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ABSTRACT 

F,esonsnt dtp'>l arizati oii ei'f e'zt:; i.:ivc l:ee:: 
i::ve:;ti.gated f-or axially pol.ari;:ed bezs riccei- 
eratctl in cyclotron:: of the flair-sector, cqar- 
nted-magnet configurstion under COttIStl?lCti 0n at 
Indiana University. No i2trinsi.c depolnrizine 
resonances were encou~tersti in the final cyzlotrl;1! 
sta.ge for beL2ns of protons, dcuterons, 2nd 3He 
ions. Depolarization probabilities for rescxancez 
present in the injectq cyclotrcn stage were 
determined t:j bc < I.O-". 

INTKXXICTIOM 

III the cO’;rSe c!f’ tlie pE%St dC?~3tlClC:, the use 0:: interlEe Lc:ams ci 
polarized ions has prover, to be an impc:r%mt :ird fruitfcl addition 
to nuclear reaction studies with energetic pa.rt.icLes. Extending; 
these investigations of the spin-dependent featzires of nuclear 
Lnternctions to higher energies is of immediate interest and should 
receive serious attention in the cc-~nccption arlti design of.' accel- 
erator fncilities for nuclear physics resexrcli. 

TIE Iri,iinrla Ulliversity cycl.otr(:rr i'acf.lity c:in m?ke a cursida I.- 
able contributioiz to these investigations because of the ease with 
whick polarized beaXX i'rom extern;ll. i on ~ou~:~i?s can be nece:erated 
over a wide range of energes. It is the purpose of the present 
report t?, show that polarized beams can 'be accelerated without 
signi-t‘ica.nt depolerization in a sel'"rated-;;ector ~cycl otron of' the 
Indiana desig:?. 

In cyc:.ic accelerators emplcyirq azimuthalLy vnryirq; aagnetic . - flelcs, loss of polarization may occ:u for an initiaZ.l.y polarized 
beam due to a resonance interactii>n gjf the magneti:: moment cd:' the 
particle with time-dependent perturbing magnetic f'ields. Cslcula- 
tions cf resonant depolarization have been carried cut fTr2acre 
conventional (spiral-ridge 
;;;;G;,;~;~,~een reviewed i 

, sector-focussed cyclotrons, ' and the 
recently. The extension of the 

to the case of sepsrated-sector cyclotrons presents 
no fundamentaily new problems. The main difierences encountered 
in the separated-magnet configuratir)rJ are the sitbstant-inlly larger 
field gradients which produce larger p erturbing fields and larger 
axial betatrcn oscillation frequencies. In the following sections 
we shall. show that the chsracteristic properties of the separated- 
sector &+sigr. combine Co ef?ectively reduce the dey)olarlz%tion 
probabL1itie.s. 

-t Work supported in part by the National Science Foundation. 
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DEP0LAXZATION RESONANCES 

F:):r- a. particle with spin (angular momentum ;;' the non-relntivis- 
tic cqu:zl;i.i~~ :it' motion ror S in the particle rest frame .is 

-0 ds,/d~ -- Gz X B =-s’xi& (1) 

wIlt:r~c? G i.:; the g;yrcma';neti:: ratio and ?j+" is the app:l.i.erl magnetic 
.'i.clt-1 in 31.e put i.ck rest irme. According to (l), tice cpin 
precesre:: nb3u-t tire ma+getic field with angular frequency Gs r c;;;". 

E'III. :i beam of:' pRrtiC1eS polarized along the z-axis, defined a.:-: 
perpendi.cular to the cyclotron median plane (plane of SW&q ,;f 
rt), the tnrque on the spirl vectcr depend:; on the radial an5 azimuths-I 
cc?m;oner:ts Br arid Bg of the magnetic field. These horizontal per- 
-I;urbin[; CLel.tls are zero in the median plane (z = 0) . In this plane, 
particles Of constant energy m:jve ir an equilibrium orbit with an 
L 1*i:it:il frezperlc~y WC = C@/rnC) 
Ch 8.l'ge 

where cl and m ilcrlote the part.iclc':i 
arid ;nas s . For small deviations of the particle path i'rvm the 

median ;.lane, B, and Be may be 
s i 1. 11 :: 

obtr-,ined from Tayl.nr series expan- 

orbit . 
./I' the median pl.nlle YleLd Bz(r,e,~ L 0) about the equilibri ~t'tl 

Axial and radial betatron oscillations of the particle 
nl3tion 2iboc.t the equilibrium 3rbit occur with fi~ntla.mentaI frequen- 
ties ~1:: and cu r which are conventionally expressed in units iof the 
srblt f'reqJency as wz :- wzwc, LC~ 

If one = '+?* 
.1 1:< tirlli :_/ /' 

carries cut Fourier expansions of the median plane r'ield 
the ~a..x:i.nl anti ratii:5.1 dicy,lacements 2 arici drb 11r311 tj-ic 

equj.1 ibrium orbit , ijne finds a frequency spectrum asstjcieted with tlie 
horizirnta.1 pertul*~h~~ fields given by 

Wf :- :‘:w c: + .-f/w. i rlWr =- (11 + tw, + 1l.V ‘UJ !. 3-i c’ ( ?) 

In .a cyclmkon wit:: pcri'ucl; i'c~r-fold. symmetry (i .f , , .I".,Q~ merjet 
sect;r:Y:; ?uch 1s in the IU design) the r'ield harmonic rlunber I: is 

-i'cstricted to multiples 01: 4. The harmonic number $ associated with 
the a2i.al oc;cillnt:i.r~ns can take on any nor:-zero integer Tialue (& : 
0 -is not allowed by the assumed symmetry IIf 5 about the median plane) 
wlii? c tlrere is n:i rcstrictirn rc": the irlteger val.ilcs :or the radiz,I 
harmonic number m. 

Ke::onant dep.2l:z.ri zati :tri m:iy occ21' when tke frecluency of the 
oscil.iating Ierturhing fields i.r the particle rest frme, :af + U) 
ik: equal tu the sgin preceil:~ii:~n freclut':~ey w 

/.? 3 

t e rm:i 
s. Expressing (N.. in I 

of' the orbit frequency iuc by ws = &g~c, where g is reeated to 
the gyr~~luagnetii: ratio C b;j g (:imc,/q)G, the relativistic c!vlii i 1; i.i)ti 
r.:r rcsi:riant depolarization tklen becomes 

(5-g - l)y = n + &v, + !in;, (3) 

where the fact.)r y results l'ri:m the Lorentz tr*arlsf'or.maticn of' the 
maignetic field from the I.at)ora;ory system to 1;he part.ic..(? rest frame. 

E-11' small displacements fro31 the equilibrium orbit, the Taylor 
series expansii;ns ?jf the horizontal perturbing fiel.ds car he limited 
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tii Y.ir:;t-order tctrmr in Z ?lld Ar, * Thi : I.fi:i::;: i;(c) 1 h33~ re::tor in< 

forces for the pnr$:Lcl.e motir.,rl .3tj:!ut the e(lui 1:i tJl*iiu:l c;?L-i.t. Siii cc 
the a;~~j.Kmerthal. mro&Jl xbilL,ri c.;f’ the! -fil i‘ce c .:ri;hL~:lts i.h r’n~: i (1 c 1rnp:2red ti 
the Letatrcx7 3sci.l lati 1r1 r'rcquer.c;e:, , -it 3 S ruff'icient th! icrt~jside?: 

?17Lg the fundamental hc.rmonic C:)mpr>nents L-II’ i;l,f? -t;i-:“,ni;r..*: I.>,-c! !. ‘1121- 

t, i. r71, s . Ir this case L and m are iurtiier -ie?tr-icted t? the val::e:i 

-t- 21, r? L 0,fl. For the se-~-:n3-~tteri-sectr,r c;1:.i:'i QCr~ni;i ::n tl:e 

&ppreciat,le devinticn frxm a cirrulnr pmti.cle path i.s spe2ifi.call.g 
inc;.udect in t;he ecli;iG.br.ium ':,z!.,:i.t l'(Q ) iinil ii:>,.:;: I~.$ cr.m:;t.itu:;ci ?n;.; 

part 3f the radial betatron ~~sci.ll.at.ir~i~. 
fl search was made fcr po:Isi'::le .~epolarizing res~-ln?.l~ce:: j,, 2:x11 

of the two cycli;tror: sta;z,e:: for tl]c! enter-c; rCi:lge uf I!,,2 ?LI!l.i &ie !.e:l.I:; 
energies. For each case vake:; of vz and vL' were calcclated ns 3 
function of r for a median-plarle magnetic Ce1.d haviI?[: '-in i.?i:cllrL~nou:: 

radial dependence and an azimuthal dependence fitted t,.) n~e~ured 
field shapes. Assuming fcur-fold :syrrme::ry for the nap;netic fi.el.,l 
(II = 0,4,8....) no intrinsic resonances nre encc'untered in ti:c f'inal- 

stage cyclotron. In addition the e?fec: of' resan:ince:~ which might 

arise frcm 5eviations of the magnetic field from perfect fr~ur-50lii 
symmetry tlave been estimated ti, be snail. Knc!h r>f tl:e p??rtic,lt? 
beans considered were found to erlcr-xmter a depc-)I arizatlorl :*esCllnrice 
in the acceleraticn through ths injector st?&e. Labeled in the 
notation (n>$,,m), these resonar:ces are (4,-i,-1.) for pr-clt:~Il:i~ 
(0,+1,-l) for deuterons and (-4,+1,-l) for JHe". 

As a.n exq8.mplc , Figure I ilbstrntes the raiiial Ie~X?li?iellC~? rjl' 

v2: and vr in the injector cyclotron fr?r FrotrJn energies frcrri 3) tC 
15 MeV (ccrresponding to f innl-stase ericrgt.er ?r~-m! 4(! 'G:J z(YC: YieV) . 
Since y(g,/2-1) = 1.793 for non-relativistic prot3i?s, the n = 4 
re80E7ance is seen to occwr at tke radius where Vs: -t vr = ;i.ZC','. ThC 
rndisl positir)r? of this res,:~nance is vI,rtun.lly iri2.t:pendent L?Y tliil 
final proton energy 

Fig. I. R:%f.iiil t-iep~l~ti- 
ence 01' viz and VI. fror p2’!ltc:tlS 
in the injectcr cyclotrr)ri 
(left ordinate). Sh;iiic-?d 
regic?ns indicate the syren in 
values fol, proton energies 
7~etweeri 3 and li MeV, The 
corresponding, spread in vnl.,eS 

fix (9:, + vr), whic'rl deternkies 
tkc prototi resonance pcGitior; , 
i; also shcsm (right ordinate). 

VALLEY RAOIUS (INCHES) 
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DEMLARIZATION PROBABILITIES 

Although the resonance condition (3) was found to be satisfied 
in the injector stage for each particle type, the :Iccurrence of 
y~preci5bI.e depolarization deperds on the :arqlitucle of .tlle pertur,b- 

tng PicLds (re:;oKance strength) and on the time spent near the 
resonnnc'e (reson%ncee h5dth). Under the Issumption Thnt the f're- 
quency di.Ci'nr'ence Ati 1 wi' - u)s var.ies Lkearly with time rir!ar ii 

resonant': characterized by (n&,m), the transition probability for 
a p<articLe wi.th spin s .= f I^rom the state m 
T$ is given'- by 

s = ct$ to the state ms I 

P(+,-$) A 1 - exp(-2% bn2/r4,). (4) 

The qluantity bn -is proportion5.1 tu ;;he amplitude cl' tl:e nth harmolisc 
c~:mpor.eni; of the perturbin~~ -field wh-ich in turn depends on both the 
magnetic field gradients and the amplitudes cf' tl-.e betatr:-,n 
i:,.;cill at ic,n s at:out the eyuiI.ib~iwri ;)rbit . 

chnnge ol? <he 
JIhm is the i;-i.mi-i r;ite oi' 

frequency diff~rcnce &IJ eland hence is proportion~~I to 
the time rate of change cf &w, -t mv,. For particles with spin fj = 
the prob:i!:.ility for a trans i.t ion ketween states with different spin 

1, 

projections can be cak‘J.lated using an expression ' due to Majrsrana 
which rel.ates P(1,O) and P(l,-lj to the value of P($,-$) that one 
would obtain assuming the particles to have spin s = $. 

Tab].e I gives the calculate" 
P(m,m') for particles in the 

k depolarization probabil..it.ies 
injector cyclotron under the assumption 

I,f ::etatron ~~sciI.l.a.ti.or;. amplitudes cd 0.2~~ cm :md a uki.i'i;rr:i energy 
gain per turn for a total of 100 turns. Here the resonance strength 
ni~ci, resonance width are presented in dimecsionless combinat.ic,rl with 
the orbit, period Tc. 
value f'r:,r 

For snail depolarization, bnTc gives an average 
[P(m,m')]l/' per t urn while the resonance width as given 

resresnnts the number of cyclotron turns required to accomplish $$, 
of ",he ti;tnl depolarization. As pres ented, these quantities, and 
hence the depolariZ&ion probabilities, are independent of the final 
beam energy, as cne wouLd expect for the non-relativistic parti.cle 
er:ergies encountered in tke injector stage. 

Table I Summary of depolarization srobakilities 

i-‘article ResonE:ce Resionnncc Depolarization 
Strength Width 

bnTc (2,r/r&mrc*)~ 
Probability 

In&-&) 

I' 4.25 x w5 14 3.5 x 10 -7 

3 He++ 1.7:, x .10-4 'i.5 l.75 x 10-6 

P(l,O) P(l,l) 

d 3. 5 x LO -E 11 3.0 x m-9 2.25 x l_c+ 
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UISCUSSION 

We have co:3sidert:d .the acceleration >rocess for p:jlilrizetl besam 
0-i protins (4&200 MeV), 3He (30-300 MeV), and deuterxl.5 (3Q-130 
L$eV) Ln b:.)t'il cycl.otrijr strq;e:: 0.f the Indiana facility. In the iri- 
Jeetor stage intrins-i c depolarizing resonances (nrisin.c; from 
az.i.:nuth?.Lly varying I'ie1.i 3 s with perfect four-frlld sWymmetry) have 
bE?CZ?I~l lOC3.ted for ei3Cl! beaRi. The depolarization probabi.l.ities have 
bcen I':~~.incl ti; be riql i.g-it:] ly m.3: 3 in spite of the f':ct that the 
resonanc:i! wil:lth typicaLLy invcIves one-tenth of the total number' o< 
tLlr11.: xi3 the azirm~thnl I'.i.eld gradient; Which give ri se to t1.e 
;erturbicg fields ax quite Large near the sectcr-magnet 
boundaries. TIE s~aallness of the tlepolarizatiw ~~rc'tabiliti.es CCLC 
.ze attrYbute2 tc two e.:'l'ectc. First,the azimutha perturbing field 
I?, is riore shar~11.y Incalizcr? in the separated-sector desi@ than in 
~r)nventio.7;1!. se&c-r-fr~cussed cye:j.otrons, with the result that 5he 
lower-order Fourier components (n =- 0,4) of BB mnjr actually be 
smil ler . Seerind, the nrrq~l~itudes of' the betatron oscillations can be 
ccnsidera?+y smaller in the reparatetl-sector design than in c3nven.. 
tional cyclotrons. This latter property has been verifi.e!', by 
initial studies of the beam dynamics in the injector stage. 

Nrl i.ntrinsic depolarizing re sonar-ices are fon:id for the same 
beam:; in the main-stage cyclotron. E:;t-i.ruates of the ef.?ects r2f 
depl.arizi:lg re:>onances wll.i.ch might arise from departures of the 
ma~~netic fi. e:d from it:: assumed four-fold symmetry i.n,i.icatc that 
t!lese imperfection,,rtisorlrulces can also be negl.ected. 

Pcse resdt:; ( show tha-: a four-sector cyciotrr,n i:-r" the Ind'Lans 
design is well-suited to the acceleration of a variety of polarized 
beans. Othsr ef'i'octs which can lead t:) a degrndinG of' the beam 
Ix~lnrizatio:? have ken con sidered. DepoIsrization in&.lced by the 
electri c i-'ield a(tti.,~~; 12:‘ the benm. nt each dee crossing has been 
cstimntcd ts ho cvcn smal.ler than that clue to the perturbing mag- 
tirztic .:'iclfi: C 3 os.2 nttenti 013 is . _ being paid ix the tlesjgn of the 
inflection end extrnctiol: appnratus i'\lr eneli cycl(krc?n stage as well 
a:: tc the magnetic e!.emcnts in the beam Iine in order to insure that 
the: entire 0.c~i.l ity will ‘t~i: weli-matched to an experimental ;,r:>grnsi 
employing polarized pnrti(,l.es as a nucl.ear probe . 
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