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Polarization lifetime near an intrinsic depolarizing resonance
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We have measured the time dependence of the polarization of a stored proton beam near an intrinsic
depolarizing resonance. The distance to the resonance was varied by changing the vertical tune of the storage
ring. The measurements are consistent with exponential decay and with a simple model for the change of the
lifetime as the resonance is approached. It was originally expected that the presence of an internal target
stimulates depolarization; however, we found no evidence for such an ¢84&63-651X97)00109-9

PACS numbe(s): 29.27.Hj, 29.20.Dh

I. INTRODUCTION anomalous magnetic momeffbr protons,G=1.792 847),
andvy is the relativistic Lorentz factor. Nonvertical fields due
When a polarized proton beam first became available ino focusing elements or field imperfections become impor-
the Cooler Ring at the Indiana University Cyclotron Facility tant when they are encountered in resonance with the spin
(IUCF), it was important to settle the question of whethertyne, giving rise to “intrinsic” resonances whe®y=m
electron cooling has an adverse effect on the beam polariza- vy (Mis an integer anab, g is the vertical betatron tune of
tion. This was found not to be the case, as predi¢ddin  the” ring, or to “imperfection” resonances wherGy
fact, the first measuremen't of a polarizat.ion lifetime with a_ |, (n is an integex. Here, we ignore complications which
200 MeV proton beanf2] yielded a value in excess of 6 h, \nighy arise from coupling of the vertical to the horizontal
indicating that polarization in a storage ring is remarkably d longitudinalsynchrotroj particle motions.

! . SO n
persistent. In later Cooler experiments a small but S|gnn°|can%l The strength” of an intrinsic resonance depends on the

decrease of the polarization with time was sometimes Ob(')ptics of the ring lattice and is proportional to the betatron

served.. It was cqnjectured that the presence of an intem%llmplitude of the particle. The “distances of the resonance
target is responsible. is given by the difference between the actual tupend the

In this report we ex_plore the polarlzafuon_ I|f_et|me of a tune for which the resonance condition is met, &¢ v g
cooled beam in the neighborhood of an intrinsic resonanc

. . . . Vy .
y o
with an_d without an mterngl target. In Sec. ”.We d|scu§s Near a resonance, the spin closed orki deviates from
theoretical aspects of polarization in storage rings. Sectio . SR A
. ; ; the vertical directiory by an anglex (as shown in Fig. 1
[ll contains technical details related to the stored beam an A . .
. RN and rotates aroung as a function o, and, for a fixedz,as
the polarimeter used. The polarization lifetime measurements . X o
function of time. The angler is given by the resonance

are presented in Sec. 1V, followed by a discussion in Sec. Vztrengthl“ and the distance’ from the resonance by

= § tanw [3]. The vertical, stable component of the spin vec-
tor near a resonance is therefoBcosa. On resonance
(6=0) the vertical component dicg is zero. Since the reso-
nance condition depends on beam energy, a resonance can be
A. Spin motion crossed during acceleration or deceleration. An intrinsic
esonance can also be crossed by changing the betatron tune.

The magnetic moment of an orbiting particle precesse n the process of crossing a resonance, the spin closed orbit
around the encountered magnetic fields. We limit this discus- P 9 ' P

sion to spins particles. In this case, the spin can be describecz1 Li[tso%u:egglggggeuggé 'gﬁéinﬁe’ b:iﬁgnmez gVS:IIZﬁI’][Laé if(;ss-
by a three-component vect8 parallel to the magnetic mo- y ’ Pp 9 '

ment. In general, the motion & in one revolution, starting ing is slow, the spin vecta§, follows the spin closed orbit,

and ending at a given poiton the trajectory, is a rotation and changes sign.
around a vectongg(z), called the “spin closed orbit.” The

component of the spin vector parallel iR, S, is pre-

served, while the componer®;, orthogonal toncq rotates In the preceding section we have described the spin mo-
around it with a frequency, v, wheref, is the beam revo- tion of a single particle. An ensemble of particles would
lution frequency and is called the “spin tune.” In a ma- coherently follow this motion while the magnitude of its po-
chine with only vertical fields, the spin closed orbit is verti- larization is preserved. Consequently, in order to explain
cal independent af (except near a resonance, see bgldw  beam depolarization as a function of time mechanism is
this case, the spin tune equalg=Gy, where G is the needed that causes the ensemble of spin vectatsdohere

Il. BEAM DEPOLARIZATION BY DEPOLARIZING
RESONANCES

B. Depolarization
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7o(1y) = Col (v = yp)+ 22T, 2

7\, where v, and v, are the actual tune and the tune at which
resonance would be encounter&ds the resonance strength,
andC; is an unknown constant.

It is also conceivable that the mixing occurs in transverse
phase space. This would cause changes in the betatron am-
plitude of individual particles, and thus in their value for the
resonance strength. The derivation of the corresponding
expression for the polarization lifetime is analogous, except
that the derivativaela/dI" occurs, instead ofla/dd, and

TP(Vy):CF[(Vy_ VyR)2+r2]2/(Vy_ VyR)Z- 3

In order to apply Eqs(2) and (3) to an ensemble of beam
particles, one has to average over the distribution of tunes in
the beam, namely,

y4
. . . ) 1 © 1
FIG. 1. The spin closed orbrico for a particle at a distancé = —G(v— v )dv', 4
from an intrinsic resonance of strendth The parametex is given (V) —=7p(v')

by N2=6%+T2
wherev is the mean tune, an@is the tune distribution func-
In a real machine with a beam of finite emittance, thetjon.

betatron amplitudea and tunes of individual particles are
distributed around their mean values with respective vari-

anceso, and o,.Thus each particle in the beam has its C. Effect of an internal target
individual value for the Strengtﬁ and distance’ from the An examp|e of a mixing mechanism is the interaction of
resonance. beam particles with an internal target. Assume that a proton

Let us now assume that there is a nonconservative procesgatters from a target nucleus by an anyk, in the vertical
operating which mixes the phase space of the stored beargjane. In the process, it changes its vertical betatron ampli-
Such a process could, for instance, induce a sudden chang@igje, and consequently the relevant resonance strength by an
Av, of the vertical tunev, of a given beam particle. This  amountAT" which is proportional toA6,. This causes a
changes the distance to the resonance\by=Awv,.This in  change in the angle of the spin closed orbit, analogous to
turn changes the angle of the spin closed orbit bAa  the sjtuation described in the preceding section. It is easy to
=|da/ds|As=[T'/(I'*+ 5*]Avy. Since the stable direction see that this leads to a depolarization rate that is proportional
of the spin vector is now the component along the new spifio £(A 67). However, since now the driving mechanism is
closed orbit, the polarization decreases WP/P=1  ynown, the frequency and mean square of the scattering
—cosha=Aa?/2. The frequency with which the postulated  angle can be calculated as follows. At energies below 1 GeV
tune changes occur depends on theknown mechanism.  Rytherford scattering is the dominant beam-target interac-
The mean square value of the size of the chang®s;),  tion. We can then integrate the square of the scattering angle,
depends on the tune distribution which determines the probprojected into the vertical plane, weighted with the Ruther-
ability for finding the tune values before and after the changéord cross section betwedf,;, and .. The lower limit is
(for instance, for a hypothetical distribution that allows only given by Coulomb screening and the upper limit by the ma-
the valuesv; and v;,the only possible change would be chine acceptance and tifunction at the target. Since Ru-
|v1—v,|). Combining the above, we arrive at the following therford scattering by angles larger théy,, is also respon-

expression for the polarization lifetimes : sible for the loss of protons from the rifg], the rate of
5 small-angle scattering can be related to the beam lifetime

1__1dp_ é(ArF) I _ (1)  Toeam Detailed treatment shows thatA 62) is proportional

o Pdt 2 Y\ T2+ 82 to l/mpeam The value for the consta@y in Eq. (3), calcu-

lated along these lines, is several orders of magnitude larger
than the experimentally determined valisee below, how-
Equation (1) offers no insight into themechanismthat ever, the calculation is uncertain because the distribution of
mixes the distribution in tune space, other than that it somethe residual gas in the ring is not known. We will therefore
how affects s, the distance to the resonance of individual base further argumen{Sec. IV B on the conclusion thaf
particles. However, Eq1) does tell us how the polarization scattering from the target and the rest gas were the dominat-
lifetime decreases as the resonance is approached. Rewritifitg depolarization mechanism, the polarization lifetime
Eq. (1) yields would be proportional to the beam lifetimgeq,,.
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IIl. EXPERIMENTAL DETAILS 08

A. The beam

A polarized 198 MeV proton beam is stored in the Cooler
by kick injection[5]. The injected beam polarization is ver-
tical, pointing either up(+) or down (—). Measurements
have been carried out with both signs, as a check for system -
atic uncertainties. The accumulated beam current is typically o
100-150uA. The lifetime of the beam ranges from 1600 to
2200 s.

For the measurement of the mean tune, the beam is
kicked, exciting a coherent, small-amplitude betatron oscil-
lation. The tune is then deduced from the Fourier transform
of the beam position, measured on a turn-by-turn biis
During injection, the vertical tune wasg,=4.868, well sepa- 0
rated from the intrinsic resonance tune which at this energy
is vyg=4.827(see Sec. IV A
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FIG. 2. Beam polarization as a function of time measured for a
tune v, of 4.840. The line is an exponential fit to the data.

200 400

B. The polarimeter

The beam polarizatioimore precisely, its vertical com-
ponenj is determined by observing proton-proton elastic
scattering from a polarized internal target, consisting of a

thin-walled storage cell which is injected with a beam of L .
: . R : After injection, the beam is cooled for a few seconds, and
polarized atom§7,8]. A horizontal guide field, perpendicular RPN
the measurement of the polarization lifetime commelrises

to the beam, generated by Helmholtz coils outside theSec [l B). An experimental cycle consists of injection of
vacuum chamber, produces a target polarization in the de-_ " : P y )

sired direction. Reversing the guide field changes the sign c}?olanzed beam into the ring, a change of machine tune to the

the target polarization in less than 50 ms. The target poIarquIred value, followed by a data taking phase of 3001200

ization is tvically P...—0.78. and stable over periods of S duration. During the measurement the target polarization is

several daygs] 'I¥hetatrgl I ét \;vith a thickness ofpabout 15 reversed every 2 s. For each 30 s interval the beam polariza-
3 0], get, wi .~ tion is evaluated, using E¢b). This yields a measurement of

x 10** atoms/cm, has a negligible effect on the beam life- o : :

time the beam polarizatioR(t;) as a function of time, as shown

; . . , . .In Fig. 2. These data are fitted with a two-parameter function
Since the detector arrangement is described in detail "l!’(t)zPoexp(—t/rp) where 7, is the polarization lifetime.

Ref. [3]’ we mentpn here only its main featgres. One of theThe erroré7p is determined from the change jt obtained
outgoing protons is detected by a set of wire chambers and ; . . N
M : ; : . when changingrp, while still optimizing Py .

scintillator arrays, while the associated recoil proton is ob- .
The data presented here have been obtained over a two-

served by an array of semiconductor detectors, mounte C L . .
close to the target. The detection of both protons in coinci-gay period in about 40 individual runs at 12 different settings

dence provides a clean signature fp scattering. The de- of the quadrupole combination that adjusts the vertical tune.

tector system covers scattering angles from 5° to 43° in théo‘II runs at thg same _VeT“Ca' tune, were comb_lned. The
sulting polarization lifetime as a function o, is shown

laboratory. For this angle range, yields are measured in fod

azimuthal directions, arranged symmetrically around th r?arl?c% inID at;niaevirgzﬁ]n iﬁ?'?jﬁec’g]g&e r? '?ﬁeogggnf::é
beam direction, namely, upper leftL), lower left (LL), Y, 9 9

lower right (LR), and upper rightUR). Combining these would destroy the polarization, and starting out at the upper

- _ = ~side would have required a different machine setup.
Iyé:(railzdastiiﬁ_fgd;\)/vz(E_S?)f’rgrzdH (LL)+(UR), the beam po This experiment is concerned with the polarization life-

time near the intrinsic resonance for whi€y+A;=7
12 —vyr. At 198 MeV, Gy equals 2.171. The termy; repre-
. (5)  sents a shift of the spin tune due to a “type-3 snake],
caused by the magnetic fields in the cooling region which
introduce a precession around the vertical axis without a
change in beam direction. Extrapolating the result of Ref.

IV. MEASUREMENTS

A. Polarization lifetime near the intrinsic resonance

2 r-1

P G.H.
PWJAM_AW)r+1,

wherer =<
>H<

Here, Pyg and the subscripts<,> refer to the magnitude
and direction(left or right) of the target polarization, andl,,
andA,, are the spin correlation coefficients rp scattering
which have been measured previoysly. The large value of

Axx—Ayy, averaged over the covered angle rang§(

[10] to 197 MeV, we expeclA ;= +0.002, leading to a pre-
diction for the resonance tune ofg=4.827.

The strength of this intrinsic resonance in the IUCF
Cooler has been determined from resonance-crossing studies
as '=2x10"* for a normalized emittance of 0.25

—A,,=—1.475), is a distinct advantage of this method tox 10" ® m[11]. Since the emittance of a well-cooled beam is

measure the beam polarization. An absolute calibration ofrobably less than that, the resonance strength for this ex-
the polarimeter is not necessary here, since we are only irperiment could be somewhat smaller than the quoted num-
terested in the relative changeP/P with time. ber. However, sincd‘2<(vy— vyR)2 for all our measure-
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FIG. 3. Beam polarization lifetime as a function of the vertical ~ FIG. 4. Beam curren(solid line, right-hand scajeand polariza-
tune »,. The dotted line represents E() (the model which is  tion (points, left-hand scajeas a function of time during a run for
based on the mixing of particle tuneJhe solid line is the same, which »,=4.842. The arrow indicates the time at which the addi-
but folded[Eq. (4)] with an assumed Gaussian tune distribution tional nitrogen target was turned on.
with ¢,=0.002. The dashed line represents Eg). (the model

which is bgse_d on the mixing of betatron amplitugdsided with through the data taking period, such that the polarization

the tune distribution. The parameters used ajig=4.827 (@mow |itetime is measured with and without,Narget during the

“R”), and I'=2x10 %, while C5 andCy are chosen arbitrarily. samerun

The tune at injection is 4.86@row *1™). Figure 4 shows the time dependence of the beam current
. L and the polarization for a typical runn(=4.842). The arrow

ments, this would not significantly affect B@) and only the indicatesr,) the time when t}t/wl?a nitroge)(n target)was turned on.

normalization constant in Edq2). ) : o .
The origin of the tune spread is not understood well. OneClearly, this causes a change in the beam lifetime but there is

possible candidate would be the defocusing effect of the!® accompanying change in the polquzatlon I!fet|me, as
space charge of the beam which makes the tunes of indY—VOUId b_e req“'red by the target e_ffec_t, dl_scus_;sed In S?C' I C.
vidual particles dependent on their betatron amplitude. Thié compilation O.f al! res.ults. of thls. kind is given Iq Fig. 5.
effect would also shiftdecreasgthe actual tune relative to  1ere: the polarization lifetimes with the,Narget, 75, are

the measuredalue by an amount that depends on the beanfhoWn versus the corresponding valugs measured before
current. However, there is no evidence that supports this m;_he target was turned on. The errors shown are statistical.
pothesis, since we find no correlation between beam current

and 7p for otherwise identical conditions, and since previous 5
studies[12,13 found the intrinsic resonance where it is sup- 107
posed to be according to the measured tune. In the following C
we simply assume a Gaussian tune distribution.

The dotted line in Fig. 3 represents the model which is I =18
based on the mixing of particle tunggqg. (2)]. The agree- 104E
ment with the measurement is improved if this calculation is : +
folded [Eq. (4)] with a Gaussian tune distribution with a I
variance ofo,=0.002(solid line). The model which is based :
on the mixing of betatron amplitud¢gg. (3)] is shown as a 103L < .
dashed lingalso folded with the tune distributionThere is :
a slight preference of the tune-related mechanism over the
one that involves the betatron amplitudes. In all of these
calculations, the normalizatior@; and C are chosen arbi- T Ao R R
trarily, such thatr,=500 s atv,=4.838. 10> 10* 10°

1
Ty (8)
Y

0
B. The effect of an internal target on the polarization lifetime 210

For some of the measurements, the beam lifetimgy, FIG. 5. Comparison of the polarization lifetimes and 72 with
has been deliberately reduced by introducing a nitrogen gagg without an additional nitrogen target. The tirget lowers the
target in the ‘T region” (about a third of the ring circum- peam lifetime by about a factor of 4. The data are expected to lie on
ference upstream from the location of the polarimet€he  the solid line if the polarization lifetime were proportional to the
thickness of the Mtarget is typically 1&* N,/cn? resulting  beam lifetime, as required by the mechanism discussed in Sec. II C.
in a reduction of the beam lifetime by about a factor of 4.The dashed line shows the locus which is expected if there is no
When the N target is used, it is turned on roughly halfway effect of the target on the polarization lifetime.
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The data are expected to lie on the solid line if the polarizaiem, while for longr, extremely stable experimental condi-
tion lifetime were proportional to the beam lifetime, as re-tions are mandatory.

quired by the mechanism discussed in Sec. Il C, and on the Other future experiments could explore the role of non-
dashed line if there is no effect of the target on the polarizaconservative processes such as electron codfingly of rp
tion lifetime. From Figs. 4 and 5 it is clear that depolariza-with and without cooling intrabeam scatteringstudy of 7p
tion by scattering from internal targets is negligible com-as a function of the stored number of parti¢jes synchro-

pared to other depolarization mechanisms. tron motion(study of 7, with bunched and coasting beam
It also would be interesting to repeat the present experiment
V. SUMMARY, DISCUSSION near an imperfection resonangudy of 7p as a function of

I L the beam energy

We have measured the lifetime of the polarization of & The most promising-p study near a resonance, however,
stored proton beam near an intrinsic depolarizing resonancg, ,id make use of a “rf-induced” depolarizing resonance
as a function of the distance from the resonance. To measu §4]. Such a resonance is generated by a longitudinal mag-
the beam polarization, an internal, polarized target was usegiqyjc field, alternating at a frequency given by the orbit fre-
This polarimeter has a very large effective analyzing powery ency times the spin tune. This resonance can be turned on
and, due to its low density, it has a negligible effect on theynq off with ease, its strength is known and can be varied,
stored beam Ilfet|me.. ) L and the distance from the resonance can be adjusted at will

To explain depolarization, phase-space mixing is neededyithoyt changing any of the machine parameters. Such an
The nonconservative mechanism r_esp_onsiple_for this mixm%vestigation would be complementary to the present study
is unknown. The measured polarization lifetimes, up 10 &ecquse, for an induced resonance, the resonance condition,
scale factor, are explained by a model that assumes SOmg first order, does not depend on the beam tune nor the
form of mixing of individual-particle betatron tunes. OUr angyerse phase space. Since the induced resonance can be
data rule out a previously proposed mechanism that is basgleq on for an arbitrarily short time, while measuring po-
on the mixing of betatron amplitudes driven by the scatteringa iz ation before and after, it would be possible to investigate
from internal targetsincluding the rest gas the (shord polarization lifetimeexactly on resonanceThis

The dependence of the polarization lifetimg(5) on the  \you1d provide important insight into the efficiency of flip-

distance from the resonance, given by E), has an inter- - in4 the spin of a stored beam by crossing a rf-induced reso-
esting consequence: it means that it is usually not possible tﬁance[ls 16.

deduce the width of the resonan@ehich is equivalent to the
strengthl’) from a polarization measurement. This is obvious
becausd” contributes significantly only ii6~I", while the
beam polarization decays quickly as the resonance is ap- The authors would like to thank Dr. T. Roser of
proached even whilé is still much larger thard". Brookhaven National Laboratory and Dr. R. Phelps of

New theoretical ideas for mixing mechanisms can beMichigan University for inspiring discussions, and Professor
tested, because they lead to a prediction of the normalizingv. Daehnick and Dr. R. Flammang of Pittsburgh University
constants in Eq92) and(3). On the other hand, future ex- for their help during the experiment. One of (KR, would
perimental studies are also conceivable that do not rely on alike to thank the Alexander-von-Humboldt Foundation for
available model, but might provide inspiration for one. Fortheir generous support. This work has been supported by the
instance, it would be desirable to improve the present mead.S. National Science Foundation under Grant No. NSF
surement, mapping outp(5) with higher precision. Note, PHY 93-14783 and Grant No. NSF PHY 93-16221 and by
however, that measurements spanning a large rangeane  the U.S. Department of Energy under Grant No. DE-FG02-
difficult because for shortp counting statistics are a prob- 88ER40438.
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