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Introduction 

The Indiana IJniversity 200 MeV Isochrcnous 
Cyclotron is a separated sector (N = 4) machine 
whose design goals include the ac:eleratior of 
bo;h protons and neavy icns o'.'er a variable energy 
range up to a maximum energy of approximately 220 
zd /A hleev. The large range in energy and particle 
mass requires that the radial profile of the mag- 
netic fields be adjustable to match the relativistic 
mass increase of the accelerated particle. For the 
acceleration of protons to 200 KeV for example, an 
increase ic the field from injection to extraction 
radius of about 22% is needed, whereas for heavier 
icca the field profile must rise approximately 2%. 

widths, resulting phase histories, etc.) may be 
readily determined and optimized for the various ions 
and energies considered. The radial linear current 
densi;ies of the coils adjusted for isochrorism 
then givela field jihich increases with the y of the 
Tarticle. The complexity in the design of the. 
IsochronoJs coil configurations arises from the 
departures of the real fields from the simple model. 
Some of the basic properties of cur main magnetic 
fields have been previously describ'ed.4 Two of the 
dorrinant effects are reproduced in figure 1. Figure 
la gives the B vs I curve for magnet coil currents 
up to I.300 Amps. The magnet begins to saturate at 
600 Amps, asis reflected in the dB/dI "urve. The 
J field (30 Oersted Max) of 

The ryclotron magnet sectors have poletips 
wit-out spiral and uniform gaps, each spanning an 
argclar width of 36'. The four magnets are sym- 
!:etriN:ally positioned such that their effective 
field boundaries intersect at the machine center. 
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Tt? cconfihgration is intrinsiealy almost lsochronous 1 _ 
and allobs a conceptualy simple design for the 
lsoehronizatlon coils. We have chosen a se; of 21 
radial graciant coils fabricated from .j inch thick 
aluminl;rr sheet and varying in radial width. The 
'Joi boundaries conform to the lard edge equilibrium 
orbit shape. The coil -widths were determined from 
an iterated series of calculations based upon one- 
dimensional hill center-line mascetic field measure- 
ments of a prctotype radial gradient tcoil set. 
The set could produce gradients about one half as 
large as :he ultimate requirement. The number of 
coils and their widths were chosen to hold the 
maximLu*. current in the coils below lCO0 Amps with 
smooth cntanges from coil to coil, while keeping The 
resulting beam phase excursions duriong acceleration - 
past any ::i-;en coil to less than +l 1” 2 300 turr1 - 
pattern. 

k se: of ::radient coils having the optimal 
<eo.::etry was Pa-orisated for use in the field measure- _ 
ment program in one of the cyclotron sectors, vith 
!sairL ma,,:net and trim ceil excitations 'p TO their 
full dcsl.gn .:alues. An extensive series of tuo- 
jimensiocal iield maps was obtained to verify the 
J?si.;n cf the '-cil set and to provide the data ce- 
5-essar:[ to investigate the orbit dynamic properties 
cf the yclotron . The .r,apping procedure and orbit 
d:;nami: properties of the machine are the subj c 

52 oi twc o?er papers presented in Zhis journal. ) 
This barer des-ri‘oes the results of the field data r -600 

as :hey pertain to t.he trir: Toil lesi.;;n, and in 
parti:-J:rr, <jist:usses those aspects of ;he fields other 
;t:an t-e predirtable relati-Iistic sl.ape changes 1.. 
:..Ci-!I inKL;enf-e the 'coil design in this type of 
c:i,:loi rcr.. Some results illustrating the range of 
lsoc:lronous field profi les made available by the 
xi1 set are also presented. 

Pain ba.net Froperties __- 

.-.ss~,ing +XP ideal case of a uniform hard-edged 
yicij 1,; a r::-,lotl,on sector of infinite perr;eability, 
;..e Grin -oil design parslrieters (n;im.oer, radial 

/ Radlal Oistoncs (Inches) ----e 

40 
I /I 

60 60 100 120 

Figure la and lb 

the ret-Jrr. yvoke was measured and its ,-ontributioc 
plus that, of the ,;ap field does not account for 
the B-I curve. This is because of an appreciable 
contribution from the saturation of the pole tips 
beginning at atzoc% c 'OC Amps. The re%lting radial 
field profiles are shown as a function of magnet . excitations in figure ib. The gap field is uniform 
at currents up to 500 Asps and shows an increasing 
convex curvature as the pole tips saXrate. "he c;lrva- 

r >:crk s~:oxr~:cd ‘r,- i;ne :iaticr.al Science Foundation _- tx-e is roughly paraboli: and increase alnost linearly 
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with current above 000 ,knps. This poie tip saturston 
is fou-d to ‘?e +he 1arJec' I. . u.. _ci single purturbation on :he 
:rin coil :onficwaticn. The xi.1 currereT;s required 
to i'LZtteR :i:e zorvex i'xvaxre Of the field are corn- 
parable 30 dose needed for Pall energj proton iso- 
ztronication. 'idare ii cf reference 4 is based on 
ac overly pessimistic rxt rapolation from tnis data 
ani I" S'iper,y;iim>d .z-,r +-.l&e resd:s yese.n.+"!& +1@5T 

Tr 1,:. Coil Efiectiveness -- 

The final coil zorfign-ation vas a2ected by 
twc otker less si::nilisact efI'wi;s related to na;net 
saturation. ?irs;, the eSfesti.veness (strergt:l acd 
lieid profile) of tiie tri3 coils will vary with t::eir 
radial posi;io,I in the majnet and b5th magne; ev- 
,-,i-Lati0-j. The zeasured elfects are shown ir. li;iure 
L? , l?iL~ure '?a is a plot OP t!:e i.:crementsl ffeld 
zoc:ributic- of a t:;pi#:al trio :cil at se;reral 
.:.a:'-:: ex,:ltat:ons, and is the difference of tl:e 
2sL-:1eti m field with the coil excited and the base 
:i,:& T.~f til -.o ::oils excited. i=te field s;ep is 
reduced b:i o:il:; ',;. at tie hi:;nes: saturation level, 
'cut it Is superinposed on a radially decreasing field 
w:hose slope i.xreases ,v?.th ma+:znet satwation until 
at high fields, tke overall coil effertiveness is 
redLred ‘cy :C$. This effect was previously obser*Jed 
ir: a study ,cz‘ a si:~~krnlod ~1 magnet and trier, zoil 
drsi:crl at Cak 3i&rfJ- ar:d map be explained -2~ the 
:'inlte rel;ctanze of the pole yips and retxn yoke 
1,,2La+:ive %o the narro-.- ';a~, The increased repxtance 
of the i-oke at h&h excitation ~.auses a portioc of 
At -ells total ~'2.w~ to retilr?. tcrouqh the magnet 
;ap. 

.-. second i;ri.c. coil indu~xd saklration efr'ect 
02ser.,ec: is skor.:n in fiqre 2'c. Se I' ,Y , a fL11 set 0:' 
Cl TOClS Y&S er,:iteci to prod-ce approxiiw,;e12r iso- 
~i:ronc~~s z'ields for protors of seT:eral eneriries. 
jc-.leN-;*-' iATrn -oils at eat-h is0 ‘.lronous r'ield were 
ir.ci-:id--:all;i je-c:yt:ited. This fixre is a plot of 
+, .e difLerenr:e fields I'or the se~ernl isot:nror.ous 
cro<ilts , ar.3 illtistr,ates tne rhan;e Ir effectiveness 
0:' one t-cil '>:!ke.n all tke 0t:her coils are exf:iteJ. 
";:air., :!le fielt step i_ei;tl*: cs‘ ;k? 2oil is onl;i 
cli,- ~1.7 re?u:ed at ki:I- , i ,~.. saturation lel;?ls. fio-/re;ier , 
I !I -,h i .s me thz s;e> is s:*peL1iI: pose,< on 3. r3.3ial>JT 
u :?r+xslr.: Yield ;:..ose slope in 'resees *;:it; radi-L; 
2s Tell as .xith .ma.-ret *:Yci:atio.n, ri-sul:Ln~ Ln a 
:..cap'e sll-.:i;'2Lr;;ie 1 r+duB2tion of the tri;. -,oil ei'l'erti-;e- 
:ess 2.: lar 'e radii. 7%: seffe,:-,i-;eness of eack 0L‘ 
c * 21 ,oils I:: t!:e set :-zs measured at se*;eral 
rmet;r>- I Lso:ircco~x proton Jields. l:lc rajial xrc- L 
:'iIr-s 1 or.i~-ci~7ensional se2;ions alon.; a hill tinter- 
lir.,') cl' ;,i5 miasureoents ' IO1‘ “,liz -2: ;.:ml-b: protor. 
l'idi ,are s.:o-x ir. fiiure 2C. > Tke proziles are 
glO;ter: cr. 2 ~?om;O: sce.le at2 fi+ .:,;a~--in,; cffse; 
c;‘ es,::. gro;'lle is a real t::'fe:t. "3-. r,:,- s e y.7 ,e (j I', (. _ 
-'vTgEe ir* ,r;.. ,,Oil ,lr'i'e,-+~i",'er.ecc .,.. Is ;::yrp-ete,j 2s 
2 r,,s J; of n_ 2 . -...,l?Cr irk pole sip ss-y;r-“.20?A ,,f+,j.. -... - *i.._ . _‘a 22.“: s ; rd; T ,-. -i :. -: ,? L.2 li, “.__ raiia 7 7.. : ..,-r.~&si:-a.,. iso l’P.ro:-Ao~~r l’.Lr, . ..A u 
r’ield. Lis I;o-..lri also expleln 5-e sll.:?: redu,2ticr. 
CI -;.-i -cl: g-,2l; ,_ . - - -r 1 er. 

-..,.c,..-J- ____ _,," :p!-si.:;- ?rGi-+.<c:-. ..-r'_-,!> 7, -----sl yL.1,. m-2 

;‘i .‘,L.,. , .--.~ - ,Le:. ,he pL.,'j; -",.;d -r.eer z;:rr,z;;t 
yrCl+: .,c ,. _ 2 ^_II_ ,_~.O _ 5 "&A- :'eL . 'LO ;~ol.~~~l.or~~~~ -:-,c I': .li .-or 
3,..10.:~ fy-;v :;. ic*.s. ‘e,: y,f.,,-. 

-i" -.*.>A rn~izl -,.;rr;s:-.", y&-,-; 
Igj: ?=;.I><> 1 1 :: ;+.e pr-- 

. ..L _ UL.. :'o:, a.-. 1 so,~.-v~o:-.o;;s - jl 
I;i^ ..r.e,> :'<-lz cc:' 225 ::e‘+~ p~~o-:o..c. ...-i*u- ',!-,e s-in,ples+J 
ass:,:.pslc~s 2::i 10 :o?'L'c' 7';: 5r.s. I!;i s si-.TA&j 'c- ,:or*- 
AL:-&5 ,-a, : -~ ". ;1‘ -,, , ~ ,p< .,,, ~:-- 5 :-* L 2 --, :. e ye:: ,: ‘,j-',. iso ':,i‘o:.o'~; 

. :j:.~~:;c:-. ;L‘,:“I :' 1oi-. '.:.,>?'i ~:.e :. ;L 'T.,:i; S:;';.r~.:Lo!.. ,'T‘i'c,';s 
.liis s:ce,: 'i::o‘.e ::;:.‘;r ,--5:. 1.. ,l-..Jr(:. 7;. c o;,,.i-;. :'r-- 
., _,,,:.'I 2;'. ',. r l.:..'r ,',iOT. :Q,.:;:: is CC"!. ;c &; :";,o;,i 

lo... ( I>CA is ::o?. *I‘,C ',C 3:: ;:I ,c!':‘,i '; r'i,21J i:. *;,:,> 

I (1. C.4 IO)--i51 A 
I (T.C.*4-21)-O A 

.i 
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se’-tar ap. cI‘ a ,,3~i,;,A~~‘t~~o:-.a;’ -.o.-.tr:-:;‘,<c:-. i.s :,:-.e re- 
SLlC -, CL' t.le y'ri- .,. :';-:$s 0:' 
ad ,j :l -..; T.T .r.a.:.zi?';z a; S.'Ei- ' - ].&<.i. I;:.err :'ie] ds c&(j 
i:: 7i:,: .:alle:; ';o .i.ie a .z:~.~i: ‘,.m r‘le:c! CI‘ .?..-i' CI' ';:e 
'ap r'ieid. "i:e r,:,~~.;,-..c ar, :'lc,L; ET.* 5:. ':a as-3 .;alle:.- 
:';i:lds c,q;s i :-. $2 to Lr.~~r~eise --.- or‘ei: pa-.?. ie::.-:r., 
yc?...i vi ^ a ;‘ie13 b-s?. Bee ~-.,‘.' -e f<?.c' ;'e .,.,. i;-,- -,;s dbLL _ - .__ A"_ 
CL' i're1-1. ,e,.s:se *;.;y ;..par-y;ye crc.7. ;sc ,-rc.-,isc 
3 ,&es y,ft;. ;-,a::-. z'i&*T -1 ,, -2 >n:.c.::'L: 'ViS 'c?‘:'p . . -j 
‘;:. ':.IF' ,i~A;!;;<C)‘-, CT' c, ;,x:; Cl' . : ri 1 : : L i. Y.a-,~'- 
i ! c :: , .'i. ,.'.'-, j i-s -:c - .* pcl' ;pz, -i,. ; :.,c :.+,:, 

<.‘ _ 1 .~J .I, -I '_, :_ '-,' 0 ,-;:;c':', '5, . , '..'_ :. Ei‘~ b-:-i>- .1 
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be zorrccted ::lth tk? trir :oils. The iso,:!-ronox 
raci;l ~ I, i‘ " e 7. 7, j e :I si;;>r sit% These ski.?s is .:i.:+:r. 
$7; ".:;p -ur-;e labeled 3. ,'U?Vi L- is ti:e ‘orrespo:ldln:~ 
linear “b:rrer: clejnsiy.' 3eede5 to pro.L!l:e an Lso:i:ro- 
1o!;s h,L.:.- ener-.; te3~w:,~ ice Tield, ar.6 Is essen:iall?: < 
Td 1-L e '-';rrr-::: 3,>3si;y -.esdrd 70 ?l.a:ter. t;:e ,:o.r.~;ex 
‘;I‘.,-a':rp 0:' t.-e spl;y+sd .'$‘-,'-. ,:.-. :-,-e s : 2x1 L 
!:eri us& to 2,-z?: r.5:e ",i:s pars:le+,ers 0:' +,:++ +..z IV i i _... 
<'oil ass.: -.i:1;,-. 

I 

POLE TIP 
IRON SHIM 

\POLE TIP 
FRONT SPACER BLOCK 

Cci!. Desirn 8.33 T;>i:al Froflles ----.---I_ 

A plain .;iek: cf tte trl- roil se: a?2 pole ':p 
s!:lns is riven in fi,;L:re U. llle :rl.~ Yoil ra;ial 
‘ii-iY:lr >:ary spproxiaately ::i:!: :iie i::vlj:.se of ::.e 
:‘~bsc!c:e field corr+,t;c- LA reqkred fcr t::e kI.-k 
ecerg protons. %ble 1 lists :he irl- ,-oil. -3j;el _ " 
'iidr, 'IS , - alor.@; -c,ltr. tile i‘z ~~o~:!~ro.rious '-llrrer,Ls as . . . - ~ ulzlrrazely prea:c:ed o:,; :~ll napping :::*y, iterat:x:e 
kXTc~UStKects for 225 ble:' aro';ons enc for L j >,:e'- ?-x0+ .I c. 
T3e latter current se+. iS also a good agprorination 
for the acceleration of hea.lier i2r.s ::a;Tir.c i,i;ter 

?S.rp states. 35 maxirnurl jesigr, OLrrelt for tbAe 
trim coils was 12CO arps. .411 of the trier coils 
must return their wrrent around tile back of the 
20le xip for mechanical reas0r.s. "he result of 
this rekr?. path is tha-, 
profile shown 

the sazuraticr parakolir 
ir f'i,gure lb is flattened by r~~iui:l~,~ 

the hi.:h part rather tnan raisir.4; r,he rest. As a 
~70nseqLlence tne .maximwr onergjj of operation turls 
out to te ,'USt s3e10W Z??@*/A for the heavleot ions u 
rising to about 225Q2/A for %e++ and prcto~s. ' 

Table I 

Tri7 Coil Radial I :Amps) 
Zumber iJid;h For 22ic ,r -,1.-r+ .'.3V :. 

I(;ll:ps) 
(Inches) For 55, y+k:r TJrJ+ 

1 1.00 
!_’ 4. 2°C 
3 4 . li 5 
u. ‘-*lo 
? 5.72 

c;. 9’ 
! ‘-. ZL 

I . -1 
.1x 

1: - . ‘12 
11 )- , L 12 

I.2 Ill 
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14 a',,. 'r , 
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1. 1 -r ;, :,.I 
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12 IL. I -2 1.. 
.2 8~1 2. ;; 
-. 

-Lg. (’ 
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- -r‘.,j 

- 31.0 
121. I~ 
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-8 .I? 

_. -, . ; 
42.1 
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1t:7i. , ,k. 
13>, .l. 
13 '7 ;, . i 
l,J-';1. 2 
10: . . 4 
;c< : 1 
1;g: '7 

-1125.: 
- :ap:.': 
- r_ . " 
- yyJ.1 
- l'.L 
- '13.'. 
- -:,-do. 2 
_ ; 1; ,) 
- ! 1. 
- '. 

1:. 1 . - 'e. : 
111.1 
7 '~ ,- 1: - .,. 
1,; . 2 
L‘l4. 
2'4. 
7 - '4 , '5 
jl:.:: 
31;. I 4 

il 
-- 1.‘;’ 192,. 7 ‘l-.4 

I I I I I 1 

I 
m. . 

.I7 B 
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I5 e 
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I3 
Im - 1000.0 A 

40 
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Figure 5 illustrates the range of isochronous field 
profiles made available by the trim coil assemblies. 
Figure 5a shows the isochronous radial field for 225 
MeV protons and the corresponding saturated base 
field of the magnet. A subtraction of these two 
profiles gives the field contribution of the trim 

coil set. Figure 5b is a plot of the isochronous 
radial profiles for the various maximum energy ions 
we will be able to accelerate. ?he profiles for the 
protons and for the 4He+ given in tnis figure were 
ot-,ained wi:h the cwrents quoted in table I. The 
absolute scale of each c'xve has been adjusted for 
ease of comparison . 
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