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Ahs~r:~t: In the frame of’ the I:uropc;~~~ l,ight Ion Mrtlical 
Acrclw~tot projrct, which calls for the xc&ration of n 40!) McV/n “0 

hcam in a hospital I~irr~l fxiiily, :t 9tudy of the srlprrct,nJucting coil and 

SC< tar mngnets for lhc scpratcd sector cyclotron IIn? nrlwnccd Scvcral 

npproach~~ to thr ,313 annlqri5 of tllc magnclic ficld in :I complicated 

ctrwturc Irnr,c hcv11 crnploqrd, and :~ttcntion i’i ilr:t\b n 10 crrlnin gcncral 

propcrtics of ;~~;tilahlc methods I>r:tails of the coil :and iron rlcsign arc 

prcsrntctl, ilnplicatioiic of be;m- tlynxnlcr considurc!, arid the optirnA 

hapr of the pole vrtors dcriwd 

Introduction 

As ~~~cwnlctl in extcnso clscwhcrc [I], wvcral rc:1sons of op- 

cmtionnl n;llrlrc hwc lctl to the conGlcmtion of ;1 supcrcor~(lucting qclo- 

Iron ac ;I likrly choice (ix the I~IIIO~CRII 1 ipht - 1011 hlcdicnl Accclcrator 

(I’LlI Ill/\) il forlr SC p;w;~lrd SCCIW mxchinc tlrGgnctl for fixrtl - Ii&l 

opcratit)n and iinnl 0’ + (or (“+) partirlc Ix1111 rncrgy of 4110 McVin ~~rltl 

intcnsit) of thr oldu of IO” p’ps, ha5 hccr invrctipltctl, and the fwsihility 

of vbcral m:fjol mxchinr componcntc (wch .xq the RI c>~tcm. injection 

and cut~;rcticu~ ~>\lcrnc) 11~~‘: Ixxn tlcl~tminctl. 

One of the rnnin ufTol-17 of the ICI II ILli\ fc:iri\rility sllldg h:ts 

been tlrvotrd to thr tlc~igri of the m;ynct Our prtwnt approach 11ssumcs 

that :I vn$e sapcr~ondilctitIg coil is cmployrtl, dri: illg the srctor magtlcts 

into wtumficln wd contrihllting w much nr 5O’:i to the :ivcr:tgr mngnclir 

ficltl of atwill 3 ‘I Aklc from the simplicity 01 h;t\ing ;I Griplr cryoztA, 

this concrpt intmtluccr srvcr;ll nowltic7 into lhr mxchinc clc+n, which :irc 

rclxtcd to the f&t that, unlike other srt~:~tr~lxl wctur cyclotion~. thr nq- 

nctic firld itI vc‘tor ;AlcyT is Iargc nnd pl;1y7 ;\n imtwrtnnt role in drtcr- 

mining the mxhiric p;uarnctcrs 

Although lhc tnsk of magnet drsigu iq somcxhat cimplificd in 

fhc ~89: of Ihr I:I’I IL14 qclotron Gnrc it is to hc ron<itlrrctl as a fixcrl 

frrqucnc> nwchlnc. scicral Ic\cls of :~pproarh nccil to h2 cmploycd. c:lch 

with :I grwtcr tlcgrcc of accuracy. At thr fircl initarirc.. a niotlificd hard - 

cdgc fno~l~I XX:IC cinplo~cd (0 ?ldy a scricr of powihlr magnet g~omctrics. 

each rlrfind hy ttw crlltral field. lhc cxtrwtion ratliup ;md m.rgnctic field 

pcriodirit>. wclw :m~rllar width :md the spirnl ;Inglc. Wc follnd thxt ;I 

hcnm of up to TOO RicV!n could hc xrclcmtcd in ;I mthcr compact four 

scrtor tlcsign lvith ;m interior coil mdiur of ICSP th;ln 2.5 m ‘lhr pwunetrrs 

of Ihe rcculting hwic design, which WIT fwthrr on cxamincd in dctnil, arc 

given in ‘l‘;lhlc I. At thiq point wc should point cult th:lt due to I:lrgc forces 

involved. the intrrpl;~y hrl\\cen thr magnctir and mrrhaniwl &sign of the 

vxtor m;ipnrt7 IS i~ri~~wall~ 7irong in our sin+ ~ut~““““l”“tirlg coil con- 

crpl, thr mrclw~irnl fi,:ltlwcs of lhc rtrilctrlrc hcing crtu;\lly important as 

the cflicicncy of the rcclrlting mnEnrt s!ftcm 

In thiu repot-t we prcvnt crrtain dctailc of the I’[;1 IMA 
m:cgncl dcyign. In tu~licrll;tt, uc diwI\F lhc m:lili ~ill’c.rcolltluc.titia coil Ix- 

r;trncter< and thr magwt yoke dcsiqn, :~nd tlctrrrninc IIIC optim:ll w~lucz for 

the rcctcv ;lngIll;lr I+ idlh iwl spirnl ;qlc. 

SLlpcrcotltlucting (‘oil I’nl;lmctct~ 

‘I hc I:111 l11,2 rnagncl wctcw ;II~ cxcitrtl with :I p:Gr of ql- 

indrirnl ~upcrcol~tlrlctitlg coil? s! mmctrir.:~l1y lor;ltrd in :1 ~irl~lc cryost:lt, ns 

skolchl 111 I:ig. I. ‘1 hc total cxcifation IiclJ 01 tllc coils should rlrivc the 

+ On Icavc from the 13oris Kidric Instltutc, Ilclpr;~~lc, Yugoql;l\ i:t 

‘l’nhlc I. 

I’:u’arnrtcr< of the 11111 l111,2 tnqqct 

Number of sectors 
Sector gap 
Sector angular width 
Average sector spiral 

Coil internal radius 
Coil external radius 
Coil height 
Coil distance from 
median plane 
Current density 
Yoke height 
Yoke max radius 
Iron weight 

4 

50 mm 

35 deg. 
30 deg./m 

2.20 m 

2.60 m 

0.26 m 

0.24 m 

2650 A/cm’ 

4.30 m 
4.60 m 
4 x 155 t 

magnet poles into raturatiori, and crmtritwtc on the avrr:,gc I ‘I‘ to the 

mcclian plant lirld of the cyclotron. I:ut-thcrmorc, cincc the mnchinc is 

conccivcd to operate at fixed frcqucncy, the coil ficltl choilltl tlominwitl) 

contrilwte to the control of the avcragc tick1 icochronous profile. All thcrc 

factory play a role in dctcrmining the coil pxrmctcrs: its intcrnnl radius, 

width and height, current density. awl rrcntnnlly, thr coil splitting r;itio. 

____ 

+ LOO ; 
660 c-------------1 

Pig I .I’hr global dimcnrions of rhc suprl-colldll~titl~ coil ;m~l its cr>oyt:lt 

Awrrning that the iron field wnlrihuticlrl in the mc~di:m plzmc 

dcrircs from the s:ltur:ltcd poles only. ihr* Irxst S<lUa!CF cTr0r Of the tOtal 

field in r&ion to the iwchronous profile for 1.‘.4 = 0.W hc:un and 2.2\ ‘I 

crntral field, is given in I&. 2a for tlifErcnt coil Ilcipht (h, ) :Intl 

aidth (cc ), Similarly, uTrc the coil to Ix split into tih’o indcpcntl:ml SW- 

tions for hcttcr ficlcl control, the mc:m iwchronous error of the rrwlting 

ficld wor~ld follow the rurvcs in I?g. 2h In hoth C:IC~S, the tolal height 01 

the coils is also shown, giving an itIc;* of thr lot;,l 9p:lrc nccdcd for the 

coils, and convcrscly. of the ncccssary void in lhr iron yoke. AF mxy hc 

seen, the iirld rrr‘w is smaller in lhc caw of a \plitrtl coil only for iotnl coil 

height smaller than 70 cm :md a splitting Lctor of n = 0.00. I Icncr. \vc 

conriilrrcd only thr intrgr:il coil (w = I) for fllrlhcr q>timi;,:rtiow I’hc val- 

ucs of 24 cm ;mtl 26 cm for the dirtancc from Inrdi:m plnnc :m<l coil height 

were forlnd to give a s;lti&clory iwrhronorts lirlrl :~wl nn ;Icccptnhlc total 

coil hcifht. which imply global cryoF!xt tlimcn\iorl~ she\\ II ill l.ip I. 
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big. 2 Ilcaidu;d icochronous ficltl error llrr tliWcrru1 main coil rh:ItWs 

‘l’he Yoke I>csign 

As a first approxirn;stiorl to the 31) magnclic tick1 tn;lpS, 

wt\ich arc csscntial tbr obtaining rcatistic shapes of’ fhc m:~&!!Xt ?~tOr, WC 

assumed that the iron in the vicinity of the median pl:mc is ctnnt+tCty 

sntur;ttcd hy the adion of’ the supcrc.orlducling coils. ‘I‘hr rorrt*5ponding 

iror, tictrt was c;dculatctt on Ihc hasi? of a fad intcpmtion Icctmiquc [2]. 

giving Ihr avcrapr fictd ctmlrihlltion or rhc iron :md more imporlantty. ttlC 

tr,ms\rcrsc ti)cusing fictd. Superposing the roil fictd, an initial actor angular 

witIt and spiral :~ngtc could hc rlctcl-mind, as given in t‘ip. 3a OtGOU5- 

ly, tllcsc ~alucs murt bc corrcrtcd for the mcdi:m pl;rrlr conrrihuricw 01 rtlc 

yoke. 

‘I‘hc mapnct yoke of’ the III 11 .Iblh vclors lwsir;rlly fotlow~ 

the tlcsign or similar ccparatcd sector md~incs in lti;11 it sl~oultl supply the 

shorlrst pa111 for the rctum flux I lowcvcr, ttuc 10 I:lrgc magnrlic force?, 

;md 10s~ 01 simple gcomctry due to ihc slrong spilating of lhc potcF, stwi:It 

cart ch~~dd bc gilen to achieving unifwrn Ilur didrihulirm ill fhr !,c>kr.otl 

one hand, (which, as II conscqurncc, minimi/cc lhr stray licld). ;1d :I 

“n;~tur:dly” rigid ancl stat+ mcchanicat slruclrlrc or thr yoke, ON lhc dhcr. 

‘Iticsc two ;ispccts are strongtq couptrtt in nl:pwt’i of O\i5 phynic:lt Cc. 

and furO~crmc~rc, act to a cc&n dcgrcc, III oppodc ccnws. AI) initial yoke 

structulr wth R conFcrvativc value of 1.45 for ~hc I-:rtio of !okc -~ IO - pole 

cross -- scrtionu wc. chow1 for furthcl. mcch;lniwt and m;lpnclir dudlcc 

(‘lcntly. the complexity of the yoke shapr drmantls that a full 

31) magnetic cdcul;~tion hc tlonc, prcfcrenti;dty with R linitc -- clcmcnt cdc 

which cnn solve hot11 the magnetic and utruclur;d problcmc. ‘t’hc ANXYS 

pnckagc SEC~L’C~ to li~llit thcsc conttitionr, and a magnet motlct WIS dcfincd 

with a II) version d this code. IIowcvcr. h:lving in mind 1h:rl mdcls of 

this phyGcal siLr arc wry demanding on ttic compulcr rvwurccs, and that 

the rcwlls shouttl bc asscssctl Hith ulmo‘;t cart, c~spc&lt~ it’ :\ prcciG)r> of 

a few pcrccnt is drsiwl, simulbmrously with the work on the ,\NSYS 

model. u’c fiwmul:~lcd ii ‘t‘OS(X model of Ihc I:1 II .l\!A m;~gnrl, ‘I‘hc rc- 

sutts of Ihc twu modcts wcrc compnrctl for lhc cast of rclalivcly ~m:lll 

mmhcr OC tinitc - ctcmcnt volumes (5000). Althouph rlothinp intlic:drq 

fh;ct cithcr model shtr~dtl a priori hc mtrrc pr-c&c, fhc c;ec (I[ m:vrriprtl:ding 

the input nnd output fib, the possibility of checking lhc rwutls at the 
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big. 3 Initial imd fill:d scclor :Irlpul:lr \\idthy (a), 

and rcsittwd isochronr~u~ fictcl error (13) 

output Icvct, and the much morr cliicicnl usr of computing rcwurccs. dc- 

terminr ‘I‘OS<‘A as a prcfcrcd pazkagc for I;t:I IhlA moddillg. 

As discuwctt in ref. [I], the ‘I 0SC.A run5 ronlirmrd Ihc as- 

sumption of comptck saturalion ot” the scc(or tdc picccq. 11,115 judi~ying 

the procctturrs cmplqcd in our prcliminnry 5tudiil<, :IC wctl a~ in fm1hc.r 

rcfincmcnt4 of our catc~llatiotis ‘1%~ ciiflbcnccs hc~ivccn lhc linilc - ctc- 

mcnt iud intcgrat apprr>:rch rcsultc [2,.3], arc of Ihc orticr of IO0 (i:lus5, 

and may he attrihulrtt to the yoke contribution n4~irh i9 1101 takcll into 

account by the integral rnolhd. Ilcncc. in rlrtctmining th(. lind shnpc 01 

the polr rttp, it sutlicc4 to locnlt~ ch:tngr the width of the prllc wilt1 Mu- 

rated azimuthal shims, taking into acrount the now tlc~crminctl hut othcr- 

wise constant yoke contrihulion 
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‘l’hc I’olc Desien 

Once the basic siructurr of the m:qznct 1 okc 1x1~ hccn drtcr- 

mind ~LIO clasw~ OF dc+l prohlrm~ nwd to hr solwd I’irslly, the in- 

tinily wtisl;wtory m:lgnrtic structlwr of the yoke ha< to hc :mnly~ctl in 

terms of mrrhanirnl ct:&ilily. 3rd suil;lhlc rncdilir:~ti~~n9~~ it,trc~~l~~cc~l.“i’l~i~ i’i 

ncccssarily nrl ilrr:lli\,r prcmxs, 3s the prcwltly cll\,iwgr(l scbllltion for thr 

vx~lum ch:mhcr, \\hich conFists of n cylindrir;ll ho& covct~d with :L 411 

nnn thick (Ii-k that tt-avcrsc? the magnet wctors, mcch;lr~ic:~ll~ con+< th( 
m;~gnrt yokr to clllwr nd~inc componrnl~. ‘I ht19, :rltlwlyh ccrn\iding rd 

qur:ttcd vctors. the m:rgrirl hrhavc~ nc :I fi~nrtior~l i\ holr. 311 ttw more 

hcraurc of the rcwplitp cxcrtcd hy thr rr~rwtat. 

On lhc otlw Iinntl, the m:lprlct fc;lGhillty ~trltl\ nwds to rc- 

solve wvcral nspcct? of the pole gct,rnrtr)’ ivhdl arc rcllcclc~l‘in such issucc 

of the hcnrn tiyn:m~~r~ :IS arc the orhit iwct~~onivn, twnc~rrcal hcnrn ctn- 

hllity and thr choir of the working p:tth of the nwctlinc. 
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t ‘18 4 Radid tlcpcnrl;mcr of the total :tr’rr;lgc ficl? (;I) 

the iron (h) nwl coil (c) comlwncrits. xid tllc ivd~ronotIP lirld (d) 

In Pig 4, wc prcwit thr radial pr~llilr% of thr :ti~‘ragc nq- 

nctic field I!(r’j thr inm IictJ .‘I+ (r) nc RL.II :I\ the coil iirld and 

the imposctl ivdironous field pwlilc. I’hv wd~lr :witn~~th:ll is i~ltll a~~u~ncd 

for thr rclrvnrit calculntiw~ is that of I;ig 33 Oh\icl~lrly. ilq iliitially con- 

Ftant baluc has lo hc modilicd if the rr.wltinB isochronou9 error is to hc 

minimixx, rccultlng in the new nngr~l;w width , also given iri i‘ig.B:l. ‘l‘hc 

corrcrpontling icochronous ficttl error, sho\cn in I‘&. 3h, is xxxptabl~ 

vnall for alI rxlii. NC\ cl-thcless, remcmhcritig that tlw acwlcr:tting licld 

ymns over R large tlist:mcc (re =2.l In). and ttwl n high RI‘ h:trmoriic 

(h = 7, ~II]~I dl’kin = I blV!turn) accckx~tion i? enviwgcd, it shorlld not hc 

cxpcrtrtl thnt :Ln icochfonous profile could hc maintainrd wiltiout it trim - 

coil system. cccn thoq$ n lixcd firltl operation is ;~ssumcd 

‘I hc axid and did focusing frcqucnrics. Lo and ~8~ icsrllting 

from orhit integration in iwchroniad magndic licld. hchn\c AS cxpcctcd 

for a four- fold gcomctry (IYg. .i of rcf [I]) In order to hcltcr r.ontrtll thc 

hewn hcha\ionr, an ;whitrarily varying spiral anplc hxs hccn introtluccd, 

and its poc\ihle clfwts on hcarn fowuing in l.:wiouc tcaions of xcclcraticm 

ohsctd An cxampk cjf pr)sGl)lc working pathc ic +own in IIW (1.r , vL ) 

tlinpram, IYg 5. AlltlolIgll rolIplcG through lhr field gr:tdwnt9, thr pair of 

bL ’ “1 wlucs which tlctcrminc the working path vf the machine can hc 

chosen in quite :t I:irpc h:md, so that p:uticrll:tr con(liti(ln~ al injection, a- 

celctation proper, am I hcnm c.xtraction. cxi hc rnt‘t. On? should note, 

hwvrvcr, that :I vrry tight control of the sector spiral mu<1 Iv wwrcd 101 a 

particular rxtraction rcgirnc to hc prccivly li~llowcd (r g. rcwn:lnt cxtrx- 

tion ncnr the v7 = Jr’2 rcsowncr). 
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IGg. 5. Working paths in the (vr , vL ) diagram 

(‘onclusioris 

In this paper bc have prcscntcd the initial results of the map,- 

net &sign study of the superconducting scpnr;~lcd srctor qclotron that is 

considcrcd :IF a xiahle solution for the 1:uropc;m I ,ight ion Mctiicnl Acccl- 

crater. ‘I‘hc parameters of the supcrcontlucting coil and the yoke struciure 

were dclennined, so that the sector qplnr \vitlth :md cpiral :mglr, which 

tlctcrminc the focusing and isochrorlisrn of the ncrclcr;ttrtl “On+ hcnm in 

this fixed energy mnchinr. could hc dcrivctl \Vc point out that ttic dcsign 

of tlw nwgrictic field in thiq mnctiinc crmcrpt is strongly cc~~lplrtl to the 

mechanical structure of the yoke and other machinr compon~nis Ar far 

as the hram dynamics is conccr~~~d, the scnsitidy of the wcwking path on 

the prccisc spiral stxrpc of the polca should hc nolcd, implying the irnpor- 

tancc of tight toleranrcs that should hr mrt in thr cnginccring tlrsign if the 

casr of operation and high hcam intenGty is to he nd~icvctl. 
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