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Jntroduction

This $talk is aimed ai pointing out the difficultics cncountercd in
designing a large ..lécrmating Gradicnt iroton Synchrosron and the sord of
problens that have to be solved in order to build such a rachine Successfully
in a reasomable time. ' ‘'he difficultics have arisen in many forms and in
HANY Ways. Originally there was the probler: of how such a nachine using
the .ltemating Gradicnt principle worked in what e now regard as the simple
lincar approxiraiion. It %ook about six months or more to discover all the
resonances and stop bands ané other rorms of instability inhercni in the
«lternating Gradicent principle. During the coursu of this work we found that
in order Yo build such a :achine it was neeessary to inposc very tishi
tolerances on the nagnetic ficld guilding the protons around the circuler
orbit and on the focussing ficlé holding the particles in stable oscillations
aboui the circular orbit. .-1so we found that at onc particular instant in the
accelerating cycle the tolurances on the rrequency of the voltage used to
acceleraite the protons becaic so tight that no conceivable stable gencrator
could possibly hold the frequency steady cnoush.

, Gradunlly all the various difficultics came to light and wec could si%
back and ask the very pervincant question, "Is it really vorth whilc Foing on
with this idea, or would it be beiter %o build a sealed up version of the
Cosiotron?"  ‘ic could draw up a sors of balance shuct. In fact, on the
cL iz Was the cconomy of o nochine using the altceraeting grodicnt principle.
In the alternating gradicnt or i@ mociiine the large number of frec
oscillations round the circunfcercence mcans that she amplitudc of oscillation
for a given injcchud bez:: is nuch smaller. :.1so the phenomenan called
"monentun compaction" ricans that for a given range of cnergy oscillation during
a synchroiron oscillation the resuliing rrdial swing of the projons is very
small indecd. Soth fhesc facts result in being eble o use 2 vacuum chombor
in the .L.G. machine which is less than a tonsh of the cross scetion arca of
that ruquired for a constoent gradicnt or C.(. machine such as tho Cosrotron or
Buvatron. iné of coursc, the volwic of the mognetic £icld te cuide and focus -
the »rotons in this' vacuw: chamber iz sirdlorly rcduced, whus, ror rouzhly
Tuice the weipght of steel ag is used in She Cosmotron which gives a imxdnun proton
encrgy of 3 GeV, we can build & machine to wive nbout 25 GoV.  .lso %he CNCrIy
required %o suptly this mernctic field is about the same as is used for the
Cosmotron.

On the other side of the balance sheot, wowever, we hod the tighs
tolerances and whether we could rely on modern 4ecimology and the Buropeccn
industry wo mect these tolerances.

Since e had o livdited budged > “he choice in %urnis of proton cnergy s
between about & 10 @V C.G. mechine or o 25 oV .. G. 1achine,

e deeided, aftor o very detailed investigation, that we could ovircome
the technological difficuliics and so wo put our moncy on %the ..,G. machinc.

On the other side of the 4Atlantic the Brookhaven tcam were facis 3 cxctly
the same dilamaa,  They also deeided to back the .. G. machine, I wouldn'<
clain that these two ducisions were uncorrcleted. It is very comforiing %o us
to have another yroup working with us in close gollaboration of these, problens,

I ann only going %o muntion what e regard as the most difficuls problens
that we have to overcome during the construction »f our machinc., If we
cannot solve thesc, then the machine cervainly will not worlk,

The first conccrns whe errors likely %o be made in setting up the guicding
magnetic ficld for the protons. If prchine »hysicisis have lhearts it is
ceriain that the word "misalimment" will be found vritten on Shem.

Misalimnents or crrors in the guiding ficld of the particles

This problen wms onc of tuc firss objections poiniud ouk by John Lawson
right at the beginning of the developrent of the sLlécrnating Grodicnt Proton
Synchrotron.
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If one displaces a scction of the magnct orf a constant gradient machine
radially and calculates the peak amplitude of the resulting free oscillation
of the particles due to the displaccd scctor and then one does the same
calculation for an altcrasting sradicnt machine for the same sector length
and displacenent onc finds that the ratio of peak amplitude for the A.G.
rachine is about 100 times greater than for the C.G. machine. ' This is duc to
the shorter wavelength of frec oscillationsin the case of the A, G.-machine and
the new sinusoidol motion of the perticles of that machine. " In other words
the Ai.G. machinc is ocbou% 10C times as scnsitive as & C.G. machine such as the
Cosmotron to the misaligmicnt of parts of the megnet ring.

To illustrate the tolerances required on the elignment of the megnet units
one can ecalculate 'the pealdeviationof tae closed orbit, i.e. the orbit about
which frec oscillations take place for o randon arrangement of magnet units.

In the CERM mechine where vie have 100 units, if the cnds of these units have o
randon distribution between radinl linmdits of + 0,5 mas, then the peak displace-
nent of the closcd orbit is 0.5 cms. Since the vocuum chamber neasurces

8 x 12 cns. this is about the largest closed orbit deviation we can 2llov.

The tolerances we arc hoping to achicve thercfore arc thet the cnds of thesc
100 rognet units orc aligned to o purfect circle to within 0.6 ims rim.s. and
to a perfoct plan: to within 0.3 s r.nm.s.

The misaligmnents occur in practice -in throe scparable ways. There will
be crrors in our ncasurcnents of the magnetic ficld, there will be errors in
setting up the megnets in o perfoet circle and in o perfect plang, and lastly,
hoving measurcd the magnes and sct it up ~s dest we can there may be sccular
changes afteriards. ? :

Let us look for a moment at the procedurce of zasuring the magnet.  The
megnet is not a conplets ring, it is composcé of cbout 100 scparatc units cach
5 metres long and coch weighing about 40 tons,  The units in Turn arc ncde up
of 10 magact blocks, 50 cms.. leng weighing 4 tons oach. So we have about
1000 of these blocks to micasure, The. pertinent measurcment for this probler:
is to dcterminc the position of thu median plane and the cquilibriwa orbit.

The medion plane is the mmpnetic synetry planc and the cquilibriwa orbit is the
linc of constant vertical rnpgnctic ficld in-medion planc measurcd at some
standard currcnt in the coils cnergising the ingnet. Che procedurce to te
followed to arrive ot & complete magaet is then os follows.

e first determine thie position of She medion planc and cquilierium corbit
in cach of thsc 1000 tlocks., This will vale about 20 people at loast six
nonths work. Thea the blocks are arranged into unifs following scme definite
plan such as ninimising the offcct of remanent Ticld varistions. The units
are ccaplete in therisglves icchonieally and con be transporticd on 2 roilway
systerm like shunting trains.,  There arc onc hundru? of them.  The units arc

now measurcd azgain to determine the cquilibriwa orbit and magnetplant in the inlet.

Incidentally, these nkasurcients have to be done statically at all ficld
levels from the injuction ficld of 150 gauss +o the cjection ficld of 12,000
gouss and also dynmamically in order to allow for cddy currcnt effeets during
the correct of the mymot. This mry toke o further three months and
as a result a now sincking order for the units round the ring will be worked
out. -

7hile this has been going on another group of people will be busy
determining the perfcct circle and the perfect planc in the ring building.
This can only be donc after the conerctc foundations have had time to age and
after the constant Yomporaturc and humidity apparatus in the ring building is
functioning corrcetly. The whole buildinz has to be kept to + 19C %o
maintain the requirced tolerances. The surveying will 4ake at lcast six
months. '

‘Then the ring building and the magnetd units ere rcady, the units will be
driven into place and aligned to %he perfect circle and plane.  Further
magnetic cheeks will be made and aftcr ‘severel months scotling readjustments
will be mde on the aligement or the wniscz. These will be repeated until
the magnet has scitled dovm.
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Tho r\:.:r-'..-'i; founlaticn is thoercfore inde as o heavy cenereic rins with cong
pillars founded in this- sandséone layer. “he Tine.buildin: is ¢ _..pl\.tc.ly\\
separate fram the nagnet foundntion snd svrves <aly o ueld off the scroen
cnrth nnd wrovent it pressing, in ond distorein: the foundation. The found
and the na met itzeld has to ¢ tonperaiure contrylled to + 1°C te prevent
subscquent Jistortions of the ria. 1% is inter.sting to note she compuiaiic
ve have mede on the permissable éistortion of the naymoet foundations. Altho
she units themsclves must he ali;med 5 the perfeet circle and planc o vithin
feir ts.nulln of o iy the perleel circle and planc can distort as 2 vhole without
too sericus erfifccics. For instance the c:_rcl\_ could o elleptical so that the
major end minor axis Jdifl'ored by 2 cms without serious trouble. ‘the inportant
thing; is that the foundotion sheulil not sag by aore than 2 mas \"ith a soi {
lenzth counl to the frec oscillation wavelenzth.  lcasurcnicnts sc far taken on .
the site indicase that thesc solerances caun be kept but we arc bull&'ln;; ayfull !
scale scetion of the ring: buildiay; anl foundation on the sitc to make further i
checks on our calculations.
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Trensition Encrecr

Yhe transition cacroy comcs cvout as follos, & parsiclc hnwin: smore one
than scme refcerence particle moves arround a circls of pgreater radius and 2t hi
velocity than those of the ref'erciace particle. Secause its radius is greater
the particle talies lonzur to 7o round than the rof.rence nmarticle hui becausc i
vGlociiy is sreab.r it takus less time Yo go round. It deus -net matser =
particularly which effuet wins. In a Lincar Acculeralor tiwere is no radius
effect, mmly a wclocity eff x.c.., rand vhe pa.r'lclcs cr'¢ phase stapdle at 2 particu
nhasc of suc accelerating waverlorm. In a C.C. Proton Synchreciron velocity etl
is alwcys smaller than the radius cffect so ]_*a.rt*cl‘.s '*r' phase sa:.blv at a pha
shift.d by 180C from that appropriasc te 2 11 <or acce x_r“\o g

happer u-"" 5 the radius ffeet and ecu'*"

all warbicles ot all vacii vdlme s S0 <o round enes:

...,-..b:Ll"_vv *he encergy vhere these v cis arv equel is call

L'mc.r'“'. Jeo 24d G0 our difficultius it lmppuns shat i y
an A,G, machine, Let us juse look ot the cother eoi

h ';-rcv-.-r. In 2 cyclotrom . ¢ stars the two ci'fues Viry socn
aftervards the rodivs cffcet wins and the particles arc phn'LS\. stable abous

vhe SﬂlChI'Quron piase aagle, o G y“xch.rc soon the radius off wct
predeninates richs froi ‘.hq, ssars so inerfect the Trensistion Encrgy occurs at
negative cnergics, Ia an A.G. mnchine, because of the momentum compaciion,
the radiel incruase for a.giveu cnergy increasse-is ver small but the veloeity

effect is unchanged, S0 to busin with the velocivy offcoi predominates end
the stoble phasc ongle is as ia a linear acculcerator. 2s the particles rcach
'L

relativistic velocitics the vo Locity effcet decrenscs wneil it bu.com.s equal G
the radius offces and thersafter the redius oi'fect predominnices.

I the _now Pixcd PFicld Alderanting (Snéicnt machines with o ridiclly
decreasing ©icld. She Trasnsisticn Energy can be placed al ve the maximum cnez
the machine so on¢ nover reaches it and for “h sc machines where She £izld
increases outwards in radius the radial offoct is noetcive and so nover cquals
thne vcloelty effect.

Thus the Transistion Encrgy problem only cncountered in an A.G. machine ¢
the type e are building.

A5 low encrgy the velecity offect »redominates as in a lincar cccclerator
and af'ter the ';;ramsi':;ion oncrgy the radius offcet is larger as in o synchrotro
So wc must change the position o the sinable whase by 180° minus wicc the
stable phase angle b €l trensition cnergy. This is net too difficult since
it docs not have o be donc very quickly. He can Goke up Yo @ Foew hundred
/& sces during dae switen over.
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dince at the Pransition sSnorsy phnsc stobility dissa \woars, the telerance
on She irequency of Ghu necelernting voltasc bucouss very small indecd .;t
injeciion the freg cnc;,r chense  to zive 1 em shift in she closcd orvis is
about 1 R ot dn A row facV before the Troagition fncrey the froguincy
change or the same dlsplr.c\.m.n, as 1 pary 3in 10”7 ané it b~.<.ou~.s infinidely
smll &t the Transition u:lLI‘{;; . Mo form of frequuncy stabiliser enn wver
achizve $his acecuracy and @l control "os o coix from the b"‘.n itsclr. I‘z
fact we plan to use the frequency commuier oulr for the firsy fow GV Sh
switch over %o bemm control for the rost of the cycle.

I'on Lincarivy in the puidias £iclé

The last difficulty thot I wma: to meniion iz ~ thoorutical onc and
concerns nou linecaritics in the mngactic £icld suiding the »articles round the
orbit. Hisprically non linearities were first thouzhi of as beneficial in tha
they mizht slacken %:e tolerances immoscé on 'an'the field gradicut to keewn
betreen the rosonances given by the lincar thoory. “his idea cicont in very
spccinal’ casss nas bccn ﬂ‘w.r* noi tc L. a good onu and in facy wosy o L
studics on non lincar ws mave ruvealed furthor causes of instalility due
to the nen linu:.ri'-bivs \...g...m.-lv‘_-..,.

whcre are throe madn o Ceds ol non lincaritius,

of the rusoronces cnd stovbands found ia a linoar Shoery,;

treduction of uu Sub rusoncnces ané Stepbonds o Bosci
2oty maching,

G4 41."‘.

1% <hS s compw ._r.;;
non linca
arc 210¢ Suriously modii'i
cmplituse po '1;1cularl;.f “UT NCE SO iuch
in griuvciplc.

o¢ avoidcea
‘h(, R

WIo

BUC e

‘\1 orza the
LS liscnr oy
¢rrors in she cuidine i

Tering Oa.

Mevicds, wWo

o e

SF3UGLIE .

Scrmetinme o
cxci'?;in:-_ su‘o
funéas
e ux:l;.-d

numbcr o f':.,u o3cil

-
osi

cigils per I‘JVOluulOﬂ. tais

AeOME Tlan

valucs ¢ ObS.IVe TUSOY oS C-as-holld intesrcl Q values a 1
ony graciicol woching, sermell-she cieldne is Josigncd

vaole of the sczslers cycle the Q valuu llt. bed wen o
stonb:mi. Our ci-j.2¢ in coumpubing for noi liveer sysicms 0 S
Types of non linvariuy ciciful@ rusonancus or stopbends whem Q tms invcer plus

ziven

1 . s ., . /o)
% or = ¢ic, becnuse i this heppuncd e would hop. Ho 3toy Tobiscen thesc nets
sub risonnnces and sub shopbatds by wlacing twceh closer solerances on s
veriagion of the porancters of the machine Curing the accelorating cycln.. Phe

compuiing confirmed cur worss fuurs.,  Qurdretic non linceritius oxeised
stopbands ~% 0O ’-i.-lucs of int.igor plus + and ../_'5 Cubic non lincaritvius sxcited
svopbands at O values o ;n':u{_.;ur plus ;: nud Ye howve Zdeveloned an
explanciion of this belnviowr in hcrms of nuw closcé orbits in non lincar
Systems, closing ¢wiry 3 or L ruvelutions. Just rucently Sturrock ot Corbridy

>
hos dcvuop 4 o Pirss arder thoory vhn rcdicts similer resulus.  Also ioscr
worlding with fourcul senior ob luw er.x hnos developed o theory covering similar
sub resonnncos that occur in celestial phonomcua. Particular c::....wl«.c he
quow are firstly that corinin Lands of thw astoreids arc nissins corr zsponding
%o sub harmonics of their motion iwre the perturbing force comes fron planch
Jupiter and sceondly the rings of Uoturn are éivided into bands where the Z2ps
cen be ascribed Go purturbations due o the oons of 3aZurn.  Thus there scoms
very gond reason for velieving Ghat sub resmances will be cxcited in our
mchine but “he problea rerzins, how many:are there, znd in a dynddic systcin, éo
they incrcasc Sue awplitude of the frec osc..Ll.mulon of the porticles suriously
if by chonce She resznances are crossed durine the acc:slerating cyel.. On
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this lagier »oint ' ¢ have co.npu":;d $hie Eymamic behaviour of perturbed non
lincar systc.is Ghat indicaius an uncorrclated diffusion or the particles as
they <o Shr ouzh A sub wariwunic siopvand. In other words, there is a nej
incrense ia Shese anelistudes of o.;c:.l.....,irx every Tine such o stopband is
crossuA.  Obviously the best thing is o shoy bw,.u.m the stopbands but this
A0y prove o be ilpossible in practice due to u‘l\. s;nchroiron 9scillation in o

non lincnr systa:,

21 ascillation cyclc the closcd orbit i.c. the orbit
cbout which ...ll particles perdfori: free as"'illz.::iors, in and out in
rndius. If tue ficld is non liacar then particles with snell oscillations
about this closud orbit oscillatce in ficlds of differin; fucussing Streagths
i,c. 1 vorius scercss the vacuwm choither.  dhurcfore, instena of leeping alwoys
at onc weoint betwuc: 1:‘.0 rc;»:.m.nccg Curin: the operation, thwe working point
.-:usly chticen the reseaances. I the aon lincarity is tao high

s During o syachrotr
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1oves
:L..T. ross & rusoutnce during the synchrosron oscillebion

i ?_clx..a WElE cow Loah (ar saw for o sub rusopance). There

i b “.onc abaut tlis except t9H kovp She aom linueritics sail

. ‘and synchroira™ sseillafion (....:Dlrur.. 23 by usin; a hi-h homonic number

Cur views on noa lincarivies at the moment are thursfore that they are very
much a nuisance and siould he lwp’ as spall as wossible, In fact, during Sae
waole accelerating cycle the ficls at the clse cf‘ 3 Tacuun c‘m.l_\c must 1o%
deviate from Gnc corrvei ficld by more than a fao7 ... In practical magnets this
is & very Sight Yolcrancy indecd.  IZven if we suncc;.-d ia L.n_‘“x' the neon
lincarisics %o this srall valuc is looks as if we will nave Go ,‘lac.. much tTignt.
tolerancus on the variations o the focussing forces i.c, she 2iclé index 'a!
during the accelerating cncl\,.

InciZencallyy, ¥ine and mysclf shoulc. ai this wormont Le worldiag on this
preblem at Srookhaven usin: their clectron amrlogue mofel which is a compluicl:
scalied modcl of the finmal machine ¢ <clecsrons insucad of protons. Zhis
medcl ic about 7 m r.dius and has cost abou: £250,000 to build. IT is cquipp:s
7ith non lincer lenses so tins one can aad quelrniic or cubic nen lincarities
%o tuc fluils znd scs whah happens, Zhe modcl is designe? so ohe

2.5

o1 Tue Transivion sdnergy is passcdé and onc oon stuly i
icnl poiaw.

Scale of tue job

s5ly T rould liks So ras your agsioasiion to
any srous buillines such a mchine (st face up %o.
rEchiae slichids 100 27300 £5%in radius. "o hold
builiinsz hns %o Le kept Uc Jithin & 19C in Ssaperesucs,

Over the area off the ring the foundniions rust not wmovs tiore Sucn o T

Yhe mrgneds bave So oo sct up round a perfect circle aud in o perfecs pl
to within n fer. tenths of o rmi. - Thoy must siay Sk Jurine o eyele; . over
ony eyel-s snd over a feir years,

Te ne<i LO0O tons of steel machined to within a few hundreds of a mm of
uniform steel “rith close tolerances on its com:osition and heat 4reatment.

There arc 1,000 magnst blocks cach of which has %o be measurcd accurat
ané arranced statistically to minimisc variations between bloels. A shaff
20 people Going the measurcments will take well over six months to complete
them, ;

Each maguct unit weizhs 40 “ons and has to be asscublcd and moved inte
correct Jplace by a complicated railway sysscem. This is cquivalont to saw
abous 100 railiay eagines into position correct %o a few tenths of o rm.
¢ scale and planning of the suocl production, siccl testing before manu
into blocks, sscmbly into blocks, factory testing, delivery to site, nd
1,000 blocks on %he sive, the messurcwent progrovmc and final asscmbly and
SCuulnﬁ up nas to be - lamned carciully ané requires very ¢ooé cngiaccring
vhysicists to carry it oul.
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LI .
Oi: %he our sidg, sy Zio srencratines Wlanes of she size oo wnah he
made in ¢he varld oad both are in the Suatis.  iTobody in Surspe (Thet
z
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includes anglaad) anvre over o anyshing so Inrov,
Sy Dinwe i vd s 50 5 UV nariiciis i8 Mo cleqdd oIk @ w--cu, Only: o feur

Jears oo suca s Lianv.e s eonsidurcd in che foryiro nwologicnl
develomaeni, one. suchuirichine is workiags succus:f in the worlé
ycl. ang cehnzias TS0 aT, Qe eould go on urliing vach poat off the job. In
foel dhds smchine 4o o cl\.':.ll».'*-x to noarly wviry tranch af chnoloqy quitc
apors fron sho cshcor
4

very 1iStle is yof

.

T
ciical. unc.oriaintics neculiar £5 A%, mnchincs on which
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is i a orchine of hlY the caergy is not
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vory ..:um. engdn
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To do ~1l %his work in a reasonable time calls for o larsc and conpeieut
Staff so it =isht Lo uscful o nosc $he suaff fizurvs for such a machine. In
the case of she CER: proton symchryiron the Division is divided up into
grouns responsible for the couwonuent arus of the —achine. The starf figures

for %hs ead of $his yosr, which are still not tho peak fiurcs are showm in the
tablc. :

STAFF (END 1955)

: S.8.0: %] 8.0, S.E.O. 2.0, 14 :
Liup | L5 T4, T2 | 4,50, e

R.F. Greupt 5(3). 3(2) 1(0) 7(5) 16(11)"
Magret Greur | A(L) 6(5) - - 10(7) 22(16)‘
Linac Greup 7(6) 7(6) % 7(4) 21(16)
Replonenieg sy st ey L el e

Survey - - = =
Pewer Zrg. - - - - -
D, 0; - - = = -
Centreclis - - - - -
Vacuum - - - - -

Theory 5(5) 2(0) - - 4l) 3(9)

Workshops - -
diech, = i 1 51 ;

Electrerrics - - 1(0

Glass biower - - -

13(
3(3 b 3;
A
Stores etc, - - - 5(4) 5(4)
Admin, - - 2(1) 5(5) 7(6)

Total, Erd »~f 1955 26 19 10 €7 122
Tetal, April 1955 (22) (14) (7) (53) (96)

Numbers in brackets show present complement i




Brookhaven staff figures are very similar to ours and the total is alme
exactly the same.

Fer a much smaller machine namely a 3 GeV constant gradient proton synch
being built at Suclayi, France by Winter, the staff total is 60 at the moasent
and 90 by the end of the year.

So unless everyone is being widely extravagent in staff which I am quite
sure is not the case then any machine between 5 and 20 GeV will need a peak
staff of abeut 100 pecple all included. At Horwell it is not usual te incluc
D.O, staff, mechanics and stores but that would only bring the C.E.R.N. figur.
dowvn to 90 or 95. 4 . .

This is a lot of people ard calls for a lot of planning and organizaticn
but such a prcject needs them if it is to be carried out energetically ard
thoroughly. Both the Cosmotic and the Bevatron used similar staffs during
the construction pericd.

Another point worth noting is that such machines during their operating -

life cost as much per ycor to run as they cost per year to construct. T
_use run in the widest scnse, -salaries, apparatus ‘formuclear physics, power

bills and so on. . . -
In England there are no such large machines. For example the Lineport
" cyclotron mght be compared in complexity with our Linac injector. Froton
Synchrotrons are not just & bit bigger ard o little more cemplicated than th
English machines, They are an order of magnitude bigger in every.way ard t
is the point that I hcope I Have demonstrated in this talk.
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