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I! serirc 0:‘ :a18x1ations using measured magnetit- 
fields has beer. performed to determine th2 optimal 
-I'ad;=r~ ;(yi llrrents for <he wid2 range of operating 
~~or;;iirlo::s to be e.Yperienr:PZ by the Indiana University 

L ::Jai 2 st.i!rt r;--~lotrotl. !YeFer.din+; on the partiil2 
t)-pe to de a:c=lora;ed and final energy dqsired, th2 
rgacl‘;ir+d radial fieic ir.crc~ase ?;aries f:.orn 0. >$ to 
22'",. ' ii.r. iterative least squares fitting technique 
Is >;si;i ro rrinimi~~ oibit tine variations. ';or 'he 
sr;eleraticn cf' 200 Me',' protons 1330 revolutions, 
r'ourth hrmoni,.) t7e masimx phase 2x,-ursion is 
predi,:t<Li to 'br lrss :han two rf degrees 32 tech- 
r.i<_ae use3 can be adapted tc using measured phase 
ks70ci2s TV predict corre&,icns to gradient -oil 
?urrects. 

Introduction 

rllr r::eriq spreatl of e cr2lo',ron -arar~ depends 
to a ler,-? cxcent on zke degree to :!hi:h the mag- 
.:tti :'iel,d has bt;~n i-so,-hrcnized. I:1 order to 
obtain ci.:c resolution beams of varying particle 
t .,y ': s ;<rLJ $nLpr:-' it is Id ". ::c,-cssary to ia.;+ a tec!i.:iqc2 
a/allable fcr y,apid ,x1-ulation of the a?propriate 
,-~xrrtn:s for the set of rrirr! 8:oil;. I' tne cyclo- 
i; :' c:: 55 to 5~ easily- tunable when 'nan:;12; erergies , 
t11.2sc 'ur'^e.? ts si:o~.Ad '32 s.:oothlg~ t:aryinq functions J 
01 en2rq. 

Tr,e itldlana *.ain sta,;? ~cyclotrcn !:Is 21 radial 
.-rcdieni ':oils. The ratio of r.:'. frey~2n-y to 
0!'3iT: f~ef:~ur~y Is '- for :;icn e"?r&y croi;ons and 
in-rlasec for h"es,;l2r ions. Cor.sequcn::ly \;eq~ 
stri ?:*nt res:-uiriitl j?r.tc IL-~ x~csed on the :'iiild 
cLa.pc :IL' 'vcsar:; :'3r Iso~:hronis;~.. 

?i:i; Gapif- ;,$I1 I2r~,ri‘b2 the te4hr;iql;e.s useii 
-c, op::r 1°C i-he [-'"r.iier.t :ci 1 -~rren?;s and dis xss 
13 ..ii 0" '"..k resLl:.s sttainrc t,ilcs far. 

83^ .~.ZL _,> 2 "A , cc; ;;';,E:;:-: .r i l _ tc cai- 
rY;l:i:f lin,-ar' cl-tit propertl cs 3s a ?Jns,:ion ol‘ 
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has t-en replaced by the cgtiaization of f(B). 
effects on f(E) of an incremental cnacge in the 

The 

current of each gradient coil has beer. calculated 
and szored in tabular form. Tte effect of an in- 
cremental change in the main magnet c.xrent has also 
been stored in the same table. These tables were 
calcul ted 4 using median plane magnetic field neasure- 
nents.- 

i0r a given measured magnetic field, f(E) 
&as calculated for a range of energies spanning the 
in.:'e?tion radius to extra<::ion radius. Gp- 
timization of f(E) to the desired function f 
h-as dor.e by minimizing x2 de?ined as I (E) 

Ef 
x2= z 

NC+1 
wttia) {f (s)-f(E) - 

Q(E) ,2 

E=Ei I I: C(J) gy---- 
j=l ; 

'N'here the C(j) are the required (changes in gradient 
,:oil and the main magnet 1currcnt.s and the &f(s) 

E1j 
are tne p?eJiously tabulated differential effe,Tts 
on f(E). In the presect calculations f (2) has 
been se: to zero, wtie) = 1 and :he cal&lations 
perfcrmed with uniform energy spacin,:. 
f(e) is calculated at 165 energies. 

Iypically 
The least square 

fit to f CR) has been done using a modified versicn 
of' a Droiim TRIMFIT~ written criginally to fit a 
one dimensional field'shape with a base field and 
trim l-oil contribxions. 

Sft2r calcslating C(j) a new field is $ecerated 
incorporating these changes and f(E) is calc'ula:ed 
again and if it is cot accfptable a new set of 
current changes are computed by doing another least 
spare fit. This procedure is repeated until it 
xnverges (generally 2 or 3 iterations). We 
prtmar~ reason why a sin,?& iteration is not suf- 
firicn? in the inherent non linear effects of tn2 
trim coils or. orbit ti.me. 

?ach iteration takes apnrcrimately fo1.r min.lt2s 
on our Gatacraft, 11024/l data acquisition c-omputer. 
It has b'een found to be sl;ffi'-i2r.t to use the 
same table of differential current e!'fc:ts for all 
-al,::ilations with a particular :=ar;;e to mass ratio. 

Resilxs 

';iLa prcced-;r~ x-as 1'cllc;rtd I'or each cf 52 :-,ain 
:':<.I.3 set';ir,;- ,., Wrri<.spc:idin . 30 opersticn with 
.car--e ';o mass rz"ios of 1, :),':, l/2 and l:+, i: i $ n 

1: 3. -:,e*; t;x-l tn=io-.s ran,in;- :rcm telc-A sat;ta::I 0~ I0 
71:~s x:*xir.;I: ~:cea‘cl.~: .c.: ar. ici. xi+,': a ,ri,;er. ">,:?I. Tar 
all lO!.S cr?b,t.r ;:.an protons the naxirlx field .lsed 
as coscn:iall:i at *:r.e I.ini t cl' the I;o;er s.;pply. 

;,'i, 7~ r (7 1. c; i-.0;.;; t (-, c p:'cd:,--i;, d p%ase : istory for 
pritc.3 wit:: a i'inil ercr~-~:,* cI 1 i' ?e!.;. Ttis phase 
i-.isi,crv is t;-pFL ,a1 6:' -,?,cse o:..ta;:.r~d i'or all ::odes 
0:' cpl:r:iti on. 'i'ne ::axi-i:x ,7i.ase tx~-~..rsi cn ir less 
-; :-, et ,; :' 17 -f . . Llr.7rc:~:~ .r:.i: ','-t,:~a 2.5 CI:C' os~~illatloh 
:-h;; : j" p1J 1. -r&j cr. t, .Cll. 
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The variation of gradient coil current with 
final energy is shown for typical coils in figure 2 
for protons and in figure 3 for singly ionized 
Heli.jm-4. The smooth variation of these currents 
with energy (the remaining currents exhibit similar 
behav:or) give us confidence that the settings for 
intermediate cases can be obtained by straightforward 
interpolation techni*ques. For final energies below 
9.e Icwest measured fcr f: gi~~cn ion the settings 
will be obtained by scaling those at the losrest 
energy and correcting for the change in relativistic 
corrections needed. As a check on the interpolation 
procedure, the field for 178 KeV protons was 
napped Lising ,:urrent settings obtained by a 4 point 
in'erpolation fcrmula using two points on each side 
of that energy. The phase history for the measured 
nap was as isocnronous as for the two adjacent maps. 

Due to temporary constraints on the gradient 
ceil currents, the final measured maos were not 

of 30 r.f. degrees. Relatively small (less t?ar. 1" 
amps) corrections will be sufficient to mi::in-lze 
these excursions. 

The procedure described in ti!is paper fcac :;e 
easiljr modified to use a trleasired phase history 
rather than a calculate3 r'<E) as the cr-;ei:: of 
optimization. Guring operation of the cyclc:ro-. 
ccrrections to the precalculated seZCi:><s, IO1 

example, those arising from se,:';or zo se#y:or fiel 
differences may be determined and the pre-alrulared 
table can be updated if required. 
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Figure 1. Phase history for 195 MeV protons (330 
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Figure 2. Selected grn;licnt coil currents for protons, 

urns, fourth harmonic). 
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Figure 3. Selected gradient coil currents for sir+*lY 
ionized helium. 
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