieved on-
orbit in slightly less than one turn
followed by resonant extraction and
uniform spillage in the interpulse
period of about 1 ms. Transient
beam loading in the linac would be

of the order of 50 MeV (5%) but it could be significantly
reduced by staggered triggering of successive klystrons.
The energy lost through synchrotron radiation in the
stretcher would be 3.40 keV per turn or 7 MeV for the
entire storage time. The details of the extraction sys-
tem and resultant phase space of the spilled beam would
have to be studied in detail. The cost of the linac might
be of the order of $9M and the stretcher $3M.

Finally, let us consider the solution using a super-
conducting linac under (5) and (6). To do this, we must
review briefly the status of RF superconducting work
relevant to electron linacs. Low frequency helix ana
split-ring structures of the type proposed for proton and
ion accelerators are covered elsewhere at this confer-
ence.

If we look at the evolution of this field in the last five
years, we see that significant progress has been made in
exploring and understanding some of the existing difficul-
ties , that a number of new ideas and techniques have been
explored, but that no major breakthrough has yet oc-
curred. Indeed, much has been learned about Niobium
surfaces, their treatment, defects, thermal and magneto-
thermal breakdown, hot spots, and multipactoring. ^
Activities at Cornell,26 Illinois,27 Stanford,28 and
Karlsruhe29 are summarized in Table VII. New work on
Nb,Sn is also being done at Siemens30 and Wuppertal,31

as well as at Karlsruhe.32

From these numerous references, one can draw the
following conclusions:
(i) The extremely high effective gradients, i . e . , 30
MV/m, that had been hoped ft - a few years ago do not
seem nracticable with presently known materials. QQ'S
of ~109 and Ec« ~2-3 MV/m are attainable in actual L-
and S-band Niobium structures at 1.8 K when proper
surface treatment techniques are used. These
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Institution

Main Project

HF structures

Hest practical RF
results obtained

Beam operation

Difficulties and
problems to be

solved

Other associated
projects and fu-
ture plans

Table VII: Summary ot major activities relevant to

Cornell

RF structures fur syn
chrotrons and storage

rings

2856 Mil?, rectangular
"Muffin-Tin"

1 , 2 , 6 cells,solid and
pressed
Nb sheet

Q^ =.6 - 14 v io9

Eeff t > 6 » 9 M e V / m

at 1.4 - 2.2 K

Structure used in
Cornell synchrotron,
electrons accelerated

to 4 GeV

- Light spots, possibly
incandescent dust
particles

- Hot spots, studied
with carbon resistor
thermometers

- Accelerating field not
uniform over aperture

- Nb sputtering
- Nb,.Sn experiments

- Understanding of
multipactoriiig

- X-band multi-cell
structures

Illinois

Racetrack mlcrotron

1500 MHz HEPL
3 k/2 + 13 A/2

Nb

%-it)1 -iort

Eeff "* MeV/m5tftD.C
at 4.2 K

MUSL-I with 6 passes
as routinely produced
9 MeV, 5uAcw elec-

trons

Possible beam breakup
Relutive phasing of

sections
Orbitry

WSL-ll using 49 \/2
F.PL structure and 3

GeV VdG Injector
rij;,l: 60 MeV with 6
asses, 3(*tA,10tf? D.C.

Buperconducting electron limics.

Stanford

Recyclotron

1300 MHz
3-4 49V'2

Nb

Keff * 2 MeV-m lOlKD.C
Eeff = 3 M e V m lO'JD.C.

at 1.9 K

Injector: 7 MeV
First pass: 47 MeV, 500
uA lCt D.C.
24 MeV. 50 nA 1007 D.C.

Second past;: 7U MeV,
15 fM

~ Magnetothermal break-
down: surface defects
limit critical field to
100-300 Oe
Multipacturing
Jtossibfe beam breakup

Stabilization of surfaces
Study of multipactoring
irajct'lorics
Build up to 4 orbits, 225
MeV, 100 pA, 10(T?- D.C.

K:irlsruhe

HF separators for CKHN
(proton and heavy-ion
accelerators not treated

here)

2ftf>5 Mil?.
TVo 0. fi m prototypes
Two 2.74 m final models
IT/2 mode, HH cells each

Nb

Q 0 - a v io*

K f r ' 2 MeV m in prulo-
e type
"̂eff ' l*2 M e V m l t l s e c '
tione of final model al

1.H K

Scheduled for future use
on SPS a( CKHS

Occasional magneto-
thermal breakdown and
multipactoring
Ixtcalir.ed light spirts
with light intensity pro-
portional to HF power
in all but one mode

New sequence in Nb
surface treatments and
final assembly, August

1976
Final tests
Shipment to CKRN
hoped for early 1977

uOthur Important work carried out at SiemenB and Wuppertal in Germany la referred to in the text.

treatments and what is considered optimum seem to vary
from one laboratory to another. The above gradients
ha/e been exceeded in a number of cases such as the
"Muffin-Tin" structure (see rig. 5) at Cornell, but re-
liability and reproducibility on a large scale remain un-
certain.
(ii) The critical magnetic field He[ for Type-n supercon-
ductors such as Niobium which was believed to be the
level above which 'Quenching" occurs has been shown not
to be the upper limit. On the other hand, the surface de-
fects in Niobium which lead to magneto-thermal runaway
seem to have a finite probability of occurring even when
all the best polishing and thermal surface treatment tech-
niques are applied. Thus, the larger the surface, the
larger the probability of failure, and hence there is a
trend toward favoring higher frequencies (S- and perhaps
even X-band) for which the objects to be manufactured
are smaller.

(ill) Similarly, field emission and multipactoring continue
to occur, particularly at L- and S-band. Multipactoring
electrons deliver energy to the superconducting surface
and can drive it normal. They can also provide a non-
linear coupling mechanism between the accelerating field
and other cavity modes, thereby affecting beam energy.
While multipactoring can often be reduced by carefi'l RF

Fig. 5—Cornell "Muffin-Tin" slow-wave structure
made out of pressed Niobium sheet.

processing, it has a tendency to reappear at other oper-
ating levels, thereby impairing flexible operation.
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Another limiting phenomenon which may or may not be
related to multipactoring has appeared at Cornell and
Karlsruhe in the form of light emitting spots. These
could result from incandescent impurities but they are
not well understood.

(iv) Very active work continues on the search for better
materials. As pointed out in Ref. 30, if Hcj is no longer
a limit, one may benefit by going to one of the A15 com-
pounds such as ND3SH with a higher critical temperature
T c . . Such a choice, if Nb̂ Sn can be used at 4,2 K, would
result in lower refrigeration costs and possibly more
stable surfaces. Here again, a higher frequency would
be favored because the residual surface resistance which
is not temperature-dependent dominates at lower fre-
quencies and does not make it worthwhile to improve the
so-called BCS surface resistance which depends on T as
well as frequency.

As indicated in Table VII, a second pass of the beam
has been successfully attempted at Stanford and work is
proceeding to obtain up to four orbits and an energy up to
225 MeV. This program is promising but it is not
straightforward. Problems associated with beam break-
up, extraction, reinsertion, and reliability still remain
to be shown solvable on a routine basis to make such an
accelerator usable for physics research. Furthermore,
costs of superconducting structures are still very high
(numbers of the order of $40K/m are being quoted) and
further effort such as the work at Cornell will be needed
to bring these down.

Thus, to conclude, superconductivity may some day
provide an answer to our 1 GeV, 100 fiA CW accelerator,
but at 2 MeV/m it will not be a shore machine and, most
probably, it will require recireulation. In any case,
several years of steady work are still needed. Choosing
among our six proposed alternatives will depend greatly
on when the choice has to be made.

d. Injectors into Synchrotrons and Storage Rings

There are today at least five conventional electron
synchrotrons which use a linac as an injector: the Uni-
versity of Tokyo I. N. S. 1.3 GeV synchrotron with a 15
MeV linac, the Bonn 2.5 GeV synchrotron with a 20 MeV
linac, the Yerevan 6.1 GeV synchrotron with a 50 MeV
linac, the Cornell 12 GeV synchrotron with a 150 MeV
linac, and possibly the Tomsk 1.5 GeV synchrotron (in-
sufficient information). All these linacs produce only
electrons, and fairly straightforward injection techniques
are used to optimize the match between linac and synchro-
tron RF frequencies.
Similarly, a new 15 MeV
linac is presently on order
from the Radiation Dynam-
ics Corp. for injection
into the future Daresbury*
S. R. S. synchrotron light
facility and a 2.5 GeV
linac is under design for
the proposed KEK Photon
Factory in Japan. The
machines which pose a
greater challenge to the
accelerator designer are
those which must generate
electrons as well as posi-
trons for injection into e*
storage rings. Table Vin
"The NINA synchrotron at
Daresbury will be de-
commissioned shortly.

summarizes performance characteristics of the e in-
jectors presently in existence. The e" injection perfor-
mance is not given in the table because in most cases it
is much easier than for e+, or, as in the case of DESY,
it is achieved with a separate linac. Making a compari-
son between the various modes of injection is not neces-
sarily meaningful because of the differences in ring RF
frequencies, energies of e" incident on e+ targi't, focus-
ing systems, etc. Thus the absolute number of posi-
trons producible per second varies greatly from one ma-
chine to another. What is interesting, however, is to
notice that in spite of this large diversity of conditions,
the average e current per kilowatt of e" beam Incident
on the source does not vary greatly. This result is not
very surprising because all targets and e focusing sys-
tems resemble each other and no major breakthrough
has recently been made. What will be valuable in the
future Is the feature now available at SLAC up to 2.5
GeV to "top-off a given fill", namely to refill the ring
at the energy at which it is doing physics without first
dumping the remaining charge which in the past was
judged insufficient to continue to run. At energies where
this "topping-off' mode has been usable, the average op-
erating luminosity of the ring was recently doubled.
Further improvements to upgrade e+ yield and capture,
and to speed up the switching time between e+ and e"
filling are very much in demand, particularly for future
storage rings such as PEP.

e. Multi-GeV Linacs

By our definition, the only electron linac in this cat-
egory is the SLAC 3-km accelerator. Fifteen years ago,
when construction of SLAC was beginning, it was not as
unlikely as it is today that a yet higher-energy electron
linac would some day get funded and built. In the mean-
time , proton synchrotrons have proven to be more prac -
ticable and economical at higher energies, and electron
and proton storage rings now hold the promise of much
higher center-of-mass energies. There has recently
been some discussion at CERN regarding the feasibility
of multi-GeV colliding "linear" beams using collinear
superconducting linacs but, with the presently available
gradients (2-3 MeV/m), such machines would be unac-
cepLuily long and expensive. At SLAC, over the past
ten years, there have been proposals to (a) double or
quadruple the number of klystrons, thereby multiplying
the present energy by 4~2 or 2, (b) convert the present
copper accelerator sections to superconducting Niobium
structures, thereby obtaining a CW 100 GeV beam (now
very unlikely), and (c) recirculate the 20 GeV beam for

Table VIII: Performance characteristics of the present e lioac Injectors for colliding beam facilities.

Machine and
location

A DONE
Fraecatl

DESY-DORIS
Hamburg

DCI
Orsay

SLAC -SPEAR
Stanford

ALSa

Saclay

Energy of e Inci-
dent on e + target

80 MeV

320 MeV

~1 GeV

~ 6 GeV

85 MeV

e~ beam power In-
cident on target
while Injecting

<1 kW

~1 kW

<1 kW

< l k w

3kW

Target material

Copper

Tungsten

Tungsten

Tungsten-
Rhenium

Gold

Nanoamps of e +

within AE/E =1%
per kW of incident

e~ bean;

9.4

15

7.1

11.1

13.4

Energy of e at out-
put of linac

380 MeV

320 MeV

1.2 GeV (max)

2.5 GeV (max)

-500 MeV

Not an injector for storage rings, listed for comparison only.
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a second pass up to 40 GeV (Project RLA). All these pro-
posals were successively abandoned because of high cost
and/or technical difficulties. On the other hand, the proj-
ect which has not only been approved but is now under in-
stallation is SLED (for SLAC energy development). The
principle of Ibis Idea has been amply described in the lit-
erature. S3 > 3* The potential of SLED is to increase the
present SLAC energy by a factor of ~1.4 (Stage I) with the
existing 2.7 fis RF pulse length at 360 pps, and later by a
factor of ~1.8 (Stage II) through conversion to 5 ua RF
pulses at 180 pps (leaving total AC power constant). The
progression of Stage I construction and installation which
is under way at the present time is summarized in Table
DC. Its rate of completion is contingent on funding as-
sumptions outlined in column 3. Beam performance with
two sectors (out of 30) installed has already been verified

and is shown in Fig. 6. The energy contribution mea-
surements were made with a 30 ns, 5 mA beam pulse
that could be moved in time through the R F pulse. Under
actual operation, the beam pulse length will be between
200 and 300 ns and the current amplitude will be tailored
so that beam loading compensates for the energy rise In-
herent in the theoretical curve shown in Fig. 6, and
thereby yields an energy spectrum AE/E as narrow as
possible. Peak currents of up to 150 to 200 mA will be
needed. It h^abeen shown experimentally as well as
theoretically^nt values above 110mA cannot presently
be attained because of beam breakup. Thus additional
quadrupole focusing along the accelerator is being
planned. The increase In operating energy up to 32 GeV
will also require upgrading the present capability of the
beam switchyard magnets. This program is under way.

Table IX: S L E D Stage 1 (2. 7 (is HI pulses).

/Maximum no-load energv without SI.KI) : 23 CeV
I Peak klystron power : 24 MW1^

ASBUIDDtions 7 Present ni*ixitnuRi peak current \ jO niA or J0 x

Rupetitii
Duty

Cumulative
Number of
Sectors

•red to experim
m r a t e : 360 pp.s
e w i t h 230 ns puls . -s : H.2 x 10"'

ative no-load | Total EiK-rp.y
•gy Increment j With Beam l.o.idinK

1.

u l s t

1 Completion
-! Date

230 '

j i

14. 7 ':.2n l(Ji; ' Sopt. 76

54 ,' 7.8 x iO' "' ' July 77

fifi.H ji:'.7 x '.()'" Nnv. 7 7

1-17 &1.3 x in1"* . Sept. 78

- The 24 MW figure is an effective average number resulting from the present klvstron population nix :

24 -40 MW lubes
70 :SQ M W tubes

150 --20 MW tubes

1 The funds given In this column are to cover the SLED cavity Installation program, new pulsed focusing along the
accelerator to control beam breakup and beam switchyard improvements to accorann>datf the higher eier^v beams.

This number corresponds to a no-load energy increment of 0.336 GeV por sector. • -.tall.itIon jnd testing <•«" the first
two SLED sectors as of July 1976 have made it possible to confirm this nunbe- • -imenrally.

r r
( Slope due lo high-power
RF .ise bemq 50ns

(shtxfer than accelerator
filling lime in tt»i e«perime

2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7
TIME FROM BEGINNING OF KLYSTRON RF PULSE

- 1.3 =

I.I tD

a.

L 1 ,.o
2.8 2.9 3.0
(microseconds) , „ ,

Fig. 6—Energy contribution of two SLAC sectors (Nos. 16
and IT) with SLED cavities installed, as a function of
time within pulse.

Besides the SLED program, there are many other
ongoing linac developments at SLAC. Limited space
does not allow us to describe them in extensive detail
but a few can be mentioned briefly. In the past three
years, a polarized electron source based on ion-
izing polarized Lithium noms with a pulsed flash-
lamp has been developed successfully. It can deliver
peak currents of 300 pA to the switchyard with 85'J
polarization. Another source using circularly polar-
ized laser light incident on a Gallium Arsenide photo-
cathode is presently under construction. Its goal is
to produce peak currents of at least 20 mA with 50%
polarization. In another area, beam loading studies
have been carried out to measure the energy loss of
single bunches to higuer-order microwave modes. "
Instrumentation and computer control developments
have been numerous. Up to eight interlaced beams
with different currents and energies can now be gen-
erated and used with great flexibility. New beam po-
sition monitors37 have been developed which can de-
tect beam ceutroid displacements down to 10 turn at
peak currents of 100 nA. Microprocessors are begin-
ning to appear in a variety of applications such as the
klystron phasing and trigger systems. Further
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developments are on the horizon to make the Unac more
responsive to the needs of the present storage ring
SPEAK and the future ring of PEP.

Finally, it seems worthwhile mentioning the research
of Professor R. H. Pantell at Stanford University on
electron acceleration by lasers. The basic idea which
was initially tested on the Mark HI linear accelerator at
the W. W. Hansen Laboratories^ will soon be the subject
of an experiment by the same group with the 6-MeV test
accelerator at SLAC. The principle is to shoot this 6-
MeV electron beam alongside a 2 MW, XO ns laser pulse
into a chamber with 10 Torr Na gas. The laser direction
of incidence is at the Cerenkov angle with respect to the
beam so that there is cumulative acceleration cf the
electrons due to synchronism with the E-field projection
along their direction of motion. Work on this project is
in its infancy but could be very promising for certain ap-
plications.
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DISCUSSION

R. Sundelin, Cornell: Regarding the muffin tin
structure, one simple way to make it useful for
linacs is to rotate alternate sections by 90° to get
the field uniformity.

Loew: That's a good idea.
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THE PIGMI PROGRAM AT LASL*

E. A. Knapp and D. A. Swenson
University of California

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87S4S

ABSTRACT

A program aimed at the development of smaller,
less expensive arid more reliable proton linacs, for
Pion Generators for Medical Applications (PIGMI),
wi l l be described. Major innovations in this pro-
gram include: higher frequency structures (450 and
1350 MHz), higher accelerating gradients (5-8 Mv/m),
lower injection energy (few hundred kV), waveguide
manifold r f distribution, and alternating phase
focusing for the f i r s t few meters, followed by perm-
anent -magnet quadrupole focusing for the remainder
of the linac. Current status and eventual goals of
the experimental program wi l l be described.

The National Cancer Institute of the Division
of Cancer Research Resources and Centers, Department
of Health Education and Welfare is supporting a pro-
gram of accelerator development at the Los Alamos
Scientific Laboratory aimed at the extension of
linac technologies in the directions to produce the
most suitable pion generator for medical applica-
tions. The acronym PIGMI comes from the phrase Pion
Generator for Medical Irradiations. The program is
currently funded at a level of about two million
dollars for the three-year period beginning in July
1976.

I t seems to be generally agreed that a useful
dose rate for pion radiotherapy is of the order of
50 rads/min in a volume of about 1 l i t e r . The pr i -
mary proton currents required to achieve such dose
rates depends on the proton energy and on the col-
lection efficiency of the pion channel. At the
present, time, we feel that 650 MeV is the most cost
effective proton energy for producing pions for
radiotherapy. Experiments are scheduled at LAMPF,
SIN and TRIUMF to provide additional data on which
to base this decision.

Channel collection efficiencies vary from 0.020
steradian in the roost conventional channel to 1
steradian in the most advanced channel, the super-
conducting pion channel of Stanford University.1

I t seems unwise to select the primary beam current
so as to meet the desired pion production rates for
only the most advanced pion channel. There is rea-
son to believe that advanced designs of more conven-
tional channels can reach the range of C.200 stera-
dians. Assuming a collection efficiency in this
range, the required current of 650 MeV protons is in
the range of 100 yA.

From these parameters, i t is clear that such
machines fa l l in the category of meson factories,
with the possible exception of duty factor, for
which the medical application has no particular

*To be supported by the National Cancer Institute
of the U. S. Department of Health, Education and
Welfare.

requirement. Linacs are recognized as the most
potent source of mesons. LAMPF, the most intense
of the meson factories, is now running reliably at
100 yA, and wi l l be extended, in due course, to its
design intensity of 1 mA.

But proton linacs are also considered to be on
the expensive and complex side for the industrial/
medical community. Every proton linac in the world
is situated deep within a physics lab attended by a
team of specialists, a distinction not shared with
i ts lighter weight brother, the electron linac,
which has found many applications outside the phy-
sics lab.

The designers and builders of LAMPF feel that
the cost and complexity of the proton linac can be
reduced by going up in frequency (down in cavity
size and power consumption) and up in acceleration
gradient (down in accelerator length.) However,
doing so poses a number of technological problems,
the solutions of which represent the goals of the
PIGMI Program.

The proponents of the PIGMI Program have de-
fined what they feel to be an optimized design of a
pion generator suitable for a radiotherapy program
at a major medical center. Figure I shows this de-
sign to consist of a 250-kV injector, followed by a
short section of alternating phase focused linac,
50 meters of drift-tube linsc., and 95 meters of
side-coupled linac.

Figure 2 gives the major parameters for the
pion generator, and identifies the major areas
where extensions to current linac technology are
proposed.

In the drift-tube linac sections, the major
extensions to linac technology are the proposed
increase in frequency from ZOO MHz to 450 MHz, the
proposed increase in acceleration gradient from 2.4
to 5 or 6 MV/m, and the use of permanent-magnet
quadrupoles in the dr i f t tubes for radial focusing.2

The structure wi l l be stabilized with post coup-
lers,3 where somewhat less than one post coupler per
dr i f t tube should be adequate. The choice of fre-
quency coincides nicely with the availabil i ty of a
5-MW klystron power source. Three such sources
would be needed to power the drift-tube linac sec-
tions. We propose to study the merits of combining
the outputs of four such sources into an r f mani-
fold'1 to gain the abi l i ty to survive the failure of
any one klystron.

The higher frequency is in the direction to
support a higher acceleration gradient. Additional
gains in gradient holding capability wi l l be sought
through care for surface geometry, surface f in ish,
surface materials and surface cleanliness. Tech-
niques of ultra-high vacuum wi l l be employed to gain
cleanliness. The effects of baking the structure
to increase the gradient holding capabilities w i l l
be studied.
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The move to higher frequencies and higher grad-
ients compoundsdramatically the problem of practical
fabrication of the drift-tube linac structure at
lower energies (below 5 MeV.) It was known from the
very beginning of the project that some fundamental
development in accelerator focusing schemes would be
required in this low energy region in order to take
full advantage of the higher frequencies and gradi-
ents in the higher energy portions of the machine.

One of the prime contenders to satisfy the ac-
celerating and focusing requirements in the region
below 5 MeV was the concept of alternating phase fo-
cusing (APF). We began to search for suitable APF
structures in the Spring of 1975, and soon an array
of such structures was found5 which showed promise
for acceleration of protons and heavy ions at higher
frequency and from lower energies than currently
possible with magnetically focused drift-tube linacs.
In these structures, the transverse, as well as the
longitudinal, focusing forces are produced by the rf
fields. By arranging the drift-tube lengths, and
hence, the gap positions, in an appropriate way, in
a standing wave drift tube loaded structure, the
particles can be made to experience acceleration and
a succession of focusing and defocusing forces which
result in satisfactory containment of the beam, with-
out dependence on additional focusing fields.

The APF concept appears to work well enough
to allow a reduction of the injection energy to only
250 kV.6 This represents a major savings in the
cost and complexity of the injector compared to the
present practice in proton linac technology.

In the side-coupled linac section, the major
extensions to linac technology are the proposed in-
crease in frequency from 800 MHz to 1350 MHz, and
the proposeJ increase in acceleration gradient from
1.25 MV/m to 8 MV/m. The choice of frequency again
coincides nicely with the availability of 20-MW kly-
stron power source, and we propose to use an rf mani-
fold to combine the output of six such sources to
power the 22 sections of side-coupled structure.

As for the side-coupled structure itself, we
will concentrate on ways to simplify the fabrication
of a more rugged piece of hardware. We are current-
ly investigating copper-plated aluminum segments
which can be electron-beam welded together. We are
also investigating the washer and disk structure
developed by the Soviets for their meson factory.7
If, after these investigations, we return to the
LAMPF structure,8 we will investigate ways to in-
crease the cell-to-cell coupling beyond the 58
value of LAHPF to further reduce the sensitivity to
mechanical deformation and temperature imbalance.

Figure 3 summarizes the innovations in proton
linac technology suggested by the PIGMI Program.
Figure 4 is an artist's concept of a portion of the
resulting product, which, because of its size, looks
more like an electron linac than the proton linacs
we are familiar with.

Each of the proposed extensions of linac tech-
nology will be evaluated within the PIGMI Program
with a combination of theoretical studies, engine-
ering studies, prototype design, prototype fabrica-
tion and prototype evaluation.

The main pieces of hardware to be designed, fab-
ricated and evaluated under this program are:

1. A 450-MHz klystron power source.

2. A 6-cell bakeable power model of a section
of the drift-tube linac (PIGLET) to deter-
mine the limits of excitation, to serve as
a test of the engineering designs,9 and to
serve as a resonant load for the 450-MHz
power source.

3. A 1350-MHz klystron power source.

4. A short section of one or more side-ccupled
structures to determine the limits of exci-
tation, to test the engineering designs,
and to serve as a resonant load for the
1350-MHz power source.

5. An operating prototype of the f i r s t 10 MeV
of the proposed design to include a 250-kV
injection system, a buncher cavity, a sole-
noid lens, an APF section, the f i r s t few
MeV of the drift-tube linac complete with
permanent magnet quadrupoles, and beam and
accelerator diagnostic equipment.

In addition to the major engineering proto-
types, a number of other pieces of hardware wi l l be
designed and fabricated in support of subsystem
studies, namely:

1. Numerous permanent magnet quadrupole models.

2. A cavity model suitable for f ie ld d is t r i -
bution studies in a variety of APF struc-
tures.

3. Cavity models of the side-coupled struc-
tures.

4. An r f manifold model for studies of i ts
properties.

5. A diagnostic and control system to f ac i l i -
tate beam and accelerator studies based on
a minicomputer and an array of distributed
microprocessor systems.

That pretty well concludes ray description of
our new PIGMI Program at LASL. You wi l l hear more
on many of these subjects in subsequent papers at
this conference. I hope that by the time of the
next linac conference that we can report on the suc-
cessful completion of a majority of this program,
and can start taking orders for l i t t l e PIGMIs.
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Fig. 1. Primary Segments of Pion Generator for Medical Irradiations.

PION GENERATOR FOR MEDICAL IRRADIATION (P1GMI)

PROTON LINAC: Proton Energy
Average Current
Pulse Length
Repetition Rate
Total Length

650 MeV
100 uA
10 us

360 Hz
150 Meters

EXTENSIONS OF PRESENT LINAC
LINAC SECTION:

ENERGY (MeV)
FREQUENCY (MHz)
E. GRADIENT (MV/m)
QUADRUPOLES

RF DISTRIBUTION

TECHNOLOGY:
Alternating Phase

Focused Linac
.25 - 10
450

4 - 10
NONE

(PART OF OTL)

Drift Tube
Linac
10 - 150
450
4

PERMANENT
MAGNETIC
MANIFOLD

Side-Coupled
Linac
150 - 650

1350
8

ELECTRO-
MAGNETIC
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Higher Frequency:

Fig. 2. Proposed Extensions of Proton Linac Technology.

INNOVATIONS IN PROTON LINAC TECHNOLOGY

- Higher shunt impedance (efficiency).
- Smaller structure.
- More economical fabrication.
- Proven klystron power sources.

Higher Gradient:

Alternating Phase Focusing:

Lower Injection Energy:

Permanent-Magnetic Quadrupoles:

RF Manifold Power Distribution:

Distributed Microprocessor Control:

Made possible by higher frequencies.
Shorter f ac i l i t i es .

New focusing development, necessitated by the higher frequencies
and higher gradients.

Made possible by the alternating phase focusing.
Smaller injection systems.
More compact beam within accelerator.

Adaption of modem permanent-magnet technology to focusing role in
the drift-tube linac.

Allows use of fewer, higher-powered klystrons.
Locks relative phase of a l l linac sections.
Increased re l iab i l i ty by installation of one spare klystron.

Reliable, powerful, inexpensive.

Fig. 3. Summary of Innovations in Proton Linac Technology.
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BEAM DYNAMICS IN THE LOW ENERGY END OF PIGMI*

D. A. Swenson
University of California
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'Los Alamos, New Mexico 87544

ABSTRACT

The high frequency, high accelerating gradient
and low injection energy of the PIGMI design all
serve to compound the beam containment problem in
the first few meters of the structure. A suitable
solution based on alternating phase focusing will be
presented. The physical properties of the structure
and the properties of the beam within it will be de-
scribed.

, It is a primary thesis of the PIGMI Program at
LASL that by raising the frequency and accelerating
gradient of proton linac structures, a new breed of
proton linacs will emerge that are smaller, shorter,
less expensive and more reliable. For such linacs,
a smaller and less expensive injector is highly
desirable, which implies a lower injection energy.
These three changes compound dramatically the
problem of beam containment in the first few meters
of the structure: The higher frequency reduces the
volume of the drift tube where we normally place the
magnetic quadrupole lenses, the higher gradient in-
creases the need for radial focusing, and the lower
energy further reduces the effect of the focusing
magnetic fields in comparison to the defocusing ef-
fect of the rf electric fields.

It is essentially hopeless to try to solve
this radial focusing problem with static magnetic
quadrupole fields. Accelerator builders have shied
away from electrostatic quadrupole fields, and
probably for good reason. Solenoid focusing is
equally hopeless.

The basic dynamics problem in the high-
gradient low-energy end of such linacs is the magni-
tude of the defocusing component of the rf electric
fields when operated in the usual phase stable mode.
By changing the sign of the phase at which the par-
ticles cross the gaps, this powerful defocusing
component can be turned around into a powerful
radial focusing component. By alternating the phase
at which the particles cross the gap, it is possible
to alternately focus and defocus the longitudinal
and radial phase spaces in such a way as to acceler-
ate the beam and to contain it without dependence on
additional focusing fields.

This possibility, called alternating phase
focusing (APF), was recognized soon after the dis-
covery of the alternating gradient focusing. Early
investigations were restricted to symmetrical, and
later assymmetrical, biperiodic phase sequences.a

To be supported by The National Cancer Institute of
the U.S. Department of Health, Education and Wel-
fare.

aSee Reference 2 for related bibliography.

Many investigators concluded that the stable phase
areas were small and of little practical interest.
More recently, there has been a revival of interest
in this focusing principle in connection with high
gradient prospects of superconducting structures,
and the difficult focusing situations in heavy-ion
linacs. The Russians seem to have found some in-
teresting structures in the late sixties and
studies of these are in progress.

About a year ago I began looking for a suit-
able alternating phase focusing sequence. In
order to make practical judgments, it was necessary
to conceive of practical ways to realize an alter-
nating phase focusing situation. I constrained my
studies to a standing wave drift tube loaded struc-
ture where there is, on the average, one gap pergA
of length, that is, where the particles are ex-
posed to the rf fields once and only once per rf
period. These structures look very much like drift
tube loaded structures designed by committee, where
there was somewhat less than full agreement on the
lengths of the drift tubes.

Particles which cross linac-type gaps at the
peak of the accelerating voltage (4 = 0) get the
maximum acceleration possible, and little in the
way of longitudinal or transverse focusing or de-
focusing. Particles which cross linac-type gaps at
$ = -90°get no acceleration, but lots of longi-
tudinal focusing and transverse defocusing, and
particles which cross linac-type gaps of <$ = +90°
get no acceleration, but lots of transverse fo-
cusing and longitudinal defocusing. Particles
which cross gaps between these limits get varying
amounts of acceleration, and longitudinal and
transverse focusing and defocusing. By arranging
the drift tube lengths, and hence gap positions,
in an appropriate way, in a more or less conven-
tional standing wave drift tube linac, the
particles can be made to experience acceleration,
and a succession of focusing and defocusing forces
which result in satisfactory containment of the
beam in the six-dimensional phase space without de-
pendence on additional focusing fields. This means
that drift tubes can be fabricated smaller and
shorter than ever before, allowing the structure to
be extended to higher frequencies and to lower
energies than currently possible.

Upon exploring the parameter space, I quickly
found the array of phase sequences shown in Fig. 1 ,
ranging from two-gap periodicities at the top to
eight-gap periodicities at the bottom. Within each
periodicity, the sequences are arranged in order of
decreasing acceleration factor. To the right of
each sequence, t'.iere are a number of dots corres-
ponding to sui'.r:ble excitations for the sequence
ranging from 0 to 16 IW/m. The asterisks represent
the excitations that exhibit the maximum longi-
tudinal stability. The two columns on the right
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side of the figure give the normalized emittance
(Byab) of a beam whose maximum diameter is one
centimeter, and the total widths of the longitudinal
acceptance.

Two things are immediately obvious from this
array of sequences:

1. The range of suitable excitations
for a given sequence is relatively
narrow, and

2. The optimum excitation of the se-
quences decreases as periodicity
increases.

The results in Fig. 1 are based on a formu-
lation of the dynamics which did not, and could not
conveniently, include the coupling terms between
the transverse and longitudinal dynamics. Neverthe-
less, these results, which are described more sys-
tematically in Ref. 2, serve as a significant guide
into the parameter space for more sophisticated
studies.

More Sophisticated Study for. PIGWI_

The sequence that we are currently studying
for PIGMI has a periodicity of 4, starting with -72
-72 72 72 and changing gradually by .2 degrees per
gap towards $ = 0.

Specifically, the structure has a resonant
frequency of 450 MHz and an axial electric field of
6 MV/m. The injection energy is 250 keV (6 = .023).
The first 40 cells have a total length 1.057 meters,
and accelerate the beam to 1.776 MeV. The gap
phases vary gradually from + 72 degrees at the be-
ginning to ± 64 degrees at the end. Table I gives
these and other details on the sequence, where T is
the transit time factor, V is the volts across the
gap, and EL is the cell length.

The transit time factor is a strong function
of the bore radius for the very short cells. The
relationship was determined from a series of cavity
calculations using the new SUPERFfSH program, [n
the shortest cells, T = .452 for a bore radius of
4 mm, and T = .342 for a bore radius of 5 mm. In
the longer cells of this series, T - .824 for a bore
radius of 4 mm, and T = .777 for a bore radius of
5 mm. In our present studies we have taken the bore
radius to be 4 mm at 250 keV enlarging to 5.4 mm at
1.776 MeV. Figure 2 shows the geometry of the
shortest cell, the longest cell, and a composite of
the first eight cells of this sequence. The 8-cell
composite was run on SUPERFISH, resulting in a
resonant frequency of 451.46 MHz, and the electric
field pattern shown in the figure.

The general linac particle dynamics code,
PARMILA, has been modified to handle the APF struc-
ture. This formulation of the dynamics has all the
important coupling terms between the transverse and
longitudinal dynamics. The code can generate a
variety of distributions for the initial coordinates
of the particles in the 6-dimensional phase space,
and can follow these particles through the structure
while producing a variety of performance data.

The structure presented in this paper evolved
from a series of PARMILA runs where the structure
was changed slightly between runs while the effect
of each change was noted. The major judgements in
this process were based on outputs of the type
shown in Fig. 3. At the top of this figure are
the xx1 and <jw phase spaces that succeed in tra-
versing the structure. Below these phase spaces
are the x and $ profiles with one line of output
per cell. It is easy to see the periodicity of
four in both the transverse and longitudinal
focusing. Figure 4 gives some indication of the
wavelengths of the transverse and longitudinal
oscillations within the structure.

In order to make a valid analysis of the
coupling and space charge effects, it is necessary
to simulate a realistic beam simultaneously in both
the transverse and longitudinal phase spaces. This
is most easily done prior to the buncher where the
longitudinal phase space is simple (all phases, no
energy spread). This, however, necessitates the
inclusion of the buncner and the low energy trans-
port system in the description of the structure to
be analyzed.

The beam from the ion source and the bean in
the APF structure have circular symmetry. In
order to maintain circular symmetry throughout
this region, we have chosen to use a single
solenoid l°ns to focus the beam from the buncher
to the linac.

Figure 5 shows the performance of the buncher-
solenoid-APF linac combination with all the im-
portant coupling terms, but with zero beam current
(space charge). The buncher is a simple, single
cavity system with a peak voltage of 2.4 kV lo-
cated 80 cm in front of the linac. The solenoid
has a focal length of 20 cm. The percentage of
the beam captured by this system is T-62%, which
compares well with conventional linacs with
single cavity buncher systems.

No significant deterioration in performance
is noted when the beam current (space charge) is
increased to 30mA, To acconmotiate this space
charge, the optimum buncher voltage is 2.7 kV and
the optimum solenoid focal length is 19 cm.

The next stage of our studies will be to
match this structure to a permanent-magnet
quadrupole-focused structure by a gradual turn-off
of the APF effect, and a gradual turn-on of the
quadrupole focusing.
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Fig. 3. Performance of APF Linac Section.
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DISCUSSION

D. Johnson, FNAL: You alluded to the fact that you
couldn't consider coupling between the two planes.
However, it seems to me that that does decrease the
acceptance quite a bit. Can you say something
about that?

Swenson: These latter calculations did have the
proper coupling. I roiat thank. John Staples of
Berkeley for pointing out an error of a factor of 4
in the coupling coefficient, but that has been
corrected in these calculations. It's just that
this neat display of the possible sequences gets
messed up if you try to mix in coupling of the
phase spaces. If you consider those as starting
points for further investigations then these further
investigations have gone through a process of
optimization of the structures with the coupling
terms. In each possible application the importance
of the coupling terms depends on the brightness of
the ion source, the radius of the beam, the currents
thac you want, the gradients that you think you can
get and so forth.
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Fig. 5. Performance of Buncher-Solenoid-Linac
Combination.
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PROPERTIES OF HEAVY ION LINACS WITH ALTERNATING PHASE FOCUSING

H. Deitinghoff, P. Junior and H. Klein
Institut fiir Angewandte Physik

UniversitSt Frankfurt/Main, D60O0 Frankfurt/M., FRG

General aspects for the application
of alternating phase focusing are discussed.
The results demand necessary linac parame-
ters. The possibility of their accomplish-
ment by already existing or feasible linac
structures with acceleration rates of 2 - 3
MV/m will be considered.

For a heavy ion postaccelerator in
the energy range from 1 to 6 MeV/N for Br
ions typical properties of alternating pha-
se focusing like choice of phase and fre-
quency, phasedamping, energy-spread,and re-
sulting consequences are specified. Compu-
ted radial and axial acceptances are given.
For C ions normalised radial acceptances
(common area) of 2 cm mrad are achieved, for
Br26 the common area is still 0.8 cm mrad,
both corresponding to axial bunches of f A<$ j
= 5 ° in phase and |AT/T| = 1 % in energy
spread at the accelerator input. For this
example a frequency of 108 MHz and an acce-
lerating field strength of 2.5 MV/m are
chosen. Finally sensitiveness on perturba-
tions and shortage of linac sections are
also taken into account.

Introduction

Conventional linacs in operation
have accelerating fields of about 1 - 2 MV/m
and correspond to the principle of a surfri-
der. When synchronous particles are accele-
rated at a fixed phase with respect to the
rf field, stable axial as well as radial
motion can only be achieved by additional
installation of alternating gradient focu-
sing quadrupole lenses.

In a superconducting linac and some
normal conducting new structures, where
much higher acceleration rates ( 2 - 4 MV/m)
become available, one can abandon the surf-
rider principle and replace a. g. focusing
by alternating phase focusing (APF).

This method was proponed by Good1,
Mullet? and Fainberg3 in the early fifties
indeed, but an application appeared impos-
sible then, since rf technics as well as
necessary electric field strengths did not
suffice. With the development of new struc-
tures such as the \/2-helix resonator, the
reentrant cavity, spiral and splitring re-
sonators APF became quite hopeful again, a
fact which is emphasised by a series of new
publications •'".

Those resonators have some relevant
advantages: higher rf fields, modular com-
position of linac, and; consequently possi-
bility of individual tuning rf phases and
amplitudes in each cavity. In our institute
a systematic theoretical research of APF

was done quite recently"; some results con-
cerning a linac for not too heavy ions are
demonstrated in this paper.

Optical nu. iel

First we want to explain the basic
principle of this method by help of an opti-
cal model of the linac. Particle motion is
generally described by well-known equations
of motion

axially 2 = Io(Yr)-jpEocos[wt-/k(z')dz'-^ -LiJ

radially r = - ^ <Yr)3EEosinl - ] (i)

where r and z are cylindric coordinates in
laboratory frame, Io, Ii modified Bessel
functions, q specific charge of ion, Eo
field amplitude, k wave number, y radial
wave number, as angular frequency, ips syn-
chronous phase. This system of coupled equa-
tions forms the base of our computational
work, which will be shown later. For small
radial (Y^ << 2) and axial deviations (A$ =
ku << <t ) equations transform to

At)
(2)

where u is the axial coordinate, which moves
along with the "synchronous" particle

u = z - vt.

"Synchronous" should be understood such
that the field pattern is broken down by a
Fourier analysis, where the fundamental
wave component travels with increasing velo-
city along the direction o£ particles. Syn-
chronous phase and phase deviations always
refer to this wave . If we solve (2/ by
help of the "thin lens approximation" we
get lens strengths or inversal focal lengths
of our resonators

lsin*
axial

(3)

radial 2 faxial

A helix or spiral resonator with a
length 1 (see Fig. 1) acts as a thin con-
verging or diverging lens depending on the
sign of the synchronous phase <j>s.

Now the idea of APF is based upon
the possibility of phasing each resonator
Individually, such as they all may be tuned
alternatively as converging and diverging
lenses. As a consequence we come to a
scheme (Fig. 2). This well-known "thin lens
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beam
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Fig. 1 Scheme of helix and spiral resonator

I ... L

axial

-a
radial -2f.ax •ax 'ax •2tax

Fig. 2 Lens model Of APF

scheme" proves quite useful for a discus-
sion of questions such as:

1. What focal lengths of such perio-
dic lens sequences submit stable axial
(simple focal length) as well as radial
(double focal length) motions?

2. Do realistic resonator parameters
give satisfying acceptances?

The first question is answered by
Floquet's theorem1', which can very simply
be derived by use of matrix theory of par-
ticle motion. Now the characteristic expo-
nent u must be introduced, which in case
of our lens sequence has a very simple ex-
pression

1 l2
cosu = 1 - i ~ (4a)

2 f2

The stability condition - 1 < cosy < + 1
splits into two, which must be satisfied
simultaneously in our case

,2
axial - 1 < 1 - =—% < +• 1

2faxial

radia l - 1 < 1 - < + 1
1 axial

In case of stability synchrotron theory1
additionally supplies a formula for the

elliptic acceptance of our lens sequence
_~2

A - slntJ (4b)
1(2 + 1/t) •

(4a) and (4b) make evident, that stability
of motions depends only on a lens parame-
ter 1/f, which results from (3) multiplied
by resonator length 1.

*-F?ia—. (S)

The acceptance then additionally depends on
aperture radius R and resonator length 1-

Characteristic exponent together
with resulting radial and axial acceptances
as functions of the lens parameters are
shown in Fig. 3 for several symmetric lens
arrangements. Fig. 3 suggests the following
facts:

Fig. 3 Characteristic exponent and ellipti-
cal acceptance as functions of lens
parameter 1/f, N = lenses/period L.

1. Lens parameters should have an
order of magnitude 1.

2. As a consequence of different
radial and axial foci (3) maximum axial and
radial acceptances cannot be gained simul-
taneously.

3. With more lenses per period ma-
ximum acceptances shift towards smaller
lens parameters and become slightly larger
for a chosen lens parameter.

Lens parameter (5) is determined
by three relevant linac parameters namely
particle velocity v, frequency v and acce-
leration rate qE sin* . To have orders of
magnitude 1 for lens parameters proper APF
needs small velocities and large accelera-
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tion rates, i. e. low energy protons and
light ions with high charge states.

Nevertheless if we compare Fig. 3
and Table I realistic lens parameters still
turn out small. In Table I data of some
existing and designed linacs are put to-
gether with resulting lens parameters. Pro-
tons seem suitable for APF, light ions even-
tually in postaccelerators ( 1 - 6 MeV/N),
Uranium should be eliminated for a postacce-
lerator. Therefore our example of a post-
accelerator restricts us to light ions.

Computational results

Our optimization work is carried
through within this optical lens frame.
However, resulting exact computations are
based on the general equations (1), which
are solved by means of the Runge-Kutta-
method.

Besides it should be emphasized
that in our computations accelerating field
amplitudes Eo do not increase with particle
velocity in order to preserve lens periodi-
city, but remain constant throughout accele-
ration. As a consequence lens parameters
and focusing become weaker along the linac.
Moreover all sections used in linac are pre-
sumed identical. Accordingly fields should
be corrected with corresponding transittime
factors. Mean transittime factors are taken
as 1.0 for helices11*, for spirals 0.9 in
case of Br2|+ , 0.8 in case of c|£ls. For
phase acceptances "walls" are taken as — 24>
and +tfc , radial aperture radius is taken as
2 cm. s

At first let us explain our choice
of linac parameters and how we are systema-
tically forced towards a certain structure
and corresponding parameters.

For a postaccelerator normal and
superconducting helices and spiral resona-
tors are taken into account, helix data
being taken from14, spiral data from15'16.
The choice of frequencies is 54 and 108 MHz,
accelerating fields are 2.5 MV/m. For the
acceleration of Br;|+ from 1.77 to 6 MeV/N
some alternatives are:

34 A/2-helix resonators (length 33.7 cm)
at 54 MHz

44 \/2-helix resonators (length 26.5 cm)
at 108 MHz

27 spiral resonators (length 24.7 cm) at
54 MHz

32 spiral resonators (length 20.7 cm) at
108 MHz

at a synchronous phase $ of 30 °.

Evidently there is a considerable diffe-
rence in resonator lengths between helices
and spirals, as helix together with necess-
ary rf shielding must be chosen longer com-
pared to spirals due to transit time consider-
ations. Fig. 1 already showed length pro-
portions required, in our examples spiral
resonators are tied together such that 4
resonators respectively form a block and
between each block a certain distance for
vacuum and beam monitoring devices is pro-
vided. In case of superconducting helices
8 X/2-helices are stacked in a cryostat.
Fig. 4 shows a remarkable difference bet-
ween axial acceptances of a spiral and a
helix linac, a fact, which is easily under-
stood by the larger length of the helix and
corresponding smaller effective acceleration
rate (frequency is 108 MHz, synchronous
phase switches from - 10 to + 10 ~"-
four resonators respectively).

after

AT.lkeV]
— spiral

resonator
— X/2-helix

10 20 30 &«p[#]

Fig. 4 Axial acceptances of helix and spiral
postaccelerators (1.8 - 6 MeV/N,
Brf|+ , v = 108 WHZ, E = 2.5 VN/m,rf| ,

= t 1
Fig. 5 compares acceptances of a

54 MHz - to a 108 MHz - linac and distinc-
tively demonstrates a certain superiority
of the spiral at 54 MHz, as far as axial
acceptances are concerned. But still the 54
MHz helix is comparable, radial acceptances
not differing. Now for reasons of mechanical
stability 54 MHz is no appropriate frequency
for a spiral, the spiral conductor getting
too long. The 54 MHz helix though with smal-
ler stability failures must be eliminated
too for adjustment reasons". Therefore
our further discussion deals with a 108 MHz
spiral resonator linac alone.

With a 4 resonator bloc design
mentioned above, we still have a choice of
phase sequences +-+-+-+- or ++—++— or
++++ without changing the linac struc-
ture.
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a)
f AT.CkeVl

— 54 MHz
—108 MHz
— 54MHz

-40 20 30 Aq>l*3

— 108 MHz
— 54 MHz
— 54 MHz

r, (cm)

b)

Fig. 5 Axial (a) and radial (b) acceptances
of 54 MHz spiral linac ( ) ,

108 MHz spiral linac (- - ),
54 MHz helix linac (- - 1.

(linac data s. Fig. 4; $s = - 30 )

Corresponding computational results
in Fig. 6 indicate, that axial acceptances
remain nearly constant while radial accep-
tances increase (in linear approximation
this was already shown in Fig. 3 for small
lens parameters).

A. ATtkeVl
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\ \
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Fig. 6 Axial (a) and radial (b) acceptances
with different lens sequences (data
as in Fig. 4)

a)

— ?10# 6.0MeV/N
— T30T 6.0MeV/N

T22* 6.0MeV/N
6.6MeV/N
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f ]

r,I106cm)!secJ

b)
Fig. 7 Axial (a) and radial (b) acceptances

as functions of synchronous phase
<data as in Fig. 4)



A further interesting possibility
is the choice of the synchronous phase it-
self. Fig. 7 demonstrates that at a given
final energy radial as well as axial accep-
tances remain nearly unchanged, when a smal-
ler synchronous phase angle is taken.This re-
duces investments, or if we hold on the num-
ber of sections for the sake of getting a
higher energy, acceptances again decrease.
Thus a relative weakness of this focusing
method shows up since acceptances still de-
pend on accelerator length.

Synchronous phase must not necessa-
rily gsclllate symmetrically 5 between say
+ 10 and - 10 ; examples of nonsymmetric

— •8°-12°
*12°- 8°

— •IS0- 5°

— -15° -5*
— *XF-V
— •8°-12°

-2

b)

Fig. 8 Axial (a) and radial (b) acceptances
as functions of nonsymmetric synchro-
nous phase (data as in Fig. 4)

sequences are discussed in Fig. 8 giving
opportunity of favouring one component of
motion against the other. While axial accep-
tances remain quite untouched a distinct in-
crease of radial acceptance is evident,
thus focusing seems to improve by this step.
But this improvement turns out small, when
common sectional areas of radial acceptan-
ces for input particles with phase and ener-
gy deviations are considered.

As a summary of calculations axial
and radial acceptances for the following
ions C°+, S\5+, B1-23+, a n d Br2|+ a r e shown
in Figsf 9 TE. =2:5 MV/m, f =ylO8 MHz, se-
quence ++++—-- of spiral resonators), With
input data phage deviations!A*| = 5 re-
spectively 10 and energy spreads jiE|/E
= 1 % resp. 2 % common sectional areas of
normalized radial acceptances are summa-
rized in Table II. Calculations yield a
small decrease of phase deviation and ener-
gy spread in the linac output.

Since tandem accelerators deliver
emittances of about 0.2 - 0.4 cm rnrad APF
may represent a possibility of focusing
such a postaccelerator, provided the beam
is properly matched axially as well as ra-
dially and adjustment errors of the linac
are kept small.

We still have to look at the effects
of disturbances in an alternating phase
focused linac such as the influence of low-
er electric fields or even of shortage of
sections.

While a linac focused by quadrupoles
still guides the beam, even when a shortage
of all sections happens, APF naturally is
much more sensitive.

If we tolerate that acceptances de-
crease by say 10 % a shortage of not more
than 4 sections is permitted, provided short-
age sections are not neighbours. To inaccu-
racies of phase adjustment, acceleration re-
mains quite insensitive as Figs. 7 and 8
demonstrated. The influence of a lowered
electric field strength E indicates Fig.
10. Tolerance is about 20 % but at the same
time this figure makes clear how higher
acceleration rates increase acceptances.
Fig. 10 demonstrates effects of larger E
but these can be interpreted for increasing
q as well, which is consistent with results
of Fig. 9.

Considerations teach us that accep-
tances decrease, when certain final ener-
gies respectively final velocities are sur-
passed. This is easily understood by the de-
creasing lens parameter. Therefore at a gi-
ven final energy, APF linacs should be built
as short as possible.
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Fig 9a)Axial acceptances for different ions
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9 Common sectional aroas for radial ac-
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AT.lkeV]
120] IMV/mllMeWNl

IMV/ml

r, Icml

b)

Fig. IO Jixial (a) and radial (b) acceptan-
ces as function of field strength
(Initial energy 1.8 MeV/N, Br26+
v = 108 MHz, 4 = ± 10 °, variable
final energy af constant section
number and final energy 6.0 MeV/N
at reduced section number)

Conclusions

The results indicate, that APF turns
out as an alternative to conventional focus-
ing for some applications. In this connec-
tion we present finally a comparison of an
a. p. to a corresponding quadrupole focus-
ed spiral resonator linac. Normalized ra-
dial acceptances for synchronous particles
turn out in case of Br||+ as

1.2 era mrad for APF
3 cm mrad for N = 1 singlet focusing

(3.6 - 5.4 kG/cm, R = 1.5 cm)
0.6 cm mrad for doublet focusing

( 2 - 3 kG/cm, R = 1.5 cm)
with one doublet per 3 spirals

Singlets still admit a certain stock in
acceptances necessary for a clean heavy
ion machine, while at APF tolerances might
become too small.
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BEAM OPTICS IN THE CERN NEW 50 MeV LINAC

D.J. Warner and M. Weiss

CERN, Geneva, Switzerland

A comprehensive treatment of the beam optics,
including bunching, matching, and acceleration, is
presented for the new 50 MeV Linac. It is based on
a combined use of analytical approaches and computa-
tions, firstly using optimization techniques with
linearized forces and then numerical beam simulation
with non-linearities included. The matching between
different parts of the accelerator and the choice of
operating conditions are shown to be important in
both transverse and longitudinal pha -lane:., es-
pecially if a wide range of beam in' .-..• 1 ti-,., (up to
150 mA) is specified. For the description of the
global beam characteristics r.m.s. values of phase-
space coordinates are used.

Introduction

In another paper presented at this conference,
the design of the Linac structure has been treated
with emphasis on a procedure (use of computational
tools) which leads to mechanical dimensions1. This
paper, in contrast, deals solely with the dynamics
of the problem which not only supports the structure
design but also determines the operating conditions,
particularly the matching parameteis, and gives us
information on the expected performance.

Applying first an analytical approach we obtain
general results and trends, limited by the simpli-
fications in the model (especially for space charge)
but nevertheless showing the fundamental relations
between parameters. Most of the formulae (and here
we include stability diagrams) have been in general
use for some years2 and can be more easily applied
since Lhe advent of inexpensive computers.

With the linear treatment applied in optimiza-
tion computer programs, the stress has been on the
"machine aspects" of the problem, such as the deter-
mination of optimum operating parameters for given
beam conditions. Thus we have optimized focusing
structures (including 'weak1 longitudinal focusing)
to obtain matching conditions, quadrupole settings,
and bunching voltages, subject to the condition that
all restoring forces, including space charge, can be
linearized.

In the non-linear treatment, applied finally,
the stress is on the beam itself; thus the beam
simulation checks the validity of the machine set-
tings obtained via the linear treatment and also
reveals the effects which were previously not con-
sidered. These include the non-linear RF potential
well, non-uniform space-charge distributions, and
other effects which can lead to emittr.nce increase.

Given the three approaches, analytical, linear
and non-linear simulation, the design will be con-
ditioned by the guide-lines which we take in order
to meet the output team specifications. The fol-
lowing sections deal with these guide-lines in more
detail as they generally apply to both the main sys-
tems under consideration here, namely the bunching
(at 0.75 MeV) and acceleration from 0.75 MeV to 50 MeV.

General Design Principles

We take it as axiomatic that the beam should
be matched to the accelerator and remain matched in
the course of acceleration. Arguments on beam sta-
bility, aperture limitations, and performance of
subsequent accelerators, which are valid for low
currents, assume much greater significance at higher
currents when coupling between phase planes, en-
hanced by mismatches, can give rise to appreciable
emittance increase.

Matching in Six Dimensions. This imp! ies that:
we treat each of the phase planes (x,x'), Cy,y')
and (z,z; or .'•.&•,AW) in identical ways, and as in
shown later this leads to some difficulties in the
longitudinal plane. Matching into acceptance el-
lipses is desired for all planes. Note that a mis-
match in one plane automatically gives rise to a
mismatch in another phase plane when space charge
is present (even in the linear treatment). We ex-
pect coupling between phase planes to be significant
if the emittances differ by a large factor.

Emittance Ellipses. The approximation of ellip-
tical emittance boundaries is acceptable in the
transverse planes, where nearly elliptical forms
coming from ion sources can be further trimmed by
acceptance limitations to approach ideal shapes in
the accelerator. Longitudinally the argument is
more tenuous, as a continuous beam has to be formed
into discrete bunches, which can approximate to el-
lipses only with a complicated bunching system. The
accelerator itself has an asymmetric acceptance in
the longitudinal plane ("fish" or "golf club" shapes
have been calculated).

The emittance ellipses are defined by r.m.s.
values of beam coordinates in a phase plane and the
linear analysis concentrates on their evolution,
or, alternatively, on the evolution of the derived
(CLS) parameters <;i, B, and y:

(1)

with

E = j~x2 x'? - (xx')'"l " .

The emittance ellipse,

E * yx2 + 2axx' + Bx' (2)

where E is the marginal emittance, is deduced from
ErraS and belongs to an "equivalent beam", which
is of uniform density distribution and used in all
linear computations. FF. = 4Erms, 5Erms for unbundled
and bunched beams, respectively, and analogously
for marginal values of coordinates, for example,
x =- 2(x2) P, /5(x2") £.] The fact' that an equivalent
beam can be representative of a real beam having the
same r.m.s. values is shown in Sacherer3,



Linear Forces. In the linear treatment the
self forces (spa':e charge) are assumed to have their
"spring force constant" dependent only on beam en-
velopes in the three phase planes and this can be
shown to apply with surprisingly good accuracy even
for distributions which are not uniform provided
they are of ellipsoidal type3.

Linac Focusing. The advantages of the + -
focusing in the Linac are well known and lead to
the matched beam having an approximately circular
cross section in the gap, with its average envelope:

C26_AEl '"
gap gap

In order to control rav we have to aijust V, the
phase advance per focucing period. Thus u is an im-
portant design parameter which will be treated later
in more detail.

Choice of Synchronous Phase, <j)s

The synchronous phase at injection into the
Linac is the important parameter which determines
the intensities which can be accelerated, by de-
fining the longitudinal acceptance (£$, AW plane).
In contrast to the transverse phase planes, where
the quadrupole focusing can be adjusted to cope with
the space-charge effect, in the longitudinal plane
we have to set the acceptance a priori and ensure
that we have a sufficient margin for all desired
currents.

Beam Current. The importance of the parameters
involved can be seen in the following formula1*:

T
msx " 2ravE,BrciT coa «„|tan opt max

(4)

with oopt the optimum value of the space charge
parameter (~ 0.45) being obtained by maximizing the
product O A V . Note that Â niax " l$sl and hence ap-
proximately Imax a I C's i3, so that <fcs is much more
significant than the accelerating rate (ET cos <>s)
in determining the limiting current. This formula
is generally pessimistic as it treats the non-
acceleration case.

Limitations on It would appear from the
above that one could accelerate high intensities
merely by increasing <fs, but limits are found if we
insist on matching properly in the A<Js, AW plane.
The linearized formula for the energy spread matched
to fit is

AW = A"* I-
'mv'eET sin

(1 - a)\ (5)

which means that

AW « 14 |V2 (1 -

(without space charge)

(with space charge)

This A^ can quickly go beyond the possibilities of
present bunching systems and, in addition, the ex-
cessive bunching voltages require short distances
between buncher and Linac which poses space problems
for the housing of the transverse matching quadrupoles.

Law of Variation for $s- The larger than nor-
mal value for |$g| required at the Linac input to
accept the specified beam intensities does not need
to be maintained throughout the accelerator and is
undesirable from dynamical as well as RF economy
standpoints. If \t>s\ decreases (below 10 MeV, for
example) the phase damping is less and hence the
matched AW is smaller; this reduces the longitu-
dinal mismatch inevitably occurring between Linac
tanks. The procedure for finding an acceptable law
of variation of 0s involves treating several cases
with both linearized and multiparticle programs
(described in detail in another paper1).

Choice of u

We have tended to choose u as large as possible,
consistent with the limiting quadrupole magnet gra-
dients , the f$s, and the maximum specified current
at Linac input. With higher u the working point on
the transverse stability diagram (with space charge
included) is more central with respect to the limits
at M = 0, JJ = 180°. In addition, the resulting
small beam diameter avoids non-linear regions, both
in RF accelerating gaps and in quadrupoles, and
makes corrections of the focusing, due tc space
charge, relatively less as shown in the following:
from the smooth envelope equation

kl
rav

0 (6)

(K = average focusing, k = space-charge proportiona-
lity factor) we get for a matched envelope r^v * 0.
If I » I), then

(7)
av .vRj

When I j* 0 there are two approaches:

a) Keep ic constant and let r increase.

b) Keep rav constant by increasing K (quadrupole
gradient, C " K).

In case (a) for a small envelope increase Ar:

(8)

Similarly for case (b) the increase in quadrupole
gradient is given approximately by

(9)

In our design we have found it advantageous to main-
tain V constant throughout the Linac (as well as for
varying currents), which has an additional advantage
of keeping constant mean beam radius when comparing
different cases and assessing the amount of mis-
match or emittance increase.

Choice of Beam Space-Charge Parameters

The Linac specification demands correct opera-
tion over a wide range of currents up to 150 mA.
In previous sections, the difficulties arising from
high current operations have been emphasized, but
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other intensities have to be checked to make sure
that over the whole range of currents we have proper
acceptance and acceleration. He can show that (es-
pecially for a fixed y) a significant space-charge
parameter is the ratio current to transverse emit-
tance, I/Et« In the linear approach the beam bunch
is represented by a uniformly filled ellipsoid; the
space-charge force constants are

K - I ("i - f (M]1 , K „ I f fM] ,set r2A<t> |_ L r JJ * sc£ r?i4> I r ) *
(10)

with f (Atf>/r) being a form factor. Keeping A$i n con-
stant (= |$s|) for all currents, the force constants
depend, apart from the form factor, on the ratio
1/r2, or, which is equivalent, on I/E.

In our analysis we have chosen a value of trans-
verse emittance corresponding to a nominal 100 mA
accelerated current. Keeping this emittance con-
stant when analysing the dynamics for different cur-
rents increases the space-charge difficulties at
higher currents (-> 150 mA) and poses more problems
for bunching (matched AW increases) for lower cur-
rents. In this way we have investigated a larger
effective operating range than if we had kept I/Et
constant.

Description of Beam Optics
Between 0.75 MeV and 50 MeV

Matching Conditions at Linac Input

The matching parameters, a and S (defined in a
previous section), are required in the three phase
planes at the input to the Linac before one can
finalize the design of the bunching and matching
system at 0.75 MeV.

Transverse Acceptance and Matching. The beam
radial excursions are limited by the drift tube
apertures, defining a transverse acceptance which we
calculate for an equivalent beam having the same form
factor aj the real input beam. With beam and machine
parameters currently obtainable, this acceptance At
is much greater than E (80TT mm mrad is our target
value) as shown in Fig. la; At is given as a func-
tion of current, with u as fixed parameter. If we
specify u and E, then the average beam size in the
Linac follows directly [Eq. (3)j. The parameters of
practical importance, a and 6 at the assumed input
plane of the Linac, depend also on the current and
are output from the linearized programs.

Longitudinal Acceptance and Matching Parameters.
The role of "aperture" in the longitudinal sense is
taken by the phase extent of the separatrix, which
in the non-linear zero space-charge case is approxi-
mately 3Ji£si and can be identified with a maximum
phase excursion 2Arf>. For the highest currents to be
accelerated in our Linac there is a reduction in ac-
ceptance and we therefore take fifa = | d>s! for the de-
finition of the linearized longitudinal acceptance
Aft. In contrast to the transverse case we fill up
this longitudinal acceptance (A)?, • Â >A"w) with our
equivalent beam. As A<J> is constant, the other
matching parameter ^W, given in Fig* lb as a function
of current (p as a constant parameter), is also pro-
portional to A£. It follows from the essentially
weak nature of the longitudinal focusing -nnd our
choice of input plane that the matched endttance el-
lipse is nearly in principal axes (jx% * 0) for all
currents.

s
ti
mo

Bunching and 0.75 MeV Beam Transport

Prior to being injected into the Linac, the
beam undergoes a bunching process which forms the
longitudinal beam emittance. The choice of bunchers^
their disposition, and settings have been determined
by the optimization of the low-energy beam trans -
port and matching to the Linac in six dimensions*'.

Bunching System. The bunching system is com-
posed of a double buncher with cavities operating
on the fundamental and the second harmonic of the
RF, respectively, and a single buncher on the funda-
mental frequency, close to the Linac input. The
double buncher (DDHB) is a reasonable solution for
filling the longitudinal emittance efficiently and
uniformly, se.e Fig. 2a; the distance between the
two cavity gaps and the ratio between their res-
pective voltages have been optimized to this end
(d1? = 150 mm, V2T2/VlTl ~ 0.4). The single bun-
cher, B3, helps to achieve a correct longitudinal
matching over the whole current range; it changes
the shape of the emittance, hardly affecting its
size. Also it helps to reject the non-trapped par-
icles quickly by giving them excessive energy
lodulation as in Fig. 2b. Bunching efficiency as
lomputed by beam simulation7 is always between 757
and 80% of particles in our specified longitudinal
acceptance ellipse.

Bunched Beam Transport. In Fig. 3 the beam
dynamics in the bunching region is schematically
presented with a typical set of parameter values.
The six quadrupoles ensure the transverse matching
with additional constraints of limited beam dia-
meters in the buncher gaps.

Acceleration from 0.75 MeV to 50 MeV

The procedure for obtaining the machine para-
meters which are important for the longitudinal dy-
namics , for example i-s, dW/dZ, a1:., cell lengths,
has been dealt witli in some detail for the structure
design1, and in Fig. 4 we present graphs of some of
these dynamics parameters.

Aspects of Beam Dynamics above 0.75 MeV. The
beam optics in the acceleration process is initially
analysed by linear optimization programs , vnich
compute matching parameters and quadrupole gradients
for the useful range of values of ;: and of beam
current. The results are checked with multiparticle
programs9. To simulate the beam in the linear
treatment we use an equivalent beam (uniform den-
sity in an ellipsoid) having transverse emittance
constant for all currents (80" mm mrad) and a longi-
tudinal emittance as required by the proper longi-
tudinal matching with A»J> = 35°. For the multi-
particle beam we assign coordinates statistically
to a large number (about 600) of particles, so that
there is a more realistic phase-space distribution
but with (statistically) identical matching para-
meters to the linear caseB. In both linear and non-
linear cases the beam is injected a few degrees
away from 4*s so that there are minimum phase oscil-
lations of the beam centroid (the axial particles
are not the "average" particles of a finite radius
beam, nor is the potential well symmetric in the
general case).

Typical results for beam envelopes obtained for
high currents and \i ~ 19 are given in Figs. 5 and 6
for linear and multiparticle treatments, respectively.



When there is no emittance growth the envelope re-
sults can be summarized as follows: for u = 39°
(constant throughout Linac and for all currents) the
"wiggle" factor defined by w(W) = 0.5 (rmax - rminVrav
has typical values:

for I = 0 mA:

for I = 150 mA:

w(0.75) = 0.20, 'w(50) = 0.17

w(0.75) = 0.29, w(50) = 0.20

Neglecting the envelope oscillations, the longitudi-
nal phase dampings can be expressed as

,<*(B ) •* <TX ,
r r

where x depends on current and takes values 0.73
and 0.60, respectively, for 1 = 0 and 150 mA
(N.B. /?Z " R r -

X ) .

Discontinuities and Mismatches, The Linac is a
quasi-periodic structure and its non-periodicity is
further increased by discontinuities unavoidably
present in the practical Linac design. All discon-
tinuities cause mismatches, which can start in any
of the phase planes but usually manifest themselves
in the others as well via the coupling processes.

Transverse discontinuities are due to

a) abrupt changes in quadrupole dimensions (the
quadrupoles are in five batches, four of which are
in the first tank);

b) several quadrupoles connected to the same
power supply;

c) inter-tank spaces.

In general, the effect of all these discontinuities
can be kept under control by a suitable (computed)
setting of quadrupole gradients.

The longitudinal discontinuities arise from

a) drift tube apetfture changes causing jumps in
T (and dU*/dZ in Tank I, where one cannot change the
electric field correspondingly);

b) inter-tank space.

In practice, the effects of longitudinal dis-
continuities cannot be annulled by adjustments of
operating levels and have therefore to be kept in
reasonable limits by a proper accelerator design.
All discontinuities mentioned so far have been in-
cluded in the computations presented in Figs, 5 and 6.
The only visible effects are the oscillations of the
longitudinal beam envelope caused by inter-tank
spacings (which are at their minima of 150 and 200 mm,
respectively). Mismatches also occur if the matching
requirements at the Linac input are not satisfied.
All matching parameters are applied as computed by
the linear program with the exception of the longi-
tudinal amplitude function, 3£i which is increased
by - 7% when used in multiparticle test runs; this
increase (empirically determined) is due to the ac-
tual non-uniform longitudinal potential well into
which the beam bunch is placed asymmetrically.

An example of a mismatched beam is given in
Fig. 7, where at Linac input an error of 25% in (3X
has been introduced.

Summarized Results of Beam Simulation. Multi-
particle beam simulation has been done for the com-
plete Linac with emphasis on the settings of a, £,
and AW dictated by the linear programs and for
M = 39°. Except for longitudinal oscillations the
motion was essentially matched in all cases given
in Table 1 (as in Fig. 6). Note that with our
strong focusing the transverse emittance shows
negligible growth (̂  20Z), whereas the longitudinal
emittance tends approximately to the same value for
all currents in spite of rather different values at
input. Modulation of :% generally increases with
current, although for a favourable phase of the en-
velope function at the inter-tank the amplitude can
be reduced.

Runs of the mul tipartide program9 have been
made also with the more realistic distribution
coming from the bunching simulation program7. After
the particles outside the longitudinal acceptance
('tails1) have been lost (below '-•• 5 MeV) the beam
behaviout is not significantly different from that
of the idealized beam.

Table 1

Dynamics Results Summary

I

(mA)

0

50

100

150

100

150

V

(•>)

39

39

39

39

25

25

Trans.
Emit.
Inc.

1.1

1.0

1.1

1.1

1.3

1.1

Long.
Emit.
Inc.

1.0

1.3

l.A

2.3

1.3

1.6

Long.
Err.it.
at

50 MeV

(MeV°)

1.7

1.8

1.7

1.9

1.6

1.7

Modn.

on ft

m
2

6

8

18

13

U

Performance of the Linac

In this paper we have summarized the treat-
ment of the beam optics from the bunching at 750 keV
to the Linac output at 50 MeV. Beam simulation has
confirmed the validity of our approach in choosing
and setting machine parameters; how relevant are
the figures quoted in Table 1 and concerning the
Linac beam?

In the computations we have neglected some
perturbing effects, including:

1. Geometrical errors (alignment errors, errors
in electric and magnetic fields due to shape
errors.

2. Adjustment errors (maladjustment of some para-
meters, variations in power supplies).

3. Statistical errors (fluctuations in the ion
source beam during a pulse and from pulse to
pulse).

These effects could measurably increase the
beam emittances at 50 MeV. However, comparing
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Table 1 with Che specifications of the new Linac
we see that:

a) there is a safety factor of two in the trans-
verse emittance, even for the maximum current,
of 150 ,.TA (Et = 12n mm tnrad as compared to
specified S 25u mm mrad for I = 100 mA);

b) the energy spread is "* 150 keV at Linac output,
i.e. before debunching, the longitudinal emit-
tance being 0.15 MeV * 13° (the specification
asks for an energy spread of £ 150 keV, after
debunching, at booster input).

With the above, we consider that there is a
sufficient safety margin to meet the specifications
without major difficulties.
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STATUS OF ACCELERATOR DEVELOPMENT AT FERMILAB

Curtis W. Owen
Fermi National Accelerator Laboratory*

Batavia, IL 60510

The Fermilab accelerator is comprised of four
major systems: the high-energy beam-extraction and
switching system, the main accelerator (main ring),
the booster, and the linear accelerator. The Fermi-
lab accelerator produces accelerated beam for a vig-
orous international high-energy physics program.
The basic design features and operation for high-
energy physics have been described a number of times

in the past. In this report, for the most part.
only those features that are particularly signifi-
cant in increasing the usefulness of the accelerator
as a tool for high-energy physics will be discussed
in any detail.

Briefly, the current status of the major sys-
tems is as follows: The extraction system3 has been
very successful in extracting high energy beam from
the main ring with losses of about 1%. The extrac-
tion system poses a restriction on beam intensity
ultimately because of residual radioactivity pro-
blems (primarily at beam splitting stations) even
with the very high efficiency the system achieves.
Routinely, the extraction losses can limit the beam
intensity because of stability problems in the main
ring which can arise from a large number of sources
(not limited to the main ring). There are two basic
extraction modes, a fast mode and a slow one. The
fast mode can be used to extract the beam in one
turn (20[JS) or several turns. The slow mode can
accomplish a uniform extraction of beam over a per-
iod of at least two seconds.

Usually, the beam is extracted using a combi-
nation of the two modes with the fractions deter-
mined by the high-energy physics program. It is
likely that the minimum duration possible with the
slow mode can be shortened to about one-half milli-
second from the present one millisecond.

The main ring has accelerated protons to 500
GeV, although the usual operating energy is 400 GeV.
Reaching 500 GeV required extensive development of
the computer program that controls the operation of
the magnet power supplies and of the reliability of
the power supplies themselves. This reliability has
been developed to the point where operation at 400
GeV is as reliable as operation at the original de-
sign energy of 200 GeV.

The main ring has reached intensities as high
as 2.0 x 10 1 3 protons/pulse and operates typically
in the range of 1.5 - 2.0 x 10 1 3. The factor by
which the accelerator has failed to achieve its de-
sign intensity is equal to the factor by which it
has exceeded its design energy.

Losses In the main ring are usually of the
order of 15-30% at high Intensities and are associ-
ated with problems at injection, at the start of
acceleration, and, most prominently at high Inten-
sity, at transition energy. Injection to the main

^Operated by Universities Research Assoc, Inc.,
Under Contract with the United States Energy
Research and Development Administration.

ring is complicated by the fact that 13 booster
pulses are required to fill the main ring. The
booster beam is injected synchronously into station-
ary rf buckets in the main ring (84 buckets per bo-
oster pulse). The fact that small injection errors
- either longitudinal or transverse - not only re-
sult In losses in the main ring but also can have
striking effects on the efficiency of extraction and
the structure of the extracted beam places unusually
high demands on the stability required of the main
ring and booster, and even the linac.

The main-ring losses at the start of accelera-
tion are usually small and are continually being re-
duced by improvements being made to the main-ring
magnet power-supply system and the rf program. The
losses at transition are much more serious and much
more difficult to deal with. These losses are now a
principal subject of Investigation in the main rint;,
early problems with nonlinear remanent fields having
been ameliorated. The problems at 2 x 10 1' protons/
pulse are primarily those associated with the nec-
essary manipulations of the main-ring rf under high
beam-loading conditions. It is unknown at what in-
tensity space-charge problems at transition will be-
come dominant or even to what extent they would con-
tribute at present intensities if there wero no
beam-loading problems.

The booster suffers from the unenviable posi-
tion of having to take what the 1 Inac is able to de-
liver and to furnish beam to an extremely deman'inp
main ring. In addition, the booster suffers from
all the problems one would expect in ;i rapid-cycling
synchrotron - vacuum problems, rf problems, and, not
the least, measurement and diagnostic prub1ems.
Considerable progress has been made in dealing with
the booster's difficulties. The vacuum and rf pro-
blems are largely under cuntrol. Substantial im-
provements have been In the 200-MeV injection and
beam-transport line, including hardware and control
improvements, as well as the addition of a debuncher
and a change in the style of injection from a multi-
turn-injection mode to a much more efficient hiRh-
current single-turn mode.

The addition of a fast vertical beam damper
sometime this Fall is expected to result In an imme-
diate modest improvement in booster performance. It
will ease the difficulties of studying the causes of
very small horizontal acceptance, which appears to
be the main reason for beam loss in the booster.
The combined size effects of emittance, synchrotron
motion, and average radial-position variations are
not compatible with the observed horizontal accep-
tance during the early part of the acceleration
cycle. The main thrust of the development effort on
the booster hap been to understand the causes of
this small acceptance.

It must not be inferred that massive increases
in horizontal acceptance in the booster would solve
all the problems In the accelerator because the hori-
zontal acceptance of the main ring, appropriatelv
scaled, is not a great deal larger than that of the
booster, but it should be possible to increase the



booster efficiency appreciably with only a small at-
tendant effect in the main ring. At present, the
booster can accelerate as much as 2.6 x 10 1 3 protons/
13 pulses with an efficiency of just under 50%. The
efficiency increases steadily, but not dramatically,
as the intensity is lowered.

In addition to programs designed to increase
the acceptance of the booster and 200-MeV transport
line, there is a major effort being made to improve
the quality of the beam injected into the booster.
The first step in that effort was the addition of a
debuncher. Although the main reason for the instal-
lation of the debuncher was to decrease the momentum
npread of the beam (which is adiabatically captured
in the booster), thus reducing the very severe de-
mands made on the booster rf system, that is by no
means the only benefit of the debuncher. Most sig-
nificantly, the debuncher automatically stabilizes
the mean momentum of the beam injected to the boost-
er and makes it possible to operate the linac at
much higher intensities than would be possible
otherwise and still deliver an acceptable beam to
the booster. There is sufficient rf power avail-
able to accelerate 80 to 100 mA of protons in the
Fermilab 200-MeV linac (depending on the state of
health of the rf power amplifiers). Anything in ex-
cess of that current must necessarily be accelerated
at the expense of stored energy in the linac accel-
erating cavities. Obviously* arbitrarily long beam
pulses cannot be accelerated under such conditions,
but, since the booster requires only a 3 ;is beam
pulae for single-turn injection, it has been possi-
ble to accelerate as much as 270 mA in the linac
without experiencing increased losses in the linac,
without more than a slow monotonic increase in trans-
verse emittance, and with a variation in mean momen-
tum during the entire pulse (almost 5 ".:s long because
of slow electronics at the ion source) of less than
."0.1%. That momentum variation would be completely
intolerable for the booster without the debuncher,
but it vanishes to first order with the debuncher.
Improvement in the ion-source electronics will re-
sult in a more nearly square beam pulse of minimum
nncessary width and a consequent improvement in mean
momentum variation during the pulse.

It is necessary to use artificially produced
error signal;* to control the rf power amplifiers
during and shortly before the beam pulse in order to
use the avilable rf power because conventional feed-
back systems would be too slow (the delays inherent
in the entire rf system are too long). The pulse
width, tim-'2, and amplitude of the artificial error
signal necessary for minimum momentum variation dur-
ing the pulse are easily determined empircially.
(This is a flexibility enjoyed by multi-cavity
linacs that compensates in part for some of the dif-
ficulties they suffer.) The principal disadvantages
of this mode of operation are that the dynamic range
is rather small - more than a small change in current
necessitates a readjustment of the error signal -
and that considerable care must be taken to ensure
that the artificial error signal vanishes when the
beam vanishes, for example when the Cocfccroft-Walton
injector sparks. With a computer-controlled system
such as that for the Fermilab linac," it is possible
to preset different sets of parameters appropriate
for different currents so manual readjustments of
rhe error signal need not be done when the current
is changed, although we hAve not yet taken advantage
of that possibility.

In our present high-current mode of operation,
the linac current is limited by the current avail-
able from the injector. Improvements are in pro-
gress.

Another approach to high booster current is
also being pursued - that of negative-ion injection.
By passing the negative ions through a thin-foil
stripper on a temporarily perturbed orbit in such a
way that the resulting proton has the correct posi-
tion and angle to that orbit, it is possible to con-
tinue to inject negative Ions, strip them, and add
them to the circulating proton beam. At the end of
the injected beam pulse, the orbit perturbation is
removed and the circulating beam Is moved away from
the stripper foil into its normal orbit for accele-
ration. The stripper foil must be thick enough to
strip the Ions effectively and thin enough not to
cause excessive multiple scattering and emittance
growth. (The energy loss in any foil of interest is
trivial.) In order to achieve Injected charge equi-
valent to that now possible with one turn and 250 mA,
assuming approximately the same emittance and momen-
tum spread for the negative-ion beam and for a pro-
ton beam, it will be necessary to inject a 25-mA
negative ion beam for ten turns or 10 mA for 25
turns. The negative-ion Injection project is being
done in such a way that it will serve as an alterna-
tive mode of injection rather than as a replacement
for the existing one.

It appears from tests now being conducted on
two negative-ion sources that negative~ion currents
of 30 mA at 200 MeV will be realistically achievable.
Although that Is a modest current, several advantages
accrue to handling modest currents, not the least of
which is an enormous reduction of beam loading In
the linac. Spao.—charge induced increases in momen-
tum spread and emittance will also be reduced. The
emittance to be expected is not known with any cer-
tainty. Measurements made at Novosibirsk and at
Brookhaven National Laboratory on similar sources
indicate very small emittances. We are assuming
that the emittance at 200 MeV will be similar to
that attainable with the same current of protons.
If that assumption proves to be valid, or conserva-
tive, we easily should be able to match the present
booster performance with much less severe demands on
the linac. It :ts impossible to predict the Increase
in current in the booster, but it seems reasonable
to expect that a fairly substantial increase is not
unlikely.

Although not related to high-energy physics,
there are two other applications of the linac system.
One is an experiment in proton radiography, which
will use a very low intensity 200-MeV proton beam
scattered from a target inserted between the 40°
spectrometer magnet and the beam dump In the 200-MeV
diagnostic area. Aside from the minor inconven-
iences associated with the installation of the tar-
get and beam line, we anticipate no conflicts with
the high-energy physics program, only an occasional,
brief loss of the use of the momentum-analysis
equipment while radiography is being carried out.
The experiment should be operational in October.

The other use made of the linac beam is the
production of neutrons for radiotherapy. For this
application, a Cancer Therapy Facility has been
built. Because during normal high-energy physics
operation, the linac produces beam for only 13 pulse
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at a rate of 15 Hz and then Is not again required to
furnish beam for the booster until the start of the
next main-ring cycle - from a few seconds to about
15 seconds depending on the main—ring energy and the
length of time spent at Che maximum field for slow
extraction - it is possible to produce linac beam
during that unused time for other purposes.

Because of the energy spectrum of the neutrons
produced, 66-MeV protons on beryllium were chosen for
the neutron source. The 66-MeV proton beam is ex-
tracted near the center of the linac after being ac-
celerated through Che first three cavities and
drifted through the fourth. The beam strikes the
target in a shielded enclosure in the basement of
the linac building where patient treatment takes
place. Patient irradiation time is approximately 4
minutes when the linac is operating near maximum
peak intensity, because the neutron production effi-
ciency is low although the neutron spectrum is
throught to be a desirable one. At low linac peak
intensities, it is possible to operate at higher
average proton current and thus reduce irradiation
time, but low peak-current operation is rarely com-
patible with high-energy physics operation. It
•would be extTemely difficult to set up a situation
in which one current and one pulse width would be
used for high-energy physics and another set of con-
ditions used for radiotherapy because massive re-
tuning of a large number of devices, including some
which are very slow, would be necessary twice per
main-ring cycle. The retiming would have to be
accomplished in a time of less than one second in
order for there to be a profit in the exercise.
Patient treatment started on September 7, 1976.

This paper has concentrated on a review of im-
provements to the present Femilab accelerator. In
addition, superconducting magnets are being con-
structed and tested for the Energy Saver/Doubler,
which will be installed in the main ring beneath the
present magnets and will accelerate beam to 1000
GeV. In the longer range, we are studying colliding-
beam cuvices, accumulators, and antiproton cooling
rings. At least some of these devices will be built
to extend the range of physics studies possible at
Fermilab.
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DISCUSSION

E.F. Parker, ANL: What is the Ap/p of the radio-
graphy beam?

L.C. Teng, FKAL: We can eollimate down the beam
coming out of the analyzing magnet to get any
desired Ap/p on the diffraction scattering target.
The momentum spread in t-l.e scattered beam will
depend in addition on the diffraction scattering
kinematics and further collimation in the beam down-
stream of the target.

G. Pome, CEKW: What Is the method used at FEKMILAB
to raise the rf voltage smoothly in the booster?
Is it antiphasing of the rf cavities?

Teng: Yes, we found that with the antiphasing mode
of rf voltage turn-on we get a slightly better
capture efficiency than the staircase turn-on. But
we are now antiphasing all the rf cavities in twc
groups. We are modifying the system to antiphase
between pairs of cavities.
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USE OF BEAM EMITTANCE MEASUREMENTS IN MATCHING PROBLEMS

J. Guyard*and M. Weiss

CERN, Geneva, Switzerland

The CERN new 50 MeV linac should operate with a

computer-aided beam matching in which the transverse

criteria are based on measured r.ra.s. values of beam

co-ordinates in phase space.

The collected data, however, need to undergo an

intermediate treatment before significant results

can be obtained and then used in computations. Some

examples from the experimental study programme are

given and the role of automated beam emittance mea-

surements in matching problems discussed.

Introduction

The matching of a beam to a linear accelerator
is a problem to be treated in the six-dimensional
phase space. The usual simplification of this pro-
fa l.em consists in decomposing the phase space into
individual phase planes, which are then treated in-
dependently. Such a procedure is rigorously justified
if the external and beam self forces arc linear; it
is still approximately valid if non-linear space-
charge distributions, but of ellipsoidal type, are
present and if one concentrates only on the analysis
of r.m.s. beam coordinates in phase planes *.

The matching conditions to the linac are defined

for each phase plane and the quality of matching can

be expressed in an identical way for the tx-ansverse

and longitudinal beam dynamics. There is naverthe less

a difference between transverse and longitudinal

phase planes; for the former the beam emittance can

be measured, whilst for the latter only the bunch

longitudinal density distribution is usually checked.

In compensation, the evolution of the longitudinal

beam emittance in the linac is smoother, i.e. the

wiggles of the longitudinal envelope around the mean

one ate small.

In this pap<r we concentrate on the problem of
the transverse matching: assuming that the linac
matching conditions are precisely known (which in
fact is not the case), we analyse the usefulness of
the measured beam parameters (which are affected by
inevitable measurement errors) in view of a pre-
computed matching. This analysis comes chronolo-
gically after some emittance measurements were
carried out at 500 keV on our experimental set-up in
the area of the 3 MeV linac model. The aim of these
measurements has been to assess the validity of beam
transport calculations by comparing them to the expe-
rimental results. Several difficulties have been
encountered and their study was felt necessary before
the start of measurements on the 750 keV beam trans-
port system of the new CERN linac.

Results of measurements at 500 keV

The experimental study programme at 500 keV

*) CERN Fellow, Universite Nancy 1, Nancy, France.

' carried out in late 1974 and early 1975 dealt with
various topics. In this paper we concentrate only
on experiments treating the comparison between mea-
surements and calculations.

The experimental set-up is shown schematically

in Fig. 1. The emittance was measured at AP2 and

AP3 in the classical way: the beam was sampled by a

slit, AP2 or AP3 respectively (both of variable

width) and the analysis of angles was made by a col-

lector containing 48 nickel strips of 7 urn depth,

deposited on a pyrex plate; the pitch was 0.5 mm.

The slit API was used to limit the beam if needed.

The measurement was automated and the results dis-

played in graphic and numeric forms (Fig. 2). The

graphs were used to judge the amount of distortions

or presence of "non-protons" in the beam and the nu-

merical values (indicating the first and second mo-

menta of the distribution) were compared to those

obtained by calculations.

The problem was in principle simple: measure

the emitcances at AP2, use results to transfer the

beam by computations to AP3, compare calculations

with measurements at AT3. The computations are based

on r.m.c'. values of beam coordinates in phase planes

and assume an ellipsoidal density distribution in

the beam. During the measurements, the beam inten-

sity was maintained at rather low values in order to

minimize the distortion of emittance ellipses.

In spite of the above precautions, a reasonable

agreement between measurements and computations was

found only after a careful check, of possible mea-

surement errors had been effected. In our case, the

slit width was a major obstacle and in Fig. 3 we re-

present its influence on the size of the measured

emittance. Only the introduction of the "significant

emittance" (emittance obtained by extrapolating the

slit width to zero) into the formulae permitted a

relatively accurate determination of beam parameters

a and 8 (see Tables 1 and 2 ) .

The question which now logically arises is the
following: how accurately do we in fact need to know
the matching parameters a and B in order to achieve
a proper matching and what precision can be expected
from emittance measurements ?

Matching Criterion

In this chapter we derive a matching criterion
for the beam entering the linear accelerator; this
criterion will help us to assess the accuracy needel
in the determination of a, 0 and y. The linac match-
ing parameters are calculated for an "equivalent
beam", which has the same intensity and r.m.s. phase
space coordinates as the actual beam, but is of a
uniform density distribution in real space 2 . A beam
is perfectly matched to a periodic structure if there
are no betatron oscillations of its smooth envelope.
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A convenient matching criterion is therefore estab-
lished in connection with the amount of residual
oscillations of the mean beam envelope.

Suppose one has measured a beam and obtained

yx2 + 2 axx' + Bx'2 - E

and that an ideal, matched beam of the same emit-
tance is

y.x2 + 2 ix.y.x' + B.x'2 » E

(the meaning of the symbols is the usual one).

The ideal emittance is transformed into a cir-
cle n2 + n'2 • E via the transformation

/1//5T

while the "real" ellipse, with the same transforma-
tion, remains an ellipse:

n2(YBi - 2 aa. + — «.5

B

G, A, B are dimensionless parameters. It is conven-
ient to define a mismatch factor by

2

M
R - I ,

R being the major axis of the real emittance ellipse
and Ri the radius o£ the ideal emittance circle (see
Fig. 4 ) . The relative residual betatron oscillations
are derived from M by

In eigenvector coordinates (*;,£') the ellipse is
in principal axes and has the equation

and becomes a function of the quantity A only. Both
M and A are dimensionless. The function H = f(.'.) is
presented on Fig. 5. For a perfect match, A and M
are zero; the mismatch increases very rapidly with
A. For example, if one wishes to have no more than
10% of smooth envelope oscillations in the Linac,
A must be < 0.05. In fact, & is the important quan-
tity on which the matching depends and rather than
expressing it through A, B and G, we shall define
it by the measured and ideal matching parameter;,
a, B, Y and u^, $£, vi respectively. After some
algebraic operations, A can be brought in the most
convenient form:

where it depends only on differences (u - ii),
(B - B|) and (y - a), of which it is a quadratic
function. In spite of the minus sign in the formula,
it can be shown that A is always positive and be-
comes zero only for J = .*£, ;'-: *= £f, y = Y£.

The situation becomes complicated when the de-
termination of u, j3 and ,- is affected with errors
and we actually measure V = i + £ * , ;-' - ft + *..-
and Y ' == y + 6y, In order to match the beam, we will
in such a case try to annul the expression:

,. . <,. - , . . > 2 - (.., -?.)(,< - V . ) ,

but in fact will be left with an error

*:. - .':;-SY - <•* 0'" ,

or written as the usual upper limit

SA 4 »5K5r i + (5-0" -

This last expression gives in some cases very un-
realistic results due to the Eact that only two of
the three parameters are independent.

If we wish to keep &.\ < 0.05, which is a rather
severe requirement, we must know more about measure-
ment errors and therefore we shall analyse them in
some detail in the next section.

with A],;., as eigenvalues of its quadratic form. As
\j>.2 = 1, the major ellipse axis is given by

R2 • j (B + G + /<B+G)2 - 4)

and the mismatch factor becomes:

- 4) .

The expression for M can be written also as

M • -i (B + G - /(B+G-2)2 • 4(B+G-2))

and by calling B + G - 2 <• A, the mismatch factor is
brought into tne final form

Analyses of the eroittance measurement

This analysis is carried out in two steps:
first the systematic errors are studied and the
importance of various factors assessed; then a si-
mulation of the emittance measurement is done in
order to get some numerical results.

Systematic measurement errors

These errors arise either from the imperfec-
tions of the measuring device, slit and collector,
or from the action of space charge. The analysis
presented here is to a certain extent inspired

3 4

SLIT: the finite slit width influences the beam
charge distribution falling on the collector. A
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"point" source Po in the slit (corresponding to
"zero" slit width) produces on the collector a dis-
tribution

f(x') = A(l - ~ ) -a<cx' < +a

x' - y - y0 (see Fig. 6).

If the s l i t lias a finite width 2d, we get on
the same spot of the collector also distributions
coming from other points in the s l i t satisfying the
relations

f(x',x) =

It is assumed that the amplitude A stays the same

for all emitting points in the slit. All the poincs

in the slit give finally the collected distribution

(see Fig. 6) obtained by integration

£.<*'> =

with

f(x,x')dx if X£ < xs

if x.-

xs = MIN[d, (x'+a)]

xi = MAX[-d, (x'-a)] .

The following conclusions can be drawn:

a) the collected distribution (normalized) has a

smaller amplitude than the real one:

f (0) - Ad - S_) ;
m 3a2

the difference becomes negligible if d « a/T;

b) the extension of the collected distribution is in-

creased and goes from -(d+a) to +(d+a); this re-

quires to keep d << a. The conditions are more

difficult to fulfil with slim, inclined emittances

having small angular cross sections.

COLLECTOR: the distribution falling on the col-

lector is sampled by a certain number of wires (see

Fig. 7a). Hence, instead of determining the true

second momentum

fx'2Hx')ix'
,,12 - _i

Ji(x')dx'
we in fact measure

xl+h
i(x')dx"

x!+h
/ 1 i (x ')dx'

To get an idea about the errors involved, we
have represented on Fig. 7b errors coming from a
discrete sampling of a parabola. When the number of
sampling points drops below ten, the error increases

rapidly; the size of the wire has a relatively small
influence, hence i t can be chosen so as to obtain
good detectable signals.

SPACE CHARGE: the distribution falling on the
collector is influenced by the action of space
charge between the s l i t and the collector. This in-
fluence Is minimized if the distance s l i t -col lector
is chosen as

V
where k = e/mCQ\>̂  and Io the average density in the
beam. At 750 keV, a current of 300 mA, having a dia-
meter of 30 mm would require

Dopt 0.65 m.

Simulation of emittance measurement

The analysis of measurement errors so far has
been treated in one dimension. The measurement of
the emittance is however a two-dimensional problem
and the two dimensions have to be studied together.
A suitable method is to simulate numerically an emit-
tance measurement and determine in this way the se-
ccnd momenta of a distribution (for simplicity the
f i rs t momenta are taken to be zero). From these
values we can then deduce the matching parameters:

XX

I

*t2 -

To simplify the simulation, we neglect the

effect of the slit width and the space charge and

concentrate on the very important sampling errors.

If there is only a limited number of sampling points,

the "measured" r.m.s. values can differ considerably

from the true ones.

We have chosen for the sampling a mesh of size
1 mm x I mrad and we sample the beam at the nodes of
the mesh. The density distribution in the beam is
assumed to be a two-dimensional parabola (in the
phase plane), which is a sufficiently realistic
assumption to provide usable results and has the ad-
vantage of not extending to infinity as the gaussian
does.

In Fig. 8 we show emittance shapes which have

tetn studied._Due to the symmetry of the problem,

t • error in x2 for emittance Q corresponds to the

e *r in x'2 in emittance (3) and vice versa. In

Table 3 the results of computations for some typical

emittances are summarized in form of algebraic errors

obtained by comparing sampled r.m.s. values to the

"true", analytically determined ones. The emittance

areas studied are supposed to be on the lower and

upper limit or those expected in the new 750 keV

beam transport.

The errors and in consequence the mismatch vary

with the shape and size of the emittance. Best
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results are obtained for bigger (more sampling
points) and round emittances, other shapes being
essentially equivalent (a certain spread is due to
the statistical character of the sampling).

From the simulation calculations we have de-

rived a practical, approximate rule for judging the

feasibility of achieving a good matching via emit-

tance measurements. Considering the ellipse of

Fig. 9, we count the sampling points along the indi-

cated segments PQ and RS and choose the segment with

less samples. If N is the number of these samples,

we have approximately:

N<5 : measurement errors big, the corresponding <$£

greater than 0.1; measurement not good

enough for proper matching.

5$.i^l0i error in SA of the order of 0.1 to 0.01.

N >10 : errors negligible, 6A < 0.01.

Cone 1us ion

An analysis concerning the precision of emit-

tance measurements has been carried out as a con-

sequence of problems encountered in our beam studies

at 500 keV. Systematic measurement errors have been

reviewed and the importance of a proper sampling

recognized. Sampling errors have been evaluated for

some typical emittance shapes and sizes, by using a

"sampling mesh" with a resolution similar to that

of our emittance measuring device.

In our study, the real beam has always been

idealized (no aberrations, ellipsoidal density dis-

tribution), as has been the emittance measurement

(apart from sampling, no other errors). The results

quoted have therefore to be taken with these restric-

tions and considered only as guiding indications.

However, before treating a real beam (measurements

at 750 keV are in course) it was felt that the

matching problems concerning an ideal beam had to be

solved.
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Tab.Lt; 1 : Emittances and a,8 parameters extrapolated from measured values.

Series

A

B

I

mA

20

10

hi
(rms)

mm mrad

1.6

2 . 9

(rms)
mm mrad

1.8

3 . 1

AP2

Horizontal
6
mm
mrd

18.9

4 . 7

- a

14.9

4 . 3

Vertical

nnn
mrd

14.2

4 . 1

- a

12.1

4 . 0

AP3

Horizontal

mm
mrd

41.7

11.0

- a

24.1

7 .2

Vertical
B

mm
iird

34.6

U . 3

22. 4

8 . 5

Table 2 :

Parameters obtained by
beam transport computation.

AP3

Horizonta l
S

mm
1 mrd
H42.O

11.6

- a

26

8

1

Vertical
s.
'mm

mrd

— u

33.3 | 2L.9

10.6 7 .6

Tab1e 3 i Examples of computed errors and mismatch
factors for some typical emittances.

Phase area/rc
mm mrad

6E /E [Z\rms rms J

<5s/e [z]

6a/d [%]

«Y/Y p ]

64

M

Shape and

30

15.6

-26.2

18.9

20.8

0.055

0.263

L

60

-1.3

2 . 0

-2.6

-2.1

<10"3

0.021

area Df the

2

30

-7.6

10.8
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Fig. 2 : Display of a measured emittance
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THE CONTROL SYSTEM OF THE CERN HEW LINAC

A. Cheretakis, J. Knott, P. Mead, A. van der Schueren and U. Tallgren

CERN, Geneva, Switzerland

When in operation the New Linac will be the

source of protons for the whole PS - SPS - ISR com-

plex. This places a high responsibility on the Linac

to keep going. For this reason two computers are

used for the Linac control system, interfaced to the

process over CAMAC, configured in such a way that

each computer has direct access to the CAMAC system.

Therefore, should the main computer go down, the

front end computer continues with the basic facili-

ties available at its consoles. Should the front

end computer go down, the main computer takes over

the functions of the front end computer.

The control system is designed in such a way as
to minimize the knowledge of programming and compu-
ters required by the normal users of the system. The
consoles use touch panels for parameter, program and
option selections and are interfaced over parallel
CAMAC to the computers, whereas the process itself
is interfaced over bit serial CAMAC. In the case
of the ion source, the CAMAC Serial Highway crosses
the 750 kV with the help o£ optical data links.

Introduction

At the end of 1973 approval was given to the

proposal to rebuild the CERN 50 MeV PS Linac 1» 2.

The ideas in the field of accelerator control have

changed considerably over the last twenty years since

the beginning of the construction of our first Linac.

Obviously, the new control system should be designed

around a computer and furthermore, under ir.f'uence

from the general trend at CERN and other laboratories,

we decided to use CAMAC for the interface equipment.

Serial ~AMAC entered a decisive phase at the time our

project started, and it seemed a reasonable risk to

try it out on our project in view of the many new

features it offered, such as freedom in the distance

between computer and CAMAC crate, simple interface

for galvanic separation between CAMAC crates, cheaper

transmission cable for the branch.

The following figures should give an idea of the
scope of our project :

The New Linac should be able to produce a 50 MeV
proton beam pulse of about 150 mA, 200 us wide,
every 500 ms.

- There are approximately 400 control parameters,

of which 200 might need to be changed on a pulse

to pulse basis.

- There are 1300 data words which could be acquired
from the process.

- There are 1600 status acquisition bits that might

be read.

There are about 500 status command bits (on-off
commands).

Computer back-up scheme

At present, the old Linac is available around

992 of scheduled time. After the usual period of

initial problems, we must strive to reach similar

figures for the New Linac. Since we rely on a compu-

ter to keep the New Linac going we have for reliabi-

lity reasons used two computers .in back-up scheme,

a DEC PDP 11/45 known as the main computer (MAC) and

a DEC ['DP 11/40 which is the front end computer (FEC).

The FEC contains all the necessary software to drive

the Linac independently of the MAC, The FEC is syn-

chronized to the main Linac timing and carries out

certain well-defined operations. The FEC is transpa-

rent to an applications programmer. All requests to

interact with the Linac process are handled by this

computer.

The MAC, however, operates asynchronously with

th~ Linac timing and is the application programmer's

machine. This computer will do all beam transport

calculations and emittance measurements or whatever

the user cares to work on. Therefore, should the

main computer go down, the front end computer conti-

nues with the basic control facilities allowed at its

console, the so-caLled Midiconsole, Should the front

end computer go down, the main computer takes over the

functions of the front end computer which then takes

priority over other MAC activities. Obviously, this

causes a slow-down of service to other MAC users.

The Computer CAMAC Layout

Each computer has an SAIP ICP-UB CAMAC inter-
face unit which allows both computers to use CAMAC.
The CAMAC branches from each computer are mixed
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together in a branch mixer unit which allows either
computer to use CAMAC crates on the common branch.
(Fig, 1) One of the crates on the common CAMAC
branch contains a special CAMAC module which is

interfaced to a 64 kwd block of core memory . T'uis
memory contains all the specifications of all the
parameters known to the Data Base management program,
and is known as Che Data Bank. As both the Data Bank
and the CAMAC crates which are linked to the process
are on the CAMAC branch common to both computers,
then it can be clearly seen that if one computer
goes down the other still has access to the Data
Bank and the process, and vice versa.

Process Requests

Requests to the Linac process may come from

either the MAC computer or from within the FEC it-

self. The principal source of requests from each

computer is as follows :

MAC (11/45)

Application programs (emittance and energy

spread measurements, beam transport calcul-

ations, etc.)

- Requests from the outside: world which have
arrived via the data communication system.

FEC (11/40)

- Midiconsoles (two in the control room, one
mobile in the equipment gallery)

- Closed-loop control programs
- Watch-dog and supervisory programs

- Other programs which must be in the FEC

Requests to interact with the Linac process
thus arise from a multi user, two computer system,
and are all transferred to the FEC to be processed.

Pulse Requests

The New Linac will be required to produce three
types of beam which will be sent to one of six des-
tinations, and any of these conditions may be spe-
cified in a user request. These pulse types and
beam destinations occur at different times in the
Linac super cycle. Therefore, a means of synchro-
nising tuese requests with the process and return-
ing relevant information to the requestors in
either computer is required.

The type and destination of a given beam pulse
are specified by the main. PS timing to which, in
fact, the Linac is a slave. The work of setting up
the necessary conditions in the Linac hardware to
produce a given pulse type and to steer it to a
given destination is carried out by the front end
computer (FEC). After a given beam pulse has
occurred, the FEC changes the necessary parameters
in preparation for the next beam pulse and desti-
nation, regardless of whether or not there are user
requests to the process.

Interface Equipment

CAMAC

The layout of the New Linac CAMAC system is

shown on Fig. 2. Parallel CAMAC is used for inter-

facing the control desk and for lodging the drivers

of the two serial highways. One highway crosses,

with the help of two optical data links, the 750 kV

of the preinjector for controlling a CAMAC crate on

the ion source electronic platform . The second

highway, having a length of 162m including return

path, links ten CAMAC crates in four clusters, dis-

tributed so as to minimize interface to equipment

cable lengths. Both highways operate at a bit rate

of 2.3 Mbits/sec in the serial bit mode. This mode

offers the simplest solution for providing galvanic

isolation between crates, e.g., the 750 kV interface.

Byte serial CAMAC offers at first sight an order of

magnitude of improvement in speed over pure bit serial

CAMAC. However, one should reniember that eacli serial

crate controller can introduce a delay of 1.5 clock

pulses, to which should be added a delay of one clock

pulse in the V-pnrt adapter. (The latter provides,

by biphase modulation, a transformer compatible si-

gnal to the serial highway and provides also bypass

and loop collapse facilities.) These delays are not

so important in a bit serial system but degrades the

advantages to be gained from the byte serial scheme,

particularly in a loop with many crates .

Use of NIM Crates for Analogue Equipment

The Linac is basically a single shot machine

where most of the phenomena occur in a few hundred

microseconds. Analogue memories, i.e., sample and

holds, must therefore extensively be used before

multiplexing the information to an A/D converter.

All this equipment is fairly voluminous. The space

in a CAMAC crate is fairly expensive due to the

complicated highway and we therefore felt, like many

others, the need of another level of equipment between

the CAMAC and the process. The NIM crate offers the

advantage of a well-known standard and competition

between many makers. By putting the high density

digital equipment in CAMAC and most of the voluminous

analogue equipment in NIM crates, we feel that we

have arrived at a more economical solution with the

advantage also of a more robust interface towards

our clients. As a result we use a total of 19 CAMAC

crates and 52 NIM crates.

The Main Console

The shape of the main console has, with small

modifications, been copied from the CERN SPS
9

design . Each half of the console (Fig. 3) contains,
with minor exceptions, the same equipment for reasons
of back-up and access. The two outer bays of each
half, console, the so-called Midiconsole and the
Analogue Console, are interfaced to the front end.
computer, whereas the thrt:e central bays, the Maxi-
console, are interfaced to the main computer. Credit

card readers are used for operator identification

and the SPS touch panel
11

for selection purposes.
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The Midiconsole

Parameters can be selected with the touch panel

and sequentially "hooked" to four computerized knobs.

To each of the four knobs corresponds a vertical

field on a colour TV monitor. In such a field

appears the label of the "button" on the touch panel

when the parameter is "hooked" to a knob, as well as

infcarnation read from the description of the para-

meter in the Data Bank, such as mnemonic name, status

and reference values for acquisition and command.

Also, on each pulse, appears the actual acquisition

and command values in engineering units of the selec-

ted parameters. The Midiconsole permits an operator

without previous computer experience, after a minimum

of training, to select parameters and adjust these

in a very similar manner to the old classical "one

parameter - one knob" control system.

The Analogue ConsoLe
12

The Analogue Console consists of two 10 MHz

double beam scopes and a touch panel for parameter

selection. Commands for connection or disconnection

of a parameter to one of the four analogue buses go

over CAMAC.

The Maxiconsole

The Maxiconsole permits selection of measure-

ment programs and options within programs with uhe

help of touch panels. Individual or sets of para-

meters can be controlled by computerized knobs and

ad hoc programs can be created using an interpreter

language at a video terminal on the Maxiconsole.

A Tektronic 611 storage scope is used for graphical

output.

Control System Software
13

The Data Base

The control system software has been designed
in such a way as to minimize the knowledge of compu-
ters, system software and hardware interfaces re-
quired by a normal user of the system, who is pri-
marily concerned with the performance of the Linac
itself. This has been accomplished by aggregating
all of the information about the hardware and its
CAMAC interfaces into a Data Base. Each piece of
physical equipment is given a Name, which is a
mnemonic of the position and function of the equip-
ment, and is entered into the Data Base together
with all the relevant specifications of that equip-
ment. This includes information on the type and
address of the CAMAC modules used for control and
acquisition of the equipment, the maximum and mini-
mun allowed values, reference values and control
protection masks. 40 such specifications are requi-
red to describe a parameter fully. Once this inform-
ation has been entered into the Data Base, however,
the user need only concern himself with the Name
given to that parameter. Moreover, the Data Base

Management program will allow the user to group, at
random, any number of Names into a Named Set. For
example, he may group all of the quadrupoles in Tank
1 into a Set which he calls, say, T1QUAD. Any action
he carries out using this Name will be interpreted
by the control system software as actions on the
components making up that Set,

The Data Base is maintained as a file on disk,

but this is not the operational Data Base. The

throughput possible with a disk-based Data Base in

the Linac cycle time of 500 msec is not very great;

therefore a core-based Data Base is used, interfaced

to the common CAMAC branch, and therefore quickly

accessible by either computer using DMA (Direct

Memory Access) transfers. The disk-based Data Base

is copied into the core block before the start of

the machine run.

V.< User Interface to the Linac Process

The two computers used both run under the DEC

operating system RSX11-M. This operating system

uses a standard software interface to interact with

any peripheral equipment, such as disks and line

printers, which is called a QIO directive. This

directive is used to queue up a request for input

or output to a special piece of software, a Device

Handler, which services the given peripheral. This

philosophy has been adopted as the interface to the

Linac process. A special Device Handler has been

made, called the Nam? Handler, which carries out the

desired action, s-_.ch as control or acquisition, on

a list of Data Base Names.

Ths user interface is therefore very well de-

fined; the user issues a QIO directive to the Same

Handler giving the addresses of a list of Names and

a list of data together with a function code indi-

cating the action to be carried out. He need not

know the details about the Names, the control sys-

tem software or the hardware interfaces; he just

issues the QIO request and waits for the action to

be performed.

The Processing of a User Request

The Name Handler receives the user issued QIO

request, examines and verifies each Name in the

user Name list, converting each Name to a pointer

which is the record number of the Name in the Data

Base. A message is then sent to the FEC computer

consisting of the Data Base record numbers and data

values corresponding to the user request. The FEC

receives this request and inserts it into a queue

for the specified Linac pulse or destination type.

It is the job of a program in the FEC, called
the Central Request Processor, CREP, to treat requests
entered into the request queues. It does this by
treating each variable making up a request. It uses
the Dati Base record number to read in all the speci-
fications of that parameter from the Data Base core
block into computer memory. Using these specifica-
tions CREP builds up commands, called CAMAC cells,
suited for the particular CAMAC module that is the
interface to the equipment. In so doing, it performs
certain checks on the internal consistency of that
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Data Base record, and on the permissibility of the

desired user action* The CAMAC cells produced by

this processing are put into a queue to be sent out

to CAMAC when the requested pulse or destination

type next occurs* The Data Base record is then

written back into the Data Base core Block. This

procedure is followed for every component of the

user request*

Whe.P the given beam pulse or destination type

timing occurs the CAMAC cells queued up for it are

sent out to the real CAMAC modules. This is done at

high speed taking 30 us and 100 us for CAMAC cells

for the parallel and serial highways respectively.

CREP then checks that each CAMAC module responded

as expected, noting any faults, and sends a reply

message back to the MAC computer. This message

is received by the Name Handler which then notifies

the user about the status of his QIO request and

passes any acquired data into his buffer. The user

program then continues.

The total load (T) on the computer system

produced by a user program QIO request containing

n Names lias been measured and may be expressed as

T - 2.4 + 2n msec

This load is redui-^d if Sets are used as the

Name Handler need only verify the Set Name, instead

of a list of Names.

The Present Situation (August 1J76)

Both computers are installed and running with
the CAMAC Branch Mixer on the parallel branch. The
two serial highways have been completed sr.d tested.
All CAMAC modules and corresponding analogue equip*
ment for the Low Energy Beam Transport, LEBT, have
been installed and tested as veil as the Main Console
and most parts of a Maxiconsole.

A good demonstration of the ease of using the

Midiconsole were the first adjustments of the ion

source by the preinjector technicians. A series

of emittince measurements have been performed at

750 keV using the facilities of the Midiconsole and

the Maxiconsole. These measurements were i good

test of how easily an application program can address

the system software wit'., only a list of parameter

names and data buffers.

The serial CAMAC has fulfilled all our requi-

rements, and we are convinced that it was the right

choice for our application*
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A MICROPROCESSOR-BASED PREACCELERATOR CONTROL SYSTEM

S. W. Goodwin, R. F. Kocanda and M. F Shea
Fermi National Accelerator Laboratory*

Batavia, IL 60510

A mods, lar microprocessor system is used to
control the Fermilab high voltage test far'.iity.
Operationally, the a>3ic>in has been ,».•• turned after
typical Fermilab acce.1 •••tor control systems. The
operator can select j ••̂ es • * analog parameters and
digital statue tn jc Jjoriliyri on zn alphanumeric
screen; annlrp .ssrfu.g* or settings may be displayed
either ir en^'^cf Ing units or in volts; devices are
selecLen fjr ..r./olf or analog control by cursor
pusiti'u; «a incremental shaft-encoder knob adjusts
the value of analog parameters and digital time de-
lays. Settings of parameters can also be entered
from a 16-key keyboard and transmitted to the device.
Two microprocessor systems are used—one in the high
voltage equipment dome and one at ground potential.
Communication between the processors is via two
serial, digital, fiber optic light links.

Introduction

The Fermilab high voltage test facility is In
the original Linac laboratory building located about
3 miles from the accelerator. This facility is main-
tained to support the ion source and column develop-
ment program. Because o£ its location, this system
could not be conveniently integrated into the Linac
control system, so other alternatives were consider-
ed to fulfill the control requirements Including a
scaled down Xerox Sigma II system, minicomputers and
microprocessor systems. Any solution short of in-
stalling a nearly duplicate Linac control system re-
quirtd a new software package. An analysis of the
system parameters indicated that a microprocessor
could provide all the necessary control, monitoring
and display functions. We chose to implement the
control of this facility with a mlcrcprocessor-based
system.

The Hardware

General Description

The control system for the preaccelerator in-
cludes functions to be performed both at the ground-
based beam transport line and operator's console,
and in the high-voltage terminal where the ion-
source electronics are located. At each location
all the standard control system functions are needed:
analog input and output, digital sensing and control,
and generation of variable delay timing pulses.

The system is implemented as shown in Fig. 1
with two integrated mlcroprocessor-I/O systems con-
nected together by three fiber optic light links - a
timing link, -";nd a data link from the ground station
to the high voltage dome, and a return data link
from the dome to the ground station. The dome sys-
tem controls and monitors the source electronics;
the ground station controls and monitors the bean
transport line and the operator's console. Each
station Includes a 12-bit. 16-cbanael A/D converter,
'Operated by Universities Research Association Inc.
under contract with the Energy Research and
Development Administration.

several 12-bit D/A converters, digital delay timers
and binary I/O cards.

GROUND STATION
MICROPROCESSOR

SVSTEM

H.V TERMINAL
MICROPROCESSOR

SYSTEM

Block diagram of the microprocessor-based
control system

Fig. 1

The preacceleraror control racks are shown in
Fig. 2. The system is operated through the small
box on the console that contains several dedicated
buttons and switches, a 16-key keyboard for data
entry and a shaft encoder knob for adjusting analog
and timing parameters. Figure 3 is a photograph of
this control box. Data are displayed for the oper-
ator on an 8-line by 32 character Burroughs1 Self
Scan panel.

The Microprocessor System

The microprocessor system itself has been de-
scribed elsewhere, so only a short description is
included here for completeness. This system built
around the M6300 CPU is designed as a bus-oriented
card file that accepts up to sixteen 4 1/2 in. x
6 1/2 in. printed circuit cards on one-half inch
centers. An operational system contains a CPU card,
a controller, enough memory cards to contain the
program for the application, and an assortment of
both analog and digital I/O cards to interface with
the external equipment. These cards are accessed
by the CPU as though they are memory locations so
that a single instruction transfers data to and from
registers on the I/O card. The cards are designed
to uniformly interface with the printed card-file
backplane that carries the address, data and control
signals between individual cards and the CPU. Sig-
nals to external equipment are accessed by ribbon
cable connectors on the front of the cards. The
card-file and its associated power supplies are
mounted in a chassis that has interface connectors
on the back panel and a front panel that allows in-
spection of memory and loading memory locations
manually. The two microprocessor chassis are iden-
tical, and each is connected to an "expansion
chassis" that provides space for future expansion
of the system. Most of the interface cards needed
for the preaccelerator system are part of a family
of compatible cards designed to work with the
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Photograph of the preaccelerator control console

Pig. 2

• Photograph of the operator's control box

Fig. 3

microprocessor system. Special purpose cards can be
fabricated using kluge cards that contain the inter-
face to the backplane bus, The relay iA cards were
implemented in this way.

Figure A is a blcck diagram of the high voltage
terminal system. This figure shows the interface
cards and the external equipment controlled by them.
The interface cartis include dual 12-bit D/A, asyn-
chronous communication interface adapter, relay
isolated binary I/O, dual 16-bit preset timers and
TTL compatible digital I/O. The TTL compatible I/O
is from a Peripheral Interface Adapter (PIA), a
single 40-pin integrated circuit that has two 8-bit
bytes of programmable I/O *long tfith 4 control bits.
The direction (input or oil .put) of the data bits and
the behavior of the control bits is determined by
the program. The versatility of this device elimi-
nates much of the custom design previously associated
with interfacing a computer to a variety of external
equipment. As an example, a single binary interface
card containing four PIA chips positions the display
cursor, writes data to.the display, controls and
reads the 16-channel A/D converter, reads the con-
sole sense switches, the 16-key keyboard, the verti-
cal cursor pjsition switch, and the 8-bit up-down
counter associated with the shaft encoder knob.

High voltage terminal system block diagram

Fig. 4

Data Transmission and Timing

Data are transmitted serially between micro-
processors thr ' ' -*•**»: oDtic light links. An
asynchronous «. ' on interface adapter (ACIA)
card provides. L. .erlace to \ L compatible light
link transmitters and receiver'-. The ACiA performs
the parallel-to-serial conversion and generates the
parity bit for' each data byte transmitted. It also
does the serial-to parallel conversion and the data
overrun and framing error checks for each data byte
received.

Figure 5 shows the multipurpose timing system.
A one megahertz crystal clock is divided by two and
driven out to two clock receiver modules, one at
the ground station and one in the high voltage ter-
minal. This frequency is multiplied by a factor of
20 using a phase locked loop with a divide-by-20
sealer inside the loop. The resulting 10 MHz fre-
quency is the tLme base for the delay timers. Two
other pieces of information are inserted onto the
500 kHz pulse train by synchronously removing either
one pulse or four pulses. A single pulse is deleted
from the pulse train Co mark the beginning of a
beam cycle. It is used to reset the delay timers.
This "one gap" is inserted by every fourth pulse
from a line zero-crossing detector to produce a

Timing system diagram

Fig. 5

265



cycle rate of 15 Hz. Four pulses are deleted from
the pulse train to initiate a "Reset" for the micro-
processor in the dome. The missing pulses are de-
tected by the clock receiver modules. The gapped
500 kHz pulse train is the input for Che phase lock-
ed loop but an ungapped 500 kHz is also available at
the output of the divide-by-20 sealer. This un-
gapped 500 kHz is used for the external clock to
operate the ACIA circuits in a synchronous mode.
The synchronous mode increases the baud rate Irom
50 kHz to 500 kHz. The 500 kHz frequency was chosen
to satisfy the frequency limits of the ACIA and
light links without requiring too large a multiply-
ing factor in the phase-locked loop. The clock re-
ceivers at both stations are identical. All the
analog and digital data are transmitted to the
ground station each cycle. The transmission time
for 56 bytes is 5.3 ms including the ground station
software overhead needed for error checking and
storing the data.

Timers

Variable delayed trigger post's are generated
by dual-channel timer cards. Each cA^rteL is a 16-
bit sealer Lhat counts either the 1 MHz Z'JU clock or
an external clock. The count is compared with a 16-
bit register loaded by the CPU and a pulse is gen-
erated when the counter equals the value in the
register. The cycle is initiated by an external
pulse, a pulse from the CPU or the output of another
timer. Using a 10 MHz time base a total delay of
6.5 ms with 100 ns resolution is possible. The.
phase-locked-loop frequency multiplying technique
results in very small jitter between the two timing
system.

Operating Characteristics^

General Features

The organization and operator interface to
this system has been patterned after typical Fermi^

lab control systems. The operator can display an
index that lists the displays that are available.
There are three types of displays: parameter pages,
a binary status display and a memory dump. Examples
of these are shown in Fig. 6.

The Parameter Display

The majority of the capability of the system
is contained within the parameter display. From the
present total of 52 parameters, the operator may
group any eight together wlthtr one of the pages PI
through P6. Each line of the display contains a
description of the device, a six chr.acter number
field and a three character units fi«ild. A two digit
number entered at the beginning of the line., follow-
ed by pressing "Keyboard Interrupt", places the de-
vice on the present line. Settings of controllable
devices may be changer1 either by entering the de-
sired setting in th«- number field and pressing Key-
board Interrupt or by turning the shaft encoder knob
with the cursor positioned on that line. For some
of the devicer; in tht. dome, pressing ON or OFF will
initiate that action for the device on the cursor
line. The value displayed in the number field is
usually the A/D reading averaged over 8 pi).'sea,
scaled to display in engineering unic~ am1 updated
every 0.8 sec. Toggle switches on-the console can

Self-Scan panel displays
a. Ind^x
b. Parameter display
c. Binary status
d. Memory Dump

Fig. 6

cause the number field to display either A/D or
where appropriate the D/A values. These can be
given in engineering units, volts, or hexadecimal.
Controllable devices are idei£ified by a d^sh at
the start of. the line, A star following the number
field indicates than the device is off. Once the
operator arranges a page of parameters, lie can
leave the page e-.id return to it at a later time.

Status Display and Memory Dump

The Status Display provides a means of exam-
jisi-g a.1) the digital status of devices in the high
voltage terminal. ON/OFF commands can be sent to
equipment in the dome from this page. Such a page
is needed to show status of equipment that lias no
analog readout, associated with it, or equipment
that has several bits of binary status.

The memory dump page is a program that dis-
plays 32 bytes of memory starting at any location
selected by the operator. Two bytes of data may be
entered manually on the display nnd loaded into
memory by pressing the Keyboard interrupt- A con-
sole sense switch directs the program to display
data from the "Upstairs" system (U) or the "Down-
stairs" system (D)* Other sense switches a.' Low
changing the display to show the next 32 bytes, the
previous 32 bytes, or to display in A/D volts rather
than hexadecimal. The display is updated as
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required at 15 Hz. This page is a diagnostic aid to
the engineer as well as the programmer because I/O
is addressed as memory.

The Software

Program Preparation

The software for the entire system was
written in the assembly language of the M6800 Micro-
processor, assembled by a cross-assembler running on
the Linac 16-bit control computer and programmed in-
to 2708 UV-eraseable PROMs using a similar 6800 sys-
tem with a PROM programming card. Because the read-
only memories are organized as separate IK byte
chips, it is natural to organize the software in
modules which fit in the separate chips. To facili-
tate communication between modules, the entry points
to subroutines within each module are implemented as
a series of jump instructions placed at the begin-
ning of the module. Thus changes can be made by
assembling only those program modules affected.

Ground Station Software

The ground station software is organized into
modules as shown in Fig. 7. The total program stor-
age is 8K bytes, programmed into 8 read-only memory
chips. The modules include tables, display programs,
and common subroutines.

The descriptor fiie contains 36 bytes of in-
formation for each data channel. This includes text
to describe the device, engineering units designa-
tion, full-scale in terms of those units, D/A con-
trol address and on-off control address.

The heartbeat of this system is the interrupt
signal that occurs at a frequency of 15 Hz, the
pulse repetition rate of the preaccelerator. Upon
receipt of this interrupt the ground station sends
a request for data to the dome system. While the
dome system is reading its data, the ground system
reads its own A/D data. If a dome station raise/
lower request is included in the 26-word data pool
received, the appropriate setting is sent to the
dome station. (This method of allowing local con-
trol in the dome was chosen so that the grcund sta-
tion always knows the current settings of all I)/A's
and timers). If the ground station front panel
interrupt latch is set, one data word is sent to the
address specified by the front panel switches (either
in the ground station or in the dome system as speci-
fied by a toggle switch). All 15 Hz interrupt ac-
tivity is completed in about 8 ms.

The background loop notices that a 15 Hz
interrupt has taken place and processes 16-key key-
board activity to allow numeric entry on the Self
Scan display, left-right cursor control or request
of a new display page. Next, lever-wheel activity
is checked to allow cursor line positioning. The
knob processor watches for changes in the knob up-
down counter and stores differences to be acted upon
by the current display program. Then the display
program is called st the appropriate entry point as
described below. Upon completion of display pro-
gram activity, the front panel is updated and the
background loop waits for another interrupt.

Each display program provides four entry
points via a jump table. These are used for the

EOOO E400 E80O ECOO

•U." 1- M

FOOO

' • ""T :• •

F400 F8OO FCOO

Ground station program memory map

FiR. 7

initialization call when the page is first called
up, the termination call when a new page is re-
quested, the keyboard interrupt entry when the key-
board interrupt button is pressed, and a 15 Hz
entry called if none of the other calls is pending.
A page table includes for each page a pointer to
the display program entry point jump table and a
pointer to private RAM storage that may be used,
for example, to remember which devices are dis-
played on each line of the display.

The floating point package provides all the
subroutines necessary for doing basic floating
point calculations. A floating point accumulator
is maintained to hold one of the parameters and the
result. A four byte format is used for floating
pjint numbers, where the first three bytes are a
tow1s-complement signed mantissa and the last hvte
is a signed binary exponent. This corresponds to
more than 6 decimal digits of precision and a range

of 10 . Subroutines are provided to load or store
the floating accumulator, add, subtract, multiply,
divide, convert between integer and floating point,
and convert between 6-character ascii format and
floating point. Typical times in ms are .4 [or add
and subtract, 1.5 for multiply and divide, 4 for
encoding, and 10 for decoding ascii format. The
entire package resides in ]K bytes of PROM and uses
12 bytes of RAM for the floating accumulator and
temporary working storage.

Dome Station Software

The dome system software is much stapler than
the ground station since there is no operator's
console or display provided other than the front
panel hexadecimal 4-digit display, address and data
hex switches, and toggle switches and binary leds.
Two raise/lower pushbutton switches allow for local
adjustment of D/A's and timers in the dome. The
data switches are set to indicate a channel number
to be adjusted and an increment to apply to the
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current setting. If either the raise or lower
button is depressed when the request for data comes
from the ground station, then the channel number and
requested increment or decrement is included in the
data pool returned. Another front panel switch
allows displaying memory data in decimal volts
assuming the data is in A/D format (left-adjusted
signed binary fraction of 10 volts).

The dome system uses no interrupts but merely
spends most of its time updating its front panel and
waiting for a command record to appear on the light

link.

The format of data records transmitted between
the two stations consists of 8-bit bytes transmitted
via ACIA's as desr-ribe-d above. The first byte in a
record is a header byte describing the type of data
to follow. The next byte gives the number of 16-bit
d<ita words in che record. The data words are next,
followed by a checksum byte and final zero byte.
When the dome station receives a header byte it first
checks a link command table to see if it is a valid
header byte, to get the address of the memory buffer
into which the data is to be read, and to get the
address of the command routine to be called upon
successful transfer of the data. The number of
words is checked to be sure it doesn't exceed the
size of the buffer. Then the data is read into the
buffer and the checksum is verified. Finally the
command routine is called. Typei* of command facili-
ties provided are 1) read all dome data and return
data pool; 2) make one-byte or two-byte settings; 3)
select one address for passing dome data word to
ground front panel display; and, 4) read and return
selected block" of memory.

Fiwer-On and Restart

Many features have been included in the soft-
ware to minimize the chances of inadvertently mis-
adjusting source parameters. When the microprocessor
is first powered up, it sends settings of zero to
all the D/A converters in the system. At this time
the arrangement of devices on the parameter pages is
restored to groupings that are stored in the read-
only memory. If either microprocessor is reset, the
last recorded D/A values are transmitted to the
D,'A's. The ground station differenKiate? between
these two cases by examining a word n a memory lo-
cation. If the appropriate value is *ound, micro-
processor assumes it was a normal reset, not a
power-on reset. In that case the stored values are
considered valid and transmitted to the D/A's. When
the dome station is reset it directs the ground sta-
tion to restore the D/A settings in the dome using
the raise/lower facility described above with a zero
increment.

Results and Conclusions

Work began on the system described above dur-
ing December of 1975 and the first use of the sys-
tem with beam occurred during March of 1976. All
the functions described here were available at that
time though the external equipment was not configured
to accept the remote ON-OFF capability or the delay
timers in the terminal. The system performed as
designed and provided the operator with the controls
and displays needed to operate the test facility.

The major problem with the system has been

caused by the unusually severe electrical noise
environment around the test facility at the times
of preaccelerator arc-downs. Although this spark-
ing has caused little damage to the electronics, it
does normally require a restart of the system
following a major arc-down. Two PIA's that drive
the operator*s console failed before we improved
the shielding of the interconnecting cables. Work
is in progress to improve the shielding and isola-
tion of signals connected to the microprocessor
chassis. A similar system was tested at the oper-
ating preaccelerator where the shielding is much
better. This prototype system did not reauire a
reset following an arc-down.

The use of a modular mlcroprocessor-I/O sys-
tem greatly simplified the hardware construction
and checkout, allowed for many checks on the valid-
ity of communications between the two systems, and
provided flexibility for future expansion. We plan
to add a 30-character per second printer to the
system to produce hard-copy listings of operating
parameters. A separate microprocessor-controlled
emittance measuring system is being assembled for
the negative ion source development program. With
the addition of a link to the hinac control com-
puter, this entire system can act as a satellite
computer while :..aintaining the local control capa-
bility described above.
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DISCUSSION

R.L. Witkover, EML: Can you give an estimate of the
cost of this system?

Shea: Commercially available interface cards similar
to those used here cost about $200 each, so the dome
system, including the chassis and power supplies,
would be about $4000.

F. Selph, LBL: How difficult is tt to make changes
in the program? How many people understand the
programming language?

Goodwin: Only one man was needed to write the
program. Minor changes such as adding devices or
changing full scales Involve modifying the descriptor
file table which merely requires reprogramming one
or two memory chips, a procedure which anyone can
do with minimal instruction. Of course, more
extensive changes require more detailed understanding
of the program itself. The programming language
used is the standard M6S00 assembly language.
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INVESTIGATION OF THE ACCEIERATING STRUCTURE FOB
THE SECOND PASS OF THE MESON FACTORY LINAC

V.G.Andreev, I .K.Guslitskov, E.A.Mirochnik,
V.M.Pirozhenlto, B.I.Polyakov

Radiotechnical I n s t i t u t e , USSR Academy of Sc iences ,
lloscow, USSR

Introduction

In accordance with the project of
meson factory linac , 108 accelerating
sections with intermediate focusing mag-
nets are used in the second part of the
linac to accelerate protons from 100 to
600 lleV. The sections are grouped forming
27 cavities each of them including 4 sec-
tions and being fed by one radio-frequency
generator. The sections are joint by means
of bridge couplers which pass over the
focusing regions . An accelerating disk-
and-washer structure was developed at the
Radiotechnical Institute for use in meson
factory iinac^*4. llain results of theoreti-
cal and experimental studies of the accele-
rating structure and preliminary results
of high power tests of full-scale experi-
mental cavity are presented below.

Accelerating Structure Parameters

Gross section of accelerating struc-
ture is shorn in Fig.1. It is a cylindrical
cavity with conducting washers and disks
where the sign-variable accelerating field
is excited in the IT /2-mode. Each washer
is attached to the nearest disk by three
stems; the washer and two stems have bores
to pass a cooling water. The disk-and-
washer structure may be presented as a
chain of cells of two shapes: an accelerat-
ing cell is an axial region between two
washers and a coupling cell is a peripheral
region between two disks. Theoretical ana-
lysis has shown that in order to receive
the necessary resonant frequency and un-
broken dispersion curve, two unit segments
should be tuned to operating frequency'.
They are parts of the structure volume
between two planes passing through the
centers of two adjacent disks (Fig.2a) or
the centers of washers (Fig.2b). This tran-
sition from the cavity to separate segments
was used when the tuning procedurehad been
developed and structure parameters calcu-
lated. An optimal shape of the structure
has been determined using a digital com-
puter program which calculates the resonant
frequencies and electromagnetic fields of
both unit segments and varies dimensions
2rn and 2fi to adjust their frequencies to

an operating frequency 991 KHz. The curves
of shunt impedance versus an accelerating
gap 2b,,, thickness of disks 2t2 and the
other dimensions have been obtained, and
now all dimensions have been chosen to
optimise the shunt lope dance and to provide
electrical reliability of the structure.

Fig.3 shows calculated values of the
effective shunt impedance VT and quality
factor Q versus particle velocity. Breaks
of the curve ZT are caused by the changes
of the aperture diameter which accordingly
is 3.4, 3.6, 3.8 cm. The real values VT
and 0. are less by 3-7% because the actual
RP loss in copper is greater than the
theoretical one. Fig.4 shows values of the
cavity diameter 2R and the washer diameter
2rQ vs f . These values include the
tuning margin and the corrections for the
stems effect which has been left out of
account in the course of computation. The
stems effect has been defined for seven
values of ft t 0.43, 0.46, 0.505, 0.55,
0.60, 0.70 and 0.79, using 1/3-size models
of the accelerating sections. With these
models, the dispersion properties of the
accelerating structure have been studied,
since the computation of dispersion pro-
perties is very difficult. Fig.5 shows the
dispersion curves of two models. Bach of
them is linear and symmetric near by

T/2-mode. Coupling facto? between cells
of the structure is vary great: Kc= 46-4896.
As a consequence of extremely strong

coupling the accelerating field distribut-
ion is insensitive to fabrication and
tuning errors and beam loading. Maximum
deviations of the electric field distribut-
ion along the models were within 1%. Each
model has been tuned as a whole without
eoparate cells tunlng-up.

High Power Testa of Full-Scale Cavity

In December 1974, fabrication and
installation of the experimental full-
scale cavity Including two sections was
completed. Bach section consists of 20
accelerating cells with sizes equal to the
first cavity sizes of the linac'a second
part. The sections are joined by means of a
bridge coupler in the form of a rectangular



waveguide segment toe length of which is
3.5 tines the wave length of the H10-mode.

The bridge coupler with this length provides
the phase shift 3T between fields in the
last gap of the first section and the first
gap of the second section. The second
bridge coupler is joined with the second
section exit and shorted on the free end.
The cavity has been fed by the waveguide
connected to the bridge coupler on the
narrow wall.

Initial cavity excitation procedure
began with pulse length of 140 j* s while
pulse repetition frequency was gradually
increased from 1 to 100 pulses per second.
Multipactoring appeared at low power level
and continued till the rated one, leading
to the rise of pressure. Therefore, the
power level was gradually raised as the
vacuum in the cavity had been improved and
pulse distortions had been disappeared.
Initial excitation procedure took about
15 hours and cane to the end when nominal
field 36 kV/cm had been obtained. Nominal
peak power was about 1 UW and average power
was 14 kW. Separate high-voltage dischargee
occured; a number of them had been gradual-
ly reduced as RF training being proceeded.
After 15 hours of HP training daily switch-
ing on had been realized by leap without
procedure of gradual raising of the level,
and operation was stable without any dis-
charges. After an exposure to air the exci-
tation procedure took about 1.5 hours.

During operation peak power wae increa-
sed to 1.5 MW. As power was raising some
high-voltage discharges were being observed.
In the course of BF training a number of
discharges had gradually been reducing.
After 1.5 hours training one discharge
might be observed in every 2-3 minutes.

The phase and amplitude differences
between the most distant cells of the cavi-
ty were measured. They seem to be invari-
able during the steady state and transient
processes caused by power switching on or
change of the section temperature.
The cavity is cooled by means of water
which runs inside the washers. Therefore,
thermal transient time is small. After
power switching on frequency equilibrium
time is 3-4 minutes and a fall of the reso-
nant frequency is about 90 kHz while cool-
ing water expenditure is 3 n^/hr for every
section. Fig.6 shows resonant frequency
plotted vs cooling water expenditure.

A vacuum set up includes two sputter
ion pumps which are joint to the bridge
couplers. Initially summary pumping rate
was 350 litres per second. Vacuua 1.10~7
Torr had been obtained before RF power was
applied. As consequence of a good vacuum
conduction of the structure the pressure
overall along the section is small (<•'"

Raising of the resonant frequency due to
pumping is 290 kHz. The basic components
of residual gas are hydrogen (50#), nitro-
gen and carbon monoxide (25%), water
vapors (9$). A mass spectrum is free of
hydrocarbon peaks ( C ^ ) . Heavy components

which can recharge H~ ions have not been
found except argon (1056). Ihlle applying
the BF power a substantial increase of the
hydrogen component (to 65%) due to hydro-
gen deposition from the copper surface has
been observed. As BF training has pro-
ceeded hydrogen deposition has reduced and
vacuum has become better. After RF train-
ing power switching on does not cause rais-
ing of pressure. Recently the pumping rate
has been increased to 50° litres per se-
cond and pressure S.IQr0 Torr has been
obtained.
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Fig. 1 Cross section of the disk-and-
washer structure.
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Fig. 3 Calculated values of the effec-
tive shunt impedance ZT^ and
quality factor Q.

Fig. 4 The structure diameter 2R and the
washer diameter 2r .

V7

Fig. 2 Cross section of unit segments:
a) segment with b) segment with

a disk
g

a washer

i
tin.

Fig. 5 Dispersion curves of models of the
accelerating sections:

a) B = 0.70 b) fe = 0.46

Fig. 6 Resonant frequency vs cooling
water expenditure. Curve 1 -
average power is 12 kW, curve 2
22 kW.

271



LINEAR INDUCTION ACCELERATOR FOR HEAVY IONS *

D. Keefe
Lawrence Berkeley Laboratory

Berkeley, California

Abstract

There is considerable recent interest in the
use of high energy (y*l.l), heavy (A > 100; ions to
irradiate deuterium-tritium pellets in a reactor
vessel to constitute a power source at the level of
1 GW or more. Various accelerator configurations
involving storage rings have been suggested. This
paper discusses how the technology of Linear In-
duction Accelerators—well known to be matched to
high current and short pulse length--may offer sig-
nificant advantages for this application.

1) Technology

The Linear Induction Accelerator (LIA) utilizes
a sequence of singly pulsed accelerating cavities
arranged in a straight line. Each cavity is loaded
with ferromagnetic material (thin-laminated iron or
ferrite} driven by a modulator (pulse farming net-
work and spark gap/thyratron switch) and acts as a
transformer in which the particle beam plays the
role of the secondary winding. The phasing of the
pulsed cavities is adjusted to accelerate a particle
of particular q/m i£ correspondence with the mean
accelerating field E (MV/m). Thus, only a portion
of the structure is energized at one time, and this
legion propagates down the accelerator in synchro-
nism with the particle bunch.

The technology is relatively simple but not
widely known simply because only four machines have
been built in this country [Astron I, (2 MeV),
Astron II (5 MeV), ERA (4 MeV) and NBS (0.25 MeV)].
In addition, two other electron machines are in the
planning stages at LLL, while conceptual designs
for LIA's for very special purposes have appeared
in the literature [1,2]. (See Table I.)

Table I

Linear Induction Accelerator
Parameters Achieved (or Designed)

Machine

Astron II

ERA Inj.

NBS

ERA(des)1

Excav(des)2

I

amp

1000

1-5000

1000

—

5000

T

ns

300

50

1700

10

1000

Rep. Rate

Hz

30

1(10)

1(10)

200

360

V/gap

kV

10

250

250

750

80

E

MV/m

«0.3

0.3

=0.5

5.5

0.11

Basically the technology seems best matched to appli-
cations where a very high current (100 - 10,000 \j
is required for a short tiir? (10 - 2,000 ns) with
rather precise voltage control. In addition, the
ability to run at repetition rates up to 100 Hz or
so seems to come naturally for very little extra
expenditure on additional charging supplies. If the
beam current can be matched to the cavity voltage
and impedance, the pulsed energy conversion efficien-
cies can approach 50% in the absence of eddy-current
and hysteretic losses. Achievement of high-im-
pedances for accelerating low-current beam is an out-
cone of the NBS work on parallel driven cores.

2) The LIA as an Ignition Source for Peiiet Fusion

The short-pulse, high-current features make
the LIA worthy of consideration as an igniter for D-T
pellets,and a preliminary set of workable self-
consistent parameters were presented in Ref. 3.
That example was explored, however, in the conttxt
of a scientific breakeven experiment to deliver
0.2 MJ to the pellet, and has the features shown in
the first row of Table II.

The work at the ERDA Summer Study Group has
been directed on the other hand to parameters appro-
priate to a power plant ofil GW. Because the
number of parameters that can be varied is rather
large, and some of the correlations somewhat subtle,
the focus of attention was on just two examples
which, in hindsight, are almost certainly not opti-
mum. The second row of Table II shows the case
studied. Note that repetition rate up to 10 Hz cer-
tainly and i 100 H: probably can be considered as a
free parameter and this point will not be addressed
further.

Comparison of the two rows of Table II will
reveal that the increased requirements of energy (Q)
and power (P) by a factor of 15 to 20 over the Ref. 3
example have forced one in the direction of lower
charge state and hence a longer accelerating column.

In addition, it will emerge that the increased
power will impose rather special requirements on
the beam handling in the front 1-2% of the acceler-
ator column which were not in the earlier example.
The remaining 98-99% of the accelerating column,
however, is a good match to the characteristic
features of pulse length and current inherent in
the LIA technology.

3) Limiting Features and Choice of Parameters

A convenient approach to setting parameters is

This work was done with support from the U.S. Energy Research and Development Administration. Any con-
clusions or opinions expressed in this report represent solely those if the author and not necessarily those
of the Regents of the University of California, Lawrence Berkeley Laboratory, or the U.S. Energy Research
and Development Administration.
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Table II

Example Parameters Considered for 25 GeV Uranium Ions

Example

Ref. 3

ERDA
Summer
Study

Charge

q

+ 10

+ 3
(+1)

Energy

Q
(MJ)

0.2

3.0

Power
P

(TW)

20

450

Current (amps)
flnitial
I Final

1 8"L 8400

/ ~X0

\l8,000

Gradient
E (MV/m)

3.0

2.5

Overall
Length
(km)

0.8

3.3
(10)

Tfinal
(nsec)

10

7

3) Cont'd.

to consider the end point of the accelerator when
acceleration is essentially complete and before the
beam is subdivided and the segments finally com-
pressed in time to 7 nsec for delivery to the target.
The most strongly limiting effect is the beam power
transmission limit discussed by Maschke [4] and later
by Courant [5]. Courant's expression for the power
is

D ~ i c in!5 Q11/3 5/3 ,n 2/3. , 4/3 .,.
r ~ z.o x iu p y (B J'q watts 1̂)

for an emittance ire of 6n cm mrad at By = 1.
l-'or a practical pole-tip field strength of Bo = 1 Tes-

la, this yields a maximum transmitted power and

current

P,(q=3) = 35 TW - I, = 4.2 kA, T = 85 nsec

P1(q=l) = 150 TW - Ij = 6.0 kA, T = 20 nsec

at the 25 GeV end point. (How these powers can be
transformed up to the goal of 450 TW on target will
be discussed later). These currents are within the
comfortable range for induction acceleration and as
one proceeds backward up the accelerator, it is
desirable to maintain the current as hifih as pos-
sible. However

P(6) = 1(6) V(B) = 1/2 ^ -
qe

(2)

Combining this with Equation (1) it is clear that
one can remain everywhere within the power limit if
1(g) is made to vary as (g)^/ 3. This would require
a pulse-length variation of

t - 1/B5/5 (3)

How close this can be approached with reasonable
ramping voltages remains to be studied in detail.
Since Eqn. (3) impresses only a lower limiting con-
dition, larger values of x are permitted if desired;
in particular, in the case of q = 1, it is unde-
sirable to compress all the way to n = 20 ns but
instead to maintain a constant value afterT= 50-70
nsec has been reached in order to avoid the steep
gradients needed to counterbalance space-charge
effects in the bunch.

For a major fraction of the machine (£95%) both
the currents and pulse lengths are in ranges that
are well adapted to the L.I.A. technology, and it
is possible therefore to achieve rather good effi-
ciency in converting electrical energy into the
beam energy. As pointed out by J. Leiss [6], it is
important to examine the engineering trade-off between
the capital cost and the efficiency desired.

0.01 0.1 I 10 100
Length of accelerator (%)

Fig. 1: Beam power limit as function of length along
accelerator for 25 GeV Uranium Ions (q = +1 ar.J +3).
Required peak current and minimum pulse length shown
on right-hand scale [note log-log plot].

From Fig. 1 it can be seen that the Maschke power
transmission-limit formula imposes a requirement
that the pulse length should be rather long and the
current quite low (tens of amperes) in the front
few percent of the machine (referred to for con-
venience as the Power Matching Section).

This then leaves three sections of the system for
special consideration:

(i) Ion source; (ii) Front few percent of acceler-
ator - "Power Match Section;" (iii) Transmission
and bunching between the end of the accelerator and
the target.
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(i) Source: For the ion source there are several
choices: magnetically insulated diode, reflex diode,
or stacked conventional sources (7J. The high-
voltage diodes have the outstanding advantages of
creating the ions at high-energy and of having very
large current density. They have not yet, however,
been studied enough to be sure that they can provide
adequate brightness. Since the currents needed are
in the range of a few tens of amperes (compared with
kiloamperes available), there is considerable hope
of achieving this goal by operating with larger
spacing and with more careful control of the anode
plasma conditions. At this tit.ie--still early in
the development history of these diodes—there seem
to be some reasons for anticipating that the mag-
netically insulated diode is to be preferred. The
geometry allows electrons to drift (by E x B) inde-
finitely around without having a preferred location
for accumulation of charge, thus giving hope of
operation on the microsecond, and longer, time
scale. Also, the magnetic field is transverse to
the direction of motion of the ions and so leads to
a deflection in one plane which can be corrected
for exactly. In the reflex diode there is some
concern about instabilities of the virtual cathode
that could lead to energy modulation of the ions;
this situation could be ameliorated by using a
second image cathode pierced to allow ion extraction;
a more fundamental objection, however, is that the
magnetic field in which the ions are born is
parallel to the direction of motion of the ions,
which leads to an undesirable coupling of the two
transverse degrees of freedom, and hence a dilution
of useful emittance in the later transport system
of the accelerator. This dilution seems not to be
serious at the 1 kG level but could become so at
the 10 kC (or more) level required.

Stacked conventional sources can give adequate
brightness if operated in the range of 30-100 mA.
The size required is rather large but not unduly so
(-15 - 30 cm radius). There is a considerable
body of experience in operation and performance to
be drawn upon, and long-pulse operation is assured.
A slight disadvantage is the relatively low voltage
(= 100 kV) which will cause the front-end low-
energy transport and acceleration system to become
longer.

(ii) Power Matching Section: Reference to Fig. 1
shows that for q = 3, the pulse length needed in
the first few percent of the accelerator exceeds
the 2usec or so that seems most suitable for LIA
cavities. Possible methods of handling this pro-
blem include using a conventional rf linac to in-
ject about 100 bunches into an accumulator ring at
a few hundred MeV and accelerating thereafter in
the LIA [8]. Alternatively, five or so beams of
lesser current could be extracted from a magnetical-
ly insulated diode or parallel conventional
sources, separately accelerated to a few hundred
MeV and reassembled via magnetic septa into the
required high-current beam. Appeal to various
neutralization schemes would, of course, provide
other solutions; these are, as yet, unexplored.
Long pulse lengths up to 20 usec are certainly
feasible—at the expense of decreased accelerating
field--and may well be a viable method oi proceed-
ing. At the present level of investigation, how-
ever, it seems prudent to suggest that other
methods should be considered. It should also

be pointed out that the Maschke formula is based on
conditions that are not valid at low energies. In
other words, a realistic transport and accelerating
system still needs to be studied and defined in
detail.

(iii) Bunching: Pulse-shaping can be rather
easily accomplished in the LIA (c.f. ERA injector
experience whers a ramped cavity could be turned
on to produce a programmed ramp in the energy of
the beam with time). Por instance, towards the end
of the accelerator it is envisioned that addition
of an *E* term (or higher-order odd derivative) to
the E ramp will be required to contain the space-
charge forces at the beam ends, and so establish a
moderated- uniform transverse space-charge force
throughout most of the length of the bunch. This
need not bo accomplished by detailed shaping of
pulses in every cavity but simply by adding oc-
casional short-pulse ferrite kickers.

Splitting of the beam into 2 or 4 channels,
say, for separate transport to the target can be
accomplished in a number of ways. Fast kickevs
provide one approach; alternatively, modest dif-
ferential acceleration of sequential portions of
che beam can be used to create a momentum ?pread
later to be transformed into spatial spread by
passage through a d.c. bending magnet.

In the final compression and transport of
individual beams to the target a design pole-tip
field larger than IT is assumed. To bunch to 7ns
and transmit 4S0 TW on target thus requires:

2 oeams B = 1.8S Tq = 1

q = 3 4 beams Bo = 5.2 T.

These "pole-tip" fields are within the state of the
art for superconducting magnets.

For the final stages of time compression it is
essential to use ferrite because of its fast time-
response. Values of E in excess of 108 MV/meter-sec
are easily obtainable. A factor of two is avail-
able by employing bi-polar pulses.

Finally, the ability to tailor pulse shapes
(within reason) on the nanosecond time scale per-
mitted by ferrite allows one to consider ramping
the beam power and approach to some degree the
roost desirable profile for optimum pellet effi-
ciency.

Conclusion

At this time the LIA seems to be a worthwhile
candidate for an efficient pellet igniter (c.f. b)
A comprehensive conceptual design is needed in order
properly to evaluate its promise.
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LINEAR ACCELERATOR DEVELOPMENT AT
BROOKHAVEN NATIONAL LABORATORY*

Kenneth Batchelor
Brookhaven National Laboratory

Upton, New York

Summary

This paper describes the operating experience
on the 200 MeV Proton Injector Unac of the A.G.S.
emphasizing developments in field phase and ampli-
tude control and beam diagnostics. Developments
in auxilliary use of the machine are also described.

1. Introduction

At the last Proton Linear Conference held at
Los Alamos in 1972 I reported on the first year of
operation of the 200 MeV injector linac at BNL ,-md
today I will bring you up to date on 5 years of
operation and also touch on some of the more
recent developments in linear accelerator design
at Brookhaven.

In general, the vork at BNL can be broken down
into three categories. First, there is work which
involves the replacement of poor or defective ma-
chine components with more modern or better ones
and the introduction of new equipment to expand
the scope of the accelerator. Second, there is
that work which involves Improved data taking*
control and monitoring of the machine. Both of
these directly influence the overall availability
and reliability of the machine. Lastly, there is
work on the design of new machines for other areas
of research or energy development such as the
Intense Neutron Generator or the Clean Breeder
Machine z> 3 both of which will be dealt with in
detail at this conference.

2. Operation of the BNL Linac

Figure 1 gives the operating percentage of
the linac during its 5-year operational period and
Table I shows a year-by-year breakdown. It can be

TABLE I

EQUIPMENT DOWNTIME HOURS AND PERCENTAGES

Period

Oct 71 - Jun 72

Jul 72 - Jun 73

Jul 73 - Jun 74

Jul 74 - Jun 75

Jul 75 - Jun 76

OVERALL

•Work performed under the auspices of the U.S.
Energy Research and Development Administration.
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Fig. 1. 200 MeV Linac Operational Data
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48.15
(2.08)
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seen that the machine was operational for an average
of 917. of the scheduled running time. Of the fail-
ure time, 57% is attributable to radio-frequency
system faults and more than half of the fault time
attributed to this system was due to major failures,
involving time loss In excess of 4 hours. The
second largest downtime contribution came from the
vacuum system which totalled 16.6% of the fault
time. Of this time 397. was attributable to beam-
induced vacuum leaks in the HEBT and FLIP beam
lines, 27% to leaking ceramic caps used as vacuum
seals for the rf pickup probes and 4% due to a beam-
induced leak in drift tube #13 of tank 9. The
third major contributor to machine downtime was the
pre-injector which totalled 12.87.. Of this fault
time 39% was due to ion source filament failuret
20% was due to High Voltage Control problems on the
Haefsly Set and 267. to breakage of drive shafts to
the high voltage platform. This data will be seen
to have influenced many of the decisions made in
regard to the machine improvement and modifications
which I will now discuss.

3. Machine Improvements and Modifications

(a) P-e-Iniector System

We have seen that filament breakage contrib-
uted to a major part of the downtime in this area
so extensive chemical analysis has been made of the
materials used to coat the filament, and the fila-
ment processing has been carefully controlled.
Speeding up the outgassing rate has improved the
yield and appears to give more consistent operation.
Source to filament alignment procedures have also
been improved but the major help in reducing down-
time has been the fabrication of filament holding
and testing rigs which allow several conditioned
filaments to be kept ready for installation in the
machine. Meanwhile, work has been progressing
towards completion of the installation of the
Phillips set from the original 50 MeV linac in the
second pre-injector pit so that ultimately A second
operational source will be available.

Troubles with the drive shaft to the high
voltage dome led to the ordering of a 750 kV iso-
lation transformer to provide the power to the dome.
This unit was installed in October, W7-'- and has
operated trouble free since that time. In July
1975 the acceleration column was replaced by the
modified column from the 50 MeV linac. The Internal
and external geometry is essentially the same as
the original one.

Numerous problems with the controls for the
Haefely set caused us to replace these by units de-
signed at Brookhaven utilizing solid scate compo-
nents and control logic consistent with the rest
of the linac. Improvements have also been made in
the Fast Regulator System so that the voltage varies
less than 1 kV during a 400 y,sec beam pulse (see
Fig. 2).

During the summer shutdown remote monitoring
via a datacon system tied to a PDP8E and thence to
the PDP10 central control computer in the AGS con-
trol room has been installed. When suitable soft-
ware is available, remote control of the high volt-
age and ion source parameters will be possible.

C0CKR0FT-WALT0N

HIGH VOLTAGE

WAVE FORM
(SCALE-IKV/cm)

BEAM CURRENT
FROM ION SOURCE
(SCALE" 5Om A/cm)

Fig. 2. High Voltage Output Waveforms from Pre-
injector.

(b) Radio-Frequency System

In the first year of operation a great deal
of downtime was caused by arcing in the ML8618
tubes used in the pulsed modulator of the radio-
frequency system. Modifications to the internal
support structure together with preconditioning
of these tubes on a specially constructed rig
has reduced the downtime from this cause to
negligible proportions. Downtime due to radio-
frequency faults still represents a major part of
the linac downtime, with the problems being ran-
domly distributed throughout the various compo-
nents which make up this complex system. Analysis
of the faults shows that over 50% of this downtime
is a result of outages exceeding 4 hours in length
so it was decided that in general no more than two
hours should be spent in fault diagnosis on any
system before replacing the entire unit by one
from the 10th operational system. This has re-
sulted in a reduction of about 80 hours/year in
radio-frequency downtime which helped to increase
the overall operating percentage from 90 to 93.
Improvements have been made in the remote monitor-
ing sc that selected video waveforms are available
to the operator in the Main Control Room and this
also aids fault diagnosis. Improvements in control
and monitoring of the radio~frequency amplitude and
phase have been made and has resulted in more
stable beam operation. There are three independent
monitors for both amplitude and phase and these are
monitored frequently. Any disagreement between
these of greater than 0.2% in amplitude or 0.5° in
phase is investigated.

Figure 3 Is a schematic of the amplitude
control loop and Figure 4 waveforms recorded at
various points in the system. The major improve-
ment has been the introduction of a beam strobe or
beam current input (Figure 4a) to the loop which
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enables correction of the initial beam transient.
This pulse is differentiated and shaped individ-
ually for the 9 radio-frequency modules by the
radio-frequency program multiplexer located in the
Injector Control Room. These signals are shipped
to the local control stations where a program de-
multiplexer processes them to give the waveform
shown in Figure 4b. This signal is combined with
the computer controlled DACADS dc reference signal
and the detected video waveform (Fig. 4c) in the
radio-frequency error amplifier, the output from
this error amplifier (Fig. 4d) is used to control
the 7835 plate modulator output signal (Fig. 4e)
and thus maintain the accelerating cavity voltage
constant to within ± 0.1% over most of the beam
pulse. Figure 4f shows the reverse power signal
at the output of the 7835 final amplifier (note
that the cavity is matched to the 7835 under the
beam loaded condition). One of the biased detected
video signals from the accele-ating cavity is shown
in Fig* 4g where 1 cm represents 1% in rf amplitude.
Figure 4h is the output of the phase detector which
measures the cavity phase with respect to the ref-
erence line (1 cm represents 14° of phase).
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Fig. 3. Radlofrequency Amplitude Control Systems

Fig. Typical Amplitude Control System Wave-
forms

(c) Vacuum Sys tem

The third major contributor to downtime has
been vacuum leaks which are beam-induced and
caused either by field amplitude and phase errors
giving rise to low energy tails on the beam, or by
quadrupole or steering misalignment and control
errors. Measures to improve beam control and
monitoring will be described in later sections of
this report. As was mentioned earlier, a second
major contributor to vacuum leaks was the ceramic
cover used to house the rf pickup probes on the
accelerating cavities. These would shatter after
many months of operation at high power levels so
a new probe was designed as shown in Fig. 3, where
the vacuum seal is now external to the cavity.
These probes were installed in tanks 4 through 9
and have eliminated this problem.

(d) Controls and Monitoring

The major change in the mode of oper.ition has
been that of moving all operations to the ACS
Central Control Room utilizing a link between the
central PDP10 control computer and the linac
PDP8E to perform most of the control and monitoring
functions. Figure 6 is a block diagram showing the
various linac monitor and control functions avail-
able at the main control room of the ACS. Two
FDF8E computers are used for linac control.
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Fig. 5. Radiofrequency Monitor Probe Design

(Tetronix 4010) tied to the PDP10. Hard copies
from the graphic terminal are available at ICR and
MCR whilst print out of data via two LPTS is avail-
able only at MCR. The Fast Beam Interrupt System
(FBI) inhibits the beam within 1 or 2 usec should
an equipment malfunction occur at any time during
a beam pulse. The window size for which a mal-
function occurs has been set to suit the individual
parameter requirements. For example, about ±0.5%
change in radiofrequency amplitude or ±2 degrees
in phase will give a malfunction, whereas a +2%
change in quadrupole current is required. The
window normally is set to track with changes in
quadrupole settings but is pre-set in the case of
rf amplitude and phase, thus requiring adjustment
if a new data set point is required. Automatic in-
hibit of those malfunction systems which are not
required when later tanks are turned off in order
to run lower energies into the BLIP or CLIF lines
is provided via both manual and computer modes.

Fig. 6. Control System Block Diagram

One handles machine malfunction monitoring and pre-
lnjector control and monitoring via a datacon unlt.^
The second unit controls and monitors all radio-
frequency, beam focussing and bending systems,
including setting up and storing of all reference
data and switching of video signals. The control
and monitoring is effected through the data acqui-
sition and control system (DACADS).5 Standard data
sets are stored on the DISK of the PDPIO and may be
written into the linac via the DACADS memory units
at the Local Control Stations (LCS). Read, write
and display functions are available at both the
Injector Control Room (ICR) and the Main Control
Room (MCR) via TTY or graphic display terminals

EQUIPMENT

Other inputs to the FBI system are in-line vacuum
valve status, beam pipe over temperature and high
radiation alarms. The radiation alarm can be by-
passed during beam diagnostic measurements. The
PDPIO monitors the linac equipment status on each
llnac pulse, looking for malfunctions, and if a
malfunction occurs, the nature of the fault is
recorded on magnetic tape. If reset action is
required, the command is given and the action
printed out on a dedicated teletype which logs
machine faults. Day logs listing all linac mal-
functions may also be printed on request. Repeated
resets or malfunctions sound an audible alarm in
order that the operator may investigate the cause.

Parameters to be set by the computer may be
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addressed by name e.g. rf AMP #5, and a print out
showing standard, previous and reset stored data
is generated together with the video output from
that parameter. Figure 7 is a typical data set
for Module #3. In the event of a computer failure,
data may be entered via a DACADS manual control unit
in the MCR using DACADS addresses and entering one
channel at a time. Continuous manual control of
individual addresses is only possible at the Injec-
tor-Control Room which is normally unmanned.

Flg. 7. Data Set for Module #3

(e) Beam Diagnostics

Effort in beam measurements has been concen-
trated in two areas; the provision of a radiation
monitoring system for the entire machine, and
computerization of the energy and beam transmission
versus phase plotting routines. Figure 8 shows the
location of the ionization radiation monitor detec-
tors in the linac complex. They are long ioniza-
tion chambers (25 ft. to 30 ft.) made up of argon-
filled 7/8" heliax cable with a 500 volt potential
between inner and outer. The inner is the positive
terminal and signals are coupled out capacitively
into an amplifier vith a gain of 100. The input
resistor is 500 Q. A 17. beam loss is sufficient to
give maximum signal. Displays are available in
three ways: each LRM has a preset threshold level
which will give rise to an alarm if the signal
exceeds this level at anytime during the beam pulse.

Exceeding this limit will cause a beam interrup-
tion via the FBI as described earlier. Second, a
video multiplexer provides a CRT display of a
histogram of all channels at a given sample time,
which may be scanned across the beam pulse. In
addition, a computer selectable multiplexer allows
viewing of any two channels to observe time history
of radiation during a beam pulse.

The energy versus phase plotting routine
utilizes the dispersive characteristics of bend-
ing magnet 4 in the High Energy Beam Transport
line and a 1 mm defining slit inserted upstream of
the magnet to measure mean energy and energy spread
when the phase of the last power tank is moved with
respect to the previous one. The secondary emis-
sion signal from a fixed vertical wire at the cen-
ter of the beam pipe located at the point of maxi-
mum dispersion is sampled and digitized for input
to the computer. The computer also sets the bend-
ing magnet current, and hence selects the energy to
be monitored as it scans the phase through opera'
tor Let limits. A varactor phase shifter with 400
degree"! of phase range is available in each module.
The Phaje may be changed at a rate of 2 degrees
per beam pulse and the data is plotted on the
graphics display terminal for each magnet setting.
After 50 magnet settings the run is completed and
the computer replots the data as if the magnet
was scanned in energy which is the more conven-
tional way of viewing the data, showing energy
spread for each phase setting. Data is also
ptirtad out on a line printer and stored on disk.
The plot is repeated for different radio-frequency
amplitudes. Figure 9 shows typical computer out-
put for tank #3. More recently a set of aluminum
energy absorbers has been re-installed immediately
downstream of tank #9. These absorbers are sized
in such a way that the total thickness may be set
to an energy equivalent of 1-2 MeV below the design
output energy for each tank. The phase is scanned
as above for various rf field levels, and current
as measured on a Faraday cup downstream of the
absorbers is sampled and displayed via the compu-
ter on the graphics display terminal. Data is
also stored on disk and output via a line printer.
Figure 10 is a typical plot for tank #5 and Figure
11 is a plot of the phase bucket width for various
rf levels at the energy threshold selected.

( O Beam Transport Linen

In both the High Energy Beam Transport (HEBT)
and Brookhaven Linac Isotope Producer (BLIP) beam
lines Klixon bimetal thermal trip devices have been
added near bending or steering elements to detect
pipe heating due to beam interception. These are
tied into the Fast Beam Interrupt (FBI) system so
that the beam is inhibited whenever an over-temper-
ature occurs. This eliminated downtime due to the
beam burning holes in the pipe but did not prevent
local pipe heating which sometimes caused metal
seals to become plastic and cause a vacuum leak.
All but essential breaks in the BLIP line were eli-
minated by welding the flanges together. More re-
cently new 8" diameter beam pipe has been installed
with 4" aperture carbon collm.jtors situated at min-
imum dispersion points in the line tc colimate the
beam.
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Fig. 9. Energy vs. Phase Plot for Tank #3
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4. Linac User Program

The primary use of the linac beam other than
for AGS injection is the BLIP facility.6 Table II
shows the beam quantity on target and the isotopes
shipped off site during the past three years of
operation. Isotopes used by on-site personnel are
not included in these figures.
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TABLE II

BLIP PRODUCTIVITY FOR THREE YEARS OPERATION

Period

Ju l 73 •
J u l 74 •
Ju l 75 •

- Jun
- Jun
- Jun

74
75
76

Beam Quantity
u Hrs

82066
121388
145012

Aver. Beam
Current Â

35
59
48*

Quantity ot Isotopes snl
Iron 52

227
364
90

Iodine 123

483
564
230

ppeu
Xenon 127

0
2843
5640

*vAverage current reduced to increase reliability

It can be seen that the emphasis has moved
from 52pe and *23j to

 1 2 7Xe production. This iso-
tope uhich is used in gaseous form for organ scan-
ning has a 36 hour hali life compared with 13 hours
for * 2 3I and 8 hours for 52Fe which makes it ideal
for production and off-line process ing and shipment.
Extensive clinical tests are being carried cut
using 127xe as an alternative to reactor-produced
•L33Xe to determine whether its apparent superior
physical characteristics are born out in practice.
Figure 12 is a list of current users and quantities
of BLIP produced isotopes shipped.
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The second user of the linac spur line is the
Chemistry Linac Irradiation Facility (CLIF) where
investigations of neutron-rich nuclei are carried
out. Initially these new isotopes were obtained
by using the primary proton beam to produce (p,3p)
type reactions, but contamination by the produc-
tion of many neutron-deficient isotopes made iden-
tification difficult, particularly at 200 MeV in-
cident proton energy. New isotopes of hafnium
and thorium were discovered in this way by reduc-
ing the primary beam energy to 92 MeV. However,
in the last year a water-cooled copper beam stop
for the primary protons is utilized to produce a
neutron flux for the irrad iationC?) thus improv-
ing the ratio of the neutron-rich ro neutron-
deficient isotopes at the. cost of lower activity
levels due to the lower flux (^ 103' neutrons/sqem
sec in the energy range 25 - 200 MeV compared to
^ 1 0 ^ protons/sqem sec- The neutron facility has
been us-d to discover a new isotope "2Fe in rucent
months •-

A third proposed use for the linac beam is the
study of beam localization in v i v o W via 15Q ac-
tivity. One of the difficulties in achieving pre-
cise dose distribution in the human body is the
effect of overlying tissuf with varying densities.
An efficient detection apparatus is narrowly de-
fined by the characteristics of the chosen nuclide
and its emission. Positrons are emitted from ^-0
isotropically and travel some distance bef»re
annihilating at rest with an electron to give a
pair of 511 keV ̂ .-irnma rays whose axis arc also iso-
tropic. "Coincidence collimation" detection using
a positron camera as developed by Anger will be
used for detection of the photons. A schematic of
the set-up is identified in Fig. 13, a horizontal
plane through the patient (phantom), detectors and
beam. The dose rate necessary to give a "picture"
of the beam has been calculated for 200 MeV protons
(point B, Fig. 13) and 135 MeV protons (point C)
and are shown in Figs, 14 and 15. Note that the
calculated maximum dose is 20 rads for a peak event
rate at depth oi 120 and 75 detected positron anni-
hilations per cm of beam path length. This com-
pares with a typical therapeutic dose of 20D rads.
The overall resolution is calculated to be * 0.75
cm. A proposal to study this technique using a
newly installed beam line at the linac has been
funded by N. I .H. and beam commissioning tests arc-
due to commence this month.

Fig. 12. Users of BLIP Produced Isotopes
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5. New Accelerator Development

28

During the past few years a great deal of
interest has been generated in the production of
intense neutron beam > 1014 neutron sqcm sec of
approximately 14 MeV neutrons for testing materials
proposed to be used in the blanket design of a
controlled thermonuclear reactor. Furthermore,
the production of fissile materials utilizing an
intense beam (up to 200 mA continuous current) of
1 to 3 GeV protons incident on a thorium or uranium
target, has also been proposed.2,3 From any accel-
erator designer's viewpoint this poses a new set
of design problems in terms of achieving high per-
centage transmission through the accelerator
(particularly in the case of deuteron acceleration
as proposed for the Intense Neutron Generator * ).
Initially, the emphasis has centered on injection
and acceptance and factors affecting these para-
meters are presented in another paper to be given
at this conference.5
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6. Conclusions

During its five years of operation the 200
MeV proton linear accelerator has proved to be a
reliable and flexible machine both for injection
into the AGS and for high average current irradia-
tion. There has been a steady increase in beam
quantity and quality enabling an increase in AGS
and BLIP production rates in spite of a consider-
able reduction In staff Involved In the operation
and maintenance of the machine. Major changes have
been made in the area of remote computer control
so that the Linac Building is unmanned except for
normal working hours on Monday through Friday.
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THE STRIPPER-SECTION OF THE UNILAC

(V. Anzert, K. Blasche, B. FranczaK, B. FranzKe
and B. Langenbeck

Gesellschaft fur Schwerionenforschung m. b. H.
Darmstadtj Fed. Rep. Germany

In most heavy ion accelerators the ion beams
are stripped to higher charge states after a first
stage of acceleration in order to increase th5 effi-
ciency of the following accelerating sections. In
the UNILAC, a new heavy ion linear accelerator in
Darmstadt, space was provided between the first sta-
ge Widerfie accelerator (final energy 1.4 MeV/u) and
the following Alvarez accelerator for the installa-
tion of an extended stripper-section the most im-
portant elements of which are

1. the stripper, either a helically revolving drum
equipped with carbon foils or alternatively a
supersonic nitrogen jet,

2. a separating system of four dipole magnets by
means of which one single charge state may be
selected for the poststripper accelerator and
another one for low energy experiments in the
area aside the stripper section, and

3. two helix cavities which are used for energy
and phase matching of the ion beam to the
following Alvarez accelerator.

Basic principles

The efficiency of heavy ion accelerators
depends strongly on the charge to mass ratio of the
ion beams that are injected into the machine. Unfor-
tunately conventional ion sources produce rather low
charge states for the very heavy ions. At the
Unilac U l o + ions are extracted from the PIG source
for injection into the linac. According to the char-
ge to mass ratio of o.o42 acceleration of uranium
ions to a given velocity requires multiplication of
the accelerating potential by a factor 25 and con-
sequently of the rf power by a factor 625 compared
to the parameters of an equivalent proton machine.

Therefore in rnost heavy ion accelerators ion
beams are stripped to higher charge states after a
first stage of acceleration in order to increase the
efficiencyfof the following sections. For stripping,
ion beams are passed through a thin layer of matter,
either gas or solid, with a thickness between 1o
and 1oo pg/cm2. After passage through a sufficient-
ly thicK target different charge states are observed
with an intensity distribution approximately similar
to a gaussian function centered around the mean
equilibrium charge. The mean ionisation q depends
on the velocity v. and on the atomic number 2, of
the ions. Measurements with heavy ions at particle
energies up to about 2oo MeV fit a simple empirical
relation *.

[ 1 - C • exp (Z~ v./v

which is valid for Z. > 7, q/Z < a,7 and
v^ > v - 2.13 • 1o6 m/s. The parameters C and -y
are adjusted to different targBt materials with
1 < C < 1.1 and y = o.5b for foil stripping and

2_ = o.B5 for gas stripping. Ths ivean ionisation
q is much higher for stripping in foil targets
than for gas stripping especially for low particle
velocities where the values for q may Jiffer by a
factor 2 (see Fig. 1).

Experimental data for stripping In foils as
well as in gas targets fit the following relation
far the width of the equilibrium charge distribut-
ion 2-3,

°-63 1/2

which is valid for o.1 < q/Z. <
the equilibrium distribution^
approximately

(2)

Qi7« The maximum of
,„ follows

-1/2
•MAX

Thus the fraction of all ions thet are available in
the most abundant charge state decreases from 46 %
for neon ions to 15 % for uranium ions (see Fig. 1).

20 30 U> 60 «0 TO
Z. — »

Fig. 1: Charge to mass ratio c as function of the
atomic number l^ for ions injected into
the Unilac (e. ,) and after stripping, at
1.4 neV/u, in aJgaseous (e.) and a solid
(e_) medium. In addition, the relative
intensity f7^ of Ions in the most abundant
charge state after stripping is shown.
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As an example, cha.ge distributions for
uranium Ions at 1.4 MeV/u as measured at the Unilac
are shown in Fig. 2. The mean equilibrium charge Is
close to 28+ for stripping in the nitngeji gas jet
and 41+ for carbon foils. These measured q values
differ from extrapolated values according to equat-
ion (1): q (gas) > 25+ and q (foil) = 44+. In
addition the width of the equilibrium distribution
for gas d_ = 7.5 is greater than G.o according to
formula (27. 'There are several possible explanations
for these result: influence of the electronic
shell structure for different values of the ioni-
sation q, increase of q due to the high density
in the gas jet compared to dilute gas targets and
finally Insufficient thickness of the gas target
d o ug/cm2) which does not completely give the
equilibrium distribution.
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Fig.

MAGNET CURRENT

2: Equilibrium charge distribution for uranium
ions at 1.4 MeV/u after stripping in the
supersonic nitrogen jet and in carbon foils.

In the Unilac the optimum position for the
stripper is at 1.4 MeV/u, where the total voltage
for the acceleration of uranium ions to the final
energy of 8.5 PleV/u reaches a minimum value of
95 MV when optimizing for gas stripping which
requires a higher accelerating voltage than foil
stripping. Between the first stage Widsro'e accele-
rator and the following Alvarez accelerator suffi-
cient space was provided for the installation of
an extended stripper section (see Fig. 3 ) . The most
important elements of this section are the stripper,
a non-dispersive system of four magnets for the
selection of one single charge state, and two helix
cavities which are used for energy and phase mat-
ching of the ion beam to the following poststripper
linac.

The stripper targets

Two different stripper targets are installed:
a rotating drum with a capacity of 22o foils and a
supersonic gas jet *ir high intensity beams **. The
stripper foils, mostly carbon foils with a thickness
of about 4o ug/cm2, yield higher charge states than
the gas stripper, thus reducing the power consumpt-
ion in the poststripper linac. When particle currents
exceed the range of 1 yA foil strippers are
destroyed in rather short time.

Fig. 3: The stripper section of the Unilac with the
stripper and the helix cavities (a) and the
charge separating system (b) which selects
two singly charged beams for the paststrip-
per and tile luw -3;v.T̂ y -Jxpsrir.-;,n',LiI ur--^,
respectively.

Therefore stripping of high current beans rs
quires a gas target. Ac the Unilac a supersonic gas
jet is used instead of a diluLwd gas target. 5\,
passing nitrogen through a Laval nozzle a gas jet
with a diameter of about 1a rm- is produced whicJi
crosses the ion beam (see Fig. 4). Though the jut
reaches a thicKness of some 1o*7 molecules/'-m2

(1o [jg/r-TtîJ and a density that is equivalent to a
pressure of 1o torr, the vacuum pressure i.n the ad-
jacent beam tubes is lower than 1 ' To"5 torr at a
distance of 4o cm from the gas jet. Due to the spt:*2d
of the gas molecules in the jet, which may reach
5oa m/s, the gas flow into the bean tubes is
effectively reduced. The main gas flow of morfc tha:;
1oo torr 1 • s"1 is pumpGd by a big roots blower
[pumping speed 1r." m 3 / h ) , which also serves as
roughing pump fcr the linac cavities (5 • 1o"2 torr],
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Fig. 4: Supersonic nitrogen jet that is used as gas
stripper at tne Unilac. The gas jst produced
by passing nitrogen through a Laval nozzle
was made visible by rf-exitation. The
rf-electrode can be seen at the bottom.

Usually one single charge state is selected
for injection into the poststripper. The charge sepa-
rating system consists of four dipole magnets.
Between the first and the second pair of magnets
tha dispersion is 5.43 mm for 1 % charge difference
which is sufficient for separation of one single
charge state even for the highly charged uranium
ions (see Fig. 61. The second pair of magnets
deflects the beam back to the linac axis and compen-
sates the dispersion of the first pair so that the
complete system is non-dispersive.
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Charge separation and beam transport

The layout of the beam transport system is
snown in rig. 5. Between stripper and poststripper
linac sufficient space was provided for the in-
stallation of a charge separating system. The
acceleration of all charge states which are pro-
duced in the stripping process would yield low
quality ion beams with large energy spread, pulse
width and emittance. Therefore this mode of operat-
ion by passing the beam with all charge states
through the straight beam line is used only when
high beams currents are required without need for
good beam quality.

DIPOL
SEPTUM MAGNET
STEERING MAGNET
HELIX CAVITY

r m OUADRUPOLE TRIPLET
G3 QUADRUPOLE DOUBLET
a SEAM DIAGNOSTIC BOX

Fig. 5: Layout of the stripper section of the Unilac.

Fig. fj: Beam profiles and dispersion trajectory for
$ q/q = 2,5 % along the stripper section.

It might be noted that the charge separating
system is not isodromej the lengths of beam trajec-
tories differing by 5.4 mm for 1 % charga difference.
For ex-mple, injection of uu0* and U*4** passing
the charge separator would result in a phase shift
of 32° at 1o8 MHz for the particle bunches and
therefore in reduction of beam quality.

Between prestripper linac and stripper a
quadrupale triplet is installed which focuses the
beam into a double waist at the position of the
stripper. A small beam diameter at the stripping tar-
get reduces emittance blow up due to multiple scatter-
ing nf the ions at the target atoms. That effect
seemed to DB more important than the reduction of
life time for the stripper foils as results of in-
creased beam current density. At both sides of the
stripper the ion beam is passed through small beam
tubes with a diameter of 1o mm which reduce the gas
flow from the gas jet. Fig* 7 shows one of these
beam tubes after several months of operation. It
can be seen that bad focusing may have rather dra-
matic effects.

9eam matching in the longitudinal phase space

When leaving the prestripper linac the ion
beam nas an energy spread of about 1 %. Due to this
energy spread particles drift apart along the 13 m
distance of the stripper beam transport system. The
resulting phase width of the particle bunches would
be about 15o° at 1o8 MHz at the entrance of the
poststripper linac. Injection of these broad bunches
would result in particle losses and in reduction of
Deam quality 5. Therefore, a rebuncher helix was in-
stalled for phase matching from the prestripper
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Fig.7: The 1a mm diameter beam tube just in front
of the gas stripper which was damaged by a
slanting high intensity beam.

«, TRIPPER REBUNCHER

into the paststripper linac.

The position of the rebuncher helix behind
the stripper is nearly at trie centre of the drift
space. Since distances at both sides of the re-
buncher havs nearly equal length and since the
charge state is increased in the stripper the maxi-
mum voltage in the rebuncher is only 3oo KV. Phase
matching can be compared to beam matching in radial
phase apace. Particle bunches that leave the pre-
stripper linac are brought tt an image at the ent-
rance of the poststripper linac. Thus the re-
ouncher focuses a singly charged particle beam into
short bunches for injection into the poststripper
linac. In the same way as focusing properties de-
pend on the momentum of particles, the focusing
properties of the rebuncher depend on the charge
state of the ions. The chromatic aberration for
different charge states increases the bunch width
by 1o to 2o \ when the beam with all charge states
is passed through the straight beam line. However,
different charge states are accelerated anyhow at
different stable phasB angles and this effect
deteriorates beams quality much more than the small
increase in bunch width.

In addition, matching oJ1 the beam energy is
required since energy loss in the stripper target
depends on the atomic number of the ions and of
the target atoms, and, moreover, an the thickness
of the target .̂ Due to these effects energy
differences of up to 2 \ are observed for different
ion beams, which would deteriorate the beam quality
in the poststripper linac. Therefore another helix
cavity was installed at the exit of the preatripper
linac which is used for compensation of the energy
loss in the stripper target. The prestrippsr linac
was designed for a final energy that is 1.5 %
higher than the injection energy of the following
accelerator stage. This energy difference balances
in part ths energy loss in the stripper, so that
a total energy loss between o % and 3 % can be com-
pensated by the energy correcting helix. Energy
correction can be compared to beam deflection In the
radial phase space (see Fig. a h

Juring the initial period of operation only
ttvj rebuncher he- x was used, which improves beam
current by about /o \ and reduces the phase width

Fig. 6: Beam matching in the longitudinal phase
space. Flotting phase differences versus
axial position along the stripper section
demonstrates that the rebuncher acts like
an optical lens and the energy correcting
cavity like a steering magnet. Both coordi-
nates are normalized to 6>.-*(51 mm, the
slope of the trajectories reflects velocity
differences.

of the particle hunches. The energy correcting
nelix will go into operation after instJJllation of
additional beam diagnostic equipment.
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DISCUSSION

J. Sheehan, BNL: What is the lifetime of the
foils?

Anfiert '• Indefinite, because the current for
uranium is very low.
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FIELD CONTROL IN A STANDING WAVE STRUCTURE AT HIGH AVERAGE BEAM POWER

J. McKeown, J.S. Fraser and G.E. McMichael
Atomic Energy of Canada Limited

Physics Division, Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0

A 100% duty factor electron beam has been
accelerated through a graded-B side-coupled
standing wave structure operating in v/2 mode.
Three non-interacting control loops are necessary to
provide the accelerating field amplitude and phase
and to control structure resonance. The principal
disturbances have been identified and measured over
the beam current range of 0 to 20 mA. Design
details are presented of control loops which
regulate the accelerating field amplitude to + 0.3%
and its phase to ± 0.5° for 50% beam load!**;.

Introduction

Many accelerator control systems are
designed to accommodate the fast transients asso-
ciated with the beam pulse. In a proton accelerator
for nuclear fuel breeding or other 100% duty factor
applications, this problem disappears and may be
replaced by the stringent requirements associated
with the transport of a very high power beam. In

particular it is estimated * that a breeder
accelerator would require a beam spill of less than
50 GeV.pA/m of the proton beam if the y-ray dose
from induced activity, one hour after shutdown, is
to be kept below 2.8 mrad/h (280 mGy/h) at 1 metre
from the axis of the machine. In addition to emit-
tance filters, this requirement demands both an
accelerator structure which is stable under heavy
beam loading and a field control systPin which will
reduce the effect of all disturbances. It is esti-
mated that the accelerating field must be stable to
1% in amplitude and ± 1° in phase.

The Electron Test Accelerator (ETA) at
4 5

Chalk River * has been built to study the behaviour
of standing wave structures operated with heavy beam
loading at 100% duty factor. This paper discusses
the design of the accelerating field control systems
and describes their behaviour when a graded-6 side-
coupled, standing wave structure accelerated a
bunched 80 keV electron beam of 20 mA to 1.5 MeV.

Field Control in Linear Accelerators

In accelerators with a beam pulse width of
a few microseconds, open loop control systems must
be used for some parameters whereas closed loop
systems can be used to reduce the effect of slow
disturbances. The Stanford Two Mile Accelerator uses
feedback techniques to optimize beam parameters in

succeeding beam pulses . High average current
machines with long pulses need a closed-loop control
system active during each pulse. The task of
accommodating both the fast beam transient as well as
the numerous slow disturbances in a high power
machine has been tackled successfully by Jameson et

alr at Los Alamos .

More recently, a new generation of linear
accelerator structures used in storage rings has
brought its own special problems. These accelerator
structures are powered continuously, hence they have
control problems similar to those in 100% duty
factor machines. However for maximum luminosity,
the accelerated charge is compressed into a few
micropulses each of which can take up to 60% of the

Q
scored energy in the cavity . This major disturb-
ance cannot be controlled dynamically for each pulse.
The beam-driven excitation of the structure is a
property of the structure and the bunch shape.

Although the beam power of a breeder
accelerator will be over two orders of magnitude
greater than that in a storage ring, recent develop-
ments and experience with rf control systems for
rings will make significant contributions to the
design of rf systems for such a 100% duty factor

9
linear accelerator . In particular, the rf power
sources for a breeder accelerator are likely to be
klystrons and structures operated at high mean power
are common to both systems. In contrast to the
storage ring it is expected that the micropulses in
a linear accelerator will be equally filled. This
assumption is justified in the absence of contrary
experimental evidence, hence the major external
disturbances will originate from thermal and rela-
tively slow electrical disturbances. Both rf
systems require regulation of structure resonance,
field amplitude and phase, hence their control prob-
lems are similar.

In spite of the inherent coupling by
common elements in the system the three control
loops for ETA have been designed so that each vari-
able is controlled independently. Lee , using an
equivalent circuit model, has derived optimum values
for the system parameters and calculated the require-
ments for steady-state beam loading compensation.
To compensate for reactive beam loading one can either
detune the cavity or change the phase of the rf power
source. The former method is used at SPEAR where a
tuner in each individual cavity is used not only to
compensate for thermal effects but also to compensate
for reactive beam loading. Thus their "transmitted
phase" is always fixed. We have used the latter
approach with the amplitude and phase of the
accelerating field as directly controlled variables.
Control loops monitor the field in the structure,
compare its amplitude and phase with set points and
the resultant error signals change the drive signal
to the klystron. A separate tuner and temperature
control system keeps the structure always in tune at
minimum reverse power.

ETA Field Control

Resonance Control

Before turning-on the beam, all rf structures
in a multi-tank accelerator must be resonant at the
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same frequency and excited from a single master
oscillator. The resonant frequency of the graded-8
structure In ETA shifts by 380 kHz, 10 times the
structure bandwidth, in going frora an Initial cooling
water temperature of 22°C to 35°C at design power
of 2.5 kW/cell. The block diagram of the resonance
control system in Fig. 1 shows two modes of opera*
tlon. Initially, each structure determines the
frequency of a dedicated "start-up" oscillator. In
this way, rf heating can be used to bring the
structure to operating temperature, eliminating the
need for a separate heating system. This mode is
labelled Automatic Frequency Control (AFC). To
protect the klystron from excessive reverse power it
can only be switched to the master oscillator when
the frequency difference between the structure
resonance and the master oscillator Is lesr than
1.5 kHz. Using temperature alone to tune ;he struc-
ture, the start-up time to establish the necessary
thermal stability 13 too long. A fist-acting
mechanical tuner in a single cell brings the tank to
the master oscillator frequency in about 4 min and
then the beam can be turned on. It also eliminates
the difficult problem of temperature control by water
cooling. This mode is labelled Automatic Mechanical
Control (AMC) in Fig. 1 and is the accelerator
operational mode for ETA. As all beam experiments
reported in this paper were done with a single
structure, only the AFC mode was used.

Fig. 1 Resonance control system showing the two
modes of operation
(a) Automatic Frequency Control (AFC)
(b) Automatic Mechanical Control (AMC)

used for normal acceleration operation.

The method we use for detecting structure
resonance was developed at Chalk River by Bayly and

Bax . The principle is illustrated in Fig. 2. The
osc.'llator frequency is modulated ±0.5 kHz at an
audio frequency of 10 kHz. Figure 3 shows that the
fundamental component of the modulation on the
reflected power undergoes a phase inversion from one
side of resonance to the other. Phase detection at
the modulation frequency by the resonance analyzer
(Fig. 1) gives the response shown in Fig. 3. The
analyzer has zero output at resonance and at large
departures from resonance. To bring the analyzer
within operational range an initial frequency search

A \ / f\ WtUUTIIM
\ \ I l \ IFWUCTEO

\J \ I, V (I01M1 .

?;
Fig. 2 Resonance analyzer scheme using phase

inversion of a demodulated audio signal
at rf resonance.

Fig. 3 Analyzer output as a function of frequency.

is necessary. Because mistuning is detected as
modulation of the rf amplitude at a fixed audio
frequency, the output signal is independent of rf
phase and therefore Insensitive to reactive beam
loading. The loop gain is reduced when beam loading
broadens the structure resonance but is independent
of the reverse power level. Our experiments have
shown that a simple proportional controller is
adequate for our present purposes and should also be
suitable for much higher beam currents. Methods for
providing a dynamic match to keep the reverse power
level at zero are under study but none of them would
influence this approach to resonance control.

Phase Control

Many disturbances affect the rf phase, of
which the dominant ones are 360 Hz ripple on the
klystron high voltage supply, thermal effects, beam
loading and klystron power changes. These require
a dynamic range of 65*. An additional 450° is
provided to investigate beam-cavity effects. The
controller has a roll-off frequency of 1 kHz so that
it will not respond to the frequency modulation of
the resonance control loop.

The r'.iase control system has been described

in detail previously ; its principles are shown in
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Fig. 4. A dual-channel super-heterodyne receiver
mixes the rf signals and retains the phase informa-
tion at the intermediate frequency of 10 MHz. An
error signal proportional to the phase difference
between the structure field and a set point derived
from the buncher field is produced by a digital
phase detector. Digital phase detection was chosen
so that the error signal would be independent: of

field amplitude and the characteristics of detectors
The error signal produces a compensating phase
change in the klystron drive H U P . by adjusting the
Impedance of varactor diodes mounted in an air-
dielectric, silver plated coaxial line. Although
the variation of insertion loss of the phase shifter
is 2 db over its full range, the saturated amplifier
in the drive line prevents this change in level
coupling into the amplitude loop.

•Fig. 4 Block diagram of phase control system.

Amplitude Control

All work on stabilizing the field level in
the structure has been done with the klystron
unsaturated. It is recognized that a saturated
klystron with a controlled high voltage supply or
modulating anode would be necessary for maximum
efficiency. An unsaturated klystron could however
be tolerated during unusual conditions where, for
example, fast response is necessary or during
run-up of a heavily beam-loaded system.

The system used for the present experiments
is shown in Fig, 5. A Schottky hot carrier diode
monitors the field level in the structure A. Its
output B is compared with the set-power level C to
produce a signal D which is amplified to produce the
control signal E for the PIN attenuator. The rf
drive to the klystron input cavity F gives the
required output G from the klystron. All elements,
except the Schottky diode and its amplifier, are
elements in the forward part of the control loop and
hence associated disturbances are regulated. The
diode amplifier circuit is used to produce a unipolar
signal from the bipolar detector signal and the uni-
polar set-power level.

At each of the labelled points In Fig. 5
the signal is shown as a function of set-power level

Fig. 5 Schematic diagram of amplitude controller
and behaviour at test points in the closed
system as the set-power level is changed.

illustrating the behaviour of the loop under actual
accelerator operating conditions. The loop will
function over a power range of about two decades.
The need for this requirement will be seen in tho
next section. The gain of the loop is a strong
function of the output power versus drive power
characteristic. The curves of Fig, 5 were taken
with the klystron high voltage set to give klystron
saturation at 75 kW (at which power the loop gain
is zero).

Operation of Control System

The accelerator start-up procedure is as
follows. The amplitude loop is closed at a set-power
level which delivers about 1 kW to the structure.
The computer searches to find resonance by adjusting
the frequency of the start-up oscillator until the
structure field is maximized and the resonance loop
locks. (Only at this power level is the klystron
tolerant to the high voltage standing w; ve which
usually results during the frequency adjustment.)
The structure power is then increased in a few milli-
seconds to the operating level of 32 kW by changing
the set-power level. When the structure frequency
reaches the master oscillator frequency the drive
source is transferred to the master. The phase con-
trol loop is locked and the required phase set-point
selected. The electron gun is turned on; a current
of 20 mA can be reached within a few seconds.

Experiments have been done at various
structure power levels and over the full range of
relative phase between the buncher and graded-.!
structure. All beam experiments to be described
were done in AFC mode hence both structure and
buncher were excited by the start-up oscillator only.
The tuner, therefore, was not the compensating
element in the resonance control loop. At a con-
stant current of 10 mA the tuner was moved so that
the frequency shifted by 100 kHz. There was a small
cha-.tp In beam transmission but more Instrumentation
is required before the behaviour of the beam,
particularly in the E-(f> plane, can be investigated.
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The performance of the amplitude control
system <s summarized in Fig. 6. After a preliminary
run up to adjust the beam transport for maximum
transmission the beam current was increased from
zero to 15 mA and then reduced to zero ever an 18
minute period. The upper curve in the figure shows
that the forward power increases smoothly w'ith an
increase in beam current. The small departure from
linearity is caused by the change in the match. The
lower curve shows the variation in field amplitude
at the controlled point in the structure. The data
points are plotted as percentage deviation from that
at zero beam and the rms deviation is less than 0.3%
over the current range.
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Fig. 6 The variation in beam power and the
percentage change in field amplitude
as a function of beam power.

Phase control performance is illustrated in
Fig. 7. As in the amplitude measurements the beam
transport was adjusted for maximum beam transmission
at 16 mA. The beam current was varied and the
corresponding variation of the phase was recorded at
various points. Curve (a) shows the variation in
beam current and curve (b) shows the effect of
reactive beam loading on the phase difference between
the structure field and a forward power directional
coupler in the waveguide feed to the structure.

Fraser et al, discuss the observed structure lag of
4°. Curve (c) is the time variation of the phase
shift across the klystron. A thermal disturbance
caused by temperature variation of about: 7°C in the
klystron water supply is responsible for the cyclic
phas<= variation. This is superimposed on the phase
shift caused by the corresponding changes in the
required klystron output. Curve (d) shows the phase
shift required by the klystron drive to compensate
for all disturbances. Curve (e) shows the phase of
the accelerating field relative to the buhcher
cavity. Although the superposition of all these
disturbances could result in a phase change of 21°,
the phase was held constant with respect to the
buncher within 1°.
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Fig. 7 Time variation of beam-created phase

changes measured between different points
in the rf system. The points are desig-
nated by alphabetic characters in Fig. 4,

for example, S F means the phase shift
between points S and F.

Conclusions

A stable control system has been developed
for a side-coupled standing-wave structure operated
at 100% duty factor. It is relatively simple and
economical, and up to 50% beam loading, it controls
the amplitude and phase of the accelerating field
to within 0.3% and 1° respectively. The bandwidth
of the system is limited to 1 kHz in the present
design; we have seen as yet no evidence that this
is inadequate. The amplitude control must be
supplemented by other methods for most efficient
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operation of the klystron rf power supplies.
Further experiments are planned to study the struc-
ture behaviour at higher beam loading and determine
the necessary control requirements of a high power
proton linear accelerator.
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DISCUSSION

D.A. Swenson. LASL: What kind of device are you

using to create the phase shift within the rf drive?

McKfjwn: The phase shifter is a Varactor phase type

phase shifter; It's a four port circulator with a

voltage control Varactor and a tuned coaxial line.

It has a range of about 400*.
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A HIGH POWER RF SUPPLY FOR THE CHALK RIVER 100% DUTY FACTOR ALVAREZ LINAC

J.C. Brown and B.G. Chidley
Atomic Energy of Canada Limited

Physics Division, Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0

The 3 MeV Alvarez tank of the Chalk River
High Current Test Facility needs an rf source with
a continuous power level of 400 kW at a frequency of
268 MHz. The amplifier chosen employs a KCA A15039
development UHF Triode operating in a grounded grid
circuit and has a minimum power gain of 12. It is
driven by a high gain RCA A2548 developmental
tetrode. The luw power stages are conventional.

A description of the application require-
ments and the final amplifier design will be given
and our operating experience with this system out-
lined.

Introduction

The Alvarez linear accelerator section of
the Chalk River High Current Test Facility is being
constructed to study problems of high beam current
accelerators under 100% duty factor operating con-
ditions. The choice of operating parameters has
been influenced by the availability of equipment and

designs from the ING study . The rf power supply
described in this paper obtained its major com-
ponents from a breadboard amplifier constructed for

the ING development program .

Rf Power Supply Specifications

The Alvarez accelerator is a single tank;

Table 1 lists its basic specifications ,

TABLE 1

BASIC LINAC SPECIFICATIONS

Input Energy
Output Energy
Frequency
Tank Diameter (inside)
Tank Length (inside)
No. of Cells
Rf Field (peak)
Rf Power

no beam
with 50 raA beam
with 100 mA beam

750 keV
2.982 MeV
268.3 MHz
71.11 cm
164.97 cm
25
2 MV/m

120 kW
232 kW
344 kW

It operates at 268.3 MHz and requires an c'.iitation
power of 120 kW to achieve the design axial field
of 2 MV/m. The beam loading at the expected space
charge limit of 50 mA is 112 klT. An rf power
capability of 400 kU was chosen to provide suitable
contingency.

Fig.

Rf System Outline

A block diagram of the rf system is given in
1. Because the last stage is a triode in a

3 M , V I L V J P ' Z L I H J C B F S t S T E H

I G U R E I

grounded grid circuit, the gain is low and a large
drive power must be provided. The! lower power stages
have somewhat higher gains but we still require many
stages with the associated complexities of control
and protection.

The tube manufacturer recommends that the
triode should not be operated with zero or very low
drive power to avoid the possibility of a destructive
parasitic oscillation, so for very low power outputs
as for example initial rf conditioning of the Alvarez
accelerator, the 75 kW amplifier can be connected
directly to the accelerator. The final amplifier
can be switched to a full power resistive load for
test or adjustment.

Amplitude and frequency regulation systems
are required for accelerator operation. A tuner has
not been incorporated into the accelerator so the
operating frequency will be made to follow the
resonant frequency of the accelerator as it drifts
because of rf heating. The. expected shift in
frequency of about 85 kHz can be handled readily by

the frequency control system .

Oscillator-Exciter

The master oscillator is a General Radio
Synthesizer because it can be programmed easily for
frequency control. Its output, which is 22.361 MHz,
(1/12 operating frequency) is raised in frequency and
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power by a series of multiplier and amplifier stages
(comprising the "exciter" of Fig. 1) to a maximum
power of 1 kW.

Tetrode Driver Stage

The driver stage uses an RCA A2548 high gain
tetrode whirh is a developmental version of the
2041 used in radar service. The cooling has been
increased from the standard 2041 to raise the plate
dissipation limit from 20 to 55 kW thereby per-
mitting a nominal output of 100 kW at 100% duty
factor.

The tube has a single ended coaxial struc-
ture with a centrally located plate and rf terminals
arranged so that the input and output resonators
are mounted on opposite ends of the tube. Figure 2
is a simplified cross section of the coaxial 3/4 A
plate resonator. It is tuned by a combination of
adjustments of a shorting plunger and a moveable
tuning plunger X/4 long. The latter is supported
between the resonator walls by a pair of shorted
A/4 stubs. The shorting plunger strongLy affects
the output coupling and hence is used primarily for
loading adjustments. Only the tuning plunger
assembly is water cooled; the remainder of the
structure is air cooled.

- •— DC BLOCKING CAPACITOR

—" TEFLON

„ . - PLATE TUNING PLU«C£R

UNING PLUNGER COOLING

| RCA 8 2548

TETRODE PLATE RESONATOR

Triode Amplifier Stage

The final stage uses an RCA A15039 develop-
mental triode which is electrically identical to the
pulse type 2054 and similar to the 7835 used in many

accelerator applications. The main differences
from the 7835 are a double wound grid giving ,i
higher amplification factor and better plate to
cathode isolation, and improved cool ing .ill ouirm ;i
plate dissipation wf 750 kW. The e.irlv breadboard
installation had a power output, goal of 1.2 MV am!
the tube i tsel f is capable of this but I lie present
installat ion is des i;.'nerj for onl y 400 kU'.

The; tube is a double ended coaxial stru<U ure
and requires dun] resonators arranged com-cntr U::i] 1 v
as shown in the sinplified cross sect ion nf K ie. 3.

AI5O39 TRIODE AMPLIFIER STRUCTuRt~

Figure 3

The resonators arc? (3/2)* total length including the
tube. The input resonator has an enlargement of tfit-
outer wall du..:ieter to accommodate tuning plungers.
All of the tuning plungers are fitted with finger
stock wall contacts and are driven electrically as
a pair so that the upper and lower halves of each
resonator are adjusted equally. All of the resonator
walls and the tuning plungers are water cnoled except,
the outer wall of the output resonator which h.is ,m
adequate radiating surface.

Dc isolation is provided by \/4 coaxial
capacitors (solid dielectric insulation for the in-
put and air for the output) placed in the resonator
wall at a current minimum, A/4 from the tuning
plunger short. Although the input blocking capaci-
tor has a low characteristic impedance (0.4 ohms),
it does allow some rf leakage at the filament lead
penetration on the 1ower resonator but this has not
proved troublesome. The output blocking capacitor
consists of two copper buckets bolted .)t the high
current end to the tube plate terminal. The bead
enlargement at the open end has been shaped to wi'"li-
st and the combined dc and rf voltage .stress.



Water cooling for the plate enters and
leaves by four radial copper tubes which are fitted
with "double bucket" rf chokes to isolate the rf
voltage on the plate. The blocking capacitors alone
do not prevent all rf leakage because the open end
of the capacitors is not exactly at the current
minimum, and this minimum is not zero, so- careful
tuning of the rf chokes is essential, "hese
assemblies also carry plate dc pow^r and cooling
air for the alumina plate-to-grid insulators of the
tube.

The input loop on the upper resonator is
made adjustable by extending the centre conductor
of the input coaxial line with a telescopic joint to
the three arms of the loop which pass through axial
slots in the inner resonator wall and connect to
the outer wall with sliding contacts. For output
couplingt two fixed taps are made to the inner wall
of the lower resonator to avoid exciting a circum-
ferential mode. These are connected to two 100 ohm
coaxial lines which are joined at a tee junction to
a 50 ohm. 23.3 cm diameter output transmission line.
Both the taps and their continuations, the 100 ohm
line centre conductors, are water cooled.

Plate Power Supplies

Plate dc power for the triode is supplied
by two par-ill..-.! connected 20 kV - 40 A general pur-
pose power supplies located in an adjacent building
about 75 metres away. Because these supplies must
be shared with other experiments, they are equipped
with facilities for interconnection with one of
several control and terminal stations. Hence they
have independent short circuit protection consisting
of vacuum switches that disconnect the transformer
primary windings and short the output terminals
within the first half-cycle following detection of
an external short. Other features that contribute
to their ability to withstand tube arcs and crowbar
short circuit fault currents include air core
primary reactors to limit short circuit fault
current to 5.5 times full load current, and thyrite
resistors and lightning arrestors for filter choke
and rectifier bank protection.

Voltage control is accomplished by off-load
wye-delta switching of the transformer primary and
continuous adjustment of primary voltage by a 30
percent range induction regulator.

The supply for the tetrode amplifier is
similar but with a reduced rating and a continuous
75 percent range voltage control.

Crowbar Protection

Electronic crowbars for protecting the
tetrode and triode tubes from internal arcs and
shorts use the GL-37248 ignitron as the switch tube
in a circuit that limits the growth of fault current

to 110 A/us and fires the ignitron in about 1 us .
The energy stored in the filter capacitors of the
two parallel connected power supplies is 2 kJ at
13 kV but if a tube arc develops, less than 0.05 J
will be delivered to the arc. Crowbar effectiveness
ts measured by a 0.025 mm aluminum foil test in

Operating Experience

Tetrode Amplifier

The tetrode amplifier has been in service
for several years with both resistive and resonant
loads. It has been used extensively to condition
and run a 1.1 m Alvarez test tank up to a power

level of 55 kW . Table 2 lists data from one of a
more recent series of runs into a resistive load in
which an output of 70 kW was reached at an efficiency
of about 63%. Maximum permissible values shown in
parentheses indicate the tube was operating well
within its limits.

TABLE 2

A2548 TETRODE AMPLIFIER TYPICAL
OPERATING CONDITIONS

Grid Drive Power
Grid Bias Voltage
Grid Current

Screen Voltage
Screent Current

Plate Voltage
Plate Current

Power Output
Plate Efficiency

Power Gain

kW
V
A

V
A

kV
A

kW

0.37
'95

0.24

1245
0.72

12.0
9.4

70.8
62.7

190
22.8

(-300)

(1)

(1500)

<1>

(15)

(11)

dB

Triode Amplifier

The triode amplifier has been assembled,
controls and protective circuits tested and high
power commissioning has just started. In the bread-
board setup, the tube aciiieved power outputs of up
to 350 kW but these levels could not be sustained
for longer than a few seconds because of excessive
internal gas. The tube has been rebuilt by the
manufacturer to correct this problem. Factory tests
were conducted on the rebuilt tube under pulse con-
ditions at 400 MHz. The tube delivered a peak out-
put of 3.94 MW with 190 kW drive at 30.5 kV plate
voltage and an efficiency of 49%. Of more interest
for our application is their data at 13 kV in
Table 3, which shows the performance for class B
operation at two values of drive power, the minimum
permissible and the value expected to produce 400 kW
in our amplifier. The gain for both is much greater
than originally estimated by the manufacturer and if
performance at 268 MHz proves to be similar such
gains may cause some inconvenience in control over
the full range of beam current because the output
power at minimum permissible drive will be too high.

In our own high power tests at 100% duty
factor we have operated into a resistive load up to
210 kW (measured calorimetrically). Initial per-
formance data of the completed amplifier stage shown
in Table 4 are taken frum two runs during rf con-
ditioning of the tube. For these initial tests a
large fixed bias of close to cut-off value for a 10
kV plate voltage was applied as a precautionary
measure. Although the bias voltage is greater and
the plate voltage is lower than those of the RCA



tests described earlier, the power gain at the
minimum permissible drive of 10 kW is large and
possibly will match the RCA value at their
operating conditions.

TABLE 3

A15039 TRIODE OPERATING CONDITIONS AT 13 kV
(400 MHz 0.07 duty factor)

Grid Drive Power
Grid Bias Voltage
Grid Current

Plate Voltage
Plate Current

Power Output
Power Gain

kW
V
A

kV
A

10

u
62

13
61

35
22
100

13
100

kW 252 628
25 19

(13.9 dB) (12.8 d3)

TABLE 4

A15039 TRIODE AMPLIFIER TYPICAL OPERATING
CONDITIONS (268.3 MHz)

Grid Drive Power
Grid Bias Voltage
Grid Current

Plate Voltage
Plate Current

Power Output
Power Gain

Efficiency

kW
V
A

kV
A

kW

%

10
40
26

10
22

150
15

(11.7

63

Conclusion

.5

.8

dB)

12
42
33

12
27

210
17

(12.4

62

.2

.5

dB)

While amplifier performance has yet to be
explored over a wide range of operating conditions,
the Initial conditioning r-jns have provided useful
information. For instance, the amplifier can
deliver an output power of 210 kW, which should be
sufficient to excite the Alvarez tank and to
accelerate a 40 mA beam. Much of the operation to
date has been at a substantial output power and with
runs of several hours length during which the rf
structure has performed well and thermal problems
have not been encountered . We are optimistic
therefore, that the amplifier will meet our power
objective of 400 kW.
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RECENT DEVELOPMENTS IN MICROWAVE BEAM-POSITION MONITORS AT SLAC*

Z.D.Farkas, H.A.Hogg, H.L.Martin, A.R.Wilmunder
Stanford Linear Accelerator Center

Stanford University, Stanford, California 94305

The design, installation and performance of
beam position monitors Initially Installed at SLAC
are reviewed briefly. The use of receiver systems to
improve the sensitivity of switchyard monitors is
described. Two position-monitoring systems developed
especially for polarized electron-beam experiments
are described : the first is a homodyne system
capable of detecting 10 urn beam displacements at
100 MA beam currents, and the second is a traveling-
wave monitor with a limiter-normalized output which
can be used dovn to 20 uA.

Introduction

When SLAC was built, beam-position monitors
were installed in the drift-sections along the accel-
erator, and in the beam switchyard. These position
monitors are all basically the same type, namely,
an assembly of three microwave cavitirs which
resonate at 2856 MHz, the transit frequency of SLAC
electron-beam bunches. The monitors have been

described in earlier publications.1'2 However, it
will be convenient to review some features of their
design, construction and performance here by way of
introduction to this paper.

X HYBRID

Fig. 1 : Schematic of Resonant Beam Position Monitor

The basic concept Is illustrated in Fig. 1. The
bunched beam passes through a TM Q 1 0 reference cavity

and two TM 1 2 Q rectangular position cavities, aligned

orthogonally to detect horizontal (X) and vertical
(Y) beam displacements. Only the X cavity is shown
in Fig. 1. Complete expressions for the cavity power-
outputs are derived in the references given. Here it
will be sufficient to observe that for small beam
displacements the output of the reference cavity Is
independent of position, and

E r - krl (1)

where Er is the induced signal amplitude and I is the

beam current. Similarly, the induced signal anplltude

E fr:r. the X cavity varies approximately linearly

with displacement x from the central axis, if the
*
Work supported by the Energy Research and Develop-

ment Administration.

displacement is small :

Ex ' V* «>
When these signals are combined in a hybrid as shown,
the signals E x and E 2 at the output ports are given

by , , ,
E, - EV2 + EV2 + 2 E E cos 6 (3)

- 2 cos 6

If the phase-shifter S is adjusted so that 9

the beam to the right of center, then

(4)

0 for

1//2 (Er + Ex) = 1//2 (krl + kxlx) (5)

and (krt - k Ix) (6)

Clearly, if E. and E. are detected by Identical

linear diode networks, the difference between the
resultant signals will be a voltage proportional to
Ix, and the sum of the signals will be proportional
to I. When the beam moves to the left of center, 8
changes from zero to TI and Ix changes sign, giving
the sense of the displacement.

i '°«r°*-"\7<J ' j ' " L • '" •̂••'••• '•"""" •

w ^ >•«
PHfiSE REFERENCE CAVITY HORlZON'ft . POSITION «VlTr VERTlCfll POS1T1ON (.t,J:' •

TM0OM00E r«,,0«OD£ T » l r a » 0 M

Fig. 2 : Cross section of Resonant-Cavity Transducer

A cross section of a typical monitor cavity
assembly Is shown in Fig. 2. Thirty-three such
monitors, each having a beam aperture diameter of
2.03 cm, are installed along the accelerator. RF
signals from each cavity are transmitted through
semi-rigid coaxial cables to Detector Panels In the
Klystron Gallery, where the signals are mixed and
detected to form video pulses proportional to I,
Ix and Iy as indicated above. The video pulses are

then processed3 into trains of three pulses propor-
tional to In Q, x and y. Q is the charge contained
in one beam pulse. The information is transmitted to

the Main Control Center ( M X ) , multiplexed1* and
displayed.
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An early modification to the above system was
the provision of remote diode-balancing from MCC.
The need for frequent rebalancing arose from the
poorly-matched time-variable characteristics of the
thermionic diode detectors used in the system. For
many years* the choice of simple RF detection was
limited to thermionic diodes because of the large
signal range ( 45 dB) over which quasi-linear detec-
tion was required. The difference network across a
pair of mismatched diodes may be balanced at any par-
ticular signal (current) level to indicate zero Ix
when £ - 0. However, if the current changes, or

the diode characteristics vary, balance will be de-
stroyed and a spurious Ix signal will result. The
networks are rebalanced by disconnecting E at the

hybrid (Fig. 1), and adjusting the difference network
to give zero output by means of a motor-driven poten-
tiometer. All RF switches and potentiometers are
remotely controlled from MCC, and of course the same
balancing system is applied to the Y channels.

The accelerator beam-position monitors as
described above continue to operate moderately
satisfactorily, although it is planned to convert
tYieTft to hot-carrier diode detection iti the neat
future, and also to use a modulation/synchronous
detection system which does not require balancing.
This system will be described in detail below.

Six microwave beam-position monitors were ini-
tially installed in the beam switchyard. The trans-
ducers (i.e., the assemblies of three resonant cavi-
ties) have not been modified since the time of
installation. They are similar to those described
above and illustrated in Fig. 2, with two important
exceptions : (1) the beam aperture diameter is
5.08 cm, and (2) the cavity separation is Increased
to 10 cm to reduce crosstalk. Also, the reference
cavity is not re-entrant.

Signal processing for these monitors Is also
basically as shown in Fig. 1. However, because of the
high-radiation environment, the phase-shifters, S,
are remotely controlled. A further difference is that
by remote switching, two different detector systems
can be selected for the hybrid output signals E.

and E_. A block diagram of the system is given in

Fig. 3.

It shows thermionic Jiodes and solid-state diodes as
the alternate detectors. The thermionic diodes are
normally used for position monitoring beams in the
current range from about 80 mA down to 0.5 mA. The
solid-state diodes were initially tunnel diodes,
but these have been replaced firstly by point-
contact diodes and then by hot-carrier diodes which
have greater burn-out resistance and are useful over
a lower current range extending down to about 100 uA.

Again, more details are to be found in the references.1'2

The switchyard monitors do not have provision for
electronically normalizing the Ix and Iy signals.
Instead, they are delayed by 2 us and 4 MS respec-
tively from the I signal, so that all three video
pulses can be displayed sequentially on one oscil-
loscope trace. The real time display allows obser-
vation of current-and position-changes during the
beam pulse. The Ix and Iy pulses can be manually
normalized by adjusting the scope gain to keep the
I pulse-height constant as the current changes.

60 MHz Receiver Systems

The sensitivities of four monitors in the

switchyard have been increased by a factor of 103

by the addition of superheterodyne receiver systems.
A block diagram of one X-Channel is shown in Fig. 4.
The terminals X,, Xg, X and 5C, are connected to the

corresponding terminals in Fig. 3, and the hot-
carrier diodes shown there are removed. The Y-Chan-
nel is similarly connected.

The power-dividers and mixers in each receiver
are microstrip hybrid-ring circuits on organic
substrates developed at SLAC. They are relatively
inexpensive to build in-house and have good narrow
band performance around 2856 MHz. The same basic
circuit is also frequently used as a phase bridge.

The output o£ the TMJJO c a v i t i e s i s approximately

50 iiW/mA2nmi2, or-73 dBm/yA2mm2. The receivers have

about 10 dB noise-figures and 10MHz bandwidths, so

that their equivalent noise input is-88 dBm. Thus,

allowing 3 dB cable loss, it should be possible to

resolve a 1 nndisplacement of a 250 nA beam. Measure-

ments have shown that a 1 mm displacement is discern-

ible at 100 nA beam, current.

RENCS 1

HORIZONTAL [

T M | 2 0

VERTIC

I h-

X H

VERTICAL | Y h ,
POSITION | I71 IT

VIDEO SIGNALS
TO BALANCING
CIRCUITS,
SELECTORS
AND DISPLAY
IN MCC.

SANE AS X SYSTEM
,

4 INDICATES CONTROL FROM MCC

Fig. 3 : Block Diagram of Typical Switchyard Position. Monitor System
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CONTROL
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I.F. AMPLIFIERS
AND DETECTORS

L_r- SAME AS X SYSTEM I

Fig. 4 : Block Diagram of 60 MHz Superhet Receiver

It should be emphasized that these systems offer
only Improved sensitivity) the position information
is still not normalized and zero errors occur when
the I.F. channels are unbalanced.

The video outputs of the receiver systems are
also summed to give signals proportional to beam-
intensity. Besides being used for normalizing, the
sum-signals provide excellent beam-curre.it video
information. They can be used to detect bean currents
down to 10 nA

Homodyne Receiver Systems

In the course of planning an experiment on the
inelastic scattering of polarized electrons at SLAC,
it became clear that very precise beam-position
monitoring would be required to direct the electron
beam onto the deuterium target. Two monitors were
needed : one placed about 10 m back from the target
had to be able to record 10 urn displacements at
100 vA beam current, while a second about 50 m
further back had to resolve 60 pm at the same current.

It was determined that a phase-modulation
synchronous detection (hnmodyne) system, coupled to
the resonant cavity transducers described above,
would best meet the requirements. A block diagram of
the system Is shown in Fig. 5. The signal from the

-73 dBm for a 100 M A beam displaced 10 urn from the
center line, is fed into a hybrid which is used as a
double sideband suppressed carrier (DSSC) modulator.
The modulation is produced by a relatively high-level
(10 dBm) 30 MHz CW signal. The DSSC modulation can be
considered as 180° phase-modulation at a 30 MHz rate,
(with synchronous amplitude modulation which does not
significantly affect the detection mechanism). The
30 MHz phase-modulated 2856 MHz cavity signal passes
through an isolator (to avoid reflections which can
be modulated and re-transmltted as spurious position
error signals) to a mixer which is used as a phase-
detector. Here it is mixed with a coherent 2856 MHz
CW reference signal derived from the accelerator
drive system. The latter is fed into the experimental
area at 476 MHz, where it is multiplied up to 2856MHz
and distributed to the two homodyne systems. The out-
put of the mixer is a 30 MHz signal.

The phase of the reference signal into the mixer
Jan be remotely adjusted to maximize the output am-
plitude, which occurs when the input signal vectors
are co-linear. The mixer output ?ls amplified and fed
into a synchronous detector, wv.ere it is phase-com-
pared with part of the origins . 30 MHz signal. Again,
it is necessary to adjust the phase of one 30 MHz
signal to maximize the video output from the synchro*
nous detector. A low-pass filter removes the residual
30 MHz signal, and the video passes through a bipolar
video amplifier to ADC circuits and the SDS 9300
computer.

The system described may be set up to give
positive video polarity when the beam is, say, to the
right of center. It Is Important to note that when
the beam is centered, the cavity output and its
dependent signals throughout the receiver chain go to
zero. No balancing is involved. When the beam moves
to the left of center, the cavity output changes
phase by 180°, and is followed by the DSSC and mixer
output phases. This causes the video output of the
synchronous detector to change polarity.

Two double-channel homodyne receivers were built
and installed in the experimental area (End Station
A) . Resonant-cavity transducers were installed in the
beam line locations mentioned above and connected by
2.2-cm diameter coaxial cable to the receivers. A
photograph of one receiver box is shown in Fig. 6.

• CONTROL FROM COUNTING HOUSE '

A - TO SECOND CHANNEL

Fig. 5 : Block Diagram ot Homodyne Receiver System
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Fig, 6 : Photograph of X-Channel, Homodyne System

The computer was used to analyze the position
data supplied by the monitors and to apply corrective
steering currents to vernier coils on the beam line
magnets. Because of their absolute accuracy, toroids
were used to monitor the beam current and thus pro-
vide the normalizing information required to com-
pute displacement. In their description of the

experiment, Prescott et_al5 note that the two posi-
tion monitors were sensitive to a few microns dis-
placement. With computer steering, systematic
position changes were held to less than 1 urn, and
systematic beam-angle changes at the target were
less than 0.1/jradian.

Traveling~Wave Beam Position Monitors (TWBPM's)

An early form of TWBPM has been described.^
This monitor vas cumbersome and expensive, awd was
troubled with drift-tube resonances. Nevertheless,
r.ii> concept of a non-resonant microwave position
tr?.ns<!ucer, easier and less expensive to build than
the resonant cavity structures already described,
remained attractive. To this was added the idea of
simple normalization (i.e., removal of beam-current
dependence) by the use of limiter-amplifiers prior
to phase detection.

Fig. 7 : Schematic of Traveling-Wave Beam
Position Monitor

A schematic diagram of the basic monitor is
given in Fig. 7. The transducer is simply a length
of S-Band waveguide with beam apertures centrally
placed in the broad walls. Each end of the waveguide
is terminated by a matched transition to coaxial
line, and the two lines are connected to a phase
bridge, represented for the moment by a simple hybrid.
Using the notation of Fig. 7, the hybrid output
signals will be

'1.2
= E (1 + cos 8) (7)

The phase-shifter S Is adjusted so that when the
2 2

E Ei/2 and 0. Whenbeam is centered, 6

the beam moves off center a distance x, the addi-
tional phase-shift, <t , developed across the hybrid
is 4TTX/X_, where A_ is the effective guide wave-

length. Then

For small 0,

g

2 = E^(l ± sin •)

E(l ± * / 2 ) , and

- £„ = E6 = klx

(8)

(9)

where k is a constant.

A very convenient way of removing the I-depen-

dence is shown in Fig. 8. The E * 4 and E^dS signals

from the transducer are down-converted to 60 MHz and

passed through llmiter amplifiers before phase de-

tection. One TWBPM based on these ideas has been

developed and used in polarized electron beam exper-

iments.6 Design and performance details follow.

Referring again to Fig. 8: the 60 MHz limlter
amplifiers used have an input signal range from
-70 dBm to +10 dBm. The levelled output is about+3 dBm

r CONTROL FROM COUNTING HOUSE

Fig. 8 : Block Diagram of TWBPM Detection System
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VERTICAL
TRANSDUCER

Fig. 9 : Photograph of TWBFH Installed in Beam Line

Fig. 11 Illustrating Current Dependence
of TWBPM Output

and the transmission phase-shift over the input sig-
nal range is less than 10 degrees. However, the am-
plifiers in the matched pair used were specified to
track to within 3 degrees. Shielding and isolation
are important to minimize crosstalk. Separate local
oscillators are used for each channel.

Fig. 9 is a photograph of the complete monitor
Installation in the End Station A beam line. It can
be seen that the X and V transducers are well-separ-
ated. The 6.35-cm diameter beam pipe is lined with
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Fig. 10 : TWBPM Output as Function
of Beam Displacement

lossy material to increase isolation between channeLs.
The transducer beam interaction impedance is about
250 ohms, and the differential phase-shift (*) is 2
degrees per mm of beam displacement. The video output
of each phase detector is amplified and transmitted
to the Counting House (Experimental Control Room).
The video is sampled by a 0.5 us integrate-and-hold
gate. The sampled and stretched signal is amplified,
converted to an 8-bit word and counted out at a 1 MHz
rate into a string of pulses which are fed into a
decimal display'counter and also into the computer.
The phase shifter (Fig. 8) is adjusted so that when
the beam is centered the video output is zero and a
count of 128 is displayed. A variable-gain amplifier
is set so that 0 indicates the beam is left (or down)
13 mm, and 256 indicates rigl. (or up) 13 mm. This
particular scale (approximately 10 counts per mm),
was chosen to suit the experiment, in which the beam
was scanned over a 26-mm square, and the TWBPM was
used to monitor the instantaneous beam-coordinates.
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so that raster-steering corrections could be computed

and applied.

The monitor described will detect beam position
changes of 0.1 mm (corresponding to approximately 1
count) for beam currents down to 20 uA. The linearity
of the monitor in the x « 0 and y ^ O planes is illus-
trated in Fig. 10. Fig. 11 illustrates the most seri-
ous problem remaining with the TWBPM, namely, the
variation in indicated beam position as a function
of beam current. This variation is about 1 mm
maximum, and is roughly proportional to deflection.
It Is most likely due to imperfect limiting in
the amplifiers.
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SOME ASPECTS OF THE

UNILAC BEAM DIAGNOSTIC SYSTEM

J. Glatz, J. Klabunde and P. StrehJ

Gesellschaft fur Schwerionenforschung mbH
Darmstadt, Fed. Rep. Germany

A survey of the Unilac beam diagnostic system
is given with special reference to the operational
experience collected during the running-in period.
Devices for measurement and display of beam profiles,
energy, rf phases and amplitudes and rf matching
procedures between the different stages of the acce-
lerator are described. Some aspects concerning future
developments and improvements are discussed briefly.

Introduction

Rather elaborate beam diagnostic systems are
essential for multi-particle, variable energy linear
accelerators like the Unilac. Beam parameters have
to be monitored within a wide intensity range (109

to'10^4 particles per second) and at specific partic-
le energies between 11 keV/u and 10 MeV/u. The multi-
stage rf accelerating system of the Unilac and its
associated re- and debunching elements, in addition,
demands precise phase measurements to obtain the
high degree: of beam quality necessary for a large
group of experiments.*

The frequent changes of accelerating con-
ditions, typical for multi-particle, variable energy
machines, tend to decrease the overall operational
efficiency of the facility and computer aided opera-
tion becomes almost essential. Therefore, the elec-
tronics associated with the beam diagnostic elements
of the Unilac were designed, from start on for both,
manual and computerized operation.

The development of beam diagnostic elements
at GSI received much stimulation from other accele-
rator laboratories, yet the adaptation to the spe-
cific needs of the Unilac led often to considerable
modificatians and to special developments as well.
Table I gives a., survey of beam diagnostic elements
either in actual operation in the Unilac, or in ad-
vanced developmental stage. The following remarks
concentrate on bearc profile measurements, fast pick-
up probes and on phasing and energy measurements.

Beam Profile fieasurements

From the viewpoint of first time operation
of the Unilac and the present operation of the acce-
lerator for experiments the harp system has proved
extremely useful for tuning up, optimization and
beam monitoring procedures even at rather low beam
intensities. Therefore some more details will be
given.

Fig. 1 shows a harp, removed from its pneu-
matic actuator. The harp itself consists of 2 x 16
tungsten-rhenium alloy wires, 0.1 mm thick and spaced
by 1.5 mm. The wires are arranged in two planes for
the measurement of the beam profile in x- and

TABLE I

Beam-Diagnostic Elements

Beam
Parameter Device Specifications

Rough esti- Movable slits

m a t ? ° f Segmented
position d l ^ p h r a g m s

Sectorized

Faraday cup

Position Harp
and profile

Resolution 1.5 mm

Sensitivity > 5 nA

Aperture 40 mm x 24 mm

Ionization Resolution 0.5 mm

beam scanner2 _ JLJ . . . ̂ ,
sensitivity (estimated)

5 x "ID9 - 5 x 10 1 0 p.p.s.
at 1CT7 torr

Aperture 50 mm x 50 mm

Faraday cup^ Off-set current 1 - 10 nA
coaled: M _ , ,.

Maximum power 6 KW
uncooled:

Beam
transformer

Off-set current < 10D pA

Maximum power 300 w

Sensitivity [S/N = 1)
500 nA

Bandwidth 100 KHz

Micro-
structure

Emittance

Capacitive

probe1*'5

fnaxial Fa-

Slit system
with 32
detectors^

Sensitivity - 5 jiA
p e a k c u r r e n t

Band-ldth ^ <**

Angular range ± 16 mrad
Angular resolution 1 mrad
Resolution of position
0.1 mm
Sensitivity 1 nA/detector

Energy,

Energy
spread

Time-of- Resolution * 1 %.
flight system
(Detector:
capacitive
probes, semi -

conductors)

pulse height
measurement
with semicon-
ductors

Resolution < 1 %
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y-direction. Each wire is...,tightened by small springe
made of durotherm, a material with good elasticity
up to temperatures of about 650° C. The Deam loss
due to the interception of a harp is about 10 - 12 %.
There is no suppression of secondary particles; on
the contrary, electron emission gives some signal
amplification. There is one operational amplifier
for each wire, used as current-voltage-converter,
optimized with respect to the cost and off-set
current at a tolerable level. With the chosen ampli-
fier fSG 3118 MJ, 2 nA en the wire can be measured
within approximately 1D %, secondary emission inclu-
ded. In order to reduce the electronics necessary
for about 70 harps, installed along the Unilac and
in the experimental areas, relay switching units
serve groups of 8 harps with one main signal pro-
cessing unit.

Fig. 2 gives a blockdiagram for the harp
electronics.

View of a harp.

HARP 1

jy jiy
32

ANALOG

SIGNAL-

PROCESSING

32

RELAIS-UNIT,

COMPUTER TEST
INPUT

32

C/V-CONVERSION

(OPERATIONAL
AMPL)

J L

INTEGRA™

HARP SELECTION

RANGE CONTROL

CONTROL-

UNIT

COMPUTER

INTEGRATOR
CONTROL

SYNCHRONI-
ZATION

•UNIT

MULTIPLEXER
CHANNELS

3 £
CHANNELS

1 16

WIRE
SELECTION

CONTROL
OF

BRIGHTNESSES
Z-

EXT-TRIGGER.

DIFFERENCE-
INTEGRATOR*
DRIVER

MARKER FOR
CENTER
POSITION

3SCILL0SC0PE

COMPUTER COMPUTER

BEAM SYNCHRONIZATION

COMPUTER
ADC

Fig. 2 BlocKdiagrdin uf harp electronics.
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Fig. 3 shows a typical prcfiJu rii-jpiay. Tht

original histogram is smoothed out by the difference-

integrator.

Fig. 3 Display of a typical beam profile in Che
horizontal (top) and verti col piano.

Microstructure

cup una
show;; t1;-

For the correct setting of i-f /•iiaju:.;, if
amplituOes and the matching of di f f t.-:r̂n', d̂ ix-lorii
tor substructures two probes for bunch signal de-
tection are useu: a coaxial type of hdi
a nondestructive capdcitive proL'C;. fig
coaxial Faraday cup wltncut the pnt:jn.aU c ii^Jiaiiiv
for plunging it into the beam lim*. It.L- (.up J L> ::.V.I
in 50 ohm-geometry and th:. raf lect; j • >n * n: ffi uient
measured with a 25 ps rise time 'IUR - i:; l̂ ni: t.r.an
1D %. The grid in front uf the eaJJt.-.-.-f.or i-.-;;irJ- se
condary electrons and shields against t:r, inngitu-
dinal electric field moving in front of tnr? bunnh
which otherwise would broader, thb currt-rit. signal. 3

Fig. 4 Coaxial 50 ohm Faraday cup tlsft). The
beam entrance with radial grid (center
bottom)i isolator protection (top centurj;
inner conductor with cooling wdtor cormt.-j-
tions (left].

Fig. 5 shows a typical Ounch signal ob^^rwco
on a 500 MHz oscilloscope with a prototype of the
coaxial Faraday cup after signal amplification with
a broadband-amplifier (HP 8774, BW ' 1.3 GHz, gain
AB dB, noise 10 \A)). In this case thu grid in front
of the collector was grounded.

5 Bunch signal behind the second Widuroe
tank, mfMLiur'-Mj wit1"' o coaxial Faraday cup
irual iith-A, S H n V / d i v . , U l n n / d l v . ) .

For th'j prupor turiing of ri parameters
by ob^nrvatiori nf t.uncti r, 1 f.i'us 1 •:, at :jr<i!j^nt several
capacitivo prut.-:;̂  -*ir'-: i ir:t Jl I'-t: - lung ttit accclG-
fatur. Thr.1 pro:;cr =*jrt -o,:- in CJ "coaxial" SO oi-im-
;;trip2 ine gvemut ry1* { f>2>. i• i&. L 3 • Ground loops are
avoidorj ty isolating th<-. ;-roti-: froi:i t'-,r.- bRam pipe.
Tfii dovice i:. r;iinoJ '.:o '.A" ̂nni-; i:"tf-'(-'«3nL*̂  cy neano
uf f.o '.eg:it.ini.-tJ ,:ij!;!iM(;r:. in fro'tt: of and behind
tn.-: picK-up cyl I'-fJ'-T-. In I,I:.L oi ;.un>.t:t tuning thu
rof lb.:li{Jf: *.;UT. ft i Lii": : •":•.!. t •_. :-, 2ov; ;j& '; 's.

PHASENSONDE

Fig. B Capaciti v

Qecauso thu influt.mcfed currant on tn-. pick-
up electrode is proportional to the first time-de-
rivative of the transverse -.ltsetric field fror- the
bunches, the signal is bipolar as shown in Fig. 7.
In this picture the me a" be.̂ m current was quite low
[2? nA), but nevertheless it is passible to observe
buncos and to set rf i.>l>ax&$ of tht- cavities to the
correct timn rfiJ-stion with respect to the bunch ,
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Fig. 7 Signal of the cepacitive probe at low
beam -Intensity, mean beam current 27 nA,
at 15 4 duty cycle, vertical 10 mV/div,
gain 48 dB, horizontal 1C ns/dlv.

Measurements of the bunch position with
respect of rf reference signals or the simultaneous
observation of bunch signals from two or more probes
havB proved indispensable during the running-ln pe-
riod ox the machine and for the present tuning-up
procedure of the accelerator. For this reason five
capacitive probes were installed along the machine
up to now, and 8 more probes will ac'ded in the near
future. Fig. 3 shows the positions of the probes
along the accelerator. Later on more p.-obes will be
installed into the experimental beam lines ir, order
to give the users information about the mlcrostruc-
ture near the target.

The final concept of the signal processing
system for the capacltlve probes and the coaxial
Faraday cups is now under development. It will allow
the observation of all signal combinations which
are needed for tunlng-up the Unilac. A preliminary
version of the signal processing system jsea at
present is schematically shown in Fig. 9.

INJECTION

PREBUNCHER STRIPPER

SINGLE GAP
RESONATORS

DEBUNCHER

HH-
EH

© CD ©

t£ CAWtlTIVE PROBE

(2) INSTALLED

© FORESEEN

Fig. 6 Position of capacltlve probea.
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OTHER
SUPPLEMENTARY
HARDWARE

...J

Fig. 9 Signal processing for ertpacitivu
The selection unit allows yimi/lta
observation of two signals.

The particle velocity can be measured with
a high eccuracy by use of the signals from three
capacitive probes. The principle of the method is
illustrated in Fig. 10.

LONGITUDINAL

DISTANCES

TIME SCALE

Fig. 10 Principle of time-of-flight measurements.

According to the definitions in this Pig.,

the velocity can be calculated from

/ CNT t! J.

where N is the number of bunches between the first
and second probej t\ is the measured time delay
between the both signals. The unknown intuger number
N can be ''ound exactly by a rough estimate of the
energy, wnich is easily obtained from the time-of-
flight measurement between the probes spaced by
L2 * & • A. The desired accuracy for this measure-
ment I E affected by the order of N, which itself

depends on the castanets L], the p a r t i c l e ve loc i ty
and the r f wavelength. According to the parameters
of th« UnJ lac , the r«quirnd re la t i ve accuracy i',:

of the Drd^r 10~2. lh& timtj d i f ference t j can VJ
measured wi th a su f f i c i en t accuracy.

Thuso; measurem^ntr. arn fc-raseen at two {JO-
o i t io r r j fllong the Unllac £st:t.' f i g . G): vjfth uroLt.-:-
10, 11, 12 at thy end of the l inac and wit.n proDs?.
3 and '5 in thr- s t r ipper region, ^ez-e the magnetic
analysing system £ii?rves to dtsttrniine TJ.

As an example, the main parancitcr^ in t'\c
atr ippor part ar,t as fo l l ows :

Lj = (BG25 ± 1 "j mm

X = 110G1.6 mm fT =• 36.898 nsj

v0 = 0.0'J491 xc (design value- fu r Wideroe tank J]

Bo^ = 607.4D6 rum (60 = v o / c ]

rj = 13.212

t j = 0.212 x T = 7.,42 ns
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in f i g . 11 Lir.x- L-igfidl^ from t in: pro bur, 3
and 'J in tfiu s t r ipp t i r rugiun am d isplayed.

F i g . 11 l i u i e - o f - f l i g h t TOidsui^munts Lmhjr.ri trie
Widbros accu ln ru to r f t u p : design v e l o c i t y
of tar.K 4 ; l i u t l t t n : valc-.- i ty 0.18 \ n i g h e r ) .

Ihti cLstanr>. ut t" i_: 2t:ru-:jru:j0ings of tha
two tract*:; !ii'.'.3;,ur(f-: t ] «̂»f*ci I.';IT».- ,:JomJy, >. Ln>: u?;p'*-'r

The law^r p ic ture w,j..- taKtin fo r J Q.46 % higher- \/ew

l o c i t y . I t al:-;cj c.v< :i^ :.^-:n thaz t j con be measured
w i th in dpproxint.itt-J y t ?CIO p1,. Lurru-^ponding to a
r u l a t i v u '..-rror of ± i".tJ'i ". In ui-: ve loc i ty mea'Jur^-
• . 1 .

Kig. 12 •j-/iiin-:-trJt'j:^ i.'v ur.ufulnen^ of t f i is
fnt'L.*tO(J. i t cfjow.i ti'.L- i.Ji.:p:.;nd'_nc-i: uf tho output energy
of WicLTuu tdiir. ••• -t roir. Ui>; vf \u<a'.^i diffc-rence
tjLit>j(3L-n Wid^mi: U-JHK '3 tincT '1 at LU'ictant r f ampli-
tudy. AE/T. - 0 corrt":^p:.inU:; tu v.-\i: design unergy at
thw und of tat'K 4.

Thi L> t i r u - o f - 1 l i g h t ti-'chniqim became a
va luob l t tool fo r anurgy anJ p-hjse matching tmt-wuen
pi-tj- und pastntr ippni- (jurlng i:ormnl operat ion.
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F i g . 12 O u t p u t L-ru.rg; o f .-i'i".- ' - ' - -s v-.-r: J
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g a i n , i .:.•. t.Ki-j t i " u - i . f - f I i g f - t o:-t.••/*.- rr t?-t t.-JD
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The signal of probe 5 is also used for the
tuning procedure of Alvarez tanK 1. Since the dis-
tance between this; probe and the first accelerating
gap of the poststripper accelerator is quite small,
the effect of small energy variations can be neglec-
ted in the time-of-flight between probe and gap;
therefore the time; relation between the bunch sig-
nals, observed with probe 5 and the rf signal from
Alvarez tank 1 is assumed to be constant. For this
reason the operators use the display shown in
Fig. 14. for the correct setting of phase between
prestripper and poststripper. The shown timing re-
lation corresponds presently to a stable phase angle
of -30° [design value? within approximately ± 8°.

the bunches.

Finally, a system displaying the particle
distribution in the AE-, t?f -plane is presently
being installed using as detectors capacitive probes
or semiconducting elements.

Improvements of signal processing and dis-
play of information go in parallel. Special care is
given to produce simple reference patterns to speed
up the tuning of the machine.
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Fig. 14 Bunch position with respect to the rf-
signal of Alvarez 1 (1 ns/div-].

Operational experience with the Unilac has
shown, that the matching between pre- and poststrip-
per is rather critical for the following reasons;
the 15 m drift space between the two groupsi the
change of frequency from 27 to 106 MHz which re-
duces the longitudinal acceptance of the poststrip-
per accelerator and the energy loss by the foil- or
gasstripper. The described procedures, however, are
fully sufficient for correct matching.

The titne-of-flight techniques are also va-
luable for adjusting th% 20 single gap cavities. Up
to now we USG only the rapacitive probe S [Fig. 6].
The procedure is as follows: firstly, the phase of
each single gap cavjty is adjusted for vanishing
energy gain and in a second step the phase incre-
ment corresponding to the desired mode of operation
is added.

5 J. Glatz, H. J. Keller and P. Strehl,

G S W 3 - 1 [1973J.

G A. Ehrich, J. Glatz and P. Strehl, GSI-Pfci-3-74.

DISCUSSION

V. Elyan, RTI: Have you done any measurements by
the ionization beam scanner? What is the space and
time resolution of this detector and does it use
crossed field for extraction?

Klabunde: The device is under test. The resolution
is 0.5 mm and we use crossed E and B fields. The
frequency range is 25 Hz to 1 kHz.

Out looK

Further development of the Unilac beam diag-
nostic system goes along the following lines:

Destructive diagnostic elements wil1 be re-
placed by the nondestructive types as much as possib-
le. In case of the harps, a device based upon re-
sidual gas ionizatiDn is presently being tested.
It needs no change of the electronic system.

A new nondestructive fast probe with in-
creased bandwidth is under construction, which gives
directly the longitudinal intensity distribution of
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AN EMITTANCE MEASURING UNIT FOR 100% DUTY FACTOR LINAC INJECTOR BEAMS

M.R. Shubaly, J. Pachner, Jr. , J.H. Ormrod and J. Ungrin
Atomic Energy of Canada Limited

Physics Division, Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0

/ This paper describes a system to measure
the aiftittance of a 750 keV 100 mA dc proton beam
suitable for injection into a 100% duty factor linear
accelerator. A relatively slowly pulsed 45° magnet
switches the beam to a beam dump inside the emlttance
measuring unit for % 10 s. A fast pulsed 5° magnet
then deflects the beam to a multiple aperture
"pepper-pot" plate for 300 us. Beamlets passing
through the plate travel 520 mm and produce a pattern
on a sclntillator screen. A photograph of the
pattern is analyzed to determine beam emittance.
Preliminary results on low current beams show a gross
increase in the emittance in the horizontal plane.

Introduction

The Chalk River High Current Test Facility
Is a 100% duty factor proton accelerator consisting

of a 750 keV injector , beam transport system,
buncher and a cw Alvarez structure designed to
accelerate up to 100 mA to 3 MeV. This facility Is
being built to investigate the problems associated
with the acceleration of high current continuous
proton beams. Space charge effects can cause a large
increase -*n the beam emittance especially at low
energy; therefore an emittance measuring unit is an
important diagnostic device.

Figure 1 shows the layout of the beam line
for the High Current Test Facility injector. When
the linac is not operating the beam travels straight
through the first bending magnet into the dump. For
an emittance measurement the beam is deflected into
the emittance measuring unit by pulsing the first 45°
bending magnet, with the second 45° magnet switched
off.

The Emittance Measuring Unit

The emittance measuring unit (Figure 2) con-
sists of a fast 5° deflector magnet, a pepper-pot
aperture plate and a water-cooled beam dump. The
beam is held in the dump until its position is
stable ( 5 s). Then the 5° magnet deflects it onto
the pepper-pot plate for 300 ps. The tine is kept
short to protect the pepper-pot plate, since the beam
power may reach 75 kW. The beamlets passing through
the pepper-pot plate strike a scintillator screen
where they produce a visible pattern. The pattern on
the screen is then photographed for analysis.

The 5° magnet (Figure 3) Is a 206 mm long
picture frame type having a lithium zinc ferrite
frame, with a gap of 50 mm and an internal width of
183 mm. It is excited by a four-turn copper strip
winding. Magnetic field measurements give an
effective length of 237.5 mm, thus 0.046 T is required
to bend a 750 k.eV proton beam.

a Now with Ontario Hydro, NPD, Rolphton, Ontario.

0 - DOUBLET
T - TRIPLET
B - BEHDIH6 BiCGMET
IP - I OH tlltt

* - vuvc
PI - PROFILE MONITOR

TO LltMC

V
Figure 1. Layout of injector beam lire.

Figure 2. Layout of emittance measuring unit.

The magnet pulser circuit , shown in Figure
4, uses a 1 ohm lumped-constant delay line as a
pulse forming network. The line is graded to mini-
mize pulse droop. A "tail biter" circuit is used
to decrease the pulse fall time. The pulse forming
network and tail biter capacitor are charged to
approximately the same voltage with polarity as
indicated. The current through the magnet winding
Is switched on by SCR switch SI. After 300 us,
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Figure 3. Fast deflector magnut.
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B I T E R

Figure 4. Pulser circuit.

F i%urt- 5. J't'pptT-pot p l a t e .

Tlif beam dump cons i s t s of t-.wn 6 mm thick
coppi-r p la tes in an 1BL) "V" with ti.e tipen end toward
the* bf-m. The p'.ntcs are wator-cnn I t̂ d but we re lv
on the i r 1 iiorm^j! enpac icy to absorb the beam eiif rj;y.
Dur inj; the H luw pulse , Che copper tf^^rnturo r i s e s
-- 20n°C at 100 mA beam cur ren t .

Km i t tariio- rat'.'iH(irL'[iii.*nt.4 h;ive been n.ide at
proton curreiUs of ri .-jnd 10 mA at fiSO keV. Only the
10 TIIA TneaHur<.'mL-nts will be repurLed .'is the major
feafur-s arc the same in both cases .

SCR switch S2 is switched on, diverting tin- current
from the magnet winding into the tail hiu.r capaci-
tor, switching off SI and rapidly rut*linn off the
magnet current. There '.s less tlmn ]% riHU in the
current during the pulse and current ripple is less
than 0.25^. The duration of beam motion across the
pepper-pot plate is short enough compared t<- the
flat-top portion of the pulse that Lber..- MI.mid he
no noticeable blurring of the photographic ima^e
for exposures that do not overexpose' t!i<- rn.u'n
pattern.

Figure 5 is a sketch of the pepper-pot p!.-:te
which is located 1.5 metres beyond the r>° defiector
magnet. There are 15 holes vertically and 25 hori-
zontally spaced 5.08 nun apart. The insert in the:
figure shows the details of the* individual holes.
The hole diameter of 0.127 mm was chosen to comply

with the criteria of Evans and Warner . The
aperture plate is mounted on a heavy copper plate
which is then fastened to a large flange with boron
nitride electrical insulators. These in.su la tors of
good thermal conductivity provide good coo] hr^ while
allowing a bias voltage to be applied to the. riper tuiv
plate. The bias voltage is required to present,
.secondary electron emission from the plate. The
beam current pulse to the pepper-pot p I at v is (Jet er-
mined by measuring the voltage drop across i 1 k:;
resistor between the plate and ground. 'I hi- detector
screen, visible through a glass window, is a thtn
sheet of NE 102 scinti] lator material p!.ir..-d 12Cl mm
downstream from the pepper-pot plate. This spac ins
gives an angular resolution of 0.2 mraj.

Kijiure 6 shown the current pulse to thi-
p l a t e . The. enmbined r i s e .ind fa l l rime is less than
5/. of the toi.-il pulse (cngth. Thorv is nhout UV
modulation of the beam cur ren t . The p la te self bias
produced across the \ k'.'. r e s i s t o r is suff ic ient to
prevent any H ignif ic.int secondary el ectrt^n emission.
No change in the beamlet pa t te rn or in the measured
current pui so shape or s ize was found for up to
ISO V addi t ional b i a s .

Beam current pulse to pepper-pot p l a t e .

Figure 7 is a composi*<. photograph of the
beam let pa t te rn made by taking separate photographs
for two di f ferent beam def lec t ion angles . The
divergence in t.he hor izontal plane was so great tha t



the full pattern could not be displayed on one
photograph; indeed the "tails" extended past the
edge of the second photograph. A third photograph
was not possible as the viaia portion of the beam
(shown by the relatively circular dots) struck the
chamber wall and the electrons generated caused the
scintillator screen to flare. The tails are not
caused by the beam sweeping across tire plate and
are generated by some mechanism upstream from the
second bending magnet because -

1) For some settings of the triplet quadrupole
lens just before the emitrance unit (Fig. 1 ) ,
the tails are nearly vertical, are separated
from the dots or start "ahead" of the dots.

2) There are tails without dots.

3) Measurements made with thermocouple probes
upstream of the second bending magnet show
that the boundary on one side of the beam
(the side corresponding to the dots) is
sharply defined; the boundary on the other
side is diffuse.

Figure 7. Beamlet pattern

By comparing the currents to the plate when
the beam was shifted so that a minimum and maximum
amount of the tails struck the plate it was deter-
mined that more than 10% of the total beam current
was in these tails. Figure 8 shows the emittance
plot for the horizontal plane showing the phase
space areas for the dots (80-90%) and for the tails
(10-20%) of the beam. The normalized emittance in
the horizontal plane for the major part (80-90%) of
the beam is 1.8 TI mm mrad. The value including
tails is greater than 15 it mm mrad; because measure-
ments could not be made to the edge of the beam, and
because the tails overlapped over most of the range,
this figure must be considered as a lower bound for
the true value. The measured emittance in the
vertical plane is 1.5 Tt mm rarad. All of these are
much worse than the normalized emittance of 0.48 it
mm mrad measured for the same £jn source under the
same operating conditions on a 60 kV test stand.

Discussion

The emittance measuring unit has an angular
resolution of better than 0.2 mrad. This gives a
minimum resolvable normalized emittance of 0.01 x
(number of holes illuminated) TT mm mrad. For
(typically) 15 holes illuminated, this is 0.15 TI ram
mrad. Reproducibility is excellent and there is no
observable effect from the beam sweeping across the
pepper-pot plate. An increase in beam current is
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figure 8. Emittance plot for horizontal plane.

not expected to degrade this performance. Neither
the beam dump nor the aperture plate showed any
damage at the beam intensity encountered in prelimi-
nary measurements. The large increase in beam
emittance in the horizontal plane is not yet under-
stood.
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ION SOURCE AMD ACCELERATOR DEVELOPMENT FOR THE LLL

14-MeV NEUTRON SOURCE FACILITY8

0. E. Osher and J . C. Davis

University of Cal i fornia, Lawrence Livenrore Laboratory
Livermore, California 94550

The ion source, acceleration tube, and beam
transport system for the Lawrence Livermore Labora-
tory (LLL) T(d,n) He neutron sources are described.

To produce 4 x 1013 n/s, a 150-mA D+ beam at 400
keV is required. A 17-aperture version of the
reflex-arc MATS-III ion source is under test for
this use. To simplify the acceleration tube and
beam transport design, a 90° double-focusing magnet
is to be used to separate the D+ component from
molecular beam components. Emittance measurements
on the resulting 0 + beam are given. A four-gap,
uniform-field acceleration column has been design-
ed. Beam trajectory calculations for the acceler-
ation column and transport system are presented.
Design concepts wi l l be tested on a prototype
accelerator scheduled to operate in mid-1977.

Introduction

.1
A new, intense, 14-MeV neutron source f a c i l -

i t y ' is now under construction at LLL for fusion
reactor material studies and possible cancer ther-
apy applications. This D-T neutron source ut i l i zes
a 400-keV D* beam to bombard a T-loaded, high-speed
rotating target. This follows the approach of an
existing neutron source f a c i l i t y at LLL known as
RTNS-I (Rotating Xar9e* Neutron Source), which pro-

ion souro

duces up to 6 x 10 n/s with a 20-mA D beam at
400 keV. The f i r s t phase of the new RTNS-II f a c i l -
i ty calls for a dc 150-mA D+ beam at 400 keV for an

expected yield of 4 x 10 3 n/s; an upgrade to 400

tnA for a yield of t iO n/s is planned. A schema-
t ic layout of the ion source and accelerator sec-
tions of one of the two accelerators for this f a c i l -
i ty is shown in Fig. 1 . This paper describes the
ion source and accelerator part of this f a c i l i t y .
The details of the rotating target wi l l not be
covered here other than to note that to handle the

2
•̂ O-kW power load on the -tl-cm target spot without
a prohibitive heating transient and loss of T re-
quires changing from the present 23-cm-diam., 1100-
rpm target to a 50-cm-diam., 5000-rpm version that
includes special integral water cooling channels.
Typical operating lifetimes for the T-loaded tar-
gets (unti l decay to 702 of i n i t i a l yield) are ex-
pected to be i-lOO h. The maximum power density
which the target can withstand limits the peak flux
to 1.5 x 1013 n/cm2 • s for the present Ti T, „
target material. ' - B

Bending magnet
pole piece

Turfcomolecuiar
pump

Accelerating electrode

:orona rinqs
Turbomolecular

vacuum pump

Figure 1: Ion source and acceleration tube sections of RTNS-II.

Work performed under the auspices of the U.S.
Energy Research and Development Administration
under Contract No. W-7405-Eng-48.
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Ion Sources

The ion source for the f i r s t phase of this
accelerator application has the requirement of dc
operation that wi l l yield a minimum of 150-mft D+

with an acceptable normalized emittance £ 0.4 mrad-
cm [en E area ( r . r 1 ) B Y / H ] . Several ion sources

seemed capable of being scaled to meet these re-
quirements. However, because only the MATS-ill

reflex-arc ion source appeared presently opera-
tional up to the desired 400-raA dc range, i t was
adopted for f inal development and testing for this
application. As originally developed for neutral-
beam injection into the controlled fusion Baseball

I I experiment the 63-aperture, 6.0-cm-diam. beam
MATS-III source was capable of total beam of Vl-A
dc at 20 kV. For the 150-mA 0+ beam requirement,
the MATS-III source extraction pTate was masked
down to an 3.3-cm-diam. array of 17 4.1-mm-diam.
apertures with a 0.25-mm-thick Ho mask on the
plasma side of the extraction electrode. Source
tests we»-e performed in the test stand geometry
shown in Fig. 2 that includes a 90° double-focus-
ing magnet designed to separate the desired D+

beam from molecular components. Use of only the D+

component arises part ia l ly from the severe reduct-
ion in target l i fe-t ime i f the target is bombarded
with a mixed atomic and molecular beam and part ia l -
ly from the desire to simplify beam transport and
focusing.

The principal ion source parameters of inter-
est are the dc beam output, the usable pure-D+ beam
after separation, and the D+ beam emittance. Here,

performance wi l l be described for the 7 7-aperture
version.

In addition to basic measurements needed for
this application, work has been continued on sever-
al areas where improvement appeared desirable.
Among these are a higher fraction of D+ available,
a higher gas efficiency, a lower normalized emitt-
ance, and Improved component l i fet ime. As backup
to the multiple-aperture source, development work
has continued on scaling up a duoplasmatron source
for higher output and dc operation, and on a single-
aperture version of the MATS-III reflex arc dubbed
SARA (SJngle Aperture Reflex Arc). The SARA source
(shown schematically in Fig. 3) is also described
here because of several possible advantages includ-
ing a relatively rugged, simple, extraction-elect-
ode astern and an unusually low beam emittance.

However, production of a 150-mA D+ beam with a
single, ^2-cm-diam. aperture would require extrac-
tion at > 40 kV and would present some disadvantages
for the present application. For comparison, the
typical operating parameters for the MATS-III-17-
aperture source and SARA sources are given in
Table I , with a lens magnet for beam focus and a
90° magnet for species separation. Neither source
has yet been optimized for gas efficiency. Tests
to date have been limited to <_ 20-kV by the test
stand power supply.

The species measurements quoted here involve
an analysis of the total beam with a 90° separation
magnet designed for nearly symmetric double focus-
ing. The system appears to yield a good beam for

P > 10 Torr at the conjugate focus T-127 cm from

Emi nance camera

Scale — cm

Figure 2: The 20-kV test stand for ion source development.

317



- Zwischen electrode

Scale — cm

Figure 3: SARA ion source assembly.

Gas flow (D 2), STP
Arc current
Arc voltage
Drain current/extraction/voltage
I (lOO-cm2 target at 1.5 m)
f (D+) charged beam fraction D +

fQ total energetic beam fractional
neutral

Normalized D + emittances (at 10 kV)

TABLE I
TYPICAL ION SOURCE OPERATING PARAMETERS

Source
IS-kV, 17-Aper. HATS-HI

1-12-15 cm3/min

25-35 A

60-120 V

400 mA, 15 kV

350-380 mA

60-70X

15-25%

mrad cm

20-kV SARA

^8-10 cm3/min

14-20 A

50-100 V

100-120 mA, 20 IcV

80-100 mA

75-83S

8-IT

i0.02 mrad cm

the source, but the evaluation of the system optics
and the degree of space-charge neutralization are
s t i l l in progress. To date, the specially shaped
pole tips have only been used with a small-area
magnetic yoke ( in the 20-kV test stand) which per-
mits 90° deflection only for D+ up to 10 kV (or
20-kV H+).

Previous measurements of the ion species com-
position generally were made using a relat ively
small sample of the beam on axis and often tended
to yield a somewhat high and hence misleading D+

charged-beam fraction. The study here with a
swinging target to Intercept the various components
of the total charged beam indicates a substantial
variation in f (D*) with extracted beam radius:

from 1.505! for a 6-cm-diam., 63-aperture system, to
65% for a 3.3-cm-diam., 17-aperture system, and to

f 2 d i i l t In
p y

-v£0% for a 2-cm-diam., single-aperture system. , In
general fc(D+) £ fc(H

+) for a l l source conditions
tested. To attain the f c O + ) values given above

required a hot anode (arc heated to v2000 K) ^nd
extensive use of th in, 0.25-mm Mo heat shields as
liners throughout the arc chamber. To explore the
other extreme, the normal hot Ho anode was replace-
ed by a water-cooled Cu anode ring placed near the
extraction aperture plate. In this mode of opera-
t ion, the f.(D+) was reduced to 10-20% with a

c ^
correspondingly high f (0, )• In addition, i t was

noted during tests with the 17-aperture system that
a fresh, heavy-oxide cathode coating had an appar-
ently catalytic effect, that i s , i t tended to tem-
porarily enhance f.(D ) to as high as 90%, but

c
 +

provided no useful increase in the D current. Pre-
dissociation of the inpui D, gas was also tried with
an auxiliary W oven; however, there was l i t t l e
effect beyond that attained with the hot Mo liner
system, implying that the species equilibrium is
s t i l l dominated by some wall reconciliation process.
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The normalized emittance cn was measured for
the 90" emittance camera location shown in Fig. 2.
The mult iple-sl i t camera required a 1- to 10-s
exposure to attain a readable level of visual dam-
age on a str ip of polymer plastic used as a f i lm
r o l l . The measurements quoted here are-only for
the plane of deflection, and because they suffer
from remanent beamlet structure in the multiple-
aperture case, require averaging several scans from
densitometer readout. Use of a multiple-lens mag-
net, 90° double-focusing system also introduces
beam crossover and aberration problems unless spec-
ial care is taken with the beam focus adjustment.
More refined emittance measurements that are plan-
ned at higher beam currents on a 50-kV test stand,
90° deflection magnet system, wi l l include a meas-
urement in the plane orthogonal to the 90° deflect-
ion. The very low value of the SARA emittance is
taken to imply a relatively uniform plasma density,
ion temperatures of only -vl eV (within + 1 cm of
the axis) and a minimum of aberration in the semi-
Pierre extraction geometry shown in Fig. 3.

Accelerator Oesi'gn anrf Seam Cnvefope Studies

The electrode structure chosen to accelerate
the emergent D+ beam to a total of -.400 keV is a
relatively large-aperture, nearly uniform moderate-
gradient (-v20 kV/cm) column design as shown in
Fig. 4. This tube design mas selected as a compro-
mise among several conflicting requirements. To
minimize beam expansion due to space charge, the
acceleration to fu l l energy should occur in the
shortest possible length; i .e. , the highest gradi-
ent consistent with reliable operation should be
used. However, the extent to which the high gradi-
ents possible in pulsed operation at low-duty
cycles could be sustained in dc operation was not
clear. The electric f ie ld has thus been set at a
value approximately half that used in pulsed injec-
tors. Secondly, although the space-charge expan-
sion _an be compensated by the z variation of
potential used in Pierce structures, use of this
technique would require electrodes reaching close

to the beam and would produce proper f ie ld config-
uration only for a single current value. Because
the neutron source strengtii must be easily vari-
able, the acceleration column must tolerate a
reasonable range of input current. Other require-
ments are re-entrant electrodes to shield the
ceramic insulators and water cooling of the outer
electrodes to remove energy deposited by stray
beam striking the electrodes. The ceramic enve-
lope has been made in several sections to allow for
easy replacement or modification of electrodes or
ceramic sections. Inner field-shaping electrodes
are Ho; intermediate connecting electrodes are Cu
with Cr plating; and the outer electrodes that are
vacuum brazed to the ceramic insulators are Cu.
An acceleration column of this design is now in
fabrication for testing with H2

+ beam on a proto-
type accelerator scheduled for completion in July
1977.

Computer studies have been used aswn exten-
sive tool to check the electrode design. The JASON
code was used to insure acceptable vacuum f ields,
and the TRACE code was used for D+ beam-envelope
studies as a function of beam voltage, beam current,
input beam emittance, and fractional space-charge
neutralization of the exit beam.

A typical set of trajectory traces is shown
in Fig. 5. The beam current for this case was a
150-mA, 5-cm-diam. D+ beam that diverged at 1°.
The image point of the 90" separation magnet is
located 10 cm before the f i r s t gap, i .e . , where
space-charge effects become important. Space-
charge expansion of the beam is compensated for by
the strong lens effect at the tube entrance. As
the- injected beam current is decreased, the beam
diameter is reduced to decrease the lens effect.
Ray-tracing runs indicate that for currents from
30-150 mA, beams exiting the tube wi l l be parallel
or slightly convergent. The 50-kV test stand which
duplicates the optical layout of a l l terminal com-
ponents wi l l be used to determine the limits to
which the source can be matched to the tube.

Ground plane
- Gradient rings

0 5 10

Scale — cm

\ Mo electrodes

-̂ Bias electron trap

Figure 4: Accelerator column assembly.
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Serious problems which remain to be investi-
gated with the prototype accelerator are the effects
of beam density variations due to both the multiple-
aperture structure and to ion-source noise. These
variations w i l l affect both the beam focus and the
extent to which the beam can be considered space-
charged neutralized in the post-acceleration d r i f t
space.

Beam Transport System

Transport of the 400-ke.V beam from the accel-
erator ^ m to the target wi l l be done with a
system ut i l iz ing 10-cm-aperture, quadrupole t r ip -
let lenses. The major uncertainty in design of
this system is the extent of neutralization of the
beam. I f the beam is assumed to be fu l ly neutral-
ized, then a 1-cm FWHM beam spot can be produced
with elements having fields of 5I6OO G at the sur-
face. Up to %20% residual space charge on the beam
can be compensated by raising the f ie ld strength
to 2000 G, well within the limits of the elements
selected.

A tentative layout of components was done with
the statist ical transport code SPEAM, which allows
variable space charge on the beam. This three-
t r ip le t system was then optimized using TRANSPORT
in a search mode. The sensitivity of the beam spot
size to variations in energy was acceptable, with a
VI change in beam energy causing only a 5% change
in the area of the beam spot on target. The final
design of the transport system wi l l depend upon the
beam parameters measured on the prototype accel-
erator.
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DISCUSSION

C D . Curtis, FNAL: Were both quoted emittances for
beams after bending magnets?

Osher: Yes, but at the lower beam levels required
by the 10 keV D + limitation of the 90° bending
magnet in the test stand.

NOl KK

"This report wis prepared as an account of work
spnmored t*y the United Slates (invernmeni.
Neither the United Slates nor the United State*
binergy Research £ Development Administration,
nor iiny of their employees, nor any of their
t'onirafliirs, Mibcnniraciors. or their employees,
makes any warranty, express nr implied, or
assumes any legal liability or responsibility for the
accuracy, iwiplrleness or usefulness of any
information, apparatus, product or prucess
disclosed, or represents thai its use would not
intrinw? privately-owned rights."
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THE UNILAC-INJECTOR

N. Angert, K. Qlasche, S. Franczak, B. Franzke,
W. Jacoby, M. Khaouli. H. Mijller

Gesellschaft fiir Schwerionenforschung mbH
Darmstadt, Fed. Rep. Germany

With two dc-preaccelerators. symmetrically
arranged to the axis of the Unllac, ions of all
stable elements can be accelerated to 11.7 keV/u.
The beam transport system bends the beam into the
Wideroe linac. It works either in a nondispersive
or a dispersive mode. The injector system is des-
cribed and first operation experience is discussed.
For several elements, up to uranium, beam parameters
are given.

Introduction

According to the design alms of the Unllac,
its injector system should produce and preaccelerate
ions of all stable elements of the periodic table.
The specific energy required for the fallowing prf!-
stripper-rf-accelerator of the Wideroe type is
11.7 heV/u.1 The lowest charge to mass ratio (q/A)
acceptable by the Wideroe structure was originally
fixed to (q/A)mjn = D.046 corresponding to U

I 1 +.

During the early stages of the design of
the Unilac, little was known about sourcon for so
highly charged ions. It was, however, obvious, that
their lifetime was considerably shorter than for,
e.g., proton sources. Therefore, considering the
availability of the beam from this accelerator,
one has to take into account the time necessary to
change an ion source and, in case of vacuum break,
for reconditioning of the accelerating column. In
addition, such a change may require new emittance
matching to the beam transport system. The same
is valid for scheciuled changes of ion species. In
order to minimize this loss of beam time, a mul-
tiple source and injection system was considered.
This concept led to the injector lay-out shown in
Fig. 1.

There are two identical preaccelerator in-
stallations, which can be operated in parallel.
Either preaccelerator consists of a 320 kV high
voltage generator and two ion source terminals, one
equipped with a duoplasmatron ion source for ele-
ments up to masses of about 140 and the other with
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Fig. 1 The Unilac preaccelerator and low energy beam transport system.
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a Penning ion source for very heavy and especially
for metal ions. In the beam transport system to the
Widerb'e prestripper accelerator, ion beams can be
separated for charge state and atomic mass number.
Tne preaccelerator delivers beam pulses with a
repetition rate of 5D Hz at a duty cycle of > 25 %.
The manual control of the whole injector is done
from a local control room.

because in the case of the duopiasmatron the total
ion current must be accelerated. The voltage is
stabilized by a fast bouncer system, which reduces
variations due to loading and voltage ripple to
20 Vp-p both in cw anci pulsed operation.This high
voltage stabilisation is mainly required for the
double drift buncher system in front of the Widerae
and, in addition, for obtaining a mass resolution of
200 in the beam transport system.

Preaccelerator Controls and Data Transmission System

Faraday-Rooms and Supplies

The preaccelerators are housed in two-
storied Faraday-rooms to protect the surrounding
equipment against transient waves from high voltage
break downs.2 In the basement are the high voltage
generator and insulating transformers for the power
transfer to the ion source platforms. On the g'-ound
floor are the ion source tsrminals with the accele-
rating columns and the high voltage bushing wiih
damping resistor. The feed through of the power
lines into the Faraday-rooms is made via wide-band
rf-traps for 4 x 400 amps. Up to 50 KW electrical
power can be delivered to the terminals by the in-
sulating transformers. An oil circuit connected
with a heat exchanger on ground potential provides
for cooling in the terminals. Special precautions
have been taKen in the transformer circuits on
ground and terminal potential to avoid damage due
to high voltage break downs. Fig. 2 shows a
schematic lay-out of the terminal supplies.

During accelerator operation the wholu
equipment in the Faraday-rooms is controlled from
a local control section. To eliminate electrical
interference the signals to and from the Faraday-
rooms are transmitted through glass fiber lines.
Each light link transmission system consists of two
transmitter-receiver units (Fig. 3). The L-ysttins
are able t.o transmit up to 126 ono tit signals wit-'i
12 ms cycling time. These systems are designed sucn
that disturbances, e.g. by sparking in the accele-
rating column, neither influence time sequence or
distribution af inf onriation (voter-system). The
systems have parallel in- and outputs for manual rind
computer control. For slowly variable signals a
32-channel-analog multiplexer is used. An additional
analog data link w.;.th 3C HHz band widU. allows ob-
servation of fact signals from tne source plasmas,
which are very important for diagnostic purposes.

Fig. 2 Schematic of terminal supplies.

High Voltage Generator

The positive hign voltage for ion accele-
ration is generated by a Greinacher-cascade. Maximum
voltage and current ratings are 320 kV and 40 mA.

As mentioned above, the prestripper injec-
tion energy was fixed to 11.7 keV/u. Desregarding
thy Wideroe limitations in the charge to mass ratio,
the injector can accelerate ions with q/A > 0.0366
to that energy. Taking into account the source ex-
traction voltage, this installation thus allows for
accelerating U ° + to 11.7 keV/u.
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Fig. 3 Block diagram of light link data
transmission and control system
for high voltage generators and
ion source terminals.

The high current of 40 mA was necessary
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Iut'_ SOL res Jerminals and Preacceleration

High voltage can be applied either to the
duoplaDrnatron or to the Penning terminal. The acce-
lerating column, cantilevered an the flange of a
L-ig vacuum vesysl on ground potential, is installed
r.stwGen ttie terminal and the wall of the F*araday-
roor.*. Inside the column is a single gap accelerating
êuir-citry with F cm gap width.

Uuop] smatron Terminal

The duoplasmatron source is directly mounted
onto t'lL1 accelerating column (Fig. 4 ) . Ions are ex-
tr.MCtyd with up to GC KV neg.3L.?ve potential out of
rsn anodic orifice of 0.6 mm dia. ster. An electrosta-
tic tiiii^tvllc-ns provides for matching the beam to the
acc-uBreting gap, in which the ions are accelerated
to 1'] . 7 KeV/u. The voltages of extractor and lens
are not pulsed. Separation uf charge states and
mosses is done in the beam transport system on
gruurio potential. Design, development and perfor-
•••u'z:n.tj of the source type used has been reported

3

f-iy• •' Schematic of duoplasmatron source,
extraction and acceleration set-up.
ElDctrode potentials valid for 1 3 6 X e 7 + .

g-Terminal

Fig. 5 shows a schematic lay-out of the beam
transport within the Penning terminal. Here a source
with radial extraction and heated cathode of the
Oubna type is used. Our investigations on this
jourcu have been reported elsewhere.** The source
iingnet has a useful gap of 16Q mm and 0.8 T maximum
i'ioid. Thu source is at a potential of up to +30 kV,
v-ith the Gxtractor cl gic-jntj potential. Ions are
•-;,•< tractec out of an anode slit of 10 mm x 1 mm. The
ion be-.:!™ with LUG desired charge state is deflected
uy 11OC with a bending radius of 150 mm, and trans-
ported ano matched to the accelerating gap by mag-
nutlc quadrupole lenses. For vertical focusing, the
ijxit pole edge of the source magnet is rotated
through an angle of 15 degrees.

Fig. 5 Schematic of Penning source and low
energy beam transport system. Denoted
potentials valid for 1 3 6 X e 7 + .

The Beam Transport

Thn design and the basic parameters of the
beam transport system have been chosen so tnat

aj 11.7 keV/u ion beans up to 1 mA and witn a
maximum emitt-ance of 30 miTi • nrad can be trans-
ported ;

b) one single charg- state can Ge seifected;

c] the mom^ntLm dinp^nion allows for a mass
resolution of n/An> > 200 (dispersive node], or

dj alternatively, tnr: tctdl n-omentum dispersion
of the bending nagnots is zero (nondispersive
made) ;

e) two ion sources can be used simultaneously in
a switching mode with repetition fj i-ojencies
between 1 Hz and SQ H?;

f] sufficient sp̂ ':<" rfrviirvj available for a double
drift bur-cher, beac- diogr^DStics ond other auxi-
liary equipment.

Thase requirements led to the arrangement
shown in Fig. 1. This lay-out provides convenieri
spacing for the installation of the ion sources;
moreover each beam line includes two magnets - th*3
77.S^ inflector magnet find tht 12.5^ switching-
magnet - necessary for either dispersive or nondis-
pcrsiv/e operation. The orr:all, laminated 12.5° magnet
can be used later on as a fast switching magnet for
simultaneous injection from two ion sources. The
beam line between thy switching magnet and the linac
prov' ,os space fnr several quadrupole triplets tnat
are used for bear, matching to the linac acceptance
in radial phase space, and for a double drift single
frequency buncher.

Dispersive Mode

Host heavy ion experiments require particle
beams that contain only one single isotope, whereas
ion sources normally are operated with a natural
isotope mixture of the different elements. Therefore
in the dispersive mode the beam transport system
serves as an isotope separator. The momentum reso-
lution of a bending magnet is

Ap - f • 3in f
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where OP is the angle of defection, e the emit tan ce,
and x the oeam radius in tr . plane of deflection at
the centre of the magnet.5* Hence, given an emittance

t~ = 33 mm • mrad and a radius x = 25 nm, the maximum
momentum resolution Ap = 500 for the 77.5^ inflector
magnets (Fig. 6a). This value is equivalent to a
mass resolution Am = 250, which is sufficient for
the separation of all isotopes.

Analyzing slits far selection of one sLngla
isotope are mounted at the position of this waist
behind the inflector magnets. A second set of ana-
lyzing slits is installed behind th».: switching mag-
net, when?,due to the magnification of thL> quadru-
pale lenses in between, the bt;ai-. ir~, 14 mm wido in-
stead of 1.4 mm at the first slit.

Second order aberrations could deteriorate
the mass resolution of the beam transport <;ystem.
Among all possible aberrations the second cird'-r tf.-rr
x|x'2 in the inflector magnets i*j predominant in
practice. Achromatic imaging requires sextupolu
fields which were inserted between the b̂ aru waist
and the quadrupole doublets at both sid'jo of .ha
inflector magnets.

SWITCHING ANALYZING
MAGNET SLIT

•vm

la)

1
--r -

—

Fig. 6 Beam profiles (e = 33 rum * mradj and
dispersion trajectory (Am/m = D.5 %)
for the beam line between the cJuoplasmal-ron
ion source and the second analyzing slit
behind the switching magnet. The system
can be used either in a dispersive [a] or
in a nondispersive mode (b).
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TRChniccJl Dosign

The technical lay-cut of tfii. j:c«m tronr-pr-rt
systt-'f) is shown iri [ ' i f ; . 7. 3-jnding r.-jpn^r•-' ar*tj •,!u-,i-
drupolfi iGnsGii i-jur;: dwsignec for a mlr,'.run ar^.-rturi;
of 40 mm for- r^aaoti:; of economy, vj^-jr^aj the :•••' dvr,
tubes in butween preside a aiamntt'ir of 10f' r.r.t oinca
a vacuum pressure b^luw 1 • 10~7 tu r r is rtjquir-:-a.
Thfe demand for th is low prussuru rt?L'.ulta from th^
fact that, tha to ta l cross section for r.hargc ex-
change processes 07 con b^ Tattu-r ltirgt'--. *"*-n* f " - r
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Ar3 + ions o j = 1.6 • 1CT15 crn2/.TiaiEculE at
0.005.8 So at a pressure of 1 ID-

would observe charge exchange in the injection
system for 9 % of A r 3 + ions while at 1 • 1CT 7 tDrr
that fraction is reduced to •] %. Actually with ion
getter pumps and turbomalecular pumps an operating
pressure Df ,< 1 • 1Q" 7 torr is oDtained.

In addition to the matching elements des-
cribed so far, a number of steering magneto and
several beam diagnostic instruments are installed.
The latter are discussed in detail in Rpf. a.

Fig. 7 The low energy beam transport system.

Injector Operation

Accelerated Ion Beams

Except for uranium, the ion sources ;;o far
are fed with natural isotope mixture";. Tin: duoplus-
matron source is used for production of r-jr<= £ar.
ions, the Penning source for ions of i.ot.h rare gases
and metals. At the time being only onx T-t.:r;i:i nal of
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Fig. 8 Xenon charge state spectrum from duoplas-
matron source. Ion optics and steering are
adjusted to optimize Xa 6 +.

both types is operative. A typical isotope np'. ;trum
of a xenon-beam from the duoplasmatran source . 3
shown in Fig. 8. Ion optics and steering are adjusted
in this case to optimize for charge state 6+. The
charge spectrum of an uranium beam out of the
Penning sputter source is shown in Fig. 9,
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Uranium charge state spectrum from Penning
sputter source, obtained at constant source
magnetic field by variation of the extrac-
tion voltage.

Table I shows peak intensities of ion beams
so far injected into the prc:otr:ri"^r. Up to 6rJ "„
of the peak intensities given in Table I can L'j
focused into the phasf. acceptance of ir.e> Wider"-:-rf-
accelerator by moans of the double drift bunchnr
system.

Although designed for acceleration of 'J^ + ,
the system allows use of: u^+ with the benefit of
considerably Increased intensity.

Beam matching to the transport system is
rather easy for the duoplastnatran line. Tt»j Penning
line presently causes somr; problems, mainly due to
the lacK of two power supplies for the terminal beam
transport system. Therefore, an increase of tne
Penning intensities by a factor of ti-.o Dr t'irue over
those given in Table I is expected in the futurt.

Operating Experience

During the last IB months the reliability of
the whole installation has been considerably im-
proved. The fraction of down time due to injector
failure is now less than 2D \. In the early phase
of operation wtj had problems with the insulating
transformers. Sparks in the accelerating gap caused
serious damage in two of these tranr.forrwrs. It was
necessary to improve the. mechanics in the transfor-
mers and to install additional rf-absorbers in the
power cables at ground and terminal potential. Since
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tnedt; cĥ -iiges were made no further damage occured.
Recently there were some break, downs of light links
fr: the terminal control. In r,wo cases it seemed as
if tht: resistance of the light link coatings had
changed, so that they were destroyed by heating or
sparKa. The reason :or tnis damage is not yet under-
stood.

In the experience of about 3000 beam hours
one can state that the multiple ion source concept
has proved successful. Since spring 197G we switch
between the left fDPJ and the right (PIG) prices -
leratur. The complete installation with four
sources will be operational in 1977.

TABLE I

loot opus accelerated with the Unilac-injector
from natural isatopic mixtures. The given peak
intensities have been measured at the entrance
of the Wide rots.

Isotope

-o A r

"°Ar
5»Ti

"re
8*Kr

86 K r

811 Kr

36 K r

I 2 9Xe

1 3 2Xe

* Pb

2 3 8L, • *

i sotopes

** pura 2 «

Charge
state

2+

3+

3+

3+

4+

4+

5+

5+

G+

6+

B+

8+

9+

peak intens.
pps

2.5 •

r, .

2

6

1

3

2.5 •

8

2.5 •

2.5 •

8

1 .5 •

4.8 •

not separated

U

10'5

101"

1011

1013

10"*

1013

1D13

ia12

1D ! 3

10 1 3

1D12

10 1 2

10 1 2

lon
source

DP
»

PIG

••

DP

-
„

»

-

••

PIG

"

duty
cyciG

ID %

..

..

15 \

20 '-.

••

"

10 %

••

••

25 H

20 %

The development of ion sources has led to
lifetimes that arc much longer than expected earlier
on. A duoplasmatron ion source runs normally between
30 and 60 hours at 25 % duty cycle. The •L-gme is
valid for Penning sources operated with rare gases.
20 hours is a typical lifetime for operation with
uranium. The limiting element for both types of
sources is the cathode. The down time due to source
change is about two hours. But despite the fact,
that source lifetimes are no more so crucial, the
redundancy in the injector system still proves
essential for operational reasons. It turned out,
for instance, that source conditioning is necessary
for stable operation, in particular for the produc-
tion of high charge states. This conditioning and
the matching of the source output to the beam trans-
port system frequently consumes more time than the
two hours required for the pure source exchange,
pumping down and igniting of the discharge.

According to our present experience the
duoplasmatron gives a more stable beam than the
Punning source. In the latter case erosion in the
extraction area requires a continous matching of
bif-.am optics.

The authors wish to express their gratitude
to Prof. Ch. Schmelzer for many stimulating dis-
cussions. In particular we would like to thank for
his continuous interest and encouragement in the
ion source development activity.
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STATUS OF THE INJECTOR COMPLEX AT LAMPF*

John R. McConnell, Ralph R, Stevens, J r . , Paul tf. Al l ison, Earl A. Meyer
University of Cal i fornia

Los Alamos Sc i en t i f i c Laboratory
Los Alamos, TIew Mexico 875]*5

Abstract

The in jec to r complex a t LAMPF consis ts of
two on- l ine in jec to r s which provide simultaneous If*
and H~ beams for dual beam operation of the l i nac .
A t h i r d polar ized ion in jec to r is now under con-
s t ruc t ion and w i l l provide polarized H~ beams. Pro-
duction runs a t LAMPF now employ 100 uA average II+

be'in simultaneously with up t o 10 jiA average of H~
nernn; operat ional experience and tuning procedures
required for dual-beam operation are described. The
design of the ion sources , acce le ra t ing columns and
beam choppers now in operation i s reviewed. A d i s -
cussion of the high voltage problems involved in the
operation of these in jec tors with high duty f ac to r ,
M^h power beams together with a de ta i l ed descr ip -
t ion cf the engineering of the r cce l e r a t i ng tube and
of the control c i r c u i t s and fust protect systems now
employed to achieve low faul t r a t e r i s presented.

I . ....Int_roduct i on

Tiie in jec tor complex ut LAMPF has three
7S0 kV in jec tors and associated beam t ranspor t
line:: to provide a va r i e ty of beams ^ r operation of
tiiK LAMPF acce le ra to r . The uniqu-- features :,rovi'de-l
by t h i s system of in jec tors are hir;h duty factor
operation {(•>'% duty factor now op.»ra ional an-.l capa-
b i l i t y of 12% operation) and the f l e x i b i l i t y to pro-
vide simultaneous in jec t ion of both H+ and H~ ber-ms
to the l i n a c . This dual beam capab i l i t y provides
two independent beams at 800 MeV for use in d i f f e r -
ent rxperimental a r eas . A schematic ^la^rara of the
in jectcr corr.pl.ex i s shown in Fif*. 1.

There are two opera t ional in jec tors now on-
Ji:iv, '• '• ch provide M^h i n t e n s i t y H+ and low

in tens i ty H" beams. A th i rd in jec tor which wi l l
provide polarized ion beams i s unde-r construct.!on.
At present LAMPF i s operating with simultaneous
production beams of 100 uA average of H+ arid up to
10 uA average H~ at d" duty factor (IPO Hz with
5U0 JJ£ pulse dura t ion) .

The general operation of the in jec tors tins
been quite r e l i a b l e . "Hiring the l a s t th ree months
of production, the acce le ra tor has achieved ar. ou-
tline of over Sot overa l l and the in jec to r s hav*
been responsible for only 5^ of the t o t a l downtime.

I I . Ion Sources

'There are three ion sources in the in jec tor
complex, t?'i."h source bein^ housed in a separate-

.injector. The H* ion source i s a hi^h power duo-
plasmatrori based on the Brookhaven design and is
capable of 1?% duty facto** aperfction *it 50 m/- pea/,
current . Although production beams at present r e -
quire only "'.1 TJ\ peak current, (100 uA averafo
captured beam), the If* in jec tor is beir:sr operated
at considerably higher {?'} nA) pertk. current with
current ~\\v.AiAxir b-'-inr •••ffectiM In th" low or.)er,ry
befiri truriapor*; l i n e . The ion source expansion cur ,
Pierce anode, and ex t rac tor e lec t rode have been
'ipi-.-rtured to l imit maximum current to Jx Z& output .
Tliis nompromisf: allows thu source to be operated in
r,h-? ;''O-^5 r:*jv rarir;e durinp1 production runs without
excessive viola t ion of the Pierce acce le ra t ion con-
d i t ions and t o be operated at design peak current
(36 rr.A} for machine development per iods. The o r i g -
ina l desipn, 50 vA ion source , w i l l bo employed
when production beam requirements increase . The
ion source has proven to be qui te r e l i a b l e with

O WSTRJMENTATION TEES
S SINGLET QUAD LENS
D DOUBLET QUAD LENS
T TRIPLET QUAD LENS
0 QUADRUPLET QUAD LENS

BM BENDING MAGNET

if;. 1. Layout of the; Injector complex at

tjrider the- .'turjpicon of the U.d, h"nerry Besfiarch and Development Administration.
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filament replacement being the major maintenance;
filament lifetimes of 3000 hrs can be expected. The
source nominally operates with a chamber pressure of
200 u, a H o flow of L.2 std cc/min, and an arc

current of 8 A for 2? mA output.

A modification to the ion source pulsing
system was made when a need arose to have the in-
tensity of every tenth pulse attenuated. A circuit
to provide this l-in-10 attenuation was designed,
which consists of a suitable resistor, paralleled
by a r.CR, placed in the line between the arc mod-
ilator and ion source. The SCR in triggered through
a pulse transformer for each normal beam pulse, thus
npplying full arc pulser voltage to the ion source.
Ho trigger pulse is transmitted on the 10th pulse
and very low arc pulser voltage is then applied to
the .source on this pulse, thus producing an attenu-
ated beam pulse. A current reduction of the order
of l*)0-r?00 is obtainable after the first transport
binding magnet. The system has been expanded to
provide ridditional attenuation of the low current
jvi.ilr.es by using additional pulsing on the :;+ chopper
plates (see Fig. l). This permits the l-in-10
pulsing mode to supply nA peak current pulses to the
llnac and,thus, provide up to six orders of magnitude
attenuation.

_ p
The H ion source' is a hydrogen charge ex-

jhanfre source and is capable of producing a maximum
beam of 1 raA peak at 6% duty factor if pushed. The
peak current obtainable is dependent on duty factor
and decreases as duty factor is raised, presumably
because of the change in molecular species ratio,
formally, the source is operated in the 500-600 ;iA
range- which gives component lifetimes of the anode
•u.erture, extractor, and canal electrodes of six to
seven months. The lifetime of the anode aperture
W.IE rreatly increased by using a molybdenum insert,
which was pressed into the expansion cup and the
aperture opening;. The extractor and canal electrodes
are fabricated of Ti; part of their failure results
from hydrogen embrittlement. If tht? source were
operated at maximum petj'. current the lifetimes would
be greatly reduced at high duty factor operation.
The sourer- operating parameters for a 600 |:A beura

are U.3 cc/min H flow, dome vacuum of 1.7 x 10" torr ,

-in'} arc current of 12-1*4 A.

The polarized ion source loinp; constructed

is a Larsb-shift source patterned after the sources
now in operation on the Tstnden Van de Oraaff accel-
erator in the Physics Division at LASL. The CO-JK-
croft-Walton power supply is in operation, ion
source components and other equipment are being in-
stalled in the equipment dome, and the accelerating
tube is being assembled. The source is expected to
produce 0.5 uA peak current when i t goes into oper-
ation early next year.

II I . Cockcroft-Walton High-Voltage Generators

Since the operation of LAMPF requires the
simultaneous acceleration of H+ and H" beams, the
requirements on injector voltage stability and meas-
urement are rather stringent. The approach used has
been to carry out independent, absolute voltage cal-
ibration on the two Injectors and to provide a re-
dundant voltage measuring system to insure that

accurate measurements of injector voltage are being
made. The beams also can be checked with phase
scans in the linac, which insure that the beams do,
in fact, have the same injection energy.

In order to improve long-^erm stability in
the two on-line injectors, several modifications
were made to the Ccckcroft-Walton high-voltage
generators. The reference power supply was replaced
with a digital dial Fluke voltage calibrator which
has long-term stability of 0.O055- Precision, low
temperature coefficient resistor;; have been used in
the low voltage comparison circuits. The reference
voltage has been increased from 170 V to 750 V.
Finally, a surge inductor was designed to compensate
for the rolloff of the frequency response on the
compensated voltage divider leg and has been in-
stalled between this !er and the- slow stabilizer to
protect the low voltage components from spark damage.

The most precise measurement of th« voltare
in carried out on the compensated voltage divider
and 0+01% precision is easily obtained. The com-
pensated divider constitutes one leg supporting the
equipment dome and consists of five sections of wlre-
woura resistors provided by Uaefely. Each section.
has a nominal impedance of k,?5 %i shunted by 2000 EF
in series with 87 :>'-. A spare section was measured
by the Motional Bureau o'T Standards and then use.-i
to calibrate all the sections of the H+ and H~ com-
pensated dividers at their normal operating voltare.
The compensated dividers are inside the slow control
loops, but as long as there ir> no malfunction in the
divider, i ts reading is the real injector volt are.
However, this reading will always agree with the
reference voltage as ]o::g as there is adequate pain
in the control loop even when there is a malfunction
in the compensated leg, so a redundant measurement
is desirable. There is a eveon-i independent voltage
divider (which is uncompensated) that can also be
used to ir.pasurs the equipment dome potential. "Jn-
fortunately, i t is not an precise a measuring tool
(and in fact was not designed to be so used! since
i t is subject to temperature and voltage drif ts , and
in practice i t is necessary to allow the reading on
this voltage divider to stabilize and then note de-
viations from the stabilized value.

Two other checks can be made to ascertain if
the two injectors are indeed calibrated and opera-
ting at the same potential. The equipment domes ean
and have been connected together; then by running one
supply, i t is possible to compare both dividers.
Prior to the calibration of the divider network uti-
lising the WBS calibrated section, the domes, when
tied together, differed by 0.29!̂  pointing out the
need for better calibration. As indicated previously,
phase scans of the H+ and H~ beams in the linac can
be used to check if the same energy is being employed.

The Cockcroft-Walton power supply for If*"
acceleration operates at 750.0 kV; i t s control system
is illustrated in Fig. 2. Beam operation require?,
peak currents out of the column in the range of 15 to
35 mA with a maximum repetition rate of 120 Hz and
500 \is pulse width- To minimize the voltage droop
on the dome during the team pulse, charge is supplied
by the bouncer circuit through the center leg of the
symmetric cascade rectifier. Observation of the dome
voltage droop and rinple is available through the use
of a capacitive voltage divider. This divider is
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Fig. 2. H+ Cockcroft-Walton control circuitry.

formed by a wall plate capacitor unit; one capacitor
of the divider is the capacitance betveen the side
of the equipment dome and a U6-cm diameter plate
mounted on the wall of the Faraday .'age. The other
capacitor is a series capacitance connected between
the wall plate and ground across which is taken the
voltage signal.

A wall plate amplifier is connected across
this capacitance divider and serves a multiple pur-
pose of providing a calibrated output to the control
room and to the fast protect module, which shuts off
the ion source if the voltage droop exceeds a preset
value. For these two functions the input is the
voltage provided by the wall plate divider termed
the proportional signal. The other section of the
amplifier board constitutes the bouncer control pre-
amplifier. In this section the proportional signal
is mixed with the rate sfgna2 from the compensated
leg, forming the input to the Haefely C-W bouncer
circuitry. Calibration of the wall plate amplifier
is accomplished by applying a 100 V square wave to
the dome. The measured 5 kHz ripple on the dome
ranges from 30-50 V P-P. The beam droop can be main-
tained flat in the range of 100 to 300 V over the
full 500 ps beam pulse.

IV. Accelerating Columns

The same basic design of accelerating col -
umns is used on all three injectors at LAMPF. The
accelerating tube is held between two cones with an
intermediate bellows and kept in compression by
means of a large transparent Lucite cylinder. Dif-
ferent sets of electrodes are used within the accel-
erating tube depending on the peak currents to be
accelerated and thus, on the ion source employed.

In general, the accelerating columns have
operated as expected. On the H + injector, horfever,
it vas found that vith the initial design of the
accelerating electrodes, the arcdown rate for the
design currents was dependent on duty factor (prima-
rily repetition rate) and was unacceptable for high

duty operation. The arcdown problem was investigated
in detail and a number of changes were made both in
the accelerating column and in the Cockcroft-Walton
generator to eliminate this problem. No problem has
been experienced in the low peak current operation
employed in the IT injector, which operates at the
same duty factor.

In the original design of the H* accelerating

column, an exact Pierce geometry was used with elec-
trode apertures only slightly larger than the design
beam. It was found that these apertures were too
small for real beams and beam impingement damage was
found on most electrodes. Part of this damage wa.;
due to an operation with misaligned beams produced
when an extraction insert melted. It was decided to
redesign the electrodes with larger beam apertures
and to use an electrode at each voltage subdivision
point of the accelerating tube as shown in Fig. 3.
Electrostatic calculations were made to check the
effects of increasing electrode aperture and the
sufficiency of the number of electrodes employed.
As expected, the major deviation from Pierce con-
dition occurs in the extractor region and a compro-
mise design employing a smaller extractor aperture
was used.. The final design employs 15 Ti electrodes
instead of 9, and the electrode aperture has been in-
creased from 2 cm to k cm diameter.

In order to preclude any possible damage to
the accelerating tube electrodes, current sensors
have been installed in the voltage dividing network,
and error signals due to any beam impingements are
tied into the fast protect system and turn off the
ion source. In practice, ion source tuning is no
longer critical with the larger electrode apertures
and these fast protect channels are usually only
tripped when large errors in ion source tuning are
made or when power supply failures occur.

The time required to high voltage condition
the accelerating column after venting has been con-
siderably reduced. This is accomplished by venting
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Fig. 3. Layout of the new accelerating tube.

to argon in place of nitrogen as had previously.been
done. If a flow of argon is maintained during the
period the system is open to the atmosphere, the beam
can be running at full duty at the operating voltage
of 750.0 kV within several hours at a low fault rate.
This is in contrast to venting the system to nitrogen
and opening to air where it is found that after pump-
down high voltage conditioning can be regained within
minutes, but that several days are required to obtain
the same low fault rate at high power operation.
High current operation with the tube indicates that
vacuum contaminants do indeed play an important role
in fault rate.

The accelerating tube consists of an array of
15 thin 6A1-1(V titanium-alloy rings bonded between
16 alumina-ceramic rings with stress relief flanges
also of 6A1-1)V titanium bonded at both ends. The
alumina rings are 3k.93 cm i.d. x 38.7k cm o.d. x
3.10 cm thick with 30 p-in. finish and the titanium
rings are 33.02 cm i.d. x U0.61* cm o.d. x 0.06U cm
thi~k, buffed to an 8 u-in. finish. The stress re-
lief flanges have an axial length of 2.86 cm with a
0.12 cm thick single convolution to reduce stress
transmitted from flange bolt-down to the adhesive
bend.

Polycarbonate was chosen as the adhesive be-
cause of its low outgas rate in vacuum, high tensile
strength and low creep rate. A 6% by wt solution of
Lexan 1U5 polycarbonate was prepared in a solvent
mixture of 30% methylene chloride-50? 1,1,2 trichloro-
ethane and was sprayed on the ceramic rotating on a
turntable for uniform coating. The raetbylene chloride
provides the high 'clubility and the 1,1,2 trichloro-
ethane reduces the evaporation rate sufficiently to
allow spraying. Four coats were applied to each
ceramic surface with drying between coats to produce
a total polycarbonate thickness of 0.1 mm. No poly-
carbonate was applied to the titanium rings or relief
flanges.

The parts of the accelerating tube were as-
sembled inside a walk-in oven around a 3 post tita-
nium jig, as shown in Fig. I4.

Fig. It. Assembly of accelerating tube prior to
bonding.
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Thermocouples were attached to the ceramics in sev-
eral areas for monitoring tejperatures. Lead bricks
were i_3ed to produce 20 psi loading on the bonds.
Provision was made to keep the top flange from rota-
ting when the polycarbonate becomes fluid. The as-
sembly was heated at 0.8°C/min, then allowed to cool
at 1.50C/inin.

Temperature uniformity and control are ex-
tremely important requiring the use of diffusers.
All bond areas should reach at least 2Uo°C to insure
bonding, but should not exceed 255°C fur any appre-
ciable time or degradation of the boar~. will resul t .
Furthermore, higher temperatures for any length of
time results in the growth of voids in the bond area,
which can cause vacuum leaks.

After bonding, the accelerating tube was
strength tested at three times normal loading with
a 109 kg cantilever load at 20° arc increments.
After removing a l l polycarbonate flash with raethylene
chloride, the tube was cleaned by gr i t blasting with
2>40 gr i t alumina and wiped with alcohol to remove a l l
grit. The tube was mass spectrometer leak t i^ht when
bagged with helium for 5 minutes.

Observations were made of the arcdown inci-
dence of the H+ injector, and at f>% duty factor and
20 to 25 mA peak beam, they numbered about 5/hr. The
risetime of the arc current was 3 us, and the effect
of this fast risetime on the arcdown rate was ques-
tioned. The present arc modulator ut i l izes SCR de-
vices and pulse shaping is not easily achievable. To
obtain a slow risetime of the arc , a permalloy tape
wound inductor was placed in series with the modula-
tor output to the ion source.

The inductor was tapped at several points on
the winding to obtain various risetimes. In induc-
tance of *tl2 uH was selected for use, and provided
a risetime of 36 us for 10-90$ of peak current.
Without the inductance the injector would arcdown re-
peatedly after the f i r s t fault , often making i t dif-
ficult to restore operation even.without beam current
in the column. Utilizing tfie inductance and slow
risetimes reduced the arcdovns to less than 0.5 arc /
hr, and i t was noted the high voltage could be re-
stored without these repeated faults .

An additional benefit gained from the use of
the slow risetime was an improved performance of the
BF systems. The slower risetime permits the RF amp-
litude controllers to operate optimally. Tn fact,
i t has so improved this phase of the linac operation
that i t has become the standard mode of operation.
Operational time has not been available to run with-
out the inductance to once again make comparison
measurements. Operation with the slow risetime has
resulted in periods up to 2k hours with no arcdovns,
and the average number is s t i l l less than 0.5 arcs/
hr.

Certainly, the column is not tuned for opt i -
mum transmission of a slow rising pulse. The extrac-
tor voltage is adjusted for maximum peak current; a
small amount of beam sp i l l is observed in the i n i t i a l
section of the transport l ine during this turn-on
transient. When an arcdown occurs, i t i s l ikely i t
will be followed by one or two more; the colunn will
then go for several hours with none. The inductor
providing the slow risetime has been used in contin-
uous operation since tes ts were carried out 7 months

a^o. It has not really been established that the
present low fault rate is entirely due to this mod-
if ication, since there has been a long high voltage
conditioning period with hi/?h bear, power operation.
Perhaps, after this lon# conditioning time for the
column, a much lower arcdown rate would be produced
even without i t s use.

It is desirable from an operational stand-
point for the injector to nut.omn.ti r filly resume nor-
mal operation after an arcdown has occurred. A
system has been installed which provides automatic
recovery of hiflh voltage and beam after such faults.
Upon receiving an input signal indicating a fault
has occurred, the system clamps the I- kh't. oscil lator
to ;;ero, grounds the input to the clow stabi l izer
and bouncer preamplifier, and inhibits the beam #ate.
It then restores operation In the proper sequence.
IT three arcdownc occur in ]'.T:G than one minute, the
system requires beinr; reset by an operator. Hy sen-
sine: the a.rc<iown and immediately clamping, the > kHz
oscillator to ground, the slow stabi l iser Is pre-
vented from trinpinr th^ anode current overload
circuit, in attempting to drive the ••'orao baci: up to
voltage.

V. Seam 7r'-ins port System

'i'hf? requirement, of ti'(aj i,--vcn operation im-
poses spociul constraints on +nnin^ the in.lector

beam 1:r.fts. r<oth betixs must bo i-roperly matched to
the linac L-n+Ji in lonfitwiinttl mid trans verse phase
space. The transport lin^s hrivo been ier.iKnei so
that the n<?i:«nsary tuning in bn+,h Imams can be done
before the beams are blended in the final common
section of beam l ine. A schematic diagram of the
transport line is shown in Fip, 1 and n photograph
if the actual installation is shown in Fi^. 5.

r ig . 5. Injector beam transport system.

In the longitudinal phase space, the beam
energies must be the sane so as not to induce longi-
tudinal oscillation in the l inac. Both beams pass
through the main buncher, which is set to bunch the
high current H+ beam. Separate prebunehers are pro-
vided upstream in both beam lines so that some in-
dependent control on longitudinal phase space can be
effected for each beam. The bunching is optimized



for the H* beam and some overbunching will occur in
the lower current H~ beam.

In the transverse phase space, the tuning is
more complicated. The H* beam is again considered
the primary beam and. is tuned first to produce a
waist in the buncher. Emittance scans are then taken
at this point .and the quadrupole gradients of the
final two doublets are set to match this beam to the
linac. Once this match is established, the required
low current H" beam that must be produced at this
same emittance measuring station to give a simultan-
eous match for the H~ beam is calculated by running
the H~ bean backwards in the transport calculation.
Then, intermediate emittance measurements are made
on the H~ beam and the matching from the intermediate
emittance station to the final emit-tmce station is
carried out. The final doublets ar"; left r.t the
gradients previously determined for the H + beam.
Some tuning of the quadrupoles upstream of the inter-
mediate emittance station in the H~ beam transport
line is usually required to achieve an overall match.
The H~ beam in general does not have a waist in the
final buncher, but the beam size is adequately small
and estittence degradation in the final buncher is
usually not as much a problem as in the pretunchers,
where it is difficult to achieve small beam sizes.

Initially, it was planned to inject both
beams into the linac on the linac axis. In practice,
it has proven expedient to separate the two beams in
the vertical plane to compensate for an offset fur-
ther down the linac. Fixed apertures vere installed
in the final section of the beam transport line to
constrain the two beams to the same axis and it has
been necessary to enlarge these apertures temporarily
to permit this separation and to permit high peak
current tests to be conducted. The final choice of
aperture size has not been established.

Production beams to date (100 vA average H+
beam simultaneous with up to 10 uA H" beam) have not
required sufficiently high peak currents of H* beam
to make the quadrupole gradients of the final doub-
lets differ appreciably from the zero current case.
Thus, the matching has not yet posed any real prob-
lem or compromise in running simultaneous beams.
However, as the H + peak current is raised, the gra-
dients of the final doublets will have to be signif-
icantly increased to match these higher peak currents
to the linac and the tuning of the H" beam will have
to be adjusted for each value of H+ peak current.
The buncher amplitude will also be raised as the H +

peak current is increased, but this change should
have only a minor effect in longitudinal matching,
since the first tank of the linac is designed to
effect proper tailoring of the longitudinal emittance.

Theoretical solutions to achieve the dual
match have been achieved for most anticipated beams
using the bean envelope transport code TRACE. It is
now known, however, that the results of the calcula-
tions are not in agreement with observed empirical
matching gradients needed for fully bunched, high
peak current beams. There is no disagreement for the
low peak current beams. More detailed computer sim-
ulations are now being considered.

The common portion of the beam transport line
has been made as short as possible so that there is
no significant distortion of the transverse phase
space distributions of the lov current H~ beams by

the high current H+ beams. Thus, matching exercises
can be done independently and then the beams super-
imposed. It is anticipated that as the ff* beam
current increases there will be increasing difficulty
in achieving exact match for the H~ beam and that
beam spill in the linac from the H" beam may limit
the amount of H~ beam that can be simultaneously ac-
celerated. Experience to date indicates that the
higher emittance JP beam is harder to tune than the
higher current, but lower eraittance H* beam.
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DISCUSSION

J. McKeown. CRNL: What is the amplitude variation
in current during the pulse width?

HcConnel]: Rlsetlme of the pulse is 36 us from
10-90%. The amplitude of the current is constant
from the peak for the duration of the 500 ps pulse
width.

McKeown: Have you operated at wider pulse widths
than 400 us ar a reduced pulse repetition rate?

McConnell: We have not operated at pulse widths
greater than 500 us.
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OPERATION OF THE KEK 20 MEV INJECTOR LINAC

J. Tanaka, H. Baba, I. Sato, S. Inagaki, S.Anaml, T. Kakuyama, T. Takenaka, Y. Terayama, H. Matsumoto
National Laboratory for High Energy Physics

Oho-Machi, Tsukuba-Gun, Ibaraki, Japan

A general description of the operational be-
havior of the KEK 20 MeV Injector linac will be
given. Copper platings on the drift tubes and the
inner surface of the tank have been great advantage
to the high power rf excitation. The buncher de-
buncher and beam loading compensation system have
been operated successfully. The maximum beam cur-
rent of 150 mA was accelerated so far. The energy
spread was less than ±1 % without debuncher and
to. 3 % with debuncher at Llia emittance of 0.6 item
mrad and beam current of 120 mA. This paper also
includes the experimental and calculated results of
tilting of the tank field distribution.

Introduction

The KEK proton linac accelerated the first beam
to 20 MeV on Aug.l, 1974. During the first 6 months
the current level of the linac increased from several
mA tc several tens mA, and reached to maximum current
of 94 mA in Jul. 1975. Since Nov.1974 the linac has
served as the injector for the 500 MeV booster and
12 GeV main ring synchrotron. In Jan. 1976, the in-
sulator of No.64 drift tube quadrupole magnet was
broken due to accidental increasing of the trigger
pulses more than two times which are generated from
the booster. At the same time, the other several drift
tube quadrupole magnets were also degraded their
insulations. Owing to the accident the output cur-
rent level decreased by 20 percent. However,*the
linac has continued the operation to the end of Mar.
1976, and eventually the main ring succeeded the
acceleration of 10.4 GeV beam on Mar.19.

During the shut-down period from Apr. to May
of this year the degraded drift tubes were replaced
by new drift tubes.

In the end of May 1970, the linac started again
the operation. The output current level increased
up to 150 mA due to the improvement of the extractor
of the ion source. Since that time the linac has
been routinely operated at the current level of more
than 100 mA. The design parameters and operational
performances up to date are listed in Table I.

Table I

Injection energy (IteV)

Output energy (HeV)
Peak current <mA)

fteaa pulse length (t'H)

energy •pread (Xt

without Debuncher

with Debuncber

Repetition rate (ppa)

HF power

Beu loading <HV>

Frequency <HHa)

KF plune length (im)

Design

0.75

20. S
100

0.6 JO

<1.0

<0.5

20

j

20 ' UK)

201.250

250

Operation

0.75

20.3

100 - 120
15

! 1.2 at 120 m/

20

1

201.U7U

Bent

15U

tO. 3

0.3"

Operational Performance of the Linac

At the first evacuation of the tank, it took
about 6 hours to pump to the pressure of 1 x 10~6 torr.
However, after that the pump down time was reduced
to less than 4 hours even after exposure to the at-
mospheric pressure, and any trouble has not been
experienced with regard to the vacuum system of
the tank.

The electroplated surfaces of the tank and drift-
tubes have shown the great advantage to the high pow-
er rf excitation. At the first rf feeding, the multi-
pactering levels were instantly broken through and
the acceleration power level was attained within an
hour. After several sparkings were observed during
the first an hour, rf excitation of the tank has been
quite stable. It seems due to the smoothness and
cleanness of the surfaces. (Fig.l.)

Nevertheless, the sparking patterns similar to
the other linacs were found on the surfaces of the
first several drift tubes after two years operation.

Flg.l Copper plated tank and drift tubes.

Fig.2 Sparking pattern of the first drift tube.

333



Fig.l Beam current growth over 2 years.

• input current, ° output current

Fig.A Output beam without
compensation
25 mA/div. 5 ys/div.

Fig. 5 Output beam with
compensation

25 mA/div. 5 us/div.

rf power level in tank (50 mA)
(a) without compensation
(b) with compensation

(a)

Fig.7(a),(b) rf power level in tank (120 mA)
(a) without compensation
O > vitVi compensation

The number of the sparking craters rapidly de-
creases with gap number and dark colored contamina-
tions inside the bore tubes were found only on the
first two drift tubes. It appears that the sparkings
are originated from the preinjector.

Since the first acceleration, the beam current
level has increased as shown in Fig.3. According to
the increase of current, field level decreases because
of the beam loading. Consequently, the beam pulse
shape droops at the top of the pulst* unless the beam
loading is compensated. (Fig-4.) However, c\u± droop
is remedied by the rf compensation of the beam loading
(Fig.5).

For the current level o( less than 50 mA, the
compensation is completely sofficient by only amplitude
modulation. (Fig.6,a,b.)

For heavy loading the compensat ion becomes in-
sufficient and detuning of tank frequency is needed.
{Fig.7a,b). The detunirg frequency shifts required for
various current levels are shown in Fig.K.

In order to compensate such a huaw loading com-
pletely, the phase compensation is necessary in addi-
tion to the amplitude compensation. The phase com-
pensation system is now being prepared.

Fig.8 Detuning of tank.

Fig.9 Energy spectra at 120 mA, with and without
debuncher. 0.1 %/bin
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The debuncher has been operated since Nov.1974.
Output bean of the linac has energy spread of ±1.2
percent at the current of 120 mA. The energy spread
Is reduced to 10.3 percent by the debuncher. The
debuncher is not only efficient for reducing energy
spread but for stabilizing of the mean beam energy.
By the debuncher, the mean energy stabilized to less
than 0.15 percent. Fig.9 shows the typical energy
distribution of the beam at the current level of
120 mA.

1.5
j*

? 1.0
O.
1/1

f as I 1

0 5 10 15 20 25

DeBunchrr Powr KW

Fig. 10 Energy spread versus debuncher rf power.

The energy spread is variable by adjusting the
rf power level of debuncher as shown in Fig.10 and
it is possible to reduce the spread up to ±0.2 percent
at the current level of less than 100 mA.

Fig.11 shows a variation of the energy spectrum
during pulse length of 17 us. The mean energy Is
variable within a range of ±0.5 percent by phasing in-
put rf power of the debuncher, keeping the energy
distribu

I

—,

.

Fig.13 Charge and angular charge distribution
•eaiured by aultl-sllt emlttance Monitor.

Fig.11 Energy spectra during beam pulse width. Fig.14 90 Z emlttance pattern (120 mA)

100
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/

\

•

Fig.12 Multi-s l i t emittance monitor.

0 02 OA 06 as IJO U U
Normalized Emittano? ( K cmmrad)

Fig.15 Percentages of beam versus emittance



Emitcanee of the beam is measured by the multi-
silt emlttance monitor which consists of 9 slits and
the corresponding 9 stacked multi-channel pick-up
units as Bhown In Fig.12. Each unit consists of 16
insulated electrodes.

linearly along the tank axis by inserting the first
two or the last two tuners.

Inserting the first two tuners Into the tank,

the field raises linearly along the axis and by last

two tuners the field falls linearly. The slope is

By the monitor, horizontal distribution and hori- l i n e a r u l t h t h e insertion of the tuners,

zontal angular distribution of the beam are measured
At a specified slope the beam was accelerated

and the energy, energy spread and the transmitted
at the same time. The distribution and the emittance
space area are displayed on scopes and the area Is
variable according to percentage of the incident
current. (Fig.13, 14)

Aspect of the normalized emittance for the
various percentages of the beam is shown in Fig.15.
However, the emittance of the llnac is strongly
depend on the emittance of the prelnjector.

Tilting of the Field Distribution^')

The designed average field distribution of the
KEK linac is given by

current were measured for the various rf power levels.

The tank field distributions of respective slopes
were measured for the respective optimum spread.(Fig,16)

According to the experiment, the field distri-
butions for the optimum energy spread were express-
ed by

Hz)h ' EZ0

f(Z) 1 + a ( " - 1)

*Z0 1.5 + 0.04 Z(Mv7m)
where L is the length of the tank and a is the slope
of field distribution.

where Z Is the distance along the axis. This shows that the field at the output end Is
increased by ot and decreased by a at the input end

The field distribution was adjusted by K tuners with respect to the original distribution E-..
so as to fit the designed value as possible.(2)

These tuners are also available to tilt the
field distribution. The field distribution is tilted

The results of the experiment ale concluded as
follows:

1. The effects on the energy spread were not
remarkable.

Fig.16 Measured field ditributions at optimum

energy spread Cor various slopes.

2. A maximum of the mean energy appeared
as changing the field level for the respective
slopes.

The calculation shows similar results to the experi-
ment. (Fig.IS, 19)
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EFFECTIVE SHUNT IMPEDANCE COMPARISON BETWEEN S-BAND STANDING

WAVE ACCELERATORS WITH ON-AXIS AND OFF-AXIS COUPLERS

S.O. Schriber, L.W. Funk and R.M. Hutcheon
Atomic Energy of Canada Limited

Physics Division, Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0

The effective shunt impedances of a side-
coupled S-band standing wave accelerating structure
and a structure employing on-axis couplers have been
compared by measuring the energy of accelerated
electrons. The structures had similar ^ell grading,
were assembled using similar techniques and operated
in the tr/2 node. The energy of the accelerated
electrons was measured with a calibrated 30°
analyzing magnet. Two on-axis coupled structures
both had a 10% higher effective shunt impedance
than the side-coupled structure; their shunt
impedances were **> 952 of the theoretical value.

Criteria for choosing an on-axis coupled
structure compared to side-coupled and "disc and
washer" accelerating structures are given.

Introduction

The requirement for proton accelerators
capable of accelerating beams to energies in excess

of 200 MeV for meson or neutron factories ' has
stimulated considerable development in linear
accelerator design. The dominant objective of this
development has been to reduce costs through higher
rf efficiency and simpler tuning and assembly.

The cost of the rf power supply is a major
contributor to the total cost of a large proton
linac. Any increase in accelerating structure shunt
impedance reduces this cost. Improvements in shunt

impedance gained by shaping the cavities of standing

wave accelerators are well known. The side-coupled
4

TT/2 mode accelerating structure design used for the

high energy portion of LAMPF is an example.

Simplified tuning and assembly also reduce

costs. The disc-and-washer loaded structure pro-

posed by Andreev et al. was designed to have these

advantages. It has stronger intercavity coupling

and a shunt impedance almost as high as the side-

coupled design.

This paper compares the design and measured
shunt impedance of a side-coupled accelerating
structure with that of two nearly identical standing

4
wave accelerat ing s t ructures with on-axis couplers .
Because the on-axis coupling cav i t i e s provide no
accelerat ing f i e ld , the effect ive shunt impedance,

ZT , of the on-axis coupled systems was expected to
be l e ss than that of an equivalent side-coupled
s t ruc tu re . Instead, the on-axis coupled s t ruc tures
had a 10% higher effect ive shunt Impedance, higher

than previously reported .

An on-axls coupled s t ructure combines a
high shunt impedance with the simpler tuning and

assembly of the disc-and-washer loaded s t ruc tu re .
In addit ion, second neighbour coupling between
accelerat ing caviM.es can be eliminated and in t^ r -
cavity coupling of non-axially -ymmetric modes such
as the TM - l i k e beam break-up mode can be mini-
mized. Both coupling effects were minimized by
orient ing successive pai rs of coupling s lo t s in the
cavity walls 90r to each other . The advantages of
an on-axis coupled standing wave s t ructure make i t
preferable both for the high energy portion of a
proton l inac and for electron l inacs .

Accelerating Structure Description

The profi le of the 3 GHz accelerat ing
cavi t ies shown in Figure 1 is similar ro that used
bv the graded-beta 0.8 GHz accelerat ing s t ructure

discussed by McKeown et a l . . This B = 0.65 profi le
was chosen because individual cavity frequencies arc;
independent of cavity Jength. Different cavity
lengths from 3 = 0.6 to B = 1.0 are obtained by
subtracting or adding a r ight c i rcu la r cyl indrical
section to the basic £ = 0.65 length. Thy ca l -
culated decrease in ZT from cavi t i es with fully
optimized prof i l es , is less than VA\ thus ident icul
profi les can be used for the B > 0.6 s t ructures of a
long proton linac a t a negl igible penalty.

The effect ive shunt impedance of a group of
identical cav i t i e s (prof i les shown in Figure 1)
operating in the TT mode was '-.alculated by a numeri-
cal mesh computer program similar to LALA . The ~
mode simulated the TT/2 mode field d i s t r ibu t ion in a
coupled cavity s t ructure because there are no f ields
in the coupling c a v i t i e s . A polynomial leas t
squares f i t to these calculated values as a function
of cavity length gave the following re la t ionsh ip .

ZT2(Mil/:n ) =
2Af

1/2
(28.26 + 105.54 A - 93.76 A")

where A = 6/2 + (0.00766/f - 2t )/A, L

f is the rf resonant frequency in CHz, L is the
length of the cavity in m, t is the effective web

thickrf. *s as shown in Figure 1 in m and A is the rf
wavelen th In m. The 3 GHz side-coupled structure
had a web thickness of 3.17 mni to support the drift
tube noses rigidly. The on-axis coupled structure
had an effective web thickness of 3.96 mm comprised
of a 1.57 mm space for one half of the on-axis
coupling cavity and a 2.39 mm web thickness for
rigidly supporting the dr i f t tube nose. The 3.1-4 mm
length of the on-axis coupling cavity was a reason-
able compromise between being too long (reducing the

structure ZT ) and being too short (leading to
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rtmltipactoring, arcing and reduced coupling). There

lias been no evidence of multipactoring nr arcing in

these S-band on-axis coupling cavities for acceler-

ating gradients from 1 MeV/m to 18 MeV/m . Figure 2
2

gives a comparison of the calculated ZT for the two
types of accelerating structures from 8 » 0.6 to
B * 1.0, illustrating the theoretical advantage of
the side-coupled structure.

Design and Fabrication

The two types of structures shown in Figure
3 were tested in the n/2 mode at 3 GHz. The on-axis
coupled structures were 1.6 m in length and each
consisted of 33 accelerating cavities and 32 coupling
cavities. The 1 m long side-coupled structure

similar to that described by McKeown et al. con-
sisted of 21 accelerating cavities and 20 coupling
cavities. All structures were designed to operate
with an average accelerating gradient of 8 MeV/m and
the first four cavities were graded in beta to
accept 40 keV electrons from an electron gun. Rf
power was coupled to the structure via an oval iris
in the central accelerating cavity. The interface
between the accelerator vacuum and the pressurized

waveguide was a thin window. Capacitive rf

probes monitored average electric fields in the
first, central and last cavities.

For each accelerating structure the individ-
ual cavity frequencies were tuned within i 500 kHz
of the average and the passband gap was made less
than 500 kHz. These tolerances ensured that axial
rf electric field amplitudes in the coupling
cavities would be less than 5% of those in the
accelerating cavities, as verified by bead pull
measurements on the on-axis coupled structure. The
coupling constant was made 5% to ensure that adjacent
modes would contribute less than 1% of the TT/2 mode
rf fieJd. Individual coupling constants were made
«qual to within 1% to ensure that rf fields in
adjacent accelerating cavities would be equal to
within 1% and to ensure that any systematic rf field
difference along the structure would not exceed 10%.
Bead pull measurements on both types of structures
verified that in {^ct the field differences were
< 52, sufficiently small to introduce negligible

error.1; in the ZT" measurements.

Brazing techniques for the two types of
structures differed because the side-coupled system
required more brazing steps. For the side-coupled
structure 50Au-50Cu braze alloy was used to fabricate
side-couplers from component halves and for the
segment to segment braze. Side-couplers on one side
were joined to the brazed segment assembly using
50Au-50Cu alloy while 72Ag-28Cu alloy was used to
braze the remaining side-couplers to the opposite
side of the segment assembly. Components Cor the

g

oil-axis coupled structure were brazed using 72Ag-
28Cu alloy except for one joint in the iris
coupling cavity and two stainless steel end flanges
which were brazed using 63Ac"27Cu-5Pd alloy. All
structures were cleaned prior to and after brazing
using the same techniques. After assembly of the
complete vacuum envelope, the accelerator system
shuwrc in the upper part of Figure U was baked at
120°C for several days - the temperature being
lirtited by some of the diagnostic components.

A block diagram of the apparatus is shown
in Figure 4. The 2 MM, 0.1% duty factor rf power
source was a tuneable M-5125 English Electric
magnetron. The rf waveguide included a 23 db
Raytheon circulator for isolation, a phase shifter
to optimize magnetron-resonant load frequency lock,
directional couplers to monitor forward and reverse
power at two locations and a waveguide switch to
direct rf either to the accelerating structure or
to a water load. The waveguide was pressurized with
SFfi to 375 kPa to prevent breakdown at the circulator.

Average rf power was measured calorimetrically using
a dummy water load (VSWR < 1.03) with a good thermal
response time. The calorimetric system, which used
a calibrated turbine flowmeter to measure flowrates
and a thermopile to measure temperature rise, was
calibrated in situ with a dc powered immersion
heater before and after each set of electron beam
measurements at a particular power level.

The diode electron guns were driven at 40
kV by the magnetron HV pulse. The accelerators with
on-axis couplers used a gun approximating Pierce
geometry with 0.25 mm diameter thoriated tungsten
wire wound to form a 15.2 mm inside diameter annular
cathode. The side-coupled accelerator described

earlier used a Pierce geometry gun with a 3 mm
diameter dispenser cathode.

Focussing and steering elements at the
entrance and exit of the structures were used to
offset effects of space charge forces, rf defocussing
and misalignment.

A 30° magnet with a radially focussed,
momentum dispersed image at an 0.5 mm slit, 0.18 m
from the magnet, analyzed the electron beam. The
magnet was excited by a current regulated power
supply and its gap field was measured using a cali-
brated Hall probe. The relationship between electron
beam energy and magnetic field was obtained using

the electron beam transport computer code TRANSPORT
and was verified by numerical beam trajectory com-
puter calculations using mapped fields of the 30°
magnet.

The beam current transmitted through the
analyzer slits was collected in a Faraday cup. With
the analyzing magnet off, a second Faraday cup
coaxial with the accelerator axis measured the total
accelerated electron beam and ensured that the out-
put beam was properly aligned. Current monitoring
toroids at the accelerator entrance and exit gave
additional beam current information for determining
accelerator stability.

Pressures of less than 10 Pa with rf and
beaji on were maintained by noble-gas ion pumps which
were attached to the electron gun, the major gas
load of each system.

Method

Current pulses from the Faraday cup measuring
the analyzed beam were fed into a sample and hold
unit which sampled the central 2 iis of the 3 us beam
pulse and produced a dc signal for display on the y
axis of an x-y recorder; the x-axis recorded the
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analyzing magnet coil current. The voltage-con-
trolled, current-regulated magnet power supply was
driven by a saw tooth voltage ramp. Periodic
magnetic field to coil current calibration checks
were made with the Hall probe.

A spectral measurement took approximately
20 seconds, during which the magnetron voltage and
current, forward and reverse rf power, accelerating
field and beam current were monitored to make sure
conditions were sufficiently stable. Repeated
measurements were also used to check stability. An
automatic frequency control system kept the magnetron
locked to the accelerators to within 40 kHz.

Peak rf power was determined from the
average rf power using the pulse repetition rate and
the rf pulse shape. Average pjwer was measured
using the water load, and the pulse shape was measured
using a crystal detector mounted on the forward port
of the directional coupler adjacent to the wave-
guide switch. Peak power corrections were made to
account for reflected power using the TT/2 mode
structure VSWR determined from low power (0.1 watt)
rf measurements. The largest correction was 6.3Z
for one of the on-axis coupled structures which had
an overcoupled VSWR of 1.67.

The effective shunt impedance was cal-
culated from

ZT 2 (Mfi/m) = - " ^ INJ

(P - EMEAN)L

where P is the peak rf power in MW corrected for
reflections from the accelerating structures, L is
the length of the accelerating structure in m, I is
the accelerated beam current in A and E T H T» E .

and E M ay
 a r e the injected, mean accelerated and

maximum accelerated beam energy in MeV, respectively.

Thirteen independent ZT measurements for
one of the on-axis coupled structures had an average
value of 82.0 ± 0.8 Mfi/m. The quoted uncertainty
results from a quadrature addition of the standard
deviation error of the series of measurements and
the errors associated with the estimated uncertain-
ties in each measured variable. Conditions for each
measurement were quite different as the peak rf
power from the magnetron ranged from 0.8 to 1.8 MW
and the peak accelerated current, from Q.Ob mA to
5 mA.

Another method for determining ZT is shown
in Figure 5 where the maximum beam energy is plotted
as a function of accelerated beam current for con-
stant peak rf power. During a series of measure-
ments at one power level, only the injected current
from the electron gun was varied by changing cathode
emission- A straight line was least squares fitted
to the results and the shunt impedance was deter-
mined from its slope using an expression based on a
summation of beam and structure powers.

MAX
- (ZT2 L/2)I

For these experiments this equation is accurate to

within 2% for I less than 40 mA. The average ZT
from the results shown in Figure 5 was 82 r 2 M:;/m.

Combining all the results, the measured ZT for the
on-axis coupled structure was 82.0 .• 0.9 Mn/m.
Similar measurements on the second on-axis coupled

structure yielded a ZT of 83 •*. 2 Mfc/m. The
2

theoretical XT for these structures including the
effect of the graded-beta -section was 86.5 M.:/m.

Measurements on the side-coupled structure
using tin* same techniques and the same mea.surinfc

equipment, described above gave ;i ZT of 73 *. 2 M:.7ID,
80% of the theoretical 90.7 Mft/m for this structure.

This 20% difference agrees with measurements * un
0.8 GHz side-cuupled accelerating structures and
has been attributed to the coupling slots and copper
surface finish.

Discussion

The measured 7.1" for the on-ax J s coupled
structure, close to h = 1, was 107' higher than for
a similar side-coupled structure, although it was
expected to be 5% less because of Che space occupied
by the coupling cavities on the bean accelerating
axis. Scaling the results of the measurements to
0.8 GHz cavities with profiles similar to Figure 1
gave the results shown in Figure 6 for the pract teal
effective shunt impedance as a function of -;-. for a
side-coupled accelerating structure with t = 4 . 7 6

3 w

mm (the LAMPF value ) and an on-nxis coupled
accelerating structure with t = L0.61 mm (4.76 mm
web thickness and 5.85 mm on-.ixis coupled cavity
scaled from the S-band value). These results show
that, comparer] to a side-coupLed structure, the

on-axis coupled structure has a iOt higher ZT at

B = 1 and a 3% higher ZT" at B = 0.6.

Fo. a particular application the i.-jcessary
web thickness of an on-axis coupled structure will
usually be different from that of a side-coupled
structure because of cooling, mechanical strength

2
and rf coupling requirements. Since ZT*" depends on
web thickness it is clear th<it the structure chosen
for maximum shunt impedance will depend on the
application.

Figure 6 also shows the expected ZT for a

0.8 GHz disc-and-washer loaded accelerating struc-

ture using the calculated values of Andreev et al.

and their minimum estimate of a Yl loss in ZT for a
practical cavity. The on-axis coupled structure has
a 20% to 10^ higher effective shunt impedance than
nn equivalent disc-and-washer structure from S = 0.6
to B = 1.0, respectively.

Conclusions

On-axis coupled accelerating structures have
been found to have an effective shunt impedance
higher than an equivalent side-coupled structure, or
a disc-and-washer loaded structure for 8 > 0.6.
Achievement of 95% of the theoretical shunt
impedance cannot be explained by acceleration from
coupling cavity fields because they were less than
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5% of the accelerating cavity fields. Different
braze alloy was used for brazing segments of the

2

two types of structures. The difference in ZT
between the side-coupled and on-axls coupled struc-
tures cannot be explained by alloy conductivity
differences because there was no appreciable amount
of alloy on the inner conducting surfaces. Any
unaccounted systematic error in the measurements
would not change the comparative results between
the side-coupled and on-axis coupled structures
since the measurements employed the same instruments
and techniques. In any case the difference between
the S-band side-coupled measurement and theory is in

agreement with results on 0.8 GHz structures '

The on-axis coupled structure has several
advantages over an equivalent side-coupled structure.
Machining is not difficult and tuning and assembly

9

techniques have been determined which are simpler

because the on-axis coupled structure consists of

coaxial components.

Second neighbour coupling between adjacent
accelerating cavities is eliminated by orienting
successive pairs of coupling slots 90° to each
other. There can be no rf currents on connecting
walls between adjacent accerating cavities as with
a side-coupled structure which has a second neigh-
bour coupling t 1/10 of first neighbour coupling;
this may partially explain the higher ratio of
measured to theoretical shunt impedance for an
on-axis coupled structure.

Another advantage of this coupling arrange-
ment is that propagation of non-axially symmetric
modes such as the TM. -like mode is minimized.

Larger beam currents could be accelerated by an
on-axis coupled structure than by present side-
coupled structures because beam break-up current
limits are higher. However orienting alternate
side-couplers by 90° rather than the usual 180°
would achieve the same result in a side-coupled
structure. The on-axis coupled structure has the
same advantage over the disc-and-washer structure
which may have coupling for the TM -like modes as

strong as or higher than that for the desired TM -

like accelerating mode.

The disc-and-washer structure has an inter-
cavity coupling constant about ten times that of a
side-coupled or an on-axts coupled system. This
should result in looser assembly tolerances related
to cavity frequency differences. However, relative
cavity field levels are still associated with
relative inter-cavity coupling constant differences

and it has been noted ' that this effect puts a
stringent requirement on these tolerances; con-
sequently the disc-and-washer structure has the same
tolerance as the side-coupled or on-axis coupled
structure for individual cavity coupling constants.

Larger coupling constants imply that longer
chains of cavities can be coupled before effects
from adjacent modes or high beam loading begin to
alter the ir/2 mode relative rf field levels along
the cavity chain. Calculations have shown that a
single 4 m S-band structure (70 accelerating
cavities) with on-axis couplers and 5% inter-cavity
coupling could be assembled with modes adjacent to

the it/2 mode contributing to less than 2% of the
n/2 rf fields if the drive Is at the central cavity.
Using the same criterion, the disc-and-washer str :c-
ture could be ten times the length of an on-axis
coupled structure. However, brazing furnace length
and rf tube size limitations may reduce the import-
ance of this advantage. Beam break-up effects
associated with TM -like modes may reduce the

capability of the disc-and-washer system to handle

very high beam loading.

The on-axis coupled structure is easily
cooled by symmetrically located channels which cover
the length of the structure at its circumference.
There is no need to provide separate cooling for the
couplers as was required for 0.8 GHz side-coupled
accelerating structures. No water-vacuum joints
where leaks cannot be located and repaired are
necessary as are required for the disc-and-washer
structure.

The on-axis coupled accelerating structure
is an attractive choice for linear accelerators
which are accelerating particles with 8 > 0.6
because it has a high effective shunt impedance, it
reduces beam break-up effects associated with the
TM -like mode, it is easy to cool symmetrically
ana It has simple assembly procedures which should
result in cost savings. The disc-and-washer
structure may be preferred in situations which
require very long single accelerating structures.
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MECHANICAL DESIGN CONSIDERATIONS OF A STANDING WAVE S-BAND ACCELERATOR WITH ON-AXIS COUPLERS

S.B. Hodge, L.W. Funk and S.O. Schriber
Atomic Energy of Canada Limited

Physics Division, Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0

The mechanical design of S-band standing
wave accelerator structures with on-axis coupling
cells includes material selection, cavity design,
segment production, rf tuning and brazing procedures,

Pre-asserably tuning operations have been
minimized by determining segment dimensions and
tolerances so that segments can easily be fabricated
in a near-finished condition by a commercial machining
firm. Final tuning, if necessary, is easily achieved
by removal of material from the cavity wall or drift
tube nose.

Considerations in choosing brazing proce-
dures were vacuum integrity, resistivity of brazing
alloy, joint thickness, alignment of the structure
assembly and restriction of grain growth.

Introduction

The need for high efficiency rf accelerating

structures operating at room temperature has been

fulfilled for certain applications by standing-wave

coupled-cavity accelerators, the side-coupled struc-

ture operating in the TT/2 mode being an example.

1-4
Considerable development work has been carried
out on the design and fabrication of 0.8 GHz side-

coupled structures resulting in the establishment of

assembly criteria and procedures. Recent measure-

ments have shown that the on-axis coupled structure

has a shunt impedance as high as that of the side-

coupled structure. Its high efficiency and ease of

assembly make it an attractive alternative.

As with other accelerating structures, the
mechanical design of an on-axis coupled structure
necessarily includes the production of vacuum-tight
systems with cavity shapes, cooling, and dimensional
tolerances determined from constraints associated
with desired rf and accelerating properties. For
example, the rf interface between the accelerating
structure and the waveguide was designed to eliminate
arcing, minimize rf losses and provide adequate
coupling as well as be simple to machine and
assemble.

Some of the techniques developed for side-
coupled structures were applied to these 3 GHz on-
axis coupled structures. Structural differences
necessitated development work to establish economi-
cal and suitable fabrication procedures. The
results of this work and some recommendations
regarding production and brazing are given in this
paper.

General Description

S-band standing wave structures were fabri-
cated from oxygen free high conductivity (OFHC)
copper segments which formed coaxial accelerating

and coupling cavities as illustrated in Fig. 1.
Segments with square and round outer profiles were
arranged alternately to facilitate insertion of
longitudinal cooling tubes into holes through the
corners of each "square" segment (see Fig. 2 ) . The
Cubes were brazed to the segments to provide good
thermal contact. This configuration eliminated
coolant-vacuum interfaces where vacuum leaks would
be difficult to locate and repair, and provided

uniform cooling of the structure (1.5 W/cm for G.^%
duty factor and 8 MeV/m accelerating gradient). The
flat sides of the "square" segments were used for
aligning and mounting the assembly.

All segments had the. same 8 = 0,65 cavity

profile for reasons discussed elsewhere and were
produced initially with the same length of right-
circular cylindrical extension to make 6 * 1 seg-
ments. Segments for the graded 6 part of the
structure were simply obtained by machining the
cylindrical extension to appropriate length.

Rf power is coupled into the middle

accelerating cavity through a circular Al 2°i
 r^

window and oval iris as shown in Fig. 3. The
middle cavity was formed from two "square" segments
to simplify window assembly brazing and to provide
additional iris cooling.

Stainless steel flanges were brazed to each
end segment for connecting external beam lines.
Calculations and measurements have shown that

-U
vacuums less than 10 Pa In S-band structures up to
1.6 m in length can be maintained, without a mani-
fold, by pumping from one end only.

To minimize beam loss, the accumulated
effect of drift tube misalignment must not reduce the
unobstructed cross-sectional area of the beam hole
to less than 902 of the drift tube hole area. For
a 1.6 m long structure this implied that the mean
drift tube displacement from the structure axis
could not exceed 0.4 mm. Consequently accurate
stacking and brazing of the segment assembly w»re
critical fabrication ?"equirements.

Fabrication of Components

Segment Dimensional Tolerances

Cavity resonant frequencies are determined
by geometrical dimensions, particularly the length
of the drift tube nose (Fig. 2 ) , cavity diameters
and parallelism of the coupling cavity faces, A
tuning tolerance of ± 500 kHz for both types of
cavity and a maximum 500 kHz passband gap established
the tolerances for these critical dimensions. They
were ± 5 pin for the nose length and coupling cavity
face parallelism across any diameter and ± 13 wn for
the accelerating and coupling cavity diameters.
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Uniformity of the accelerating cavity
profile from segment to segment was ensured by
machining the cavity outer diameter to a tolerance
of i 5 pm and machining the profile using a "Mimik
Tracer" located with respect to this diameter. Rf
fluid level errors from coupling constant differences
ware held to within 10% by requiring coupling
differences to be less than 1%. This required
machining tolerances for the slots of ± 13 pin in
radius and width, and of + 0°, -0.25° in azimuth.
Coupling constant uniformity way ensured by the use
o\' a milling jig located with respect to the 10.166
• 0.00b nun diameter drift tube hole.

Several batches of segments have been pro-
ducuii by a commercial machining contractor. For
i-.-u-!i batch, segment dimensions were progressively
ci'a:igi.-u LO achieve the desired frequencies, and
tolerances were tightened to the values given above.
Pru-ussembLy tuning has been almost eliminated
resulting in a large reduction in tuning costs with-
out increased machining casts.

'''aŜ J"i-\i Selection

As in other accelerator applications, the
-jL-ttiTu-iitb were made from OFHC copper because of its
h ii'.li f 1 ectr ica! and thermal conductivi ty, low
v.u-uuin outclassing fate, machineability, reasonable
i:ost and amenability to brazing in a hydrogen
:itmosph^re to itself or stainless steel forming good
\\icuuiii joints.

OFHC copper is produced only in the form of
continuously cast billets which are highly porous
;tnd unsuitable for accelerator applications because
of poor rt" properties and lack of vacuum integrity.
The material must be worked by forging, rolling or
extrusion to eliminate porosity and reduce grain

ri i 7- e .

>'(i_t_hô d o f P r o d u c t i o n

Three methods for producing segments were
i-ons idcrtid .

11 Forge segments from cast naterial to the required
accelerating cavity profile and machine finish
the remaining surfaces.

-\> .'•'. "..-hine segments from rolled plate or bar.

'.i) Forge segments from rolled plate or bar leaving
a machining allowance of 3 mm over all surfaces
so that oxygen inclusions and other impurities
are removed during machining.

Structures were successfully fabricated
from segments produced by each of the first two
rrn.1 thuds. Development work determined that correct

Forging temperatures (73O°-83O°C) and proper die
design were important factors in obtaining con-
sistently fine grain structure throughout the

shunt impedance gains.

The third method combined the best features
of the first two with an extra fine grain structure.
In our opinion it would be the cheapest production
method if 500 or more segments are made at a time.

In the second method it was found that
profiles could be machined with a surface finish of
L-2 urn RMS to dimensional tolerances which would
almost eliminate rf tuning. Calculations showed
that a perfect surface finish would only increase
tliu shunt impedance by 2-4%; smoother finishes would
substantially increase machining costs for small

Types of Joints

Most joints were copper-to-copper butt type.
The remainder, with Che exception of the coolant
tubes, were a combination of lap and butt joints
between copper and stainless steel.

The stainless steel to copper joints were;
brazed separately to producf the middle or iris
cavity assembly and the two end segment assemblies.

Copper-to-Copper Joints

Step brazing, a technique which uses a num-

ber of alloyK with different melt temperatures, was

used to fabricate the first group of £-band acceler-

ating structures * . Some of the components were

exposed to seven braze heats, necessitating a wide

range of alloy melt temperatures. The simpler

coaxial design of the on-axis coupled structures,

and the absence oi" a vacuum manifold, reduced the

number of heats required.

Experiments were made with two alloys
commonly used in joining OFHC copper; gold-copper
(5OAu-5OCu) and silver-copper (72AJJ-28CU), to deter-
mine the ability of a single alloy to withstand
repeated reheats and the metallurgical effects on
the copper. All joint surfaces were machined to
1 urn RMS finish. Each joint was hydrogen brazed
using 50 um thick annular foils with a different
pressure applied to the joint, ranging from 15 ki\i
to 60 kPa. For each alloy, eight, segments were
brazed, one joint at a time. Thus, rhe first two
segments were exposed to seven heats and the eighth
segment to one heat.

An etched cross section of Lhe joints
brazed at 1010°C with 5OAu-5OCu is shown in Fig. 4.
The joints were 50 (+0, -8) um thick, equal within
tolerance to the original alloy thickness. The
different pressures used had no effect on joint
thickness. Only one joint had a vacuum leak whli:h
was repaired during a subsequent bra:;e with a parch
of alloy.

After three heats of 10l0°C the grain
structure grew so much that in some areas two large
grains, if located adjacently, could span the thick-
ness of the wall between vacuum and atmosphere. Gas
diffusion along grain boundaries and the possibility
of cracking because of mechanical or thermal stress
would then threaten vacuum integrity.

A similar etched cross section of the joints
brazed at 795°C with 72Ag-28Cu allo-- is shown in
Fig. 5. Grain size after seven heat? is stilL
relatively small compared to that shown in Fig. 4.
All joints were leak tight. Five gaps had aero
width, one was 2 pra wide and one was 7 um wide.



Sections of each type of alloy joint were
polished and studied under a microscope. 72Ag-28Cu
alloy thoroughly wetted the entire joint area and
diffused into the parent metal, indicative of a high
strength joint. 5OAu-50Cu alloy did not diffuse
into the parent metal, nor did it fully wet the
joint area.

These tests show that 72Ag-28Cu Is the
preferred alloy. 50Au-50Cu is considered unsatis-
factory because of excessive grain growth, joint
thickness and lower joint strength. The sllver-
copptir alloy is also considerably cheaper. Align-
ment of the accelerating structure is dependent on
variations in joint thickness; metal-to-metal con-
tact is desirable.

Dimensions of 72Ag-28Cu alloy foil for
segment-to-segment joints were determined by further
brazing tests using as the criterion minimum alloy
flow into the cavity. Preformed washers (50 pm
chick) of a single size, suitable for both acceler-
ating and coupling cavity joints, were the most
affective and economic solution.

Lap joints were used for brazing coolant
tubes into the "square" segments providing efficient
heat transfer. The alloy requirements were good
thermal conductivity, a viscosity such that the gap
around the tube was filled, and a braze temperature
less than 795°C. Wire rings of 80Cu-15Ag-5Pd alloy
were used at a braze temperature of 735°C,

Copper-to-Stainlesa Steel Joints

Since 72Ag-28Cu alloy was preferred for
copper-to-copper joints, an alloy for bracing
copper to stainless steel at a temperature of 795°C
or only slightly higher was desired to avoid exces-
sive copper grain growth. About 5% of copper-stain-
less steel joints leaked in a set of tests using
72Ag-28Cu alloy. Another series of tests using
68Ag-27Cu-5Pd alloy at a brazing temperature of
835°C had a similar percentage of leaking joints.
At approximately 800°C a hydrogen dew point of -60*C
is necessary to reduce the oxide layer on stainless
steel. It was concluded that the hydrogen in the
brazing furnace retort was only marginally reducing.

Vacuum leaks were eliminated by nickel
placing stainless steel brazing surfaces and brazing
to copper using 68Ag-27Cu-5Pd at 835°C. The quality
of the nickel plating is acceptable if blistering
ib not evident after firing at 635°C.

Electrical Conductivity of Brazing Alloys

For segment-to-segment brazing the
electrical conductivity of the brazing alloy is
important because alloy may deposit on the rf
conducting surfaces. Figure 6 shows the electrical
resistivity of the brazing alloys as a function of

the percentage of copper in silver and gold .

5OAu-5OCu alloy is subject to resistivity
changes resulting from changes in composition by
diffusion or separation by liquation through a
brazing cycle. The electrical resistivity of the
remaining alloy can be unacceptably high (up to 8
times that of OFHC capper), therefore alloy should
not be allowed to flow over conducting surfaces.

The large dark band of gold alloy (2 nan wide) shown
on the rf conducting surface at the joints in Fig.
4 could reduce the shunt impedance by up to 15%
depending on its composition.

72Ag-28Cu alloy is not subject to separation
by liquation, but alloy composition may change
because of different diffusion rates. Since its
resistivity is at most 152 higher than that of OFH.':
copper, some alloy flow on the rf conducting sur-
faces can be tolerated.

Structure Alignment

Factors affecting alignment are:

1. dowel hole clearance (t 50 pro)

2. segment face parallelism (t 2 \im)

3. brazed joint parallelism3 (50 urn - 5OAu-5OCu,
0 um - 72Ag-28Cu)

4. concentricity of drift tube holes and dowel pins
(± 37.5 pm).

A Monte-Carlo computer program using the
above factors calculated misalignment and unobstructed
fraction of the drift tube hole areas of more than
1000 randomly stacked assemblies consisting of 31
accelerating cavities. Variable dimensions were
distributed randomly within the limits given. The
maximum, mean and median displacement and the
minimum, mean and median percentage unobstructed
fraction of the drift tube hole areas are given in
Table 1, for both alloys. 72Ag-2f;Cu alloy is
superior because displacements arc- smaller and
unobstructed fractions are higher.

Table 1

Displacements and Percentage Unobstructed Fractions
of Drift Tube Holes in Assemblies
with 31 Accelerating Cavities

Results using
5OAu-5OCu 72Ag-28Cu

Maximum Displacement 1.69 mm
Mean Displacement 0.81 mm
Median Displacement 0.86 mm

Minimum Fraction of Hole 78%
Mean Fraction of Hole 90%
Median Fraction of Hole 89%

Brazing Procedure

Cleaning procedures for individual com-
ponents prior to brazing included freon vapour
degreasing* two acetone rinses and a final alcohol
rinse. Brazing alloy was rinsed in acetone and
stored in alcohol until used.

0
0
0

.74

.37

.38

90.5
95%
95%

mm
mm
mm

%

Not discussed in this paper is the fact that we
have noticed wedging of the brazed joints if
metal to metal contact Is not obtained.
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Two "square" segments were brazed to form
the iris cavity. The iris cavity was then machined
to fit the rf window adaptor and another braze
followed to complete the sub-assembly, shown in
Fig. 3. Brazing with 68Ag-27Cu-5Pd made it possible
to cantilever the rf window adaptor during the main
segment assembly braze without the risk of remelting
the sub-assembly alloy In the event of a main
assembly braze temperature overshoot and without
the need for jigging to support the sub-assembly.

A conventional fixed base hydrogen furnace
was used for the main assembly braze (Fig. 7). A
stainless steel stool with machined upper surface
was levelled on the furnace base to support the
segment assembly. Two layers of asbestos cloth were
placed on the stool to form a thermal barrier and to
prevent flow of alloy between the bottom segment
and stool. A precision straight edge was used
during stacking to check column alignment.

Since the 1.6 m stacked assembly formed a
slender and relatively unsteady column, a pendulum
type jig (Fig. 7) was used during the braze cycle.
This form of jigging was not affected by thermal
stressing, allowed the assembly to expand and con-
tract with complete freedom, and maintained a con-
stant load throughout the entire brazing cycle. The
assembly temperature was brought to within 25°C of
the braze temperature and held until equilibrium was
reached. The assembly temperature was then quickly
raised to 795°C; when the assembly reached this
temperature the furnace heating bell was removed
immediately. The final assembly step was installa-
tion and brazing of coolant tubes in a second heat
at 735°C. Structures brazed by this method have
shown no detectable vacuum leaks.

Excessive running of 72Ag-28Cu alloy occurs
if the alloy is in a molten state for more than 20
minutes and also if the temperature exceeds 805°C.
Typical brazing temperatures ranged from 79S°C to
802°C with an average 4°C temperature difference
over the assembly length as recorded by six equally
spaced thermocouples. The alloy was normally in a
molten state for only 15 minutes.

Conclusions

Development work on on-axis coupled S-band
standing wave structures has led to reliable and
economical production techniques which may be useful
for other types of structure. Fabrication tolerances,
based on desired characteristics of the accelerating
structure, have been met with a resulting reduction
in tuning. Alternating segments of "round" and
"square" profile has provided a convenient means for
cooling and supporting the structure.

Tests have shown that 5OAu-5OCu alloy is
Inferior to 72Ag-28Cu alloy for this application
because of joint thickness after brazing, its poor
electrical conductivity and excessive grain growth
resulting from the high brazing temperature.
Brazing with 72Ag-28Cu alloy resulted in much less
copper grain growth and produced joints that were
mechanically and electrically sound, vacuum tight
and did not perturb alignment.
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Fig. 1. S-band on-axis coupled accelerating
structure showing the location of the rf
window and a cross section of an
accelerating and coupling cavity.
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- C00L1NT TUBE
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Fig, 3. Detailed views of the iris cavity, window
adaptor and rf window.

-±- D8IFT TUBE NOSE
SLOTS D S I F T T U B E LENGTH

Fig. 2. Detailed views of a "square" segment.

— X

Fig. 5.

Fig. 4. Longitudinal section of 8 segment
assembly brazed joint-by-joint at 1010°C
in successive heating cycles - the number
indicates the number of cycles each seg-
ment experienced. The arrows indicate
the joint location.

Longitudinal section of 8 segment
assembly brazed joint-by-joint at 795°C
in successive heating cycles - the number
indicates the number of cycles each seg-
ment experienced. The arrows indicate the
joint location.
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DESIGN AND DEVELOPMENT OF PERMANENT MAGNET QUADRUPOLES FOR ION LINACS

I.M. Kapchinskij, A.M. Kozodaev, N.V. Lazarev and V.S. Skachkov
Institute for Theoretical and Experimental Physics, Moscow

Strong focusing in all of the operating
linacs of Alvarez type is now being accomplished by
means of magnetic quadrupole lenses supplied by con-
stant or pulsed current. The use of electromagnetic
lenses was caused by two reasons: the first - a
requirement of continuous control of the field
gradient in each lens, specifically selection of
the gradient slope along the axis of the accelerator,
and the second - for lack of the suitable hard
magnetic materials with required magnetic fluxes.

Up to the present there is accumulated
reach experience of operation with strong focusing
linacs at relatively high pulsed currents of order

100-200 inA - It turned out individual selection of
current in lenses -oils is practically impossible
hticaiiHi? ot too large quantity of the degrees of
freedom, which are to bn selected. That is why the
calculated values of ci rents are set. If one
attempts to increase the intensity of the accelerated
beam, then sometimes occurs the necessity to control
the slope of the gradients along the accelerator
axis due to the space charge influence on the fre-
quency of incoherent transverse oscillations. How-
ever, the optimum slope -f the gradients for
acceleration o£ maximum currents may be calculated
beforehand. The value of the slope itself is not
critical for acceleration ->f beams with intensities
lower than maximum. r.o, tine long experience of
operation of the linear accelerators allows to con-
firm, that there is no necessity to control the
gradients of the quadrupole lenses.

Some constructions of permanent magnet
quadripoles were proposed for focusing of proton

? 3
beams in ion guides" . Permanent magnets, which
make the fluxes in the effective aperture of the
focusing channel, has the required temperature and
time stability, are stable to mechanical vibrations
and a]low to keep the tolerances on the focusing

4 5
field gradients . Recently it was shown , up-to-
date hard magnetic materials are able to ensure
quite enough acceptance -'f a linear accelerator
focusing channel.

For proton beam acceleration with pulsed
current up to 200 mA at injection energy 700-750 keV
and phase density 1 A/cm.mrad, it is necessary to
get the value of normalized acceptance be about

1 cm.mrad . If the wavelength of the accelerating
field is 2 m and energy gain is between 0.9 - 1.25
MeV/m, the normalized acceptance 1 cm.mrad is
possible to get with the radius of the aperture 1 cm
and maximum gradient of the electromagnetic lens

field accordingly 4.5 - 6.0 kGs/cm * . With the
increase of the particles energy the gradient of
magnetic field under fixed normalized acceptance of
the channel quickly decreases.

The models of permanent magnet quadrupoles
were constructed in ITEP for experimental confirma-
tion of the possibility to achieve the fields with
gradients up to 6 kGs/cm in lenses with such o.d. to

allow to put them Into the drift tubes.

The main parameter of magnetic system is
the leakage coefficient. The leakage coefficient
defines the useful part of the full magnetic flux
generated by permanent magnet. It seems useful to
define of the leakage coefficient of the quadrupole
lens magnetic system as a ratio flux in Che neutral
section of the pole to the flux through the median
plane of the lens within the limits of the effective
aperture. The field at the median axis is assumed
to be ideal - with constant gradient, equal to the
value, C = 3By/3x In the center of the lens. We
shall treat the radius of effective aperture a to
be equal to the distance between the center of the
lens and the pole tip. Then the leakage coefficient
is:

a
O)

where B - the mean value of the magnetic induction
m

in the neutral section of the pole. Every of the
four hard magnetic poles is made as a bar of width
2-H and length H^.

Since relative permeability of a soft mag-
nt*tic circuit is very high it is possible to neglect
the intensity of magnetic field in the magnetic cir-
cuit. The mean value of the magnetic field inten-
sity along the axis line of the pole is connected
with the gradient in the center of the lens by the
equat ion

~ C * (2)V Ho m 2 ft,
M

The operating point on the demagnetization curve
must be chosen near the optimum regime (B = B,,

m a
H = H,), corresponding to the maximum densitv of
ma
the magnetic energy in the bar.

Let us suppose that H = H /x ; then the
m m

operating point is defined by crossing of the demag-
netization curve with the direct line

(3)
H

As it was .shown by our measurements, in
spite of considerably large value of \ f induction
in the neutral section remains quite close to
optimum owing to that the top of the demagnetization
curve of the used materials was rather flat. There-
fore it is possible to assume x ^ 1 under calcula-
tion width Ic and length Z of the po]e through

expressions 1 and 2.

Among the wide spread and rather cheap hard
magnetic materials the alloys K>HJ(K255A and
MHflK35T5BA may be distinguished because uf their
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good parameters: (BH) = 8.5 + 12-10 Cs-Oe .

Let UK consider the possible parameters of lenses
made of the alloy ttHRK35T56A, for which B. - 9 kGs

a
.iiid H = 1.23 kCs. The results of our experiments

uith models of quadvupole louses with flat pole tips
choose to suppress Lhe fifth liarmonic of the field,
show that. <> - 5. Assuming it H ; 1 kGs, when the

o m
rad ius of aperture a = 1 cm and grad ient G = 6 kGs/
cm, it iff easy to get, that £, = 3.5 cm and L. = 3

ri v\
cm. 3uch lens may he easily placed inside the 15
cm o,d. drift tube. For comparison, o.d. of the
first drift tuber? in the linacs of LAMPF, BNL, NAL
and SACLAY are 18 cm . The decrease of magnetic
field gradient in the drift tubes along the
accelerator axis is more rapid than the increase of
the square value of aperture radius. Then the
dimensions of the permanent magnets at the following
quadrupoles decrease.

The approximate calculations show that it
is possible to construct the permanent magnet quadru-
poles for strong focusing of proton beams in drift
tube linacs through the whole energy range, beginning
from the injection energy.

The photo of the model of the quadrupole
lens for a drift tube with the alloy WHRK35T50A
poles made in the form of the rods is shown in
K ig. 1. The pole tips and the yoke closing the
magnetic flux are made of the soft steel. The o.d.
of this lens is 1L.8 cm and aperture - 2 cm. The
gradient reached G = 3.67 kGs/cm, that corresponds
•J - 4.7. There are all reasons to believe that
under corresponding increase of the o.d. of the lens
for the first drift tubes, it is possible to reach
the value of the gradient up to 6 kGs/rm.

Recently there was shown an interest to
focusing channel on permanent magnets of a linac
for medical purposes.

The use of permanent magnet quadrupoles
allows to get rid of rather cumbersome system of
stnb i 1 izt'd current powet suppl i^s for elec.tromag—
net'Jc lenses in the drift tubes. The problem of
cooling becomes much simpler, especially compared
with cases when strong focusing is carrying out by
electromagnetic lenses, the coils of which are fed
by d.c. As there is no coils, the ratio of the
length of the quadrupo.le to the length of the drift
tube may be increased. It allows to decrease the
necessary values of field gradients under fixed
transverse oscil'. ations frequency. It becomes
easier to place f-v.o quadrupoles in one drift tube.
Use of melted permanent magnets will allow, perhaps,
to refuse of the requirement to have hermetic dri "t
Lubes. The manufacturing of the drift tubes will
be much .simpler.

DISCUSvSIQN

I'.V. Liydah),_ 1'NAf.: Have you experienced varia-
t ions in quadrupole field strength and quality?

Lazarejv: No production h.is been made as yet.

J.ivd,ihJ: Have you made any quadrupoles of larger
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Fig. 1 Model of the quadrupole lens for a drift

tube linac.

Lazarev: Not yet. At first we want to make the
most difficult quadruple for the first drift tube.
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PARTICLE ACCELERATION BV COLLECTIVE EFFECTS*

D. Keefe
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Abstract

Successful acceleration of protons and other
ions has been achieved experimentally in this
decade by a number of different collective methods.
The attainment of very high accelerating fields
has been established although so far the accelera-
tion distance has been confined to only a few
centimeters. Efforts are in progress to under-
stand the accelerating mechanisms in detail and,
as a result, to devise ways of extending consider-
ably the acceleration distance. This paper is
intended to review the current progress, expecta-
tions, and limitations of the different approaches.

1) Introduction

The accelerating electric field in conven-
tional accelerators is typically limited to values
in the 1 - 1 0 MV/m range because of sparking and
other practical reasons. The promise of collec-
tive effect methods of acceleration is attainment
of much higher fields; this promise has been ful-
filled anil ion-acceleration by collectively-pro-
duced fields of 100 MV/m and more has been clearly
demonstrated in a wide variety of experiments.
So far, however, the distance over which accelera-
tion has been achieved has been limited to some
tens of centimeters; the major challenge new is
to extend and control the acceleration process
over much longer lengths. Although light ions
of various charge-states have been accelerated
most of the experiments have studied proton
acceleration and to avoid confusion in what follows
I shall mainly refer to the results for protons.

My intention here is to survey the recent
progress, to report on the most striking new
results, and to describe new theoretical proposals
in the field of acceleration of ions by collective
effects. The electron-ring method continues to
look promising especially for medium-energy ions
but there are no new ion-acceleration results to
report; the E-beam in gas-cells method has had
the benefit of a great deal of new experimental
results and the various mechanisms at play are
beginning to be elucidated; the E-beam in vacuum-
diodes method still holds the record for peak ion-
energy produced (45 MeV protons by J. Luce and
collaborators} but also lacks a convincing theo-
retical description; experimental work is begin-
ning on the auto-resonant acceleration concept
(ARA) by Drummond and co-workers; finally there
have been several suggestions for new methods of
ion-acceleration by means of slow, controlled,
space-charge waves on electron-beams in vacuum pipeso

•This work uvs done with support from the U.S. Energy Research and Development Administration.

2) Electron-Ring Accelerators

Research at the Lawrence Berkeley Laboratory
on this approach ended a few years ago but succeeded
in defining experimentally and theoretically the
limits to the promise of this technique set by
instabilities of the ring. The hurtful instabilities
that limit performance are the negative-mass in-
stability, the ion electron instability and the
resistive-wall instability. A major conclusion
of that work v:as that realistically one could not
expect to achieve peak accelerating fields greater
than about 80 MV/m [lj but that creation of rings
with fields of about this value were close to
experimental accomplishment [2],

The Maryland group are actively pursuing
their novel technique of forming rings by injec-
tiu-.. of a hollow E-beam 3lon>: an axial magnetic
field and then through a cusp field to convert
much of the axial velocity to transverse motion [3],
The rings formed so far have axial dimensions that
are still rather large (some few centimeters) so
that the peak electric fields are small (perhaps
* lMV/in';. The group is at present working on
techniques for slowing down the axial motion of the
ring to allow ion loading and subsequent controlled
launching into the appropriately-tailored acceler-
ating magnetic field.

A year and a half ago the group at the Max-
Planck Institute for Plasma Physics, Garching,
gave convincing evidence of acceleration of helium
ions to a low energy (> 200 keV) in a compressor
experiment called "Schuko" [4]. In the meantime
they have continued ring-forming experiments, but
much of their effort is now concentrated on fabri-
cating a larger ̂ lparatus called "Pustarex" [5j.
The Garching group's approach has been character-
ized by an extremely short compression cycle to
form the rings, viz., < lOpsec,which is some two
orders of magnitude less than that used at Berkeley
or Dubna. This has the advantage of rapid crossing
of resonances during compression. After compres-
sion, however, times of the order of hundreds of
microseconds are needed to load the ring with ions.
In their new experiment (Pustarex) they will
continue to use fast pulsed compression followed
by use of static magnetic fields, first to hold
the ring in a "waiting-room" for ion loading, and
thereafter for axial magnetic acceleration. This
experiment will have the advantage that the
accelerator can be extended in length by addition
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of further magnetic-field sections at a later time
to allow higher energy ions to be obtained. The
goal of the new experiment is to accelerate ions
in the mass range from A = 1 to A = 40 to an
energy of S MeV/amu in a total acceleration length
of only 1.25 meters.

Work by Sarantsev and his colleagues at the
Joint Institute for Nuclear Research at Dubna, has
concentrated on construction of a large accelerator
with provision for electric acceleration of the
rings by superconducting rf cavities. They have
recently formed rings in their new compressor and
claim to have achieved accelerating fields of 50
MV/m; they have not yet, however, successfully
extracted the rings in an axially compact form.

Under the direction of Kapchinsky a group
at the Institute for Theoretical and Experimental
Physics, Moscow, is also working on electron-ring
devices. The main thrust of their efforts is to-
wards understanding the formation and compression
of the ring. Progre. s has been inhibited by
difficulties with the electron-beam injector.

3) Electron Beams in Gas-Cells

Ion acceleration is found to occur when an
electron-beam with a current above the space-charge
limited value (ISCL) i s injected into a gas of
pressure about one-tenth lorr. Typical parameters
for these experiments are E e i 1 MeV, I e > 10,000
amps, and T ; 0.1 jisec. Figure 1 is a schematic
of the experimental arrangement, including repre-
sentative diagnostics, which has been widely used.

which leads to the condition on the current, I:

Fig. 1: Typical experimental arrangement for
ion acceleration in gas cell [8]

The space-charge-limited current is often
defined in the following terms: If an intense
cylindrical beam of radius b is propagating in-
side a grounded pipe of radius a there is a
potential depression at the axis given by;
if » 1(1+2 In a / b V B c If partial ionization
of the gas occurs then the potential is modified
to V'-+ll-f?(t)] where f»(t) is the fractional
neutralisation and depends on tine because of
continuing ionizatisn by the bean. A necessary
condition that an electron should have found its
Kay from the grounded anode to the beam center
is that its kinetic energy exceed etp, i.e.

_ mc~ B f Y - D C l + 2 I n g ) " ' ( 1 - f f t ) )
1 ' SCL e

"- (1)

that is necessary for propagation. If the injected
current exceeds Ig^j , the beam does not propagate;
instead a virtual cathode is formed. This problem
was addressed by Smith and Hartman [6] for the
somewhat unreal situation of constant current
density. More careful examination leads to the
expression:

'SCL
(Y

2/3-l)-/2 (1-2 in I) [l-fe(t)]-- (2)

It is interesting to refer here to another
well-known limiting current-the Lawson-Alfven limit.
This limit is appropriate to the case of a fully-
neutralized beam (fe=l) - wherein there is no
electric field-at an intensity such that the self-
magnetic field can bend beam particles around witli
a Laraior radius on the order of the beam dimension,
b. This leads to

me' 3y [=17,000 BY amps, for electrons] (3)

L-AL = ~ e ~

This limit corresponds to the Budker parameter, v,
which is the number of^electrons in a classical
electron radius (e2/mc.-) measured along the beam,
being equal to y, that is: V / Y ~ 1 . Note that Eqn
(3) applies for the case of a space-charge neutral-
ized beam; if current-neutralization occurs, largar
currents can be propagated. (In fact, at Physics
Internationa] beams with \J/Y - 10 have been
generated).

If we use the approximate expression for
from Eqn. (1) above,we note:

!SCL _ Y-l (1+2 In a/b)
- — • —

X L-AL '

l

In practice, therefore, most ion acceleration exp-
eriments use beams with v/y values between 0,1 and
1.

Early data were scrappy and inconsistent from
group to group and several models were proposed
that fitted some data but not others. In the
last couple of years, however, the experimental
results have become sufficient to identify two
distinct processes, although at least two wore
may also be playing a role or at least are expected
to become operative under certain conditions. IVe
can summarize these processes as follows:

(i) Virtual Cathode Formation and Relaxation
(Quasi-Stationary Weii)T

This process explains most of the experiments
performed by many groups, The bull of the ions
produced in all experimtnts(l-5"1011', typically)
have an energy spectrum distributed from the
electron-beam energy E e to about 3 E e with an
average value close to 1.5 E e.

For ion acceleration to occur the injected
current I e must exceed Ig^^ so that virtual cathode
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formation occurs. Note, however, that Is(-L is a
function of .time and as the fractional neutraliza-
tion fe(t) builds up because of ionization, Ig C L

increases. For ion-acceleration one must arrange
that 1$QI crosses over I e at some time during the
pulse duration. This sets a condition on the ion-
iz;ition rate and hence on the gas pressure. If the
pressure is too high 1$CL increases so rapidly that
It exceeds Ie before the beam current has risen to
its full value. If the pressure is too low a
virtual cathode can persist throughout the pulse;
any ions formed may oscillate in the potential at
the virtual cathode but receive no net energy gain.
In the appropriate pressure window (0.01 - 1 torr)
I S C L is les-> than I e at the beginning of the pulse
and a deep potential well formed - later I5CL
exceeds Ie, the well relaxes, the beam front pro-
pagates, and ions can emerge with high energy
generated in the transient well. The mechanism of
well-formation is complicated and was first des-
cribed by Poukey and Rostoker [7] who showed that
the potential (times charge) could attain a depth
of two to three times the beam-electron kinetic
energy i.e. 2-3 E e. The exact dynamical effects
during formation and relaxation are not completely
understood.

Recently Straw and Miller set out to verify
in a systematic way the role of I s c i in determining
the onset of acceleration [8]. In an elegant series
of experiments they varied many of the parameters
in Eqn (2) over a wide range, e.g. the ratio b/a,
current, energy, pressure [which changes fe(t)]
and convincingly demonstrated agreement with the
model described.

(ii) Moving Potential well at the Front of the
Propagating Beam (Travelling Well):

Iv'hen during the beam pulse I$CL c ° m e s t 0

exceed I e the virtual cathode relaxes and the beam
front begins to propagate with a speed on the order
of 0.1 c. The head of the beam is being continually
ablated bacause of beam-electron loss to the wall.
The beam front carries with a co-moving potential
well because ahead of it there is essentially no
beam ($=0),behind it there is full space-charge
neutralization (4>=0), and in between there is only
partial neutralization (<j> > 0). Early results at
Physics International had shown the presence of a
group of fast ions Eg > 3Ee whose speed was equal
to that of the beam-rront[9]. Thtse data provided
strong evidence for ions being trapped and trans-
ported in the travelling well at the beam front.
More recent work at P.I. confirms this conclusion.
!Iow the ions become trapped is not understood -
they may be born in the well when the fields are
sufficiently gentle to allow trapping or they may
be injected with suitable velocity by pre-accelera-
tion in the quasi-stationary well (see (i)).

It seems safe at this point to assume the
existence of the travelling well and its ability
to accelerate ions to high energy (> 3 E e ) , but
there remains s'me disagreement over what pheno-
mena determine the speed of propagation of the
beam-front and concomitant well. It is extremely
important to elucidate this question since a pro-
per understanding may lead to a technique of con-
trolling this method of collective acceleration
so as to allow substantially higher ion energies
to be achived.

On the one hand is a model developed as a
result of computations by Olson [10] and by Poukey
and Olson [11]. This model included refinements to
the Poukey-Rostoker model, delineated the conditions
for cessation of acceleration in the high-pressure
condition ( beam-propagation),was a two-dimensional
model, and it seemed to explain the anomalously
high energy observations by the P.I. group at that
time. Basically the description of the beam-front
potential-well propagation was in terms of a beam-
front axial extent of some 2a, which leads to a
front speed of 2a/ij, where Tj is a characteristic
ionization time proportional to gas pressure al-
though it should also depend on current. The data
at that time seemed to support this model - a low
pressure region where Ej was constant and on average
- 1.5 - 2 E e, an intermediate pressure region where
the average values of the PI energies did show a
rise that was proportional to pressure and a high-
pressure region where beam propagation occurred
and no ion-acce'eration was observed.

Recent work by Ecker and Putnam, however, has
shown that at constant pressure (therefore constant
energy in the Olson interpretation) they can obtain
ions of a very wide variety of energies (2 - 14 MeV)
by varying other conditions [12]. It is important
to note that the P[ work, in contrast to that at
other laboratories, has been with high v/y beams
(0.S - 1). Recently, in exploring an ever-wider
range of parameters, Straw and Miller observed that
at hiph v/y they also obtained a high-energy ion
component (Ep > 5 Ee) [1A]. For V/Y approaching
unity Ecker and Putnam pointed out that the beam-
front speed can be limited simply by a power balance
condition. As the front propagates, energy in the
self-magnetic-field must be supplied, work also is
being done by the electrostatic well at the beam-
front in accelerating secondary electrons to the
walls; these processes clearly cannot proceed at a
rate greater than the input supply of power IeKe.
On this rather fundamental basis they derive the
following expression for the beam-front (or ion)
velocity, Bf:

1
(5)

where % = fe£ ( 1 * 4 In J ) , K E e is the mean kinetic-
energy supplied to each secondary electron (adjust-
able), and 8 n c is the injection velocity of the
beam. In a vaiiety of experiments, E e was varied
from 0.45 to 1.35 MeV, I e from 32 to 150 kA, a from
3.8 cm to 6.9 cm. Their cita are shown in Fig. 2
where the proton energy is plotted against Z =
E e/I e, together with the predictions of Eq. 5 and
of the Olson model (f5f = constant at constant pre-
ssure) . The power-balance model appears to be
convincingly borne out as an explanation for the
P.I. data.

Where does this leave us? Needing more experi-
ment, of course! At this time one can only state
an opinion about what may be going on. At high V/V
(ss 1) the existence of a travelling well, in which
ions can be trapped and accelerated, seems well-
established and its velocity is properly described
on the basis of power-balance. But what about
Olson's prediction of a beam-front potential well
propagating at a rate determined by the ionization
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rate? In my opinion this mechanism ought to be
effective at lower v/Y (< 0.5) and the fact that
we have no satisfactory experimental verification
may have to do with the subtleties of launching
ions (perhaps from the precursor quasi-stationary
well) so that they will be appropriately trapped.
Olson has proposed to study ion acceleration by
controlling the speed of the beam-front by external
control of the ionization rate [14]. In such an
Ionization-Front Accelerator (IFA), the ionization
time T^ at successive space locations would be
determined by pulsed light sources so that the
speed of propagation (- 2a/Ti) could be adjusted
to keep the desired ion-species in synchronism
with the travelling space-charge potential well.

p-0.55 TORR H ,
• EXP DATA. ' .

re '2.54cm
A EXP DATA.

re* 1.27cm
OLSON MODEL
POWER BALANCE
MODEL FIT

0.15

0.10

10 20 30

0.05

0

zoo), a

Fig. 2 The Recent data of Ref. 12.

4) Acceleration in Vacuum Diodes:

Luce's studies of the characteristics of ions
accelerate! in vacuum diodes constitute a tour de
force in illustrating what one can achieve by experi-
mental persist ..-..-e [15] . Relying mainly on
radiochemiral diagnostic techniques he and his co-
workers have painstakingly studied a wide variety
of ion-species in diodes of many different geo-
metric configurations. The basic experimental
feature is the use of a pierced anode of insulating
material such as polyethylene. Several cathode
materials have been tried and considerable success
achieved with pointed insulators. The energy
source for the diode is a standard E-beam genera-
tor producing a few megavolts, and a few tens of
kiloamperes. Most of v' -5 beam passes through the
hole in the center of thk. anode but £> . electrons
land on the insulated anode which charges uy and,
during the beam pulse, flashes over to ground.
This discharge creates an anode plasma which is
the source of the ions that are later accelerated
by collective effects. That the anode material
is the source of the accelerated ions has been
clearly demonstrated by Luce an.! co-workers at
Livermore - this is an important distinction be-
tween these experiments anu those by Plyutto in
which the ions were generated from the cathode.
It was discovered empirically that placing a
sequence of insulated co-axial rings (so-called

"plasma lenses") downstream of the anode led both
to an increase in ion-energy and a focussing effect
upon the ion beam (to a fjcai spot of one-centi-
meter diameter a l less). Unusually high energies
and fluxes have been produced by this method, for
example more than 10 protons with individual
energies of 45 MeV. Many of Luce's results have
beei: confirmed by Zorn and co-workers at the
University of Maryland [16].

No convincing explanation of the physics of
the acceleration process has been given. Attempts
have been made to formulate exotic plasma-vortex
discriptions. It is possible that transient virtu-
al-cathode formation occurs followed by propagation
of the potential well as successive discharges occur
first at the anode and lattir at the succeeding
"plasma lenses", which events (if the spacing of
the elements is correctly chosen) can lead to a
trapping condition that would be essential tor
acceleration to the energies that have been ob-
served.

Three points worth emphasing about these
results are:

a) Energies have been achieved i+i MeV protov.A)
in distances measured in centimeters compared
with some tens of meters that would be needed
in proton rf linacs - a gain by two orders of
magnitude or more in rate of energy gain.

b) High-intensity per pulse (101") is observed -
aj;ain a gain of some orders of magnitude.

c) A beginning to the ordered control of both
optics and energy enhancement by placing of a
succession of elements has been achieved. The
electron-ring method has by its nature a
built-in orderliness for extension race the
basic principles are proven. Apart from thii
method, the vacuum-diode work is unique in
having demonstrated some degree of iterative
control of the acceleration process.

5) Auto-Resonant Acceleration:

This method which utilizes a travelling uave
on an electron-beam was first proposed by SLoan
ami Drummond in 1973 [17], In the meantime these
authors and co-workers have made extensive theore-
tical studies of how a practical accelerator based
on this method could be made to work. Recently
experimental work has begun in connection with
developing a suitable E-beam source.

Jus: as one can analyze the travelling-wave
modes in - vacuum waveguide, so also one can
analyze such modes in a pipe structure in which
an electron beam is present - and hence j 4 0,
P / 0, away from the walls. Sloan and Drummond
have analyzed such modes in the presence of an
axial magnetic field and have identified one mode
as having especial properties that make it suitable
for ion-acceleration - the so-called lower Doppler-
shifted cyclotron mode. This wave, corresponding
to propagation of radius and charge - density
modulations, »nd hence of a potential well that
can serve as a vehicle for ion-acceleration, has
a low phase-velocity given by:



where v e = electron velocity, ^ - mr * s t n e cyclo-
tron frequency, and uio is the initial frequency
externally excited. Thus by tailoring the magni-
tude of the axial field as a function of distance,
i.e. B = B(z), one can arrange for the phasu-velo-
city to increase in a prescribed way and accelerate
bunches of ions while keeping them trapped in the
potential well. An important feature of this
particular mode is that it is a "negative energy"
mode so that the transfer of energy to the ions
leads to further growth in the wave amplitude; thus
energy is pumped from the E-beam acting as a power
source, into the ion beam.

There are practical difficulties to be over-
come; one must have an E-beara {•*• 3 MeV, 30 kA) of
very low momentum spread, the right mode has to be
excited by an external source and allowed to grow
in a section of dissipative liner material, and
unwanted modes must be suppressed. Most of these
problems and others have been closely examined and
several possible solutions identified. In an
initial " proof-of-principle" experiment to take
place over the next few years Drummond and his
group hope to demonstrate acceleration of some
tens of amperes of protors to 30 MeV in a flared
magnetic field two or three meters in length.

6) Recent Proposals of New Methods for Ion
Acceleration

There have been several recent suggestions
of possible ways of exciting slow space-charge
waves in electron beams and using such travelling
waves for ion-acceleration. In a brief highly-
idealized and non-relativistic treatment Yadavalli
has enumerated four possible schemes [18], These
are based upon the dispersion relation for slow
space-charge waves in an electron beam propagating
in a pipe (see, for example, [19])which yields for
the velocity, v s, of the slow space-charge wave

where UJ = plasma frequency and F is the so-called
plasma-frequency reduction factor for a cylindrical
beam in a pipe. Thus if one can excite a modula-
tion, by means of an rf cavity, at an applied
frequency u 0

 a"d arrange for F to be a suitable
function of distance then the phase-velocity of
the potential well can be increased and ions
accelerated. The space-charge reduction factor
depends on both the radius of the beam and of the
pipe and can be made smaller as the beam proceeds
forward by converging the walls or by allowing
the beam to expand. The other two suggestions by
Yadavalli involve creating an extra degree of
control of the phase velocity, v s, by also intro-
ducing an axial dependence of the longitudinal
speed of the electron beam, ve. He points out
that under conditions of Brillouin and Harris flow
in which the beam particles have significant rota-
tional velocity it may be possible to change the
ratio of transverse velocity to longitudinal velo-
city by changing the magnetic field along the pipe,
and so arrive at a programmed z-dependence of v .

Yadavalli is careful to point out that his
first suggestion (convergent beam-pipe) was in
fact the basis of a scheme previously published
by Sprangle, Drobot and Manheimer [20]. In

contrasv to Yadavalli's rather simple treatment
Sprangle et al had presented a more sophisitcated
discussiun and had given quantitative estimates of
the performance of a "convergent wave-guide"
accelerator, including such details as the
expected electrical conversion efficiency to the
ion-beam. Depending on how the non-linear satura-
tion phenomena are found to behave it may be poss-
ible to achieve 0,5 amps of protons at 300 MeV in
a length of 15 meters.

Finally, Miller has drawn attention to the
possibility of using controlled motion t-f th?
potential well associated with a virtual cathujo
to effect a ram type of acceleration. Similarj c i.us
to some of the schemes referred to above will be
preceived because of the basic electrostatics
underlying many of the considerations but there
are some quantitative differences in Miller's
approach. He points out that several of the
quantities in the condition for virtual cathode
formation, I > Ig,-, , crin be controlled as a
function of axial position, z, and time, t. Re-
writing Eqn. (2) to indicate explicit dependences,
we have the condition for virtual cathode forma-

One can identify five parameters that can be varir.-d
either singly or in combination to change the
strength of the inequality which in turn will
change the position of the virtual cathode in tine.
Some examples are the following: the beam pipe
radius, viz, the cylindrical surface at ground
potential, can be effectively altered in time by
propagating along it a suitably-designed voltage
pulse; a propagating constriction in the beam can
effectively alter b(x,t); finally, external ion-
i:crs ran change fe(z,t) in space and time (this
can be recognised :is the case of Olson's !.!•'.A.).
As an example of changing combinations of para-
meters. Miller discusses the case of a ramped
current 1(2,t) injected into a drift tube with
flared radius a(z,t).

This proposed ramming action of the virtual,
cathode should work to some degree in enhancing
the energy of collectively-accelerated ions but
probably not by a very large factor. It must be
noted, however, that this approach is based upon
creating a deep potential-well in an established
fashion and then moving it in a controlled way;
in one sense, it is a slow space-charge wave.
In another it is in sharp contrast with the usual
approach of starting with an externally imposed
perturbation to generate a small space charge
wave which, it is expected, will grow to a large
value, at tne same time avoiding growth of un-
wanted modes.

Conclusion

Understanding of collective effect accelera-
tion has come a long way since the last Proton
Linac Conference was held. There seems still a
long way to go before one can think of supplanting
high energy synchrotrons as machines at the fron-
tier of high-energy physics. Nonetheless, there is
an intermediate energy region of a few hundred
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HeV per nucleon which could benefit greatly from
use of collective-effect acceleration - particu-
larly for heavy ions - if one can learn how to
extend and control acceleration over a longer
length. It should be pointed out, however, that
at low energies, i.e. tens of MeV which have al-
ready been achieved, a collective accelerator may
offer a suitable solution to special injection
problems. In 'iigh current conventional machines
there is trouble handling the self space-charge
field of the beam after the column, viz., at the
1 MeV point. To have a source of protons or ions
that is already at tens of MeV before the self-
field problems have to be contended with, could
be a great benefit.

16) C. T. Zorn, H. Kim, C. N. Boyer: IEEE Trans.
Nucl. Sci. NS-22, 1006 (1975).

17) M. L. Sloan and W. E. Drummond: Phys. Rev.

Lett. 31, 1234 (1974).

18) S. V. Yadavalli: Appl. Phys. Lett. 2_9, 272

(1976).

19) A. II. W. Beck: Space-Charge Waves (Pergamon
Press, New York, 1958) Chap. 4.

20) P. Sprangle, A. T. Drobot, W. M. Manheimer:
Phys. Rev. Lett. 36_, 1180 (1976).

1) L. ..'. Laslett: IEEE Trans. Nuc]. Sci. NS-2O,

271 [1973).

2) D. Keefe: Proc. IVth All-Union Conf. on
Particle Accelerators (N'ov. 197.-1) Nauk*i, Moscow
1975, Vol. I, p. 109.

3) M. Reiser: IEEE Trans. Nucl. Sci. NS-20, 310

(1973).

4) U. Schumacher, C. Andclfinner, M. Ulrich:
IEEK Trans, Nucl. Sci., NS-22, 989 (1975).

5) C. Andclfinger, K. Buchelt, W. Dommaschk,
J. Fink, W. Hermann, I. Hofmann, P. .Jacobi,
P. Mer'.cl, II. B. Schilling, A. Sdihiter ,
U. Schumacher, M. lllrich: Max-Planck Institute

for Plasma Physics Internal Report, IPP, 0/30

(January 1976).

6) L. P.. Smith and P. L. Hartman: Jour. App.

t'hys. J_l, 220 (1940).

7) J. W. Poukey and N. Rostoker: I'lasma Physics

1_3, 897 (1971).

8) D. C. Straw and R. B. Miller: App. Phys. Lett.
25_, 379 (1974); IEEE Trans. Nucl. Sci. NS-22,
1022 (1975).

9) J. Rander, B. fccker, G. Yonas, D. J. Drickey:
Phys. Rev. Lett. 24_ 283 (1970); J. Rander:
Phys. Rev. Lett. 25_, 893 (1970).

ID) C. L. Olson: Phys. Rev. A 1_1_, 288 (1975); Phys.

Fluids lf_, 585 (197S).

11) J. W. Poukey and C. L. Olson: F'hys. Rev. A

U_, 691 (1975).

12) B. Ecker and S. Putnam: To be presented at

the Symposium on Collective Methods of Accelera-

tion, Dubna (USSR), Oct. 1976.

13) 0. C. Straw and n. Z. Miller: Jour. Appl.
Phys. ( to be published)

14) C. L. Olson: Proc. Int. Top. Conf. on
Electron Beam Research and Technology,
Albuquerque, N. M. (Nov. 1975) Vol. II, 312.

15) J. S. I.uce: Lawrence Livennore Laboratory

Report UCRL 75033 (1974).

DISCUSSION

P.R. TunnicH^fe, CRNL: Do you see any rea l i s t i c
prospects for one of these schemes delivering
proton beams with mean powers in the region of
hundreds of megawatts recognizing the large power
densities Involved in such a compact device?

Keefe: No.
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PIGMI HECHAtllCAL FABRICATION*

Valgene E. Hart
University of California

Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Introduction

A prime goal of the mechanical design effort
associated with the PIGMI (Pion Generator for Medi-
cal Irradiations) program is to investigate new
materials and fabrication techniques in an effort
to obtain increased machine efficiency and re l iab i l -
i t y at a reasonable cost. The following discussion
deals with the modeling program that LASL is pursu-
ing for 450-MHz and 1350-MHz PIGMI development.

Modeling 1350-MHz Components

Several 1350-MH2 one-half cell segments have
been machined from OFHC copper, 1100 aluminum and
1015 carbon steel. These segments have been used
to test copper plating and joining techniques, and
also to obtain relative rf "Q" measurements after
being assembled into a one-cell cavity. Fig. 1
il lustrates a typical one-cell cavity that has been
prepared for electron-beam (EB) welding. These
cavities are 170-mm O.D. and 76-nm overall thick-
ness. The stepped joints as shown in Fig. 1 are
designed to provide t'n.ae important functions for
an rf cavity jo in t : (1) optimum electrical contact
made possible by copper-plavei.! surfaces whî h are
held t ightly together by shrinkage of the weld that
has a 0.050-mm gap designed to induce shrinkage,
(2) a weld penetration stop to preclude welding
damage to the electrical joint and copper contamin-
ation of the vacuum weld, and (3) precision trans-
verse alignment. Two bright copper-plated aluminum
segments prepared for welding are inown in Fig. 2.
A completed EB welded cavity is shown in Fig. 3.
Cavity wall thickness is 9.52 ran with a weld pene-
tration of 7.94 mm. A]] EB welds have been vacuum
tight. Brazed joints are designed with f la t faces
and dowel pin alignment to make alloy placement as
Simple as possible. All brazing is done in our
hydrogen furnaces u s i n g s t a n d a r d gold, copper, sil-
ver and nickel alloys.

Materials used for test segments have included
copper, steel and aluminum. OFHC copper cm be
considered an optimum material for current and heat
conduction; plus i t can be brazed into complicated
assemblies using standard brazing fnethods. Steel
must be copper plated to have acceptable electrical
capabilities but can be joined by brazing and weld-
ing with l i t t l e d i f f icu l ty . Our test cavities were
machined from standard 1015 carbon steel. Aluminum
is one of the more d i f f i cu l t metals to use for
accelerator cavity applications. A zinc pre-plate
is required before aluminum can be copper plated.
Heavy copper plate (0.25-0.50 mm) can experience
skin failure due to differential thermal expansion
caused by large temperature changes such as vacuum
bake-out or brazing. Joining aluminum cavities is
limited to welding because aluminum brazing must be
done with flux. The alloy chosen to best satisfy
requirements for plating, welding and forming was
1100 aluminum.

-.025-075mm GAP
' BEFORE WELDING

COPPER PLATED
SURFACES FOR
ELECTRICAL JOINT

PIGMI
ONE CELL CAVITY

WELD
PENETRATION

STOP

ELECTRON BEAM WELD

Fig. 1. PIGMI One-Cell Cavity

ALUMINUM

Fig. 2. 1350-MHz Aluminum Segments —
Bright Copper Plated

Copper plating of aluminum and steel fsgments
has been done using standard eletroplating methods
and also by the bright acid copper plating tech-
nique. The standard electrolytic copper has the
well known problems of rough surface finish and
non-uniform plating thickness. Bright leveling
copper plating is a standard commercial process
that has been used in the automotive industry since
1960 to achieve smooth surfaces for chrome-plated

*work performed under the auspices of the Energy Research and Development Administration.
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Fig. 3. Electron Beam Welded Cavity

parts. More recently this process is being used
by accelerator builders and the electronic industry.
The leveling characteristic of bright copper reduces
the surface f in ish quality required of the base
material. Aluminum and steel segments have been
bright copper plated at LASL with the resulting
smooth bright copper f in ish having a deeper or dark-
er color than standard copper plat ing. A concern
that the organic brightening agent might boil out
of a plated surface when exposed to elevated temper-
atures prompted a bake-out test of plated segments.
Bright copper-plaled segments of aluminum and steel
were heated in an argon atmosphere for two hours
at t< 480°C with no gross evidence of surface contam-
ination or staining. The color did become darker
and the surface of the aluminum part had craze-type
marks probably caused by di f ferent ial expansion as
discussed previously. Vacuum bake-out and outgas-
1ng studies w i l l be required before the plating
can be considered completely tested.

A summary of material fabrication character-
is t ics is given in Table I . Copper with a higher
i n i t i a l cost is s t i l l a good value for accelerator
fabrication. I t dies not require secondary oper-
ations such as plat ing, can be joined into assem-
blies at commercial brazing fac i l i t ies. , and has
optimum physical properties. Table I I l i s ts the
"Q" value measurements obtained on various cavi-
ties under different conditions. The increased
"Q" value obtained after welding indicates better
jo in t contact due to weld shrinkage pull ing sur-
faces together. Cavities not permanently joined
were clamped in a hydraulic press to make jo in t
contact during the measurement. Values obtained
for the bright copper plated cavities indicate that
bake-out makes a definite improvement in "Q". This
results from decreased surface contamination after
bake-out. The standard of comparison was a brazed
OFHC copper cavity with a "Q" of 17,125.

TABLE I

PIGMI MATERIAL CHARACTERISTICS

OFHC
Capp*r

IIOO

1019
SIHl

Botlc
Cwt

»3.3l/«g'

»33l/k»

*0.8O*g

Omuir

e»40
kg*, '

2768
kg/m-

7833
kg/m*

Volwnt
Cat

9162 * r

6893*1

W*«M0l
0 M C * I I
Ca»it»

8.4 kg

2.6kg

75kg

Mini
Form

Shapod
Forging

Or
Blonk
Billot

Shoptd
Forging

Or
Blunt
9II«I

Shopod

Bonk
aim

Coppor

Plating

Hoi
floauntf

Pro-Ploto

Plato
Diroctly

Joining

Furnoco
Swing

E.B.
WfMing

"urnoco
3 rating

Or
EB.

Wilding

TABLE I I

"0" MEASUREMENTS 1350 MHz CAVITIES

""jffroTT Stir"""1

~ •n-OmJBraiing I



450-MHz Components

A full-power, six-cell model of the 450-MHz
drift-tube linac structure, known as "PIGLET" is
being designed for use in f ield gradient studies
and mechanical fabrication development. Major
design features of "PIGLET" are Illustrated in Figs.
4 and 5. The resonant tank is made from a standard
394-mm I.D., 304 stainless-steel pipe which w i l l
be copper plated on the interior after the openings
have been finish machined. In i t ia l d r i f t tubes
wi l l be water-cooled shells without magnets.
Later versions of d r i f t tubes wi l l have permanent

magnet guadrupole magnets. Dri f t tubes are
installed through a slot in the tank wall and
mounted on a r igid jtiffback saddle. Drift-tube
alignment wi l l be fixed by precision j i g boring
the stem mounting holes in the tank saddle, A
single spherical nut wi l l hold the d r i f t tube In
the saddle to provide a simple and reliable stem
mounting arrangement. End faces of the d r i f t tubes
have 10° slope or cant to test the theory that non-
parallel surfaces wi l l be less l ikely to propagate
a spark in high-voltage f ields. The d r i f t tube
access slot wi l l be f i l l ed by a water-cooled copper

slug whose mounting flange also functions as a por-
tion of the vacuum manifold. RF power from the
WR2100 waveguide w i l l be coupled to the tank by an
i r i s in the tank wall. Several varieties of alum-
inum and copper rf-vacuum seals are being tested
to develop a seal that performs well under r f power
and that aho remains vacuum tight under thermal
cycling. PIGLET wi l l not incorporate al l the desir-
able design features required of a PIGMI accelerator
due to time required for detailed design and testing.
PIGLET fabrication is being expedited so that i ts
main function as a test tank for acceleration gradi-
ent studies in the 5 to 8 MV/m region can be
started as soon as practical.
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A RESONANTLY COUPLED, WAVEGUIDE RF POWER MANIi-ULD
FOR LINEAR ACCELERATORS

Janes M. Potter
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

A waveguide RF power manifold has been proposed in
which the accelerator tanks are coupled to the manifold
through resonant coupling cavities similar to the coupling
cavities of the side-coupled linac. A transmission line
model of the waveguide has been combined with the coupled
circuit model for the llnac to describe the performance of
the manifold system. A perturbation analysis based on this
model was developed and tank-to-tank amplitude variations were
studied as a function of tuning errors and manifold stored
energy. The stability of the resonantly coupled manifold
system has been compared to that of a bridge-coupled
accelerator of similar parameters.
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PERMANENT QUADRUPOLE MAGNETS*

Edgar- D. Bush, Jr.
University of California

Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Summary

A family of quadrupole magnets using a soft
iron return yoke and circular cross-section perma-
nent magnet poles were fabricated to investigate
the feasibility for use in ion or electron beam
focusing applications in accelerators and transport
lines. Magnetic field measurements yielded promis-
ing results. In fixed-field applications, perma-
nent iiagnets with sufficient gradients would be a
low cost substitute for conventional electromag-
nets, eliminating the need for power supplies, asso-
ciated wiring, and cooling.

Introduction

Quadrupole magnets have become the standard
in the area of focusing devices since their inven-
tion. The theoretically ideal pole tip has a
hyperbolic cross section (Fig. 1); however, conven-
tional quadrupole magnets driven electrically have
truncated poles (Fig. 2) to provide coil space,
compromising the field quality. Naturally, elec-
tromagnets require power supplies, controls, inter-
locks, bus bars and a wiring system. Cooling is
required in the higher powered magnets with the
associated pumps, plumbing and water treatment.
Hollow magnet conductor with an adequate passage
for cooling has a relatively large cross section
requiring higher current, larger bus and more mas-
sive power supplies.

Permanent magnets are typically fixed field
devices and do have magnetic field gradient limita-
tions. Periodically, permanent magnets have been
reinvestigated (Fig. 3), and in some cases have
actually been placed in service (Fig. 4).

Two major limitations of permanent magnets in
the past have been their relatively low magnetic
gradients and the reluctance on the part of design-
ers to give up the variable field capabilities of
electromagnets.

Linear accelerator design capabilities have
progressed to the point that the required quadru-
pole gradients can be determined with sufficient
accuracy that fixed field focusing magnets can be
used.

Recent investigations of a small drift-tube
linear accelerator precipitated renewed interest
in permanent quadrupole magnets. With the small
size required, permanent quadrupole magnets appear
to offer a low cost, simple solution that would be
expensive and difficult to execute using conven-
tional electromagnet techniques.

Fig. 1. Ideal Quadrupole Magnet

Fig. 2. Conventional Quadrupole Magnet

*Work performed under the auspices of the Energy Research and Development Administration.
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Permanent Quadrupole Magnet Models

Fig. 3. Cylindrical Permanent Quadrupole Magnet

Fig. 4. Rectangular Pole
Permanent Quadrupole Magnet

Our first magnet was fabricated with four pre-
charged alnico-V magnets with truncated poles and
a circular pole t ip cross section. A soft iron
yoke served to complete the magnetic circuit (Figs.
5 and 6 ) . This configuration was dictated by the
avai labi l i ty of suitable magnet material. Magnetic
f ie ld measurements performed on this magnet indica-
ted further studies were in order.

The second generation model was further simpli-
fied by using an array of four magnets of circular
cross section and magnetized across the diameter.
Again, a soft iron yoke was used to provide the mag-
netic return path (Fig. 7 ) . For years, the ideal
hyperbolic pole shape has been approximated by
using a circular cross section introducing less
aberration than that caused by the truncation re-
quired to provide coil space in conventional mag-
nets.4

Oriented alnico-V and barium fer r i te Grade 5
ceramic magnets, fabricated, charged and stabilized
in the open circuit condition by the vendor, were
uti l ized in the studies described.

Circular approximations of the ideal hyperbola
have a pole-radii to bore-radii ratio of:

Rp/RB = 1.15

The yoke assembly consists of a soft iron out-
er ring and an interference f i t insert of nonmagne-
t ic stainless steel. A family of yoke assemblies,
(Fig. 8) with Rp/Rg ratios of 1.00, 1.15, 1.30 and

1.45 were fabricated to experimentally determine
the effect of the ratio because the effective pole
edge of a permanent magnet is not necessarily at

the physical edge.

Magnetic Field Measurement Instrumentation

Axial and transverse magnetic f ie ld surveys
were performed with a Bell Model 240 Hall-type
gaussmeter. The probe was positioned and scanned
by three mutually perpendicular slides mounted on
a black granite surface plate (Fig. 9 ) . The f ie ld
and displacement were plotted by a Hewiett-Packarc
X-Y recorder.

Harmonic measurements were made with a sin-
gle-turn c o i l , driven by a 60-rps, 1/20 horsepower
hystersis synchronous Bodine motor (Fig. 10). One
leg of the coil sweeps near the poles and the other
leg is positioned on axis by minimizing the subhar-
raonic voltage output to locate the magnetic center.
A Hewlett-Packard Model 302 wave analyzer was used
to select the harmonic number of interest and dis-
play i t on a Hewlett-Packard Model 1200-A, dual
trace oscilloscope.

Harmonic Measurements

The raw data are recorded for each harmonic n
= 1 through n = 8 (n = 2 being the quadrupole
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Fig. 7. Circular Pole Permanent Quadrupole Magnet

Fig. 5. Circular Truncated Pole
Permanent Quadrupole Magnet

Al»mo«
THI UNivnsnv

Fig. 8. Circular Pole Permanent
Quadruple Magnet Models

F1g. 6. Circular Truncated Pole
Permanent Quadrupole Magnet Fig. 9. Magnetic Field Measurement Instrumentation
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Fig. 10. Harmonic Measurement Instrumentation

harmonic.) The data are normalized from the coil
radius to the bore radius by the expression

% Quadrupole

n-2

where V2 is the voltage output of the quadripole
harmonic, Vn is the output of the harmonic selected,
RB is the bore radius and Rc is the rotating coil

radius.

An ideal quadrupole magnet has only an n - 2
output and al l other coefficients of the solution
to the Laplace equation vanish. Output voltages
for terms other than n = 2 indicate magnetic f ield
aberrations and their respective magnitude. Higher
harmonics typically introduce smaller errors; how-
ever, since RB/Rr > 1, Vn is small (lower signal-
to-noise) and the large exponent combine to indicate
multipoles greater than they are in actuality.

Measured Data

Axia l and transverse magnet ic - f ie ld measure-
ments were made on quadrupoles w i th a ln ico and cer-
amic poles fo r the various Rp/RB r a t i o s . Table I

shows the resu l t i ng charac te r i s t i cs f o r the various
magnet conf igura t ions .

TABLE I

PERMANENT QUADRUPOLE MAGNET CHARACTERISTICS

Ceramic Pole Hater ia l

VRB
1.00 1.15 1.30 1.45

Bore Radius (cm)
Gradient (kG/an)
/B'-dl (kG)
Magnet 1 (cm)
Effective 1 (cm)

0.964
7.95
3.78
1.50
1.94

0.838
2.45
4.44
1.50
1.81

0.741
2.95
5.12
1.53
1.73

0.665
3.51
6.05
1.50
1.72

Alnico Pole Material

VRB
1.00 1.1S 1.30 1.45

Bore Radius (cm)
Gradient (kG/cm)
/B'-dl (kG)
Magnet 1 (cm)
Effective 1 (cm)

0.964
1.02
2.21
1.50
2.16

0.838
1.27
2.74
1.50
2.16

0.741
1.53
3.10
1.50
2.03

0.665
1.83
3.57
1.50
1.95

The normalized harmonic data i s tabulated
(Table I I ) f o r mul t ipoles through n = 8.

TABLE I I

PERMANENT QUADRUPOLE MAGNET H RMOHIC DATA

Ceramic Pole Mai • al

Harmonic No.

n 1.00 1.15 1.30 1.45

Harmonic No.

n

1.0000
0.0066
0.0118
0.0044
0.1486
0.0040
0.0063

1.0000
0.0029
0.0106
0.0024
0.1133
0.0026
0.0042

1.0000
0.0082
0.0129
0.0012
0.0859
0.0028
0.0024

Aln ico Pole Mater ia l

1.00
VRB

1.15 1.30

1.0000
0.0049
0.0103
0.0028
0.0651
0.0015
0.0014

1.45

1.0000
0.0158
0.0076
0.0200
0.1366
0.0084
0.0078

1.0000
0.0198
0.0119
0.0158
0.1031
0.0048
0.0072

1.0000
0.0178
0.0083
0.0136
0.0742
0.0062
0.0050

1.000
0.0185
0.0066
0.0130
0.0534
0.0049
0.0047

I t can be seen that several of the multipoles
are rather large, although many of Die multipoles
are less than those in some conventional quadrupole
magnets that are presently in service.

The dodecapole, n = 6, 12-pole harmonic is
large and can be caused by mechanical perturba-
tions; pole truncation and symmetrically radial
displacement errors of a l l four poles. Circular
approximation would introduce some apparent
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truncation, seen in Table I I . The multipole n = 6
decreases as the ratio Rp/RB increases, indicating
that the apparent poTe edge is at a greater radius
than the physical pole edge, a characteristic noted
by Blewett.2

The data reported here represent the results
of our f i r s t attempt at permanent quadnipole magnet
design. Higher gradients can be achieved by opti-
mizing the magnetic circuit geometry, and lower har-
monics can be accomplished by selecting the appro-
priate Rp/RB ratio and by modification of the pole
sides.

"ermanent Magnet Characteristics5'6

Permanent magnets possess both advantages and
disadvantages. The two magnet materials investi-
gated were chosen primarily because of their low
cost and ready availabil i ty. Alnico has a much
higher residual f ield than barium ferr i te ceramic
but suffers a more rapidly diminishing f ie ld with
increased air gap than the ceramic. Properly de-
signed permanent magnet circuits (which might at
f i r s t appear to border on the "black arts") have a
geometry chosen to permit magnet operation near the
maximum energy product for a particular material.
Physical limitations may preclude optimum geometric
design, in which case d permanent magnet material
must be selected with a load slope characteristic
approximating that required by the magnetic circuit
geometry. Another solution is to further maximize
the magnet mass for a given air gap. Applied to
our magnets, i t would consist of ut i l iz ing a perma-
nent magnet yoke.

I t is standard practice in the permanent magnet
industry to use oriented (anisotropic) magnet mater-
ial to maximize flux output in a particular plane.
The material is then demagnetized for ease of fabri-
cation. The completed assemblies are then charged
and stabilized to the desired f ie ld . This technique
eliminates the open-circuit condition of a charged
magnet which causes "knockdown" or a reduction in
the residual f lux.

Time Stabil ity

A freshly charged permanent magnet does lose
a certain amount of flux as a function of time.
Barium ferr i te ceramic loses essentially zero flux
in 100,000 hours while alnico-V amounts to ^ 1%.
This loss can be essentially eliminated by partial
demagnetizing (stabilizing) after charging in an
amount of 7% to 15*.

Temperature Stabil i ty

Barium ferr i te ceramic suffers no irreversible
f ie ld effect between 350°C and -60°C. However, i t
does have a negative 0.19% per °C f ield variation
which is reversible. Alnico-V suffers an irrever-
sible 1.3% f ie ld loss when exposed to a temperature
of 350°C, then returned to room temperature, and a
2.5% loss when cycled to -60°C. Alnico-V has a
reversible temperature coefficient *» 1/10 as great
as ceramic magnets.

Radiation Stabil ity

Host alnico and ceramic magnets can withstand
in p

radiation intensities of 2 x 10 neutrons per cm
without flux changes and less than 10% flux loss

19 7
when subjected to 3 x 10 neutrons per cm .

Production Fabrication
Ideally, quadrupole magnets should be fabri-

cated from oriented, uncharged maqnet material.
The magnet design should provide space for charging
coils, and the charging system should incorporate
a rotating co i l . Tne completed magnet could then
be charged and stabilized to the desired f ield as
determined by the n = 2 voltage output from the
rotating co i l . While i t is a f ixed-field magnet
after fabrication, charging capabilities would per-
mit recharging to other f ie ld gradients within the
limits of the magnet design.

Conclusion

Based on these preliminary tests, f t can be
seen that permanent quadriipole magnets can offer a
low cost, reliable solution in applications requir-
ing small, f ixed-field focusing devices for use In
ion or electron-beam transport systems. Permanent
magnets do require special co-..derations in design,
fabrication, handling, and service that are differ-
ent than encountered in conventional quadrupole
magnets. I f these basic conditions are satisfied,
the resulting beam-focusing device would be stable,
maintenance free, with virtually an indefinite? l i f e -
time.
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DISCUSSION

J. Claua, BNL: Does the harmonic distribution you
gave, refer to point measurements or to /3B/3L*d£
measurements?

Bush: It's the integrated distribution measured
with a long coil. 1 might add one other point. The
technique in the past has been to use the r.yproxi-
mation of loss measurements for permeance coefficient
or flux meter measurements for actual permeance
coefficient measurements. The new OIRECT program
can handle permanent magnets or even oriented
permanent magnets, although it hasn't been applied
yet.
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A FLEXIBLE DIALOGUE WITH THE COMPUTER IN THE CONTROL ROOM OF THE SACLAY'S LINAC

G. Bianchi, G. Courcy, J.F. Gournay and M. Jablonka
DPhN, CEN Saclay, BP 2, 91190 GIf-sur-Yvette, France.

In Che Control Room of the 600 MeV Electron Linac
of Saclay (ALS) the use of a powerful visual display
(including its own computer) allows to make very
simple and flexible the dialogue of the operators
with the main computer. As an example we describe
a program permiting to select every number of param-
eters among 320 in order to assign them to one
cf the functions of the system.

Introduction

The ALS, in operation since 1969 , is controlled
with conventional instruments. When installing a
computer in the Control Room the first purposes were

- centralization of information and their display

under a convenient mode.
- automatic supervision of the main parameters i.e

the checking of their actual values against their
values recorded once the linac is correctly tuned up.

We have paid great attention to the interface
man/computer in order to convince the operators to
use the new devices rather than the old ones.

The difficulty arose from the fact that a linac
can have a great number of configurations according,
for example, to the number of klystrons turned on or
to the particle accelerated (e+ or e"). So the dialo-
gue operator computer had to satisfy two contradict-
ory requirements: flexibility and simplicity.

In this paper we shall describe the dialogue for
the operation of the function SUPERVISION so as to
demonstrate how we tried to reach this aim.

Description of the system

The system is based on a computer TJ600 TELEMECA-
NIQUE with a 40 k words core memory and a 5 M bytes
disk. The visual display is a display computer 1MLAC
PDS-] (fig. Ovith a 8 K words core memory.

Figure 1.

The operator can interact ty mean of a light-pen

or an alphanumeric keyboard which includes

16 function keys.

The display computer is linked to the main one
by a parallel link and uses the same disk unit as
bulk memory.

This disposal permits to run sophisticated pro-

grams in the display for the dialogue without trou-

ble for the tasks running in the same time in the

main computer.

The graphic capability of the display computer
permits to compose one's own set of characters and
thus to make texts very legible and pleasant even
when they include Greek or mathematical characters.

The other peripherals are a printer, a card read-
er, two teletypes. The data acquisitions are made
by a relay multiplexed digital voltmeter (320 chan-
nels) used for DC measurements or by CAMAC plug-in
for pulsed measurenents as beam intensities (OCTAL
ADC).

Dialogue for the function supervision

This function consists in checking every 30 se-
conds that a variable has remained inside a speci-
fied window centered on a reference value.

The operator must be able to perform the follow-

ing operations:

- to compose the list of the variables under SU-
PERVISION

- to memorize a reference value for each variable

- to know immediately the name of variables at
fault

- to adjust at will the width of the windows

- to check easily the list of variables under
SUPERVISION.

As for other functions of the system the operator
types two characters on the keyboard , here SU for
SUPERVISION. This makes appear on the CRT the list
of the fisks related to the function :

- SELECTION OF VARIABLES
- ADJUSTMENT OF WINDOWS

- LIST OF VARIABLES KNDER SUPERVISION.

An index can be moved in front of the names of the
tasks by mean of function keys. When the desired one
is indicated the operator presses the space-bar of
the keyboard.

Selection of variables :

To compose a list of let us say 150 variables a-
mong 320 possible it would be tedious to specify
them one by one. However one must be able t> do it
for adding or withdrawing a little number of them.
It may be also convenient to be able to add or to
withdraw a group of variables e.g. those related to
a klystron or to a part of the linac not used. To
ao that we proceed as follow : when the task SELECTION
OF VARIABLES is asked for, the name of the large groups
of variables appears on the CRT:
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RF DC CURRENTS BEAM VACUUM SWITCHYARD

and aside the following table (fig. 2)

Figure 2

The operator points with the light-pen one or var-
ious options. He may then end hia selection by point-
ing END, e.g. if he has selected DC CURRENT then END
all the DC CURRENTS (steering, solenoids, triplets)
will be introduced in the list of SUPERVISION (or
withdrawn if he has specified OUT). But he may also
refine his selection. Instead of END he will point

7
and a new set of options will be presented : the name
of the groups of variables pertaining to the
group previously selected. In the present case :

STEERING SOLENOIDS TRIPLETS

Once again the operator may select one or more op-
tions and then end or refine the selection. The follow-
ing set of options will be:

A] A2 A3

which designate 3 parts of the linac which can work
independently. The following and last set will be
the list of individual variables pertaining to the
group selected just before (fig. 3).

The operator can select one or various among them.

For another initial group of variables, the suc-
cession of the options would be different but in any
case it would be logical and rather obvious for an
operator of the liuac.

The operation is more easy to execute than to ex-
plain. Of course the corresponding software is rather
complicated but it is run by the display computer
only. The main computer is involved only when thp
selection is ended. Then it has nothing to do but
receive few words and arrange then. This dialogue
can be used whenever the same condition of selec-
tion are requil'ed, e.g. in the functions permitting
to display any set of values, or to compose a list
of data to be logged.

Initiation of supervision :

In our linac it is impossible to memorise once
for all the reference values since all values may
change from an adjustment to another. When a beam
has been adjusted the full set of values of the va-
riables involved have to be memorized so that each
value serves as reference. But we also must be able
to memorize values one by one or by groups in case
of partial readjustment. Therefore the same proce-
dure as before is to be used. Only the name of the
function changes and the two characters the operator
must type to run it.

Warning messages :

In the lower part of the CRT screen a horizontal
little zone has been defined by a continuous perma-
nent line and is dedicated to the edition of warning
messages. Thus messages can appear without interup-
ting a display on the main zone.

A message includes the name of the variable in
fault, the reference value and the actual value re-
freshed at 2Hz. The message zone can contain 3 of
them. If more variables are in fault, their number
is indicated and the complete list can be obtained
on the main zone by pressing a function key.

Adjustment of the windows :

The changes of the width of the window can be done
at will, by the operator for each variable indi-
vidually. Windows can be expressed in 7. or in abso-
lute value. For some variables as vacuums there is
no window but a maximum value independent on the re-
ference value.

Another dialogue : Analog meter

In some cases, and rather often practically the
analog presentation of the values is better than the
digital one. This function makes an analog represen-
tation of thn values on the CRT. The abcissa of an
index on a scale is proportional to the value of the
measured variable (fig. A,ab). Its position is re-
freshed at 20 Hz, The digital value is also indica-
ted in big characters and refreshed at 2Hz only. On
the same graduation appears a dotted line index which
represents the analog reference value. It can also re-
present a value coming from a previously recorded ad-
justment and thus restored. To readjusta value or to
reproduce a set of values one has to control the
variable until bath indexes are coincident. The ope-
ration is very eased by this function.This dialogue
is very successful among the operators.

Figure 3
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Figure 4a

Other beam lines will be soon equipped in this manner
and we Intend to control through the computer also
many devices of the linac itself.

Mmowleognrent s

We are indebted to H. Grimont from S.E.S. of
Saclay who helped us in organizingour system and ir,
the selection of equipment.

Reference

1 - H. Leboutet et al. IEEE Trans, on Nucl. Sc \b,
3 0969) 299.

Figure 4b

It is the most convenient of the analog readout
meters, large scale, inertia free and connectable
to any variable without manual ranging. To connect
a variable one only has to move a list appearing
on the screen until the name of the desired one is
in a rectangle. This dialogue requires a big amount
of software, but mainly in the display computer.
The main computer is only asked to make acquisitions
at the maximum rate and to continue the SUPERVISION.

Other functions

Memorization of set of values :

The operator can memorize all the parameters of
a beam for ulterior use. The dialogue permits him
to arrange the set in predefined categories, to give
it a title, a number and comments. For reproduc-
tion, the function "ANALOG METER" is used as explai-
ned above.

Display of status :

All the interlocks of the linac are managed by
a programmable automate. This one Rends to the com-
puter the number* of the status in fault. The computer
translates ttiem into meaningful terms and sen* them
to the display computer for displaying on the CRT.

Control of devices :

So far, all magnets and quads of one beam line
can be automatically set up at a specified energy.
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IMPROVEMENT in the 20 MeV BEAM BRIGHTNESS

at SATURNE

PA. Chamouard, M. Olivier, CEN Saclay

Introduction

The performances of the 750 keV
preinjector built in Saturne (Saclay) have
been already reported (ref. 1). The beam
brightness is large for a medium value
intensity (50 to 100 mA).

Later we had pointed out that
brightness performances are altered during
linac acceleration (ref. 2).

Though linac beam intensity is
sufficient (about 15 mA) optical beam
properties were improved in order to fit
the renewed Saturne transversal acceptance
with a good factor of security.

The low energy beam line located
between the preinjector and the linac was
modified according to the following needs :

- a) reduction of beam size in
the buncher,

- b) more flexible beam emittance
matching with the linac acceptance, taking
into account space charge effects.

In this paper, we give briefly the
theoretical computation results and we
discuss the experimental results.

I - Theoretical aspects

1. Buncher gap radial effect

Electric field across the gap
provides a focusing effect leading to the
following equation

where :

R.F peak voltage in the buncher

is the particle phase with respect
to linac RF

are usual relativist terms

is the RF wave length (1.5 jn)

is the distance of the particle
with respect to the axis.

IT
1 X

eV sin t

This equation states that if *
is depending on the time the radial
effect does too. Consequently the radial
emittance is altered (bow-tie) and grows
according to the ellipse tilt in the
phase space and the beam size in the
buncher.

Previously the standard tuning
of the low energy-line (.75 MeV) led
to a 15 mm diameter beam inside the
buncher and therefore to an estimated
factor 3 of emittance growth.

2. Beam matching to the linac
entrance.

Calculations have been carried
out to define beam matching requirements
with transversal and longitudinal space
charge (ref. 3).

From the results we can point
out the following important remarks :

- a) the beam must be as close
as possible to a stationary beam so that
its envelope does not oscillate too much.
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For example, we can consider
radial emittance (x, x1)

tx> 0 FiG2

If we assume that the particles'
motion in (x, x1) plane is related to the
E ellipse (smooth approximation), the beam
is stationary if the emittance axis ratio
is equal to the E axis ratio (case a). If
these conditions are not achieved the beam
envelope oscillates with tho focusing
periodicity and the beam size can be very
small in some places giv ing large non-
1inear space charge effects.

The numer ical calculat tons show
that, for this last case, coupling effects
between longitudinal and transversal motion
can occur, increasing radial emittance
(ref. 4).

One can extend these results to
longitud inal mot Jon •

- b) assuming that the beam is
stationary the radial emittances at the
output of the 1 inac were numerically
calculated for different values of the
radial and longitudinal emittances at the
entrance of the llnac. Ites.'lts are given on
figures 1, 2 and 3 for standard beam.

V
Ft 6-^4 ff*i<al Lmac

.2 V

22. S
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3. New low energy beam focusing line

The triplet located at the entrance
of the j.inac was removed and, now, a
quintuolet provides the necessary matching
conditions.

The fig. 5 shows the old and the new
focusing system. The beam size inside the
buncher gap is smaller and the new focusing
system provides more flexibility to adjust
the beam emittance at the linac entrance.

In spite of the fact that this
behavior is not clearly shown on the curves
the numerical data are very repetitive
and well separated.

- b) the 50 percent outer part
of the beam intensity emittance is smaller
for 7 mm beam.

During all these measurements the
other parameters had been optimized.

It is important to keep in mind
that the beam size variation is produced
in the buncher and the emittance measure-
ments carried out at the output of the
linac.

II - Experimental results

l. 20 MeV beam emittance variation
versus beam diameter inside the buncher

For beam diameter larger than
7 mm the output radial beam emittance Eg
increases.

For beam diameter equal to 4 mm and
7 mm we have plotted Es versus intensity on
fig. 6 (the outnut beam intensity is 15 mA).

One can notice :

- a) the i>0 percent inner part of
the beam intensity emittance is smaller for
4 mm beam size in the buncher and almost
equal to the imput radial emittance B^.

2. 20 MeV beam emittance E^ variation
versus buncher adjustements -

- a) For standard buncher
RF field level value, we change phase
value with respect RF linac, the other
parameters optimized at each step. The
fig, 7 shows the variation of beam charac-
teristics.
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A phasis optimum value corresponding
to a maximum value for £ and beam energy
spread, and a minimum beam intensity is
observed.

The beam behavior could correspond
to a stationary beam whose emittance
increases if longitudinal emittance
increases or becomes mismatched.

- b) If the buncher RF peak
voltage is reduced by a factor 30 % (fig 8)
it is noticed that E and the energy
spread have opposite variations one with
respect to the other.

The beam is no more stationary in
longitudinal direction and emittance
transfer occurs from longitudinal to
transversal motion.

Conclusion

We tried to get a growth of
emittance factor as small as possible by
reducing the beam size in the buncher. This
factor is in a good agreement with the
theory provided we consider 50 % of the
beam, the rest of the beam following a
different law. Due to the multiturn injec-
tion in Saturne only the heart of this
beam is captured and actually we observed
higher efficiency after the above describad
adjustments.

A very crude assumption is that
the heart of the beam has a different
behavior because the space charge effects
are rather more linear than on the edges.

Considering the total beam
behavior we can also say that: if the space
charge acting in the inter space buncher-
linac makes the longitudinal emittance
grow, according to fig. 2, the total
radial emittance at the linac output will
grow too. From that it is expected that
varying the source brightness (by using a
smaller expansion cup size) will still
improve the heart em'i t tance and should
enable us to distinguish which effect is
the most significant.

In addition, fig. 9 shows that
the beam properties are adequate for new
Saturne injection.
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THE LAMPF LINE D FAST DEFLECTOR SYSTEM

J. Ross Faulkner
Los Alamos Scientific Laboratory

Los Alamos, New Mexico

The Weapons Neutron Research Facility at LAMPF Is
served by Beam Line D. Operation of this facility is designed
to take only a small portion of the total LAMPF beam and may
operate in one of two possible modes. Line D may take up to
one whole 500-ys beam pulse out of ten, or it may take a 5 ps
"back porch" off of each LAMPF beam pulse. Two separate beam-
deflection systems are used to accommodate these two modes of
operation.

In the first of these two modes, a 32-turn, 2.5-kG,
0.53-m long, laminated-iron magnet is used to deflect entire
LAMPF beam pulses into Line D. This is accomplished by pulsing
the magnet to 500 A at rates up to 12 Hz. A closed-loop con-
trol system is employed to regulate the magnet current tc
+ 0.1% during the beam pulse.

The system known as the fast kicker takes the last
5 ys of each beam pulse using a 1.09-m, 1.25-kG ferrlte magnet
which Is pulsed at up to 7000 A, 120 Hz. The magnet is driven
by a 2-12, 6-section, pulse-forming network producing a 12-us
wide pulse with a 1-us rise and fall time and less than 0.2%
ripple across the flat top. The dc charge on the line is
actively controlled by a closed-loop, hard-tube demand charge
system which may be preset to a desired charge lpvel, or which
may be programmed on a pulse-to-pulse basis to different
charge levels.

A method of synthesizing such a pulse-forming net-
work with minimum numbers of sections, minimum ripple and
desired pulse shape has been determined along with practical
construction techniques required to produce the desired pulse
and to handle the high average powers involved. Actual
quantitative and qualitative test data have been measured.
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TOWARDS A RADIATION-FREE UNAC
OF MESON OR NEUTRON GENERATOR TYPE

A.P.Fedotov, B.P.Murln

Radiotechnical Institute, USSR Academy of Sciences,
Moscow, USSR

General Considerations

One of the basic problems of the
design of aeson or neutron generator type
linacs (with the output energy of protons
500-1000 lfeV and average currents 1-1000mA)

is radiation cleanness of these linacs .
The radiation cleanness criterion may be
set forth as follows 1 the linac can be
considered as radiation-free provided that
the gamiia dose at the one-metre distance
from the linac does not exceed the prof-
fessional dose of 2.8 mrad/hr in an hour
after the linac has been stopped after long
operation. The permissible average beam
spill (the beam current loss per length
unit) satisfying the criterion versus the
energy of protons is represented at Fig.1.
The total value of the permissible bean
loss in the second stage of the USSR AS

Ueson Factory2 is 60.10"9 A (the relative

value of the permissible loss is 6.10"^
for average current 1 mA). The beam spill

must not exceed 1<J°* 10 ' for average
currents 100-1000 aJL respectively.

A number of methods and means of con-

ducting the beam (or dual beams of H+ and
H~) in the six-dimensional acceptance of
the linac have been developed by now. These
are in particular: suppression of the co-
herent phase (longitudinal) oscillations
of bunches in the transition region between
the first stage of the linac and the second
one where the phase width of the longitu-
dinal acceptance is small^, matching the
bean with the longitudinal acceptance of
the second stage by use of the one-forth

wave-length resonant cavity4? suppression
of the coherent transverse oscillations of

simultaneously accelerated H+ and H~

bunches . These methods and means operate
the bunch as a whole ensemble. But here
some real factors such as the actual cha-
racteristics of the six-dimensional phase
volume of the beam at the linac's input or
the presence of the residual gas in the

beam channel (when H~ ions are accelerated)
are not taken into account. Therefore they
are by no means comprehensive as far as
solving of the problem of the radiation-
free linac is concerned.

The other group of methods and means
comprising filtering of the six-dimensional

phase volume of the beam at the linac in-

put • and achieving the specific vacuum

parameters in the beam channel' is to
bring to completion ensuring of the radiat-
ion cleanness. There are two characteris-
tic features about the methods and means.
First, they are connected with penetration
inside the bunch (i.e.removal of particles,
lying outside design phase volume of the
bean, or setting limit to the process of
the detachment of an electron from an H~
ion when it collides with a molecule of
the residual gas). Secondly, these methods
and means serve to control such small re-

lative beam spill values as 10 - 10 .
The beam aix-dimensional phase volume

filtering is effected with the two diffe-
rent types of devices, the first one fil-
tering the beam four-dimensional trans-
verse phase volume and the second one
filtering the two-dimensional longitudinal
phase volume. Therefore problems of the
beam transverse and longitudinal phase
volume filtering are considered separately.

Transverse Phase Volume Filtering

The analysis of the density distribut-
ion of particles in real proton beams in
the two-dimensional phase space discovered
need for bean transverse phase volume fil-
tering. This distribution has a somewhat
Gaussian shape, particularly in the beam
core rtigion where from 70 to 90 per cent

of particles are concentrated . The Gaus-
sian distribution along velocity co-ordi-
nate (x or y) reflects in fact statistical
nature of processes taking place in an ion
source. In the paper the Gaussian distri-
bution is also assumed for the halo of the
beam injected into the linac notwithstand-
ing the fact that the particle distribut-
ion in that region varies for different
cases and depends on the prehistory of the
beam.

The major requirements for the beam
transverse phase volume filter are as
follows:

a) The beam phase volume at the filter
output is to be shaped after the pattern
of the four-dioensional acceptance of the
accelerating section, following the filter,
and the bean phase volume Itself is to be
smaller than the acceptance.

b) The number of particles finding
themselves beyond the boundary of the
formed phase volume must not exceed the

magnitude which is 105-108 times as small
as the number of particle in the phase
volume (for average beam currents 1-1000mA)
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c) It is desirable that the process of
the beam transverse phase volume increase
due to the non-linear character of space
charge repulsion forces should essentially
cease to affect the beam in the filter.

These requirements are met by the fil-
ter which is nothing but the initial sect-
ion of a regular focusing channel with a
small aperture, where particles have time
to make more than half of a radial oscil-
lation. The transverse transmission coef-
ficient of the filter (the ratio of the
current transmitted by the filter to the
full current at the input) for the Gaussian
current density distribution in the beam
(the beam is matched with th» filter) is
given by the relation:

J

where A is the two-di.nensional accept-
ance of the filter; e,, - the emittance

of the beam, holding the relative current
1 - 1/e = 0.632; K h is the ratio of the

current transmitted by the four-dimensional
transverse acceptance of the filter to the
current of particles, contained in the
hyperallipsoid inscribed in the acceptance.
The hyperellipsoid is the surface of the
constant four-dimensional phase density.
The coefficient Kh for the filter with
FODO structure (tfie angular advance of the
radial oscillation per focusing period u

is about 45°, but the ratio 2 r/u is
irrational) has been found for a number of
A/: O parameter values by the use of nume-

rical simulation. Kfa is equal to 1.57

with A/._o close to zero. The transmiss-
ion coefficient Kx versus A/ o is repre-
sented in Pig.2.

One must know the magnitude of the
beam spill on discs of the filter and
corresponding evolved heat on them for
engineering computation and design of discs.
In. Fig.5 the relative current of particles
lost per a filter element (where full in-
jected current is a unity) obtained by the
use of numerical simulation is plotted
versus the element number. The curves may
bs used for the design of a typical filter

(FODO, ;. = 45°).
The aforeaentioned beam transverse

phase volume filter serves functions new
and indispensable for ensuring the radiat-
ion cleanness of the linac. They are:

a) Removal of the phase halo of the
beam (lying beyond tte boundary of the
four-dimensional acceptance of the filter)
which is caused by the statistic processes
in the ion source, by the transient pro-
cesses at forming of current pulses Cfor
example, V.y the locking capacitor, the
longitudinal emittance filter, device form-
ing short current pulses) and by the para-
meters nonetability of the focusing channel,
placed between the injector and the liaac.

b) Forming H and H~ ion beans with
the same characteristics. It facilitates
the correction of the transverse coherent
oscillations of dual beams.

c) Perfect matching of the beans with
the focusing channel of a linac.

Longitudinal Phase Volume filtering

The beam longitudinal phase volume
filtering is in essence the forming of the
linac input beam phase picture where the
particles are confined inside the linac
bucket but do not touch its boundary.

When filtering the beams with high
current it is desirable that the filter
should be compact and simple in construct-
ion. Tha filter meeting these requirements
is a biharmonxcal one the scheme of which
i3 represented in Pig.4a. In the case
under review the source produces the conti-
nuous monochromatic beam. Thus for the
longitudinal phase volume filtering it is
sufficient to form bunches with a certain
phase width before injecting them into R3
and R4 bunching cavities. The transverse
electric RF fields of the two resonant
cavities H1 and E2 (the first of which
operates at the same frequency as the linac
and the second one operates at the frequen-
cy twice as high) are used for that purpose.
R2 cavity is usei to rectangulate the shape
of the overall aeflecting field. R1 and
R2 cavities are to chop bunches of the
phase width of approximately (2/3 • %} *
which after bunching will be reduced to

V 4 . It is expedient to describe the
efficiency of the longitudinal phase volume
filtering by the filter longitudinal trans-
mission coefficient K(| which is the ratio

of the filtered beam current averaged over
the RF period at the filter output (that
is contained in the transverse emittance
which is equal to that at the filter input)
to the current at the filter input.

The design data of the longitudinal
phase volume filter of the USSR AS Meson

Factory are as follows: the R1 and K2
cavities operate at frequencies 198.2 MHz
and 396.4 MHz respectively; their deflect-
ing voltage amplitudes are 58 kV and

41 KV (the bias voltage applied to the
deflecting electrodes of the cavities is
32.5 kV); the overall length of the R1 and
H2 cavities is 0.12 m; the energy of par-
ticles in the beam is 0.75 MeV.

The filtered micropulse of the current
which does not exceed the rated emittance
of O.15 V cm.mrad is shown in Fig.4b. The
phase width of the bunch is % n. The co-
efficient E,| is equal to 0.5.

The device combined of the longitudi-
nal volume filter placed before the lirac
input and of the transverse phase volume
fi?.ter placed at the input can filter the
beijn six-dimensional phase volume.



and
of the" Beam cnannel

of H~ iona

tic Character-is
or the Acceleration

The H~ Ions charge-exchange on the
residual gas and dissociation In the trans-
verse focusing magnetic field are peculiar

to toe acceleration of the bean of H~ ions.
The dissociated and charge-exchanged ions
are lost in the linac. Therefore the need
for loss limitation imposed certain re-
strictions on the vacuum level and on the
magnitude of the transverse magnetic field.

The pressure of the residual gas in
the beam channel of the radiation-free
linac has been computed for the residual
gas composition peculiar to the disc-and-
washer loaded accelerating structure in ae-

1 7
cordance with assumptions set forth in ' .
The plot is represented in Pig.1. It is
evident that the residual.gas pressure is
to be lower than (2*9)1CT10 Torr for the

average H~ ions current of 100 mA in the
energy range from 100 to 1000 IteV.

The maximum magnitude of the magnetic
induction of the quadrupole must not exceed
3 kGs at the energy 1000 MeV in a radiation

free linac with the average H~ ions current
of 100 mi.. The magnitude may be Increased
for lower energies. Therefore one may neg-
lect H~ ions loss in a real quadrupole
channel.

Superconducting solenoids are attrac-
tive for the purpose of focusing protons

in linacs . But severe restrictions due to
dissociation in stray fields are imposed

on the solenoid when H~ ions are focused.
The magnetic field magnitude in the centre
of a superconducting solenoid (having pa-
rameters as I n ) versus the energy is re-
presented in Pig.5 for a radiation-free

linac with average H~ ion currents of 1 mA
and 100 mA. It is evident that in linac
one may use superconducting solenoids with

magnetic fields of 40-60 kGs for H~ ions
focusing only for energies as high as
200 MeV.

The authors thank K.I.Guseva, S.A.Luk-
8hin and V.V.Piankov for their help ir. the
computations.
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q - the permissible linear
average current spill of protoi.s
and H~ ions in the radiation-free
linac versus energy; P - the
residual gas pressure in the
channel of the H~ beam when the
beam linear spill is permissible
versus energy (the average H"
ions beam current is 100 mA).

Fig. 2 The filter transverse transmission
coefficient versus parameter.
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Pig. 3 The beam intercepted current per

filter element versus the element
number.
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Fig. 5 The boundary magnetic fields in the

centres of superconducting solenoids
versus energy: a - for 1 mA
current, b - for 100 mA current.
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Fig. 4 The longitudinal phase volume filter: a - the
scheme; b - the shape of the beam current con-
tained inside the emittance of 0.15 cm.mrad.
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RECENT OPERATION AND MODIFICATIONS ON THE

CPS - 50 MeV LINAC (OLD LINAC)

H. Haserotli and P. Tetu

CERN, Geneva, Switzerland

Summary pulse lengch. The HT of the pre-injector on the

other hand, which before had a programmed compensa-

Mainly to satisfy the requirements of the tion (bouncer) with a spark gap, needed now a pro-

Booster synchrotron substantial improvements have per regulation with active feed-back to achieve the

been achieved on the Linac since 1970. The pulse desired stability (= If) 3) during the pulse5. The

length was increased to 100 ys and modifications on power supplies for the pulsed quadrupoles of tank 1

the RF-system and on the pre-injector allowed the were producing a half sine wave which was no longer

production of a stable beam without active feed- flat enough during 100 ;JS. They were modified by

back. These and further changes to the equipment introducing a higher harmonic^'. To accelerate the

have had a very beneficial effect on the fault rate, long beams the pulse length of the RF power ampli-

fiers, used for beam load compensation, was

An emittance line providing one measurement lengthened too. To satisfy the Booster requirements

per pulse and a spectrometer line furnishing ten (<_ +_ 150 keV energy spread) a debuncher system was

spectra per pulse are important tools for beam installed in the Booster injection line2*7 and

adjustments. Without additional drastic changes measuring lines were provided for emittance and

to the machine beams of deuterons and alphas have energy measurements^*^,

been produced recently and successfully accelerated

by the PS. Modifications _(~ 1973 onwards) to increase

stability and reliability

Introduction

In order to understand the stability problems

With the approval of the second stage CPS that occurred when starting to operate with a 100 us

improvement program (800 MeV Booster synchrotron)* beam pulse one has to remember the basic, structure;

a certain number of changes were accepted for the of the RF system. There is a chain starting with a

Linac. These changes were finished more or less by transmitter up to the so-called drive-amplifier

1972. They caused certain problems because the giving a 300 us pulse of about 2,5 MW. Afterwards

installation had to be done on an operating machine there are three principal amplifiers for the three

accessible only during very short periods (1 or 2 accelerating cavities and three compensation ampli-

days every 4 or 5 weeks and another 6 weeks per fiers to compensate for beam loading. All are fed

year) and with a very limited amount of observation from the drive-amplifier via fixed power dividers,

and control possibilities. In addition the new The RF output power is controlled via the anode vol-

requirements resulted In an increased stress for tage of the tubes (FTH 470 and FTH 516) by adjusting

certain old components which were conceived for . the voltage of the modulators (delay-line type),

lower average power and less stringent requirements Power for the debunchers and the buncher is also

on beam quality. All this and the need to provide taken from the drive-amplifier but through variable

alternate pulses with different quality to two power dividers,

machines - to the CPS as the normal client and to

the Booster synchrotron (PSB) for its running in - The stability of the Linac beam depends clearly

resulted in a fairly unstable beam, during the pulse on the relative stability of the pre-injector beam

as well as from pulse to pulse, and a rather high and the RF system. Both needed some improvements.

fault rate. In early 1973 therefore a few require-

ments were relaxed. The fastest repetition rate was The main reasons for instabilities on the i :m

fixed to one pulse per second. The idea of providing source (duoplasmatron) were discharges between the

an additional pulse only for the measuring equipment extraction grid and the plasma expansion cup pro-

in the PSB injection line2 was abandoned as well as yoking variations in the extraction voltage and thus

a fast beam chopper, piaced after the 500 keV pre- changes in emittance and intensity of the proton

injector, which was complementing the fast kicker current,

magnet switching the Linac beam to the four PSB

levels3' . The buncher was temporarily not used. The cure was simple and consisted in removing

thus limiting the Linac output current to 60 mA. the extraction grid with its special power supply

Additional modifications and improvements allowed us and using the HT of the accelerating column not only

then to obtain rapidly a stable beam with good for acceleration but also for extraction of the pro-

quality, tons. The replacement of the old tube-regulated arc

current pulser by a delay line with series resistor

Modifications (till 1972) for running as a very stiff current source also helped the

with the Booster stability and increased the useful life of the oxide

cathode from two months to more than a year. In

The main requirement for the Booster operation addition the -mtput current was lowered to 330 mA

was the inctease in pulse length to 100 JJS. The (from original 600 mA) without affecting the Linac

changes on the ion source were fairly simple and output current but reducing the hydrogen consumption

mainly on the electronics side e.g. increased arc by almost a factor ten. This pushed the operating



pressure after the accelerating column from a few

x 10~^ Torr down to a few x 10"5 Torr. The result

was that pressure variations after the pre-injector,

which are frequent due to the presence of mercury

diffusion pumps, do not cause changes anymore in

beam focussing due to a variation of st-ace charge

neutralisation. These modifications10 were supple-

mented by some changes on the buncher (profiting

from the experience with the 3 MeV Linac11) and a

better matching between pre-injector beam and RF

compensation (moment of starting and rise lime).

This meant abandoning - as mentioned above - any

beam chopping at the 500 keV level and increasing

the power to trigger the modulator ignitrons for

the RF compensation amplifiers by an order of magni-

tude. The firing jitter was reduced from several

microseconds to about 0.2 us. As a I us variation

when firing the RF compensation already causes (with

no feed-back!) almost IX amplitude variation in the

accelerating cavities,one can understand the impor-

tance of correct timing when working with a long

beam.

Clearly*suggestions were made to introduce fast

feed-back for RF levels and phases, but to incor-

porate them would have needed a very big effort12.

Instead the stability of the whole RF system was

improved.

The servo tuner system for the cavities was

speeded up to cope correctly with fast temperature

variations. The modulator stability was improved to

10 3. The three output coupling loops of the ampli-

fiers were replaced by one only - giving a higher

output power- and connected to 6" rigid lines,

replacing the cables which joined the old loops

together. The introduction of a variable line length

between amplifier and accelerating cavity maie pro-

per matching possible, i.e. fulfilled three condi-

tions:

- rapid rise of cavity RF level

no sparking inside the amplifier, especially
during the filling period of the cavitiep

minimised interaction between principal and

compensation amplifier before and during the

beam pulse.

The replacement of cables on the input side of

the RF amplifiers by rigid lines helped again to gain

some power. The final set-up of the RF system now

gives sufficient field levels in the three accelera-

ting cavities without pushing the anode voltages on

the amplifiers to levels where sparking is likely

to occur.

Another improvement to the stability was the
introduction of circulators before the debunchers in
order to avoid undesired feed-back to the output of
the drive amplifier wliich mainly influenced the RF
level and phase for the first accelerating cavity
(due to the distribution of power dividers). Now
the passage of a high current beam - even at non
zero phase - or detuning of the debunchers in order
to keep the phase stable during the passage of the
beam (there is no compensation amplifier to

compensate for beam loading) has no effect on the
incoming beam anymore.

In general it is now possible to set up the

Linac in a standard way and identical settings

reproduce the same beam characteristics. This is

naturally helped by the introduction of many more

n.onitor signals notably from the modulator currents

and from the RF phases in the cavities during the

passage of the beam. The use of transient recorders

to compare (superimposed on the same scope screen)

old signals and updated signals facilitates adjust-

ments.

Reliability

The modifications described above and another

one on the vacuum system for the accler3ting cav-

ities - the replacement of mercury diffusion pumps'

and a special refrigeration system by turbo-

molecular pumps - had a very good effect not only

on the beam quaLity but also on the down time of

the Linac (Fig. l). The bi<; impact with the intro-

duction of intermediate pulses for the Booster

together with the increased pulse length in 1972 is

clearly marked. The result of the changes in 1973

and afterwards is also visible. Not shown on this

statistic is the number of missing or bad pulses

which - on the whole - have been frequently as bad

as the ordinary down time. Today missing or bad

pulses are of no real concern anymore. It is

interesting to mention that almost half of the down-

time of 1.537 in 1975 is explained by a single fault

of one system only (pulsed quadrupole supply for

the first cavity): 40 hours out of 94.8 hcurs

total down time. It is clear that with fault rates

of = 1% a single catastrophe can change the situa-

tion drastically. In addition it must be stressed

that the reduction in down time can only partially

be explained by improving the equipment. The care

with which work is carried out during maintenance

periods or during repairs plays also an important

role. Naturally better care is taken if it can be

checked with some monitoring system aftervards-

One should mention also that the life-time of the

FTH tubes in the RF amplifiers has been increasing

from about 5000 hours to about 7000 hours,

explained by better servicing, better parameter

control and lower anode voltage than in the past.

Beam measuring systems

The typical 80 mA (only quite recently
90 ... 100 mA) delivered to the Booster are very
near the lower limit of what is needed to provide
10 1 3 protons per pulse in the PS. The quality of
the beam is therefore of utmost importance. To
check this two measuring lines are installed,®*^ to
measure either emittance or energy spread. Today
normal operation is: one out of two pulses goes to
the Booster, the second goes to a measuring line.
The emittance can he measured in one plane during
one pulse. A sample of 10 us is swept across a slit
(radial position corresponds to the timing moment)
and the angular distribution is measured with a set
of Faraday ci«::. located behind. Th-> emittance can
be adjusted r.dnually to a standard shape acceptable
by the Bouster. The spectrometer uses a secondary
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LINAC DOWN TIME
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emission detector and can normally produce one dis-

persion curve at a certain moment per pulse (Fig. 2)

: B « 2 • 5 7 . 5 0

I T « 2 « 9 b « j

Whereas the emitt.nce is practically not changed

during the pulse „ the energy spread and the mean

energy can show rather large variations. In order

Co facilitate adjustments of the RF an additional

device has been developed. In front of the spectro-

meter detector a fast magnet is excited with a

50 kHz sine wave. The centre of the detector is

thus looking at different portions of the spectrum

at different times. This signal is, together with

the deflection angle, used to provide a mountain

range display of effectively 10 energy spread

curves per pulse (10 measurements in 100 us). This

display and an emittance measurement as displayed

by the computer are shown in Figs. 3, 4a and 4b.
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Acceleration of deuterons and alphas

The acceleration of deuterons has been tried
because there was some interest from high energy
physicists especially at the ISR. Already in 1964
T. Sluyters achiev 7 mA with a short pulse
(10 ys). This year we were able to accelerate 13 mA
with 100 i/s pulse length" - already too much fox
the PS (space charge limit). Recently a test was
made with alphas which gave 2 mA. Acceleration had
been tried already successfully in the PS with only

1.2 mA from the Linac. The main difference to
normal operation is the adjustment of quadrupales
and the RF tilt in the first cavity. Acceleration
is done in tlie 2 SX mode, keeping the momentum o£
d's or ct's the same as for protons. In the case of
deuterium, source adjustments are similar to hydro-
gen, whereas when running with helium the arc cur-
rent is raised from SO A to 130 A and Che gas pres-
sure is lowered. This yields about 20% He 2 + in the
beam.

The current out of the Linac compared to the
current into the first cavity is for procons 50%;
for deutarons 20% was achieved. For He2* the ratio
is probably the game, but was not measured because
of the high percentage of He*+ in the beam entering
the first cavity.
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A NOHMAL CONDUCTING 820 MeV C.W. ELECTRON ACCELERATOR

H. Hermlnghaus, A. Feder, K.-H. Kaiser, W. Manz, H. v.d. Schmitt
Institut fur Kernphysfk der UniveraitSt,

D 65 Mainz, SaarstraBe. Germany.

As a new machine, suitable for a future experimental
program at the Institute for Nuclear Physics at Mainz University,
a cw accelerator is proposed consisting of a preaccelerator with
2.11 MeV output energy and three cascaded race track microtrons
with output energy of 14, 100 and 820 MeV respectively.
Acceleration is accomplished by normal conducting linacs at
S-band frequency. Beam optics of this machine have been
investigated by computation of many particle trajectories
including all couplings and aberrations up to third order.
From these computations it is concluded that it should be
possible to achieve a 100 uA beam at 820 MeV with a trans-

_2
versal emittance of 3.10 IT mm mrad and a relative energy

-4
spread of 2.10 with resonable margins of safety. Model
measurements have been done on the bending magnets and their
fringe field optics, a bean steerer system compatible with
narrow spacing of the return path and a suitable monitor system.
At present a 50 kW cw S-band test facility is being installed
which will be used in the near future for measurements on the
cw power handling capability of suitable rf structures.

Note. A detailed description of this proposal is presently
in print for Nuclear Instruments and Methods.
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SODIUM VAPOR CHARGE EXCHANGF CELL*

H. R. Hi<?.dleston, J. A. Fasolo, D. C. Minette,
R. E. Chrien,+ J. A. Frederick,+

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

An operational sequential charge-exchange
yielding a 50 MeV H current o£

~ 8 mA is planned for use with the Argonne 500
MeV boo; far synchrotron. We report on the pro-
gress for development of a sodium vapor charge-
exchange cell as part of that planned effort.
Design, fabrication, and operating results to date
are presented and discussed.

Introduction

It has been pointed out that the introduction
in the I9601 s ol alkali vapor targets for more ef-
fective H+ ** H" charge exchange than that provided
by hydrogen gas has not as yet resulted in appli-
cation to operational H* injectors. The major pro-
blems are 1) the production of low energy, high
intensity H beams, and 2) the development of
cells in which the alkali vapor contamination to
the rest of the system is minimized. Regarding
the latter point, it is not easily predicted just how
much alkali metal contamination is injurious to a
system. It would seem this could vary greatly
depending on the nature of the application. The
results of Dyachkov in_|he production of alkali
vapor jets and of Dimov in the utilization of so-
dium jets for H" production lend encouragement to
the possibilities for developing cells with accept-
able outstreaming.

For an operational design a recirculating or
partially re circulating scheme for the alkali ma-
terial is highly desired. Charge exchange cells
of the reservoir type which utilize wicking methods
for recirculation of the deposited material have
been reported bv. Bacal et al . for cesium and by
Lawrence et al. for cesium or sodium. The
latter cell had an ID of 1 1/4 in and was about
14 in long, but operation with sodium and, specif-
ically, measurements of end losses have not yet
been reported. Consideration has been given to
such a cell for our application. The design we
present here is a nozzle with an end loss of
~20 mg/hr, both ends and a target thickness of
~ 2 x 10 atoms/cnu Tor the desired 2 in aper-
tures, calculations indicate that these end losses
for the reservoir type cell require a cell length of
at least 22 in. This severely limits the solid angle
of acceptance of the cell for the beam.

We have chosen sodium as the alkali metal
for use in our system. From the results of studies

of Gruebler, et al. on the equilibrium chargt
yields of H fractions in the various alkali vapors,
sodium appears to be the most viable candidate
for our uses. The optimum (12% H yield) inci-
dent proton energy is relatively high (2. 5 - 1. 0
keV). Furthermore the broad maximum of the H
yield with energy is such that for H energies
from 10 to 15 keV, for example, the H fraction
falls only from 5% to 3%, still higher than that for
hyd rogen.

The proposed scheme for application to
our situation is that commonly used in the cesium
charge-exchange, Lamb-shift, polarized ion
sources which utilize an accel-decel configuration.
This allows extraction of the H beam at high volt-
ages to maximize the intensity and then decelera-
tion to energies at or nearer those for optimum I!
charge-exchange. Initial stages of our planning
take advantage of the broad maximum in the so-
dium H" yield with energy by performing only mild
decelerations, but still gaining factors of 2 or 3 in
intensity over H~ production using hydrogen for the
same extraction voltages.

The concept of sequential charge exchange
appears to have originated with Dawton and has
been applied to H" production in sodium by Dimov.
In our source a low density hydrogen target will
serve as a space charge neutralizer and a buffer
between the positive ion source and a sodium vapor
charge-exchange cell. We have utilized a planar
de Laval nozzle to form a down jet of sodium vapor
incident on a liquid sodium surface maintained just
above melting so that the liquid may complete the
recirculation loop. The cell through which beam
passes was designed with 2 in apertures and as
short as possible consistent with maintaining the
minimum amount of vapor outstreaming. The
length of the cell (12 in) has been determined by
direct measurements on the sodium jet.

The sodium charge exchange apparatus is
shown in Fig. 1. In operation, sodium travels
from (he vaporization region, through the nozzle to

*Work supported by the U.S. Energy Research and
Development Administration.

+ Argonne Undergraduate Research Participation
Program Student.
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MOUNTING AND FEEDThROUGH PLATE
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Figure 1 - Recirculating sodium charge exchange cell assembly,
side and end views. Partial horizontal lines at the
bottom of the cell and vaporizer indicate the proposed
liquid level. The 15 expansion angle of the down
jetting sodium is also shown.
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form a jet which extends into the vapor collector
or cell. The vaporization region is connected to
the nozzle by means of stainless steel ducting of
constant cross-sectional area. ThiB area is that
calculated to deliver the mass flow necessary for
the nozzle to operate properly. The liquid sodium
is heated to 430 C and vaporizes at the rate of
about 50 mg/sec. The optimum operating temper-
ature for the nozzle, which has a mach number of
2.7 for sodium, is also 430 C. The sodium jet has
a calculated mass tow of 44. 3 rag/sec. The vapor
jet formed by the nozzle is incident upon a surface
of liquid sodium contained in a copper cell 12 in
long with 2 in apertures. The OFHC copper cell i =
maintained at 120 C-140°C by opposing heating and
cooling elements. Liquid return to the vaporiza-
tion region is by gravity feed through a 3/8 in stain-
less steel tube. The actual amount of sodium nec-
essary to maintain the liquid levels in the vapor-
izer and cell as shown in Fig. 1 plus that adhering
to surfaces has not been determined but is prob-
ably in the order of 100 g.

The temperature gradient between the noz-
zle exit and the copper cell is maintained over a
4 in length by a 0. 01S in stainless sheet housing.
An inner shield, also mechanically connected to the
nozzle, but thermally floating, protects the housing
from direct vapor from the jet. In theory, tl>o
inner shield is maintained at a high enough tem-
perature to prevent sodium from the jet from con-
densing onto its surfaces.

The vaporization region, ducting and nozzle
are all constructed of stainless steel and surround-
ed by copper jackets. Enclosed heating elements
are imbedded in greaves in the copper and held in
place with clamps. The heaters are composed of
resistance wire embedded in MgO and contained in
1/16 in OD stainless steel jackets. They have an
active length of 40 in and an inactive length of 30 in.
They are used in conjunction with Swagelok connec-
tions for feedthrough from the vacuum. Power
ratings are about 250 W, though in operation we
limit the maximum power to ~ 50 W. (1 A ® 50 V).
Each copper jacket contains one heater and one
thermocouple (similar in construction to the heat-
ers) which acts as the sensor for a temperature
controlled feedback system. Six such units are
used to heat the vaporizer-nozzle sections.

The vapor collection takes place in the cop-
per cell. Although copper alloys slightly with so-
dium at elevated temperatures (800°C), no alloy
formations are reported at temperatures below this.
Two heaters of the type described above, controlled
by one TC are run in opposition to cooling coils
circulating chilled oil to control the cell tempera-
ture. A 1/4 in stainless steel tubing line is used
lor filling tha apparatus from an external reser-
voir and is also vrapped with a 40 in jacketed
heating element.

To minimize the radiation of heat to other
parta of the system and to increase the efficiency
of the heating, heat shields were utilized around
the parts of the apparatus to be maintained at
430 C. The heat shields were constructed ol 4
layers of 0. 001 in stainless steel shim stock, each
layer separated from the next with fiberglas cloth
and the total sandwich spot welded together on the
edges. Several sections of laminate were then
wrapped around the ducting and nozzle and held in
position with wires. Without the heat shields,
300 W total power for all heaters raised the tem-
perature to no higher than 290 C and took about
3 hrs. After adding the shields, the same temper-
ature was achieved in less than one hour. The
power was cut to ~ 200 W and full operating tem-
perature (4 30 C) wa = reached in 3 hrs. Further-
more, the power was then cut back to a maintain-
ing level of about 100 W total.

The entire assembly was mounted on a
12 in aluminum plate which is in turn mounted via
a standoff ceramic ring to the lid uf a 28 in diam
aluminum chamber. The chamber is 3 5 in high
and the axis of the cell is 6 in from the bottom. In
operation this chamber will sit on top of a large
gate valve which is mounted on top of a sublima-
tor pumping vessel (~ 100, 000 p. Is).

In order to minimize damage to the alu-
minum surfaces of the chamber, valves, and beam
lines, they will be lined where possible with dis-
posable foil (probably aluminum foil I. Although
the sodium does not attack the aluminum directly ,
on exposure to normal humidity atmosphere, the
reaction with the moisture in the air forms a
NaOH paste which will etch the aluminum quite
markedly.

Oppration

For operation of the assembly, sodium is
transferred in batches 10-30 g at a time by means
of valving and an intermediate transfer vessel.
Conducting wires at different levels in this vessel
are monitored for make and break contact with the
sodium surface. The desired amount of sodium is
transferred in this way usually after the entire
assembly is at operating temperature. Some
splashing has been noted on the inital introduction
of sodium into the system, possibly caused by the
cover gas (Argon) used to insure that the sodium
will flow during the filling.

Before attempting operation in the recir-
culating mode, tests were made with the vapor-
izer-nozzle part of the assembly by freezing out
the sodium from the jet. An oil cooled copper cyl-
inder of diameter 4 in with a 2 in neck to simulate
the cell aperture was used as a collector. The
neck was at right angles to the downward direction
of the jet and to the plane of the nozzle. The dis-
tance from the bottom of the nozzle to the center
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of the 2 in neck was 4 in. A mechanically oper-
ated shutter was interposed between the nozzle
and the collector so that timed measurements
could be made of the sodium collected- Measure-
ments were made in the 2 in arm at distances of
4, 6, 8, and 10 in from the plane of the nozzle.
These were interpreted to represent the end loss-
es for operation of the jet into a cell of twice these
lengths (end symmetry is assumed). This did not
take into account however any vapor due to liquid
sodium in the subsequently designed cell since we
were freezing out the sodium in these tests.
Measurements were also made at various posi-
tions along the sides and bottom of the 4 in cylin-
der, and with the proper geometric factors were
used to determine the plane mass-flow angular
distribution.

The technique for these measurements was
to collect the sodium on samples of aluminum foil
of previously determined mass and then to quick-
ly transfer them under inert atmosphere(nitrogen)
to an analytical balance for determining their total
masses. This process was found to be not at all
difficult and by either vaporizing a known mass of
sodium through the nozzle or by controlling the
time for the deposition with the shutter we were
able to measure absolute values. The results of
the end loss measurements are shown in Fig. 2.
Using 6 in as the essential cut off point for the jet,
and the actual geometry used, it was determined
that the expansion of the iet around the corner of
the 2 in neck ii about 15 , and is also shown in
Fig. 1. These measurements resulted in the de-
sign parameters of the actual cell, i. e. 2 in
apertures with axis 4 in below the nozzle and total
length of the cell of 12 in. The expected end loss-
es then are 10 mg/hr (each end) or 20 mg/hr total.

The results of the angular distribution of
the sodium are shown in a polar plot in Fig. 3.
The solid line represents our data. The dashed
line is derived from a figure in reference 3,
measured for an almost identical nozzle. The
units are relative and were arbitrarily normalized
to the maximum. The total mass flow determined
from the graph and the known geometry is 42 mg/
sec in excellent agreement with the calculated
value.

Measurements for the entire recirculating
cell assembly are still in preliminary stages.
Approximately 30 g of sodium was transferred
into the vaporizer assembly and the operation was
observed from a glass viewing port located about
12 in from one end of the cell. The vaporizer-
no izle section had been preheated to the operating
temperature of 430°C but the cell itself was at only
80 or 90 C and still warming. The pattern of
sodium vapor condensing on the copper was ob-
served to be fairly uniform and as the cell tem-
perature reached the melting point, the sodium
''.^uified and immediately wet the surface of the

copper. Silvery globules of sodium could also be
seen adhering to the sides of the inner shield, con-
trary to expectations. After about 5 min of
operation, the glass became opaque and no further
observations could be made.

After cooling, the system was , ' ;d with
ultra high purity nitrogen ?.nd a shutter was added
over the viewing port. The cell was reheated but
with no additional sodiujn added. It wa- observed
now that the sodium no longer wet the copper sur-
face but seemed to adhere to it in lumps. Also,
the sodium no longer exhibited the shiny silvery
surface of before. Some contamination of the so-
dium is evident, possibly due to oxygen. The total
time in vacuum for the sodium was about 3 days
although heated only about 12 hrs of that time.
Typical pressures were s-lOx 10 Torr.

There are several methods of cleaning
alkali metal systems and we shall describe
briefly what has worked well for us. We are deal-
ing with small amounts of sodium (~100 gl and
we utilize the method by which the entire apparatus
is immersed in 95To ethyl alcohol. This serves to
dissolve the sodium slowly and with the amount of
. Icohol used ( ~ 15 gall does not heat the alcohol
appreciably. Nevertheless, a purging gas is re-
commended to minimize the possiblility of the
alcohol igniting. Experience has shown that if the
alcohol is allowed to stand for prolonged periods
it can obtain anough moisture from the air to in-
crease the reaction rate sufficiently to self ignite
with the introduction of the sodium. Care must al-
so be taken to allow sodium in tubing and lines to
completely dissolve. In our case the tubing is dis-
connected and cleaned separately as previous ex-
perience has shown that a 2 ft length of 1/4 in tub-
ing took several days *.o clean out.

The next step is to immerse the apparatus
in an 80% alcohol 20% water solution. This serves
to dissolve the Na OH crustwhich can form in cor-
ners, cracks, etc. which is not soluble in alcohol
but which may cover small amounts of still active
sodium. A purging gas is also used in this step.

The final rinse is in distilled water and
should be performed with some sort of agitation
to dissolve all the Na OH. If any active sodium is
left in the system at this point it will react violent-
ly with the water and although sodium and water
cannot react fast enough to explode, the hydrogen
gas evolution in a confined area can build up high
pressures very quickly. This is the reason the
sodium delivery tube is removed. A fourth step,
a mild cleaning acid dip is sometimes used and
may be necessary -.vith copper if the sodium is to
wet the surface.
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Future Considerations

Quantitative measurements of end losses
for the recirculating apparatus are next to be made.
The sodium inventory and length of time between
refills must also be deter:" \ned. Effects of con-
taminants in the sodium may necessitate the add-
ition of a filter and electromagnetic pump to main-
tain circulation, [n addition, the inclusion of
several important safety features, such as an
automatic inert gas pressurizing system in case
of loss oi' vacuum, are necessary before the system
can become operational.

After the engineering problems associated
with the sodium operation have been resolved,
operation with the 30 Hz multiaperture, multigrid
source attached will be investigated. The operating
parameters of the accel-decel configuration mus'
also be optimised. It should be interesting to
note the effects of outstreaming sodium on the
grids and grid life, including the breakdown pro-
blems encountered by Lawrence et al.
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ACCELERATOR MODELING:
ITS USE IN BEAM DYNAMICS EXPERIMENTS AT LAMPF

R.A. Jameson and W.E. Jule
Los Alamos Scientific Laboratory

of the University of California, Los Alamos, NM 87545, USA.

The basic computer model for Alvarez lin-~cs used at
LAMPF Is PARMILA. In its original state, this code was used
to study perfect linacs or those with random errors in
quantities which affected beam dynamics. In the past several
years, we have been attempting to make the PARMILA model con-
form to the real LAMPF accelerator. To this end we have
Incorporated as many of the actual measured physical parameters
as possible into the code, and have found it necessary to
Include a more comprehensive treatment of the beam dynamics.
For example, it Is necessary to treat longitudinal and
transverse phase-space simultaneously in the calculations.
The motivation is, of course, to give us a more powerful
computational tool with which to understand the detailed per-
formance of the LAMPF accelerator, and ultimately to optimize
the tuning. Specific beam dynamics experiments have been
done which indicate the validity of the model.

Work supported by U.S. Energy Research and Development
Administration.
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ON METHODS FOR CALCULATING IT" FIELD DISTRIBUTION IN A PROTON LINAC CAVITY

Shoji Okumura*
National Laboratory for High Energy Physics
Oho-machi, Tsukuba-gun, Ibarakl, 300-32, Japan

Distributions of average axial field in the
KEK linac cavity are measured for different tuner
positions. The results obtained are compared with
calculations based on two analytical methods:
Alvarez's method and an equivalent circuit method.
The field distributions are calculated for various
distributions of the resonant frequencies of unit-
cells. The calculations by the equivalent circuit
method are found to be consistent with the measure-
ments for the distributions and the resonant fre-
quencies of the cavity.

I. Introduction

Longitudinal notions of protons in a linear
accelerator depend on electric field intensities of
each accelerating gap. In order to get a good
quality of output beans, it is necessary to adjust
the Intensities to form an optimum distribution
along the axis of the cavity. In the following,
we have concerns with the field intensities in
terms of the average axial fields. The field in-
tensities can be changed uniformly throughout the
cavity by changing the rf power fed into the cavity.
In this case, tlie relative field intensities at dif-
ferent position3 in the cavity or the fleid distri-
butions are fixed depending on the boundaries of
the cavity. If we want to change the field distri-
butions, a percurbation must be given to deform the
boundaries. This will be usually performed with
tuners.

In the stage of a design for a proton linac
cavity, each unit-cell has the same resonant fre-
quency. If this condition is satisfied, the aver-
age axial field may be constant along the cavity
axis. The unit-cells of a really constructed cavi-
ty, however, have errors in the resonant frequen-
cies, which produce an unwanted tilt in the axial
average fields. Adjusted by tuners, the tilt has
been positively used for some of the existing linac
cavities below about 20 MeV in energy. To get the
designed tilt of the field distribution, we may
want to know a relation between the field distribu-
tions and the perturbations given by tuners. It
would be very convenient if we can calculate the
field distribution as a function of the resonant
frequencies of unit-cells. So far an analysis of
the field distribution has been presented by
Alvarez et al. in Ref. 1. In their method the field
d'./stributlon in a linac cavity is approached by the
distribution in a uniform hollow cylindrical cavity
having small errors in diameter along the cavity
axis. The relation between the field distribution
and a variation of diameter is found in terms of
the Fourier series coefficients for these two quan-
tities. The method is called here as Alvarez's
method.

Present address: Dept. of Information Science
Fukui University, Bunkyo 3-9-1. Fukul-city,
Japan

An equivalent circuit has been presented to

obtain the dispersion relation for a proton linac

cavity . The author ec al. have reported before
that the equivalent circuit is useful to prove the
constant field distributions in a linac cavity whose

unit-cells have the same resonant frequency . Here
we use the equivalent circuit to calculate the field
distributions in the cavity having various distribu-
tions of the resonant frequencies of the unit-cells.

The average axial field in the KEK linac
cavity is measured by a bead perturbation method.
The field distribution can be changed easily by
means of tuners installed on the cavity. Thus, we
Investigate the effect of the local perturbations on
the field distribution. In this paper, comparisons
between the measurements and calculations based on
the above two methods are presented.

II. Results of Measurement for Axial

Average Field in the KEK Linac

The method and procedure for measuring the
average axial field in the KEK linac have been de-
scribed in detail in Ref. 4. The distribution of
the average axial field has been adjusted by means
of the fourteen cylindrical tuners which can be Inde-
pendently driven by motors. The final setting of
the distribution, E. is plotted in Fig. 1. To pre-
pare for the analyses in the following sections, an
analytical function should be found to fit these
data. The Fourier series expression is chosen for
this purpose, so we put

Fig. 1. Measured average axial fields in the
KEK linac cavity and their approximate
fitting by the Fourier series.
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EQ(z) V (1)

where L is the whole length of the cavity and N will
be taken to be 10 which has been found to be suffi-
cient for getting a good approximation of E_. The

variable z Is the distance taken from the low ener-
gy end of the cavity to each position. The Fourier
series coefficients An's are evaluated by numerical

Integral as follows, (without normalization)

A 0 - 42.595
Ai - -4.383
A 2 - -1.090
A 3 - -0.098
A4 - -0.676
A 5 - 0.297

*6 '
A7 -
A 8 -
A 9 -
A10"

0.277
0.307
0.368

-0.043
-0.101

Using these coefficients, Eq.(l) gives a solid curve
in Fig.l. Now the field distribution shown In Fig.l
may be assumed to be the Initial field distribution
or the distribution without perturbation, since It
Is perturbed further by the tuners to get experimen-
tal data on the field distribution. The measure-
ment could be carried out for various combinations
of the positions of the fourteen tuners. However,
the tuners' effect on the field distribution Is
typically observed when the tuners at the ends of
cavity are moved. In this paper, the comparison be-
tween measurements and calculations will be done for
the two cases, which are denoted as Case A (when the
tuner at the low energy end is moved) and Case B
(when the tuner at the high energy end Is moved).
These two tuners are fully pulled out for the Ini-
tial field distribution. The ratios of the average
axial field with and without the plunged-in tuners
are shown in Fig.3 or Fig.7 (Case A) and Fig.4 or
Fig.8 (Case B) by crosses. The fluctuations of the
data are probably due to experimental errors.

III. Analysis by Alvarez's Method

The Alvarez's method for analysis of the
field distribution in a proton linac cavity has
been described in detail in Ref. 2. Here only the
outline of the method is given and a few relations
are derived for our analysis. The method is based
on a perturbation theory and it Is expected to be
useful when errors in local reaonant frequency are
small.

Fig. 2. Distribution of resonant frequency (di-
vided by the resonant frequency of the
cavity) in the Alvarez's method.

A long cylindrical hollow cavity whose radi-
us varies as a function of z is considered. It
should be pointed out that the field distributions
of higher modes in the linac cavity were found to be
almost similar to those In a uniform cylindrical

cavity . This may have close relations with a suc-
cess of the normal mode analysis developed by

Nishikawa . The radius a(z) is expressed in a
Fourier series as

a(z) a0 [ 1 + L Pt cos ̂  ] . (2)

The electric field E(z) in this cavity is also given
as a Fourier expansion. We put

E(z) " t [ 1 + £ E cos-Pi^ ], ( 3 )

where J_ is the Bessel function of zeroth order and

kz - 2.405/ a(z) . (4)

Substituting Eq.(3) Into the differential equation

rar l"?r' ' ̂ 2 ' 2

and using Eq.(4), we get the relation between P^
and E ;

(5)

(6)

where \ is the rf wavelength in free space. The
resonant frequency f(z) can also be put in a
Fourier series,

If F ^

tions,

f(z) - f [ 1 + Z F cos iS£ ] . ( 7 )

i-1 L

« 1, we can easily derive the following rela-

2.405 c
2na0

E • - •

(8)

(9)

Corresponding to the Fourier series coefficients for
the average axial field without perturbation E(z)

in the preceeding section, the coefficients F.'s

are evaluated by Eq.(9). Then, the frequency f(z)
is calculated by Eq.(7) and shown in Fig. 2.

Let's consider that a perturbation is given
to the linac cavity and the resonant frequency f U )
Is changed locally by an amount of af.. in the region

from z • h - s/2 to z - h + all. Here, s and h are
the width and the center position of the perturba-
tion, respectively. If the perturbed frequency
f'(z) is put as

f(z) - f ' [ 1 + Z F/ cos if

we obtain

(10)

(11)

and

F i ' -

fo Fi
s/L ilt(f0

(12)



The value of fg' gives new resonant frequency of the

cavity. The field distribution corresponding to the
new frequency can be calculated by Eqs. (3), (9),
(11) and (12).

For the perturbation given by one of the
tuners of the KEK llnac, the width s is assumed to
be L/20 « 78 cm. This amount of width may be too
large In cooparlson with the tuner diameter of 10 cm.
However, besides that it is difficult to define the
range of frequency perturbation given by one of the
tuners, the main terms of the Fourier expansion for
f'(z) depend slightly on the width, as far as
sin(iirs/L)% ius/L is a good approximation and Af^s

Is taken to be constant. Therefore, this choice of
the width will not introduce any restrictions into
the analysis. The calculations are carried out for
the two cases, Case A and Case B. To compare with
the measurements, the ratios having the same meaning
as in the preceeding section are calculated for vari-
ous Afg's. These are shown in F.f.g- 3. and Fig. 4.

The shapes of the measured distributions are repro-
duced fairly well by the calculations with Af Q - 140

kHz for Case A and «f = 320 kHz for Case B. These

values of ^ £ Q ' S give the shifts of resonant frequen-

cies of the cavity as 7.0 kHz for Case A and 16 kHz

for Case B. These values are too large in compari-

son with the experimental values of 5.0 kHz (Case A)

and 13.2 kHz (Case B). The disagreements may be

caused by too large change in the field distribution

to be treated with the perturbation theory for these

cases. We should Improve the method for calculating

the resonant frequencies of the cavity having such

large changes In the field distribution.

Fig. 3. The ratios of the average axial fields in
case the tuner at the low energy end of the
cavity is plunged in, to those in case the
tuner is pulled out (Case A ) . The curves
show the values calculated by the Alvarez's
method. The crosses show the experimental
values.

Ln-i/2 C,y, Ln-/2 Cn

y

csn.,

L nth cm m

Fig. 5. An equivalent circuit for a proton linac
cavity.

Fig. 4. The ratios of the average axial fields in
case the tuner at the high energy end of
the cavity is plunged in, to those In case
the tuner is pulled out (Case B). The
curves show the values calculated by the
Alvarez's method. The crosses show the
experimental values.

IV. Analysis by Equivalent Circuit Method

The analysis of the field distributions in
a linac cavity has been carried out by the use of an

equivalent circuit as shown in Fig. 5 . Starting
from the equivalent circuit, we obtain a second
order differential equation for the average axial
field:

d2E(z)

dz 2

where m(z)

+ m(z) E(z) = 0 ,

k ( f 2 -

(13)

(14)

and k is a constant, £ the frequency of the linac
cavity and f. the resonant frequency the unit-cells.

The boundary condition should be

dz (15)

The derivation of Eq.(13) has been detailed in Ref.
3. Now we assume that the field distribution meas-
ured without perturbation Efl(z) Is expressed by Eq.

(13). Then the function m(z) corresponding to E.(z)
can be evaluated by the equation

-n(z) m o( Z) = -
(z)

V
dz

/ E0(z) (16)

Since the function m«(z) is a smoothly varying func-

tion of z, fp derived from Eq.(W) also a smoothly

varying function of z. This may seem to be unnatural

if we think of tho above definition of f. as the

resonant frequency of the unit-cells. However,

such extension of the definition will be accepted as

far as the lengths of the unit-cells are small In

comparison with the whole length L a.id the variation

of E (z) in one unit-cell length is small. The func-

tion m ^ z ) is shown in Fig. 6. We can find the

shape of ">.(z) Is almost the same as the curve shown

In Fig. 2 except their signs. This is reasonable
since both the functions represent the errors in the
resonant frequencies of the unit-cells. The effect
of tuners is treated in the same way as in the pre-
ceeding section. Zf the local frequency changes by
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4f Q in the region from z « h - s/2 to z - h + s/2,

the function m(z) corresponding to the new field
distribution is obtained by substituting new fre-
quencies f and fQ Into Bq.(14) and solving Eq.(13).

Here the new resonant frequency of the cavity f is
assume^ to be given by the following equation.

E2(z) dz

This relation is consistent with the Slater's rela-

tion for the frequency shift given by a perturba-

tion at boundaries of a cavity. Since the change

in the resonant frequency is small and f*f Q. we

can put

m(z) - 2fk (f - fQ) k'(f-f 0) (18)

where k' may be approximately taken as a constant in
this analysis. Since the value of k' is unknown,
the change in m(z) given by the local frequency
changes of 4f- is also unknown. Therefore, Eq. (13)

is solved for various changes of m(z) in order to

search the best fitting values of k'4f. to the ex-

perimentally obtained field distributions. Fq.(13)

is solved numerically using a computer. According

to Eq.(17), the new resonant frequency is given by

[J
h+s/2

h-s/2
(f0 + fn)dz + I

h-s/2

lO ' '0' fodz

h+s/2
E2(z) fQdz E2(z) dz (19)

where E(z) should be the field distribution calcu-
lated for the new m(z). At first the calculation of
E(z) is carried out for n given k'Afp without chang-
ing the frequency f. Then, the frequency f is cal-
culated by Eq.(19) for the newly obtained E(z).
Next, Eq.(13) is solved for the new value of f. Thus,
the iterations are continued until both k'f and E(z)
converge. The results are shown in Fig. 7 for Case
A and in Fig. 8 for Case B. The calculations repro-
duce well the measurements if we choose the optimum
values for k'4fQ, which are 7 for Case A and 16 for

Case B. The shifts in the resonant frequency of the
cavity df are also obtained in terms of k'Ai as
k'df - 0.213(Case A) and k M f * O.SSO (Case B).
The measured frequency shifts of the linac cavity
are plotted in Fig. 9 taking the values of k'df as
an abscissa. Fig. 9 shows the measured frequency

Fig. 6. The function m.(z) In the equivalent cir-
cuit method.

shifts are approximately proportional to k'flf. This
proves the consistency of the analysis. If the
proportionality holds between the measured frequency
shift and k'df, for example, evaluating k' as 0.044

(kHz)" from the measurement for Case A, we can cal-
culate the field distribution for Cast B for the
given frequency shift. Furthermore, the field dis-
tribution can be calculated for various values of
frequency shifts given at various positions of the
tuners.

Fig. 7. The ratios calculated by the equivalent
circuit method for Case A. The crosses
show the experimental values.

Fig. The ratios calculated by the equivalent
circuit method for Case B. The crosses
show the experimental values.

|J

L
Fig. 9. Plot of fc'df versus the measured shifts in

the resonant frequency of the cavity.
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The value of k' can be evaluated by applying
Eq.(13) for higher modes. The following is a rough
estimation for k'. The solutions of Eq.(13) for the
higher modes are expressed as

E(z> •= A cos (J"5 z) , (20)

where A is a constant and m may be approximately
taken as a constant for the higher modes. For the
TMQ. -like distributions, the values of m may be put

as (irn/L) . For example, the frequency of the
second mode has been measured as f, - 201.90 MHz.
Eq.(18) gives

( - ^ ) 2 - k' (f2 - fQ) . (21)

Putting fn « 201.06 MHz, the resonant frequency of
-1

the zeroth mode, we get k' « 0.048 (kHz) , which
may be consistent with the value obtained from the
analysis of the field distribution. (In solving
Eq.(13), the whole length L has been put to be
unity. So, k1 is evaluated by Eq.(21) for L « 1.)

V. Conclusion

The distribution of average axial field is
successfully calculated by the equivalent circuit
method. The distribution will be solved for a given
function of the resonant frequency of the unit-cells.
Therefore, the positions and the amounts of the fre-
quency shift given by the tuners will be theoreti-
cally determined for a intended change of the field
distribution. The method has been already used for
calculating the field distribution necessary for ac-
celeration of deuterons in the KEK linac?.
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ELECTROSTATIC POTENTIAL AMD FIELD OF A ROUND

COASTING OFF AXIS IN A CIRCULAR VACUUM CHAMBER

E. Regenstreif

UNIVERSITF DE RENNES I
Rennes-Beaulieu, France

1. INTRODUCTION

The purpose of this paper is to present
closed expressions for the potential and the field
produced by a uniform or non-uniform beam coasting
off the center-line of an infinite cylindrical
vacuum chamber of circular cross section. This is a
problem of classical electromagnetism ; its rigorous
solution involves however a refined application of
Poisson's and Laplace's equations.

2. SOLUTION OF THE DIFFERENTIAL EQUATIONS

Consider (Fig D a round beam of radius r
coasting inside a vacuum chamber of radius RQ. Let
s be the distance between the center of the beam and
the center of the vacuum chamber and p the space-
charge density in the beam. The problem being two-
dimensional, we take a polar coordinate system Cr,O),
the pole coinciding with the center of the beam and
the polar axis with the axis of symmetry. We allow
the density distribution to be an arbitrary function
of the radius, but assume rotational symmetry, i.e.

p(r) (1)
To find the potential distribution inside

and outside the beam we apply Paisson's equation

where a and a are again constants ; n Is a
positive'lnteger and ftrl is given by

Jo v l Jo dvftr)

1 he inner boundary conditions, i.e. the ccnstrai:.'-'.

• >

L r=r
P r=r

yield

(111

- a >. n r - — fir :

.1*12*.
2 r )r

-L JL1
r 2 3O2

plr)

inside tht. beam, and Laplace's equation

1 d $3 2 * 1 i*
r 3r

0

C2J

£3)

in the region situated between the beam envelope
and the vacuum chamber.

TaKing into account the symmetry of the
problem we can write the solution of Laplace's
equation in the form

The outer boundary condition requires
vacuum chamber to be at zero potential. To *ri'
this condition explicitly we introduce a linit
radius rp describing the vacuum chamber if, cur
coordinate system where the pr.le is at tft*: cer-.t
of the beam. We have

R"' - s s i n •"'• - s cos' ' ,

and the condition

a P.n r + b +
• o

where a and b arB constants and m is a positive
oo

integer. On the other hand putting

Mr.Q) = (Hr.Crt - ~ ftr) (5)

Poisson's equation can be separated and one finds
for its solution

f f r ) * j ^ n r n cos no (6)

— r f ( r )tn — • - . - — f t r ) • /* a r . cos n

From this relation the coefficients
determined and one fintfs

= - f t r ] • r f ' l r ) m
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3. RESULTS

Using the identity

CR 2-s 2) 2 • sZr2 - 2srtR2-B2) cosO
) cos n0 ' | tn

( R
2 - s 2 ) 2

we finally obtain for the potential inside the beam

(R 2-s 2) 2 • s2r2 -

Roro

cosO
— [fIr ) - ftrl)

C16]

(19)

and for the potential in the region situated between thn beam envelope and the vacuum chamber

(R2-s2r * s2r2 - 2sr(R2-s2) cosO

2E_
fir ) in

The function ftr) is given by Eq (7). In the case
of a uniform beam we simply have

f(r) (21)

From Eqs (19) and (20) some important
pnysical properties of the beam can be derived. It
is easily seen for instance that the potential alone
the symmetry axis [or the "median plane") of the
beam

R2-s2-sx
(x) = — r f(r_ 1 in

R ro o
• f(r )-f(x)

D

goes through a maximum for x = x given by

i up(u)du

R2 - s 2 - sxM up (u)du

(221

(23)

0

Another important quantity is the elEctric
field vector. TaKing for instance a cartesian
coordinate system (X,Y) with its origin at the
center of the vacuum chamber, we obtain from Eqs
(19) and (20) for the field components of a uniform
bsam

n 2

XP

R

X-s
2 _2 2

:-M . Y2

XL
A

2TTE (X-s)2*Y2

:—-I * Y

(24)

(25)

(26)

YL (X-s)2*Y2 , R 2

where we have put

A = irr p
o

for the linear charge density.

•-.. IMAGE FIELDS

(27)

(26)

In each of the expressions (24-28). the
first term can be identified as the field of the
isolated bea*"1 whereas the second term translates
the influence of the vacuum chamber or the "image
effect". The image field is given by the same
formula inside and outside tna beam and *je can write

x - -a

f " V

Y im 2nc r.2 2

(29]

(30)

These expressions show that the image field is
produced by a (fictitious) round beam of linear
charge density -A whose axis is defined by

X = - 2 (31)

The transverse dimensions of this fictitious round
heam are of no importance and the image beam can
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ever, be considered as a line charge of infinitesimal
transverse dimensions or alternatively as the image
of a line charge of infinitesimal transverse dimen-
sions. The point defined by Eq [31) is, according to
usual terminology, the conjugate of the (real) beam
renter with respect to the circle representing the
vacuum chamber• In the case of a non-uniform beam
of rotational symmetry we merely replace in Eqs (29)
and (30) the constant A by M r ) where

t r

in
s r '

VL 2TIE H r
O Q

A( r i

P
= - T T ^ - i n ^ • — - [ r t r ) - F ( r ) | (3--

A(r) 2-n rc> [r)dr (32)

,0

We can therefore state the following
general property :

Consider a beam of arbitrary density
distribution and arbitrary cross section, but
having rotational symmetry. The electrical image
of this beam in a cylindrical vacuum chamber of
circular cross section is a virtual beam having
the same linear charge density as the real beam
(but of opposite sign]. The virtual beam has
rotational symmetry and its axis coincides with
the conjugate line of the real bear, axis with
respect to the vacuum chamber. The cross-sectional
area of the virtual beam is essentially arbitrary
so that it can be assimilated to a fictitious line
charge of infinitesimal cross section. The electric
field at any point inside or outside the beam but
inside the vacuum chamber can be obtained by
replacing the vacuum chamber by the action of the
virtual beam.

This property is a generalization of a
well-Known theorem concerning line charges. In the
light of this generalization and with reference to
Fig 2, W G can write for the potential produced
by a displaced non-uniform beam of rotational
symmetry

O D

F(rl - | ^ i d v

In the case of a uni f orr. ' itvjiti tf it:-:;
sions take the simple fonn

A sr '

•P ~ ?HE R r 2
D O 0

Plore details en the subject ria't-j-r .
paper can be found in the following rt-v'cr-:-'
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NEGATIVE HYDROGEN-ION PROGRAM AT FERMILAIi

C. Schmidt and C. C u r t i s
Fermi Na t iona l Acce le ra to r Labora tory*

Batav ia , IL 60510

Abstract

Direct extraction from an ion source of the

magnetron design ' is being studied £or the pro-
duction of 50 to 100 milliaraperes of negative hydro-
gen ions that can be accelerated through the 750-kV
column at Fermilab, After acceleration through the
linac to 200 MeV the ions will be injected into the
booster and converted to protons by a foil stripper.
The booster will be filled to high intensity by in-
jecting many turns directly into a common orbit.

Introduction

One of the present plans for increasing th^
beam intensity at Fermilab calls for injecting H
ions into the booster. High intensity will be ob-
tained by continuously injecting a long pulse
(representing many booster turns) of moderate nega-
tive ion intensity directly into a displaced booster
orbit and subsequently stripping to protons. This
should permit increasing the booster intensity until
the space charge limit is reached without seriously
increasing the beam emittance.

Negative ions will be direct extracted from a
suitable ion source and accelerated to 750 kV
through the preaccelerator column :md to 200 MeV by
the linac for injection into the booster.

Ion Source

Work on an ion source of the magnetron design
has been underway for about six months. The origi-
nal source was obtained from the neutral beam group
at Brookhaven National Laboratory. Recent operation
has begun on a similar source with modificaliuns
which make it more suitable to our repetition rate,
pulse length and vacuum requirements (Fig. 1/.

Although these sources are being developed
elsewhere for neutral beam injector use and all
previous work has been wit.h pulse lengths of sever-
al milliseconds pulsed once every several seconds
there was no difficulty operating the source with a
pulse length of 100 :;s .it srver.il Hertz. Indt-ed,
it seems to operate more reliably in this mode than
for long infrequent pulses.

ANODE ,

THERMAL INSULATOR

... . MAGNET
POLE

— MAGNET
SHIELD

- ANODE.
COVER

EXTRACTION
ELECTRODE

H 2 _
INLET

-PULSED VALVE.

SOURCE BODY

ELECTRICAL
INSULATOR

FNAL MAGNETRON NEGATIVE ION SOURCE

Fig. 1

*Operated by Universities Research Association Inc.
under contract with the Energy Research and
Development Administration.
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Due to overheating of the cathode the first
source would not operate at 15 Hz which is necessary
Co accoanodace Injection into the booster. The new
source was designed to place the insulators In
close contact with the anode and ends of the cath-
ode.

This latest source operates at 15 Hz with a
pulse length of 90 pa and produces a negative ion
beam of 100 mA or more with 20-30 kV extraction
voltage. The anode aperture is 1 mm x 1 cm. The

arc current is 100-200 A<~20-40 A/cm of cathode)
at approximately 300 V. Figure 2 shows 110 mA
negative ion output observed on a Faraday collector
8 cm fiom the source. Extraction voltage is 20 kV.

The source is made from Molybdenum with a
hollow cathode containing cesium bichromate and
titanium pellets. In normal operation the cathode
temperature is 400-600"C and cesium evolves from
holes in the cathode.

To take advantage of pulsed gas operation our
latest source was designed with minimum internal
volume and maximum conductance from the valve to
the source. Presently the total source volume is
1.4 cc. This was achieved by removing the outlet
stem of the Veeco valve and mounting the valve as
near the source as practical and by filling all
non-essential source regions with solid material.

The anode aperture has a conductance of

1.2 1/s so the source empties with a time constant
of ~1.2 ras and so empties completely between pulses
at 15 Hz operation. Since the valve is open for a
negligible time during a cycle the gas consumption
is q = PV. The pressure In the magnetron source
has been measured under static gas conditions to be
1.3 Torr giving a gas flow of 0.027 Tl/s for 15 Hz
operation. Throughputs obtained by measuring the
inlet gas flow and the ion pump speed and pressure
give 0.037 and 0.03 Tl/s respectively for the source
operating under pulsed condition.

Extracted Beam

Extraction seems best accomplished by a set
of plate electrodes forming a slit parallel to the
source aperture and 2-3 mm away. An extraction
voltage of 20 kV is used. Electrons extracted from
the source are immediately bent out of the ion beam
by the transverse magnetic field and spiral back
onto the source. The electrons present little
problem. The major difficulty is the high current

2

density (-1 A/cm*") ion beam. For a beam of 100 mA
at 20 kV extraction the divergence reaches ±250 mr
within a few centimeters from the source due to
space charge and defocusing at the extractor. Work
on an extraction system to increase the beam energy
and provide focusing is underway. No suitable
measurement of the emittance and ion components has
been obtained.

110 mA Negative Ion Current

Fig. 2

Gas Consumption

This source is to operate at the high voltage
end of our new 750 kV column which is pumped by a
2400 1/s ion pump at the ground end. It is there-
fore desirable to reduce the gas consumption by
minimizing the internal volume of the source and
pulsing the gas.

A Veeco PV-10 piezoelectric valve is used as
the gas pulser. This valve is intended as a con-
tinuous gas flow control valve but is being used as
a pulsed valve with great success. The valve oper-
ates with a 200 Us, 75 V square pulse at 5-15 Hz.
Early optical Investigations showed that the valve
could open In 100-200 us and close as fast with
only a slight bounce. In operation the throughput
can be adjusted by either widening the pulse or
changing the amplitude; however using a fixed
amplitude that completely or nearly completely opens
Che valve and adjusting the pulse width gives more
"table operation. Two such valves are in use. One
has 500-1000 hours of pulsed operation and the
other 100-200 hours without failure.

Booster Injection

Injection is to be done in the normal booster
injection straight section which will be reworked
to handle single or mult^turn-proton or negative-
ion injection. During H injection the closed orbit
will be displaced outward by a set of bump magnets
so as to pass through the stripper. The H beam
will be injected onto the displaced closed orbit
and converted to protons as it passes through the
stripper. After injection the orbit will be re-
turned to the normal position so the coasting beam
will no longer hit the stripper (Fig. 3 ) .

XUkUftTKATtOM OP • 0 0 * T M M~ tHJCCTfON

Fig. 3
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To achieve the design intensity of 5x10
protons per pulse at the efficiencies with which the
booster and main ring presently operate requires in-
jecting 30 mA of H Ions for 58 ps (20 booster
turns).

Initially light metal and organic foils are
being considered for the stripper. Assumptions of
an organic foil which is basically carbon, gives

3 4
charge-changing cross sections * extrapolated
linearly to 200 MeV and linearly with atomic number
of:

o_10 = 6.6x10
-19

u01
2.0x10'19 cm1

Organic foils of 300 yg/cra will give 90% stripping
efficiency.

Experience at Argonne with organic foils in-

atdicate a foil lifetime of -10 partlcles/cm

50 MeVS'6. The lifetime should be similar at 200
MeV since dE/dx decreases while the thickness in-
creases proportionally and has been confirmed in
preliminary test at Fermilab. Using this figure
gives a foil lifetime of seven hours so that a
multiple foil holder and changer will be necessary.

discussions and support regarding the stripping
foil.
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The matched injected beam with an emittance of
lTr cm-mrad has a horizontal size of 1.56 cm and
half-angle of 1.28 mrad (S,,= 6.12 meters) and ver-H
tical size of 2.86 cm and half-angle of 0.70 mrad
(6v= 20.47 meters). The addition in quadrature of

multiple scattering in the foil of 0.1 mrad per
passage increases the horizontal emittance by 67.
and the vertical by 22% which is within the booster
acceptance of 3.Off and 1,5TT cm-mrad horizontally and
vertically.

In the absence of space charge limitations
pulses of larger intensity or longer times could be
injected into the booster permitting even higher
intensities.

Conclusion

Charge exchange injection into the booster
appears to be a promising way of increasing the beam
intensity of the booster and main accelerator. A
program is well underway to obtain a suitable ion
source. Construction for a new negative preaccel-
erator enclosure for injecting H ions into the
linac has begun and plans for charge-exchange in-
jection into the booster have started.
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PRELIMINARY DESIGN STUDY OF A 60 MeV CW ELECTRON ACCELERATOR USING A CONVENTIONAL STANDING WAVE L1NAC

S.O. Schriber
Atomic Energy of Canada Limited

Physics Division, Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0

A preliminary design of an accelerating
system which could produce up to 1 mA of 60 MeV
electrons with 100% duty cycle has been studied. The
preferred arrangement is a racetrack microtron con-
figuration with an electron energy gain of approxi-
mately 10 MeV per pass. The accelerating structure
consists of a conventional 2.4 GHz room temperature
electron linac operating in the n/2 standing wave
mode driven by a single 400 kW cw klystron.

Characteristics of the system including the
accelerating structure, associated components and
calculated performance are described and cost esti-
mates given.

Introduction

±00% duty cycle electron accelerators with
currents up to 100 \iA9 with energy variability from
10 MeV to 100 MeV and with energy resolutions of
-3 -4

10 at 100 pA and 10 at 1 pA are ideally suited

for photonuclear physics experiments. Currents up to

1 mA with 10 energy resolution would be useful for

some experiments .
This paper describes a preliminary design

of a racetrack microtron using a room temperature
S-band standing wave linac that would meet these
requirements. A racetrack microtron with 10 MeV
energy gain per pass was preferred for this applica-
tion because it was found to be more economical In

space and costs than a single pass or double pass

Electron accelerators with 100% duty cycle

beams have been proposed for photonuclear research.

One of these accelerators, a racetrack microtron
employing a superconducting accelerating structure,

8 9
has been in operation at the University of Illinois *
for several years. The microtron described in this
paper is attractive in comparison because

a) larger average beam currents can be
accelerated with a racetrack microtron using
a room temperature linac than with one using

a superconducting linac

b) liquid helium cooling systems are not
required.

The 60 MeV racetrack microtron could be up-
graded at a later stage to 120 MeV by doubling the
number of orbits and increasing the size of the
magnets.

-3

Design Concept

Figure 1 shows the 60 MeV racetrack
microtron conceptual layout. Electrons from the
0.3 MeV electron gun are chopped, bunched and in-
jected into the 4.4 m accelerating structure which
operates in the n/2 mode at 2.388 GHz. The bunch
phase length is less than 6° to satisfy microtron
stable phase condIt ions, to reduce beam spilI and

activation and to achieve energy resolutions of 10
-4

To achieve energy resolutions of 10 the bunch
phase is reduced to 3°. The energy gain per orbit
is 10 MeV and the cw rf power required to establish
a 2.3 MeV/m average accelerating gradient is 400 kW
supplied by a tuneable 5 KM1000SG (X-3O7O) Varian
klystron. Pole tip dimensions for each 180° bending
magnet are 0.5 m by 0.25 m. Approximately 40,000
ampere turns are required to establish maximum 0.84
T pole gap magnetic fields. Beam paths for the

v = 2, 4 and 6 modes are shown in Fig. 1 for thu
maximum gap field. Energy is varied from 60 to 5
MeV by changing rf power, magnet separation, magnetic
field and mode number in such a manner that the
parameters always satisfy nucrotron resonance con-
ditions. In the v = 2 if <de the energy range is
60-30 MeV, v = 4 is 30-15 MeV and y = 6 is 20-10 MeV.
Lower energies (10-5 MeV) are obtained using a single
pass through the linac.

The design is based on a first orbit separa-
tion of 80 mm (v = 2 mode) so that the electron beam
clears the accelerating structure (58.4 mm radius)
on its return path without complex deflection schemes.
Such schemes would be required for the v = 1 mode,
in addition to 1.68 T magnetic fields which are
expensive to attain with room temperature magnets.
Axial and radial beam focussing are provided by

12
sectored magnets suggested by Roberts , and verified

experimentally by Froelich and Brannen or by
magnetic elements for each orbit.

The beam diameter from the injector is less
than 3 mm to simplify beam handling. An injection
energy of 0.3 MeV was chosen based on a compromise
between the size of the gun with its high voltage
supply and injection beam transport problems. A
small injection angle is used to minimize deflections
of the orbiting beams which pass through the injection
magnet.

The standing wave F/2 mode on-axis coupled

structure consists of 71 accelerating cavities and
70 coupling cavities (Fig. 2). Assembly and brazing
of the structure is not difficult since all components

are coaxial. Two mechanical joints may be required
because of brazing furnace length limitations. Pulsed

S-band rf measurements * with on-axis coupled
accelerating structures have shown that multipaccoring
and arcing do not occur at the proposed 2.3 MeV/m
average accelerating gradient. With a 5% intercavity
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coupling and the rf drive in the central cavity, rf
fields from adjacent modes contribute less than 2%
of the n/2 mode fields for this 4.4 ra structure.

Beam break-up effects associated with
propagation of TM -like modes are negligible

because coupling slots between accelerating and
coupling cavities are oriented 90° with respect to
each other to minimize coupling of non-axially
symmetric modes.

The accelerating structure absorbs 340 kW

of rf power at maximum accelerating gradient, i.e.

4.8 kW in each cavity. Cooling is provided at the

circumference of the struerur-1 and by two cooling

channels near the drift tube region (set; Fig- 2).

Numerical mesh temperature calculations (which agree

with experimental measurements on 0.8 GHz- struc-

tures ) give a ].15°C temperature rise from the

drift Lube nose to the outer surface with cool ing

(20W/cm 1 only on the outer surf ant*. The two
add itional channel s will reduce the* temperature
difference to 70°C. For this temperature difference
ttie yJ2 mode resonant frequency is lowered by "- 10
MH;:, hence a tuneable klystron is needed. A 1 .6 m
on-ax is coupled accelerating structure has been
opera ted at CRNL at 100°C arabient temperature wi th
pulsed S-band rf fields corresponding to an average
accelerating gradient of 8 MeV/m. All cw parameters

far the proposed structure were exceeded in these
2

tests except: for the 20 W/cm cooling and tin1 70aC
temperature differential.

Since 1.6 mm separates the vacuum from the
high ve!ocity water channel, an experimenta1 check
uf copper erosion in a test cavity is being carried
out. Water has been flowing through two 3.2 mm
diameter 100 mm long bore holes continuously for
20 months with a 100 kPa pressure drop. No serious
erosion problems have been noted t<j date.

The 400 kW cw klystron has a gain of 55 dB
and requires; a 1.3 W drive from a stnbte tuneable
osc iI lator. Waveguide components such as a cir-
cuj.ator to isolate the accelerating structure from
the klystron may require some development '• •• ond
current practice. Waveguide between thi.- ; .^l.erator
and klystron requires cooling. Maximum beam loading
is small so there should be no control problems
associated with changes in match of the accelerating
structure or with beam induced phase shifts as beam
pc-jer changes.

Beam Dynamics

Calculations show that no energy degrada-
tionj beam blow-up or reduced current transmission
should be encountered with the six orbit 1 mA
current.

The time required for a 60 MeV v = 2 mode
beam to complete six orbits is 0.2 us, approximately
500 rf cycles. Therefore a largo number of beam
bunches arc in the microtron at any instant of time,
making the stored beam energy appreciable.

Kosarev has demonstrated that a microtron becomes
unstable when the stored be:am energy equals two
thirds of the accelerating structure stored energy.
The current limit is 45 mA for the proposed 60 MeV

racetrack microtron, well above maximum design
current.

1 Q

KapiLza and Vainshtein estimated the
current limit related to retardation forces on <m
electron bunch in a magnetic field. The retarding
force can shift the bunch phase by an amount suffi-
cient that rr.icrotron resonance ecwditirms are no
longer satisfied when the charge in the bunch
exceeds some value; in this case several amperes.

Beam blow-up associated with the interaction
of a charged beam with transverse modes of a standing

wave 1inac has been di scussed by Gluckstern " '
This type of Mow-up is minimized by arranging
intercavity coupling t" prevent propagation of the
TM -1 ike mode. The estimated blow-up current for

this structure is several arapere.s. For a standard
side-coupled structure, the threshold for beam
blow-up would be 2.5 mA, close to design current.

Detailed beam dynamics calculations have

not been performed for this design. However, cal-

culations for a 0.1% duty cycle eight-orbit 25 MeV

racetrack microtron using a room temperature }inac

indicate that no problems should be encountered.

Costs in 1975 dollars for this room tempera-

ture microtron system and one us ing a supercon-

ducting accelerator are given in Tab1e 1. The

capital I'osts are similar hut the nmm-tempera turt

system would have higher electrical operating costs

associated with the 400 kW r: system (estimated at

580,000/year'1) . Other operating costs associated
with cooling, machine operation, maintenance and
e 1 i_ctric.il power for components other than the r 1
system should be similar for the rwo types of
systems. The main components of the rf system for
the room temperature linac arc the cw klystron -
$125,000, electromagnet - 512,000, oil reservoir -
$20,000, power supply - $150,000 and miscellaneous
rf components - $ 13,000. The main components of
the superconducting accelerating structure are
niobium - $35,000, cryostat - $60,000, and an
accelerating structure with rf accessories, cryogenic
valves and associated electroru: assembly - $225,000.
The helium system cons ists of a 1iquef ier and
purifier - $85,000, a heat exchanger with pumps and
controls - $102,000 and recovery, storage and trans-
fer lines - $43,000.

A conceptual design of a racetrack microtron
using a room temperature linac lias shown that its
costs are similar to those of a microtron using a
superconducting 1inac. The room temperature 1inac
can be made with only one accelerating structure
which simplifies rf control. Energy variability
from 5 MeV to 60 MeV with output currents up to
1 mA should be achieved without beam instabilities
or accelerating structure breakdowns. There seems
no reason why the 60 MeV system described could not

At 16 hours/day, 250 days/year for electricity at
$0.02/kWb.
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be extended to 120 MeV for the small extra cost
associated tflth a larger magnet and more beam paths.

Operating costs for the two systems should
be similar except for higher electrical power costs
of the rf system for the room temperature linac.
The microtron based on a room temperature linac has
two advantages from an operational point of view.
When the system is not operated it can be completely
shutdown without the need for maintaining the helium
system and any beam spill in the accelerating
structure will not lead to a reduction in operating
duty cycle.
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Table 1

Component Costs of a Racetrack Microtron

Injector

Bunching, chopping

Accelerating structure

Focus, steering

Rf system

Helium system

Pair of 180° magnets

Shielding

Building to house
accelerator and
subsystems

Room Temperature
Accelerating Structure

$55,000

$10,000

$100,000

$10,000

$320,000

$100,000

$150,000

$220,000

Superconducting
Accelerating Structure-

$55,000

$10,000

$320,000

$10,000

$115,000

$230,000

$100,000

$150,000

$220,000

$965,000 $1,210,000
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4.Mm ACCELERATING STRUCTURE

INJECTION
MAGNET

FOCUSSING
STEERING

CHOPPER
BUNCHER

rf

SOURCE

Fig. 1 Schematic arrangement of 60 MeV racetrack
microtron showing the orbits of thi>
different modes; v = 2 , y = 4 - - - ,
v = 6 .

"•.tin ACCELERATING STRUCTURE
i I

DRIVE

«**

MECHJNIC4L JOINTS

35'

„ 31 39mm _
'? ?<mm

- r- 1 98 mm

3 4Bmm. J

1.21mm

Fig. 2 Dn-axis coupled accelerating structure
showing cavity profile.
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QUADRUPOLE FIELD ABERRATIONS:
A SOURCE OF EMITTANCE GROWTH AT LAMPF*1

J. Stovall and K. Crandall
Los Alamos Scientific Laboratory

of the University of California, Los Alamos, NM 87545, USA.

Nonlinearities in the field of magnetic quadrupoles
are known to affect the beam quality in any transport system.
The numerical models used for calculating the beam dynamics
in both the drift tube and side coupled portions of the LAMPF
linac have been modified to include the effects of multipc-le
aberrations. Using values of multipole components measured
for representative magnets, numerical calculations have been
carried out to study their effect on beam quality. When
misalignments are included, the simulations show an asymmetric
emittance growth In both portions of the linac.

Work supported by U.S. Energy Research and Development
Administration.
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