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SOME PROBIEMS IN PLANNING FOR
FUTURE HIGH ENERCY PROTON ACCELERATORS
David L. Judd

lawrence Radiation laboratory
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Janwary 29, 1960
I. Introduction

The purpose of this session on accelerators is, at least in part,
T believe, to bring to this audience some portion of the subject matier
of the first sessions of the international conference on high energy
accelerators érx}. instrumentation conducted et the CERN lsboratories in
Geneva in September of last year. I was agked to present 4o that
conference some of the points which had been brought out in & series of
informal meetings of & group of physicists at the lawrence Radiation
laborstory at Berkeley about a year ago, and in & more intensive, one-week
study by & group of visiting workers from several lasboratories, orgamnized
last June by the Midwest Universities Research Associlation (MURA) at
Madison. This lstter study followed an exploration of feasible types
of new accelerators conducted by other visitors at MURA during the
preee;iim; veeck., My task at Ceneva was therefore that of a theorist,
who hag long been interested in accelerators, to report and to susmarize
the views of these groups of physicist;s' whose knowledge of high energy
experimental regearch was in many cases more intimate than my own.
Today I will try to play thet role again, at least to the extent of giving
you some idea of the topics debated by these groups. However, I also
want to emphasize that these pi*oblems deserve a great deal more serlous
study and hard work than they have yet received, and that the work of
which I know to date merely points out some of the factors which must
be weighed and considered, in the rapidly changing light of experience



-2—

in high energy research, in ordér t0 reach fifmer conclugions om which

to base futwre plamning. In other words, i belisve that moct such
discussions have raised more questione than they have énswereﬁ, including
the one you are about to hear.

By confining my remarks to proton eccelerators I do not imply a
conviction that new electron machines would be of littlie use. Instead,
their uses are complementary, and in addition a practical eneyrgy limit
for circular electron accelerator energy scems to be approached by the
Cambridge elegectron accelerator, while the linear traveling wave type demands
a specialized technology and the recommended designs seem to chenge very
little from yosr 40 year. This last fect is in warked contrast to the
situation with proton machines, where the variety of possible approaches
is much richer., It i8 generally known, and was well documented at the
CERN conference, that ample inventiveress has been applied throughout
the world %0 produce a wholé generation of new accelerator concepts and
techniques, 50 that many of the limitationz on present research msy be
cased oxr removed by future machines. These limitations include particle
energies, besm currents, &uty.cﬁeléé,fxeg?tition rates, and other factors
affecting experimental utility. Iﬁgéé obﬁeous that a contimuing sesych for
new concepts and techniques should bé encovraged. As an example, the
suggestions about plasma snd cohorent acceleration techniques put forwvard
by Veksler, Budker, and other Soviet physicists at Geneva in 1956 have'at
the very least led to the consideration of some interesting problems in
relativistic plasma physics about which we shall hear from Dr. Rogers

later in this session.

No oxe, I believe, would defend the view that existing machines
plus those under construction will suffice to give us all needed information
about the atructure of matter. Even'if this were so, the present rate of
progress in making measurements leaves nuch to be desired, as iz vell
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et extsting mechines, the long Tune re@ired for wany tesks, the rether
g that com be conduobed oeeh yeayw,
and the great mase of unknown facts that we are &l eager %o learn. But

small mnber of definitive expariment

the problems of plasming are not meyely those of reconedling swvailable
gress in carrying out o roferately

C

financial support with the rpte of pr
al objectives that can be set up as being

of present interest. The real complexity of the task de gmmbly clear
to everyona, bt perhans T omey be excused for emuperating gome of these
a1£eicultics,

Bot too mmuy years agp 4t wes possible for ench inmovetor, and
those associoted with him, to cimply convert bis comcepts into hardware
and proceed to ito experimental wtilization, However, wve have repidly
progresest %0 @ stage ot which determining the femsibility, design, end
cost of @ melor accelerator are mejor efforts in thamselves, measpmed
in millions of dolisrs and hundreds of ran yeurs of effort by bighly
skilled peopic. A domipunt factor is that the oosts are 50 great as
to require difficuit decicions of netional and oven ilntersetional policy.
Becsuse of the lomg lsad~time of six %0 ten yeays required %o justify,
finsnce, design, and construct a big medhine, eaeh proposal impliee or
should imply the oxpression of & m?&ly congidered conclusion &g 4o

the nature of bigh energy physics regearch in the relstively long

foture, Theve io much diversidty of opindon among physicists on thees
matiers, somm of which is healthy end in fact inovitable in trying o
pradict the futurs. It is aleo matural that these opinions should reflect
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not only the teciniceal juigments ipwlved twt aleo peresonal gpteaicows
famn, historical factore, regionel desives,; internations)
coupetition, ond other mutters whilch caxmot be excluded from concideration

and consery

without eltering husen natwre. As 4n many bumon affairs ve ere limited
by our inability to ses very fay boyond
aEe, by tha difficully of extrepolating a function

the eade of our nones, or, In

roperties into & now domain. In such an extrepolation
the properties of the last known "points” eswune speciael signilicance,

cmenher that the overall behavior of the fumction, as
indicated by loez recont past experience, may be very misleading. 1%
t %o moaure that all availsble recemt informetion

smmwmg%wmmm mzmmmmmwwmmibm
accelerators of the futare will ??.em mexlans

uvnderstunding for the imvestment involved. Many new imig:m@ are -
crrently belng won in the most afvanced existing resesreh work in this

rield. |
I will firet mention some of the factors affecting the desivability

of ultra-high laboratory emerzies. I will not inelude colliding beam
rungemontes almed at achieving high enexgles in the center of mass

sirce these will be discussed in the following paper by Prof. O'Heill.
About theree yanrs ago come thought vas given at Berkelsy to the
problens of constructing an alternating gredient synchvotvon in the
anergy ronge of one hupdred to two hundred tdllion electyon volis.
Horkers in other laboratories have alse considered this question. Qur



*e

tentative conclusdon &% that time was that the task was fousible Wt
maém&mmmmw‘mmwe, émm%%wmmm
o comtorplate ouch & lawge project in the ahgemce of date from machilres
in ths 25 %0 0 billlon volt rumge. Our tentative estlimates were based
trapolation of the Brookhaven and CERN designs.
During the firet vesk of the study session at Madison that I mentiosed
earifer, another look was taken 6t thia mechine deeign problem by
Prof. Saxds of the California Institute of Tecimology. He .made oo
mmerical astimten sbout & nove radioa) desigzn gconsisting of two tangent
rings, the mmaller sscelsrating podons @ 10 wdllion vilts, vhich one
His work otimieted some of those present during the following week of
to examine the wiility of ultra-high

study on uses of now machines
encrgios.,

Byperirvntc in thic energy mange Sppesr o involve sopewh
heroic measures. It was pointed out thet one might mpasure the
curvetures of particles baving energles below 15?3 billion volts in a
largs ubble chewber or in two chesbers sopersted by e bemding magnet;
the displacement would be epout & millimeter in travers
ten kilosgpues fizld, apf the sngular dieplecement
¥or roascauble precision one would hawe o somouee Mbbleo positions o
about 1077 om, relstive to the bulibles of witre-bigh enevgy tracks
in e soee frwwe 0 minlwize distorticn. The enovgles of ssoondary
particlss having welocities compuyedble o that of the conter of mags
{r ~ 12) are eesier %0 measwre. Time of fiipht idemtificstion or

s R
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soparation would reqdre distances of ceveral webters even for such
particles, sewming optomistically that differences of 10 seconfs
couldd be measured. Dome hope ves expressed that higher enoepy particles
might be ideutified by thair charasteristic inbexsmcbions.

' ote were suggested: (1) o seareh for

new particlies, (2) o statisticel otwdy of known particles, amd (3) an

. examinatlon of correlstions among secondary particlss in varfous
jnteractionn. During dleongsions at the (EFN conferenos It was brought
oud that the me ray data 8t sround mm eloctrom volts lndicates an
elasticity, or failure 4o produce smcomdsries, of grester than 50%, e
tandency toward relutively mmell tramverse moments, end @ bendency
for forverd and hmckward pesking of secontsries in the centar of maes,
but that nome of ther details - ave established beyond dsbete, baceuse

of poor statistics. If one regavde the nmuclomns as oores plue clouds
around thom, then wosd cosmic ray events soon thwus far sny b clowdecloud
or c¢lould~core cnllisions, while the more luteresting core-more osllisions
may be pooyly rapresented., It is thewefore m o conclude vhethsr or
not the cosmie ray date should be taken to mean thet there L& no speeific
justificntion, eside from the noed for better statistics, for nocelerator

work st these energies. Tho umcertalnty is iike that of o man asked %o

satinmte his scamming efficiency for pleking out beld headed men frop &
crowd without being to)d whether they ore wearing hats!

To conclude the cummry of the MEA stuly oo this toplo, it was
pointed out thet e single ultra-high evergy aceelepstor would have gome
sfventeges over colliding besms, including higher isteraction dsngities,
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lower backgrounds, and better secondary beams, but also some disadvanteges
including a8 poorer duty cycle and difficulties of identification, It was
aclmovledged that 1t would be more expensive than adding s colliding beam
capability to a single beam machine. me all of this I conclude that

this i:s the wrong time to seriously consider ultra«high energy machines,
especially since new informetion at 25 billion volts will soon be available.

Factors Affecting the Utility of Higher Currents

: will now turn to an examination of some considerations affecting
the ﬂtility of higher currents. The Berkeley group addressed itself
primarily to the guestion of studyiﬁg the need for higher proton currents |
in the energy range 10 to 25 billion V’Ol‘t(;, and the largest effort of
the visitors at Madison during the -éecoz'xi week vas also devoted to this
guestion, although & mmber of other problems were also given attention
there. On this topic similar discussions were held by both groups, and
I will not try to separate the origins in swmarizing the points that
were made. High currents in this energy renge could be produced by high
repetition rate synchrotrons, by varicus types of FFAG machines, or by
linear accelerators.

It is becoming clear to many high energy physicists, both
theoretical and experimental, that for & long time to come there will
be a need for much more detailed data on the interactions of the known
strangs particles. According tc our preseunt theoretical understanding
the interactions between any pair of the more than twenty sirongly
coupled particles are, in principle, of equal interest. In a more
general way, many theorists feel that the masses of the particles are
scmem{f a result of their interactions, and that we should not expect
to undersm the masses and the interactions separately. The dispersgion-
theoretic approach to these problems is meeting with increasing success
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and acceptance; more precise experimental information theu hes been needed
heretofore, and over wider energy ranges, will be required to exploit this
approach. This point of view emphasizes the importance of trying to apply
the suggestion of Chew and lovw for conducting experiments in which particles
other then micleons may be regarded es virtually present in nucleon targets;
it 18 clear from thé start that this type of experiment will reguire

higheff intensiticas than are presently available.

“ The energy range up to, say, 12 or 15 Bev ma.y be gingled out as
including, with a reasonable margin, the production thresholds of all the
known strange particles. There is a great deal %o be done in this energy
range, mich of which can be accomplished in beams of from % to 300
willinmlcroamperes average current; these figures bracket the best present
and anticipated future performnceé of exipting proton machines and those
under construction. (For orientation, the Cosmotron and Bevaf.mn now
operate at about 2 and 6 millimicroamperes, respectively; the Argomnne
machine would produce 40 millimicroamperes at 1012 particles per pulse,
and the Princeton-Pennsylvania eccelerator would produce 300 millimicroamperes
with mn particles per pulse at the high repetition rate of about 20 pulses
per second. This letter current may be approached at Argonne, and also at
Berkeley after modernizing the Bevatron injection system. In contrast, the
big alternsting gradient machinee at Brookhaven and Geneva will probably
not exceed & few millimicroamperes; the present performance at CERN is
one-half a millimicroampere.) The work to be done includes nucleonenucleon,
pionenucleon, Ke-nucleon, antinucleon-mucleon, and perhaps some hyperone
nucleon scattering, as well as the determination of production cross sections
for varicus particles as functions of angle and energy. [ILack of this

latter information is perhaps the greatest handicap in planning for
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desirable secondary beams from future machines, and it is greatly to be
hoped that some of 1t will be obtained early in the operation of the CERN
and Brookhaven AGS machines.] The total and elastic differentisl cross
sections just mentionsd are easier to measure than the polarimtibns s
wvhieh mgy therefore require higher currents, together with messurements

on antihyperons as well as a number of processes involving virtual targets |
as pi-eposed by Chew and low. It iz possible to enmumerate many other types
of experiments which also reqguire higher intensitiea. An intense bheasm of
antiprotons would be valuable for the study of antihyperons, since the
cross section for making them in this way is probably ebout J.O& greater
than by the use of plon or proton beams. Static properties of various
baryons, such as the anomalous magnetic moments of antinucleons and hypercns,
could be measured. Many processes involving weak mtemctiom , such as
‘decay processes imvolving small brenching ratios, require high intensities.
An interesting example is the poasibility of messuring neutrino seattering,
about whieh Professor T. D. lce wili speak in this room tomorrov morning.
High energy rucn beams, which coulé. be obtained by paszing a pilon beam
through several muclear mean fyee paths of absorber, would have some
interesting applications if they weve quite intense. This enumeration

is intended to be suggestive but not exhaustive, Higher currents bave
other obvious advantages. One could tolerate the greater attenuvations
inherent in better purification by beam separators. It 1s already

known that through beam sharing end multiple target operation more can

be done than if the full current on & single target is required for

every experiment., It seems safe to conclude from 8l t?:wseb remarks that

there 43 a definite need for intensities at least es high as the
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0.3 microampere I have mentioned above , vwhich corresponds to wvhet may
be poesible at the Argonne and Berkeley machines (after modernizing
the injection system at the Bevatron) and for even much higher currents
if we can learn how to cope with the many problems such higher currents
will create by the time they could be produced,

Thegce problems are by no means inconseguential., Among them
is the shielding problem. People tend to think of this as merely a
matter of how many tens of feet of earth or concrete must be used in
conatricting & house or tumnel in vhich the mechine can be imprisonesd.
I recently came upon & calculation made at the Argomne Laboratory which
»111ustrates the complexity of the shielding problem. There the 1_1nac
injector beam will be intraduced into the asccelerator enclosure through
& pipe whose srea is four square inches, which passes through a 25 foot
801id concrete wall, emerging about 15 feet from 8 possible target site in
the big machine. To estimate the neutron Ilux produced at such a
target coming back through this hole it was assumed that one percent
of the 1013 particles per pulse would interact in this target, each
pmdueing % neutrons of which half are isotropic. The lpipe's solid
angle then admits 3.5 x 105 neutrone per pulse. Continuing from the
accelerstor backwards along the linac to the control room wall 160
feet further away one finds 800 neutrons per square centimeter per pulse.
Twenty inches of concrete at this point will stop half of these; by

assuming that three feet of steel and ong foot of copper of the main



- u—

magnet shield the source of neutrons; the resulting estimated £lux in
the control room is reduced to one third of the tolerable flux. However,
if the linac pipe happens to point at 8 strailght section there would be
a seriocus problem. 2ig~zag tunnels earrying pover and control viring
cause similey difficulties, and it must be remembered that this machine
is sasumed to produce one third of a microempere ratber than the ten
micmaﬁperes or more of which an FFAG machine is thought to be eapable!

Another problem associated with operation at higher intensities
is that of heat dissipation in targets. A ten microampere beam will
lose sbout two kilowatts in traversing & muclear mean free path. Targets
used for the production of secondary beams must be very emall in order
to make possible the design of separating systems at these high momenta;
this héat lcss mey be approaching & practical limit even for thin,
refractory targets. An even more serious matter is the pmmétion of
machine, and especially such sensitive substances as coil insulation,
from radiation damage due to lost or eca%ere&. beam., These and many
other questioné are bound to plague thoge who try to make plans for very
high cuwrrent machines.

My own conclugion is that inadeguate study hes been given as yet
to & proper determination of feasible intensities, considering the
system as & wvhole including experimental meeds, technical difficulties,
beamn handling equipment, coéts s &nd detection and anaiyzing; gpparatus,

I have not touched on these last items as yet, and I do not feel myself
%o be at all expert in such. prognostications. It seems clear, from
the mmber of large bubble chambers being planned for use at such

laboratories as Argonne, Brookhaven, CERN, Harwell, and in the Soviet
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Union, that these instruments will be dominant in high energy physics
for & mumber of years. They have certainly played an important role
in the thinking of the study groups I have mentioned. It is mich harder
to predict to what extent other techniques will find genersl use,
perticularly in a2 period about ten years from now, As & sideline
obgerver of luminescent chember developments I have not yet unﬂersﬁood
how it is hoped to handle data of s complexity similar to that from
bubble chambers which may be delivered, in principle, et microsecond
intervals, and yet the existing state of data handling in high energy
physics might have been regarded as fantastic only a decade ego. (Some
of you who beard Dr. Bradner this mornipg may perhaps feel that it is
fantastic now) At the very lesst one can say that the capacity to
handle experinental data is intimately reiated—to the intensity question.
I must reiterate that the question of intensities required for colliding
beams has not been considered here. It iz well known that presently
discussed flgures involve extrapolations beyond existing currents by
a factor of a thousand. The proper way to prudently approach this
impressive figure is e separate prohlem,

It is very difficult to predict the relative future importance
of extending such méasurements as have been discussed into the 25 billion
volt region ea compared with the importance of ﬁev, more interesting

reactions that may occur at these higher energies. In any event the
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srguents for hish intensdty will also apply there. In ome yospeot the
. cituskion mey be woree. It has been polnted out that the cross section
for aqy yaschion yrocesiing mxxm & popdictlar angalsr scoentsn stete
is proportionnl, emong cther thinge, to the sguare of %he canter of mase
delrogiie wavalengtis Widch is luverasly propovticnal 0 tho lsbowntory
energy for relativistic bems, Sems of the PFOSUTLON GYOLS

mymw%%mmat%—mv&smmamum@inm
pezs to prevent the dssign of useblo soparoiad soconfary besms Trom the
nav AS mechines. One night fpel 1t wise $o walt and see what 1ife 1s

rrdmenhal work. I6 46 mot a difficult tedk for exporiowcod eperimental
N rongement of beoms, Wt somelerstor designere
may have o d3PPicult tlme mesting all swch specificnitions
pome of them will probebly turm cut @0 W wrong. On thds subject, and in
now to them i what I bave t0 zepord, but perhepe others

et up a5 an intemral part of the accalerabor, Wx’mﬁ&ﬁmx
extonedve shiclding and the seperators, fossing and anelysing wegnots
thet will be required. It way be fogporbtent W bring out seoondory
particlos of both signs ot mmill engles to the primary beam; considevebie
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Sying phencwens a8 8 Danction of energy will accrue 1f
this oan be done ip a Cleld-freo region. Diloposal of wmwanted
particles dowmstyesn from thelyr forgets mugt be given owrefd ettentiom.

SeCOREsYy

It e vital %0 intorcopt the fUll bosn on a turgetd of very amwll size.
in thisg way by exploibing mltiple

High Yuminositice may be obtained
Yraversals of the targets, partloulserly in mmohioss with large ronentun

given enargy loss. This high hamivosity from mall targetes facilitates

 %he sepexetion of particles with the seme mowentum but diffsvent mass.
Many phyelcists who have not been foliowing developments at the large
scealarators might be ewyprissd at the lovel of sophilstlestion already
achieved in W degign ond vse of sepsvators sofl, wore peneraily, of
bean hasfling dovices, ﬁ&ﬂawbjectmdimawﬁthismﬁmby.

fooference wodeh bave reeoutly beesn publiched. ILayge monbers of beams
have baan et wp ot the Bowatron end Coomotvon for variouws speeisl

papones, and plans for o varlety of beaws gt esch of the major

mnderef oot or more.

tens of mogiuatis, end flight paths of wp 0 o
or are in use
L privary beanms ave being plamed,for many of these

acesleretors. They aré inferior as sources of separated secondary
boens but will heve dofindte advanbages for ceriain aexperimevba., e
avelilability of lurge s0lid aagles and the full eangplay renge ie vitel
in studying primery interactions. Isck of intorference with the machine

and the possibility of stringing out soversal e
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flaxibility. Some r.f. bunching cchemss bocome simpler in exbernal
beams, Abwolute mrasmbomests

1tved partidies way be wore accessible for study. It is desireble thet
guch bewns stould be varicble fn energy end ehould have high optical
griity. They mst also be highly steble in position from pulse to pulse.
Smeﬁﬁmemﬁﬁmﬁmmwmm%m& It bos been noted
thet long stanight esctions of 15 %0 % fect may serve as effsctive

subgtitutes for an exiormnl beeow in some situstdons,

portence of flextbility of bewn Guty ayeles heg been
euphasized, sinoe the noede of hubble chambers aud of electromic
detectors are Giffevent; even within each clsgs theve 1s & need for
flenibility since cousrter contyol of chanbere and time of flight vork
with elestronic equipment ney impace 8 ) |
8% first oight that FPAC soveleretors hold en impertant afvastage in this
vegpect, since it chould be possible in principle to very the duty
mm'mwmtmmwmmmmamwmaw

wasky over a very vide renge. However, the some capability
¢on probably o obtained with o pulsed scoelerutor feediny & gborage ring.
The r.0. shruchue of an acoslorated beam Se lopordtent for some Gimeols

et the Hevatyon a peck-to-valley besn ratio of 10° wvas requived, bub
ombe showed thet %o actual rotic was ameller. On the othey
rataly pranounesd r.f, etzucture hos an obvione bad
effect on eourter duby cyelss, vhich can be avoided by slowly dribbling
& ecspbing stacked besm ondo 2 dtarget. MNognet ripple ey interfere with
this process. All of these eoments on duby oyeles spply to both
tortornn) and externs). beans.
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In onelvding, I hope that I heve been able to being to those
of you ¥ have not besa fmvolved in day-towday aotivity at & higs
Wm&mﬁmmmm&t&mﬂm@%mwmmw
ooubine to complicate the task of planning for future high enawyy
proton accelevators. I would be ewrprised 1€ I have caid auythdng
mew, and I bave presented no finsl cooelusions, but I do bave the
convietion that with the accumilation of now inforention and with
coxtimiod study the pioture will become cleurer, end ¥ am sure that
this kind of otuly &8 Lrportent, both %0 prevent expensive orrors and






