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3RBIT STUDIES FGR THE INDIANA UNIVEZSITY CYCLOTRGN ;': 

w. P. :ones, D. L. Friesel, and B. M. Bardln 
Indiana Wiversity, Bloomington, Indi.%rla ~$7401 

ABSTRACT 

The ef'fects of' a spiral isochronizlng coil 
as ar alternative tc the use of a series of raditil 
gradient coils for -f.ielc? isochronization of the 
Indiana University cyclotron are discussed. The 
calculation:; Ising aeasured magnetic fields indi- 
cate that su'cli :i c?il yields imprcvement with 
regard to the hetatron oscillation resonances 
encWJntered in thiz machine. Calculaticns invol- 
ving the design of the inflector system and 
I:tinse selecti slits are also descri‘ced. 

IN!!H.EUCCIIOK 

The betatrorl oscil.1 ation reslxlances intri n5j.i: tr, ixir accclerztor 
::ave been ki.sc~nnsed in 3 previolls pu?,l-icati1;n.l The most tr:>.Jb!e- 
zone c:f these is the error driven vz : 1. re~r:x~n~!cl), which shr~:; q 
c",rongly 5t prrton energies between 1.70 :?.rr:l 2'00 KeV. Calculat:ic.)ns 
.zhow that accelerations thro2gh the resonance would ke very diffi.cul.t . 
111 :lri ntkqt to r-ise the e:xry;y at whicli this T~:;:J~;NIc+. occu'*:i~ wci 
are invcstignting the p?l:;s i. ) 'i le bexfit;; of A spiral-shaped iscchrn- 
1li.z.i.rii:; kin! c0i.l.. 

SPIRAL IX'CHRCNXTNG COIL 

The shape of the Rt8irnl was calcLJ.ateL! to give an i.sochrcnous 
L'.iCl-i :':.Ir 200 MeV protons using 3 hard cdgc :~pproxiniatior~ of thi? 

nqyetic fiel.ds (see figure 1.). It was possible tc design the coil 
.-:ucll that the chcin+ i.n shape of' the __ sr,.iral for n r.zngc !‘lf prctclrl 
finaL energrler fIT?nl 10.1 +x 2~00 j&V was SmClllc?r than tht: phySj cc%? 
width l?f: thi: ceil. The small mount of trimming rel:_niret? for 
i :::rlctii.~~niz;litio?l can easily be :k2c~xq~I.iskietl with IOW ;0wer yc?:iinl 
co-i 1:; . A prototuype set of spiral coils were constructed to fit 
i.13 l;t!c :/3 sea1.e mxif?l mag:riet . T?e c3ils corisisted of 6 turns _) 
c? 1;'.I" 3.d. water cooled copper tubing cnr,nected in series with 
the maLn coils. The ratio of the -field ins-i&: the cc i.1 to that 
cutsi~k the c?il w?s measured to be 1 .230. 

T.hc! magrlt7ti.c fiel;l:: ~>f the ssiral coil '_n the model. mngnet 
were measured on n .2’” .i (0.2 magnet gap) by .‘J Qr' rectnngU1ar grid. 
I.agr9.ngi.x interpol.atizr: was used to convcr“?; t1.o fi.fl(3 ;latn ti2 
pl.ar ~:!orird i.n!3.";c:; fTi)T Il.<ii by ';he crbit dytxunLc.i- pro&ram:: . Becnu::e 

I' a&in1 ciihe I-I s i. r~ri i'; l:lf' the ma i :: cyclcrtx2r-i sector: do not scalii 'cry 
-ti!i: ? a.31 t a.cts:! '? ai: ;he gap .)i' the rnniri cyclotr:)n rel.ative to that 1~1. 
c-t the m:jde'.. magnet Is was nececsarv to " scale the t;l,p to )C.O" r,athcr 
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-tr,:irj to tlli: aci;ua]. 3 .I," {T,tlJj C:' t:,c: rti3,itl ::l.?J;llet:;. TtlC: I'ti::L.lt bi' tlri :: 
war to eoft,eri the field edge:: 7ri.11 1 owcr t:-.e celcul.%‘xil wrtical. 
't)f:tatr3:? 0si:cil.l ation ~'rc:~.~ucncie:: . 

ORBIT TRAJECTORY ,.*- 

*I” 

,/’ 

MAGNET CENTER LINE 7 .~~. .____.. _ - --- 

SCALE 

Figure 1. Layout of the pl”ototypt-? :;I!-iral c:#i 1 ticlsig;rl. 

TIE raw data was mciclii':ieC tc, impr:!ve isochron:i.i;rn ?~y :i I$ 
reduction in the difference between the field insicic th? spiral coil 
anti the field outside the coil.. With t'cis adjustment , equi1.ibriu.m 
crybit time:; were constarlt to within O.l$, over the energy range 12i! 
MeV to 2% Meir . 

Figures 2 and 3 show the radial and vertical betntr.?rr oscill- 
ation frequencies respectively, a:: ,a 1functiDrl of energy for t:.e 
qiral coil. For purposes of ci.mparison the figures show the 
frequencies calcu1at~ed assuming idealized radial gradient coils and 
a 4.0" magnet gap. The rnfiial betatron nscillaticn frequencies do 
ncit show any significant differences except above 192.5 WV where 
arCfacts introduced by interpolating near the boundaries c::' tf:e 
measured field make the calculation unreliable. No serious reso- 
nances are encountered for the radial motion. The vr :- 4/l:! 
(nonlinear, intrinsic) and vr = 3,/2 (linear, imperfection) -es:>- 
nances have been stGdied in detail. for the racial crd1.s XIC? found 
to be innocuous under reasonable acceleration conditions. The 
properties ,of' these resonances for the spiral coil geometry appear 
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to be very sixilan' i;c the rariir-1 coil c3;;e. 
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F” ~-ire :’ .n_ ._. Radial betatron c:sciilziticn frequ.erlcies calcuj.ated 
r.t:;it'!r rf:w.~l~~r- ti ;lil s;~li. t-31 i>cj-i.l fielids. 
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FL&It-e ?. J~ert;.ic-,l l,c-t;‘itr?:l c-i S2i.ll~tioil frequent i.es calculated 
usirw tht: measu~c! spiral. cci 1 fiel.;?s . 
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Fi~~.re ; shows tkut the: cneri<ji :tt wir-ic? vz = L is a~pruxj.mately 
20 MeV hicheF for the np-iral coil th2r-r for the raiiial coiLs. The 
rise in v z abvre 132.; is also a result of the interpo:ation prcic#- 
Lerns merrtic~rrc~i e:irlli:r . The cC:.lect of ;erfr:nnin~~ the radial coil 
calcalations with ii. 4.C)" g2]j a?ttlC!r tlliin tkle ClCtURl 3.0" gRl7 Of the 
main cycLotrorr magnet Wi:: to reduce the energy n-t which v:! passe5 
ttrough unity Kay 30 MeV. A similar shif", will occur in t,hc s;.iral 
coil case , so that the energy at which t-r- i is resonance occurs would 

be npproximnte! jr 2lC bksi . 

Fcr both cases , cnl.cul.ntior::i of acceler2tea motil-jn with iill 
energy en-in or' '/5(1 krV/tlll~n indicated thRt the effects of 5he 
res0r1cancc begin to ho seen approximately 10 to 1:; MeV below the 
resonance energ if' vertical arivins terms are inclucied. The 
rate of growth of tile vertical oscillation aroflit~:ae is neerly the 
~azne in hot? cases. Calculatic7ns thus far have not indicated. any 
effects on l;eLai quality thst wl:uLri precru:e further consideration 
of a spi:?a!. coil design. 

Ma,gretic field measwemr-nt:: 0:' tke P.211 Size mqy~et 
2 

shcw a 

pmnounceri ckoop in the field at both ends of the magnet at hLgh 
er,citrsti;ir.:rrs . Cc~7siiqu.entl-jr a set cf r~dinl. cliils capable of 
sub stantini field currectiorl arc necessary even for non-rcl_ativisti.c 

particles. Studies are .hei.ns carried i-,ut to deternr~ne whether it 
is ecorromical.ly feasible to use a system encompassing both types 
c#.i' cci.1 sui-!joct tz the :;l:~t:al limitations imposed by the 3.0” megnet c 
g'*Ij. The: spi.rc?: coil acsign will require apprec.i.ably more p:,wer th~ari 
~~~1.d the al temate mif nl_ coil design. Further investigation of 
these cori~~.itlerntiol?:i as well as more detnlkd inform2tlon about tine 
main a‘y,net fields are necessary before a decision about building 
a full se&c protc-t-type can be made. Additional. studies of the 
effects of the spiral -oil on herurr ijuality iire pl~anned for the near 
fwxr!~ . 

3F:TK~J~~X.VlXX~ OF TN,JXCTIC~N CiKYl?DINkTES 

12 3rdcr ti: facilitate .;irl~~l~i t.Xtl e-xtr~r*~:tl~:~rr .?r':Xr th:? Inject- _ 
01 CyCli:tFO:.I ) minimizatir->n of the a.mpl.itude cf Cohie~~ent radial 
bctntror 0scii.l E;Lori :i s desirnb1.c at e?craction radius. By 
performing time yi:v:rsed simulnted accel.eratior, starting wi,h 2rr 
o:;cil.lat~ion anrpli.tu3e of zero, it is possible to aetermine the 
irrjccti2n coordir!ntec leaiiing tc 3. nin:imurn oscillntion 2fiplitudc 
at extraction raaius. SLlch calculations heve been carried out 
yielding optimal coordinates for the exit ::jf the electrostatic 
inflector. Determination of the ccorainates of the entrance to 
-the inflector has beer: J:ladf? by rag tracing thrcr:gh the fringe :?iel.ds 
of the injector valley and matching those rsys tc the rays emann- 
tint; f'rorn t!rci last ma,7netic element prior to the cyclotron. 

W[ASE SXLECTIOW SLITS 

At the present time, 2. ac beam is injected -into the first 
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cyclotron stage. In order to make detailed studies of the prop- 
erties of the accelerated beam, it is necessary to provide a method 
of selecting the phase of particles to be accelerated. Calculations 
have been carried out to determine the radial position on the 
injection valley center line for particles injected with different 
starting phases. The results of these calculations are shown in 
Figure 4. A slit system has been built to intercept particles out- 
side the desired phase window after 1.5 revolutions in the machine. 
It can be seen from the figure that a single set of slits is not 
sufficient to select a unique phase group. Consequently a second 
ret of slits at a larger radius has been included in the design 
to eliminate the unwanted phase group. 
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Figure 4. Radial position as a function of initial phase after n 
revcllut if,ns i.n the in~cctor cyclotron. The shaded regicns are 
those through which particles within + 8" of the optimal. injection 
phase do not pass. 
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