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Overcoming Intrinsic Spin Resonances with an rf Dipole
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A coherent spin resonance excited by an rf dipole was used to overcome depolarization due to
intrinsic spin resonances at the Alternating Gradient Synchrotron (AGS) at Brookhaven National
Laboratory. We found that our data are consistent with a full spin flip of a polarized proton beam,
without emittance growth, afy = 12 + v, and36 — v,, by adiabatically exciting a vertical coherent
betatron oscillation using a single rf dipole magnet. The interference pattern observed between the
intrinsic spin resonance and the coherent spin resonance agrees well with multiparticle spin simulations
based on a simple two-resonance model. The interference pattern can be used for beam diagnostics.
[S0031-9007(98)06178-X]

PACS numbers: 29.27.Hj, 41.85.—p

In a planar synchrotron, the vertical magnetic guiderelated to the initial polarizatio®; by the Froissart-Stora
field causes the polarization vector of a polarized protoriormula [7]
begm to precess_about the ve_rtlcal axig turns per revo- P, = (2¢ Tlexl2a _ 1yp, 1)
lution, whereG = (g — 2)/2 = 1.792847 4 is the pro-
ton anomalous magnetjg factor, andy is the relativistic
Lorentz factor. Thug;y is called the spin tune of polar- dGv — kP T
ized protons in a synchrotron. On the other hand, hori- a = Gy 70 A mVZ),
zontal magnetic fields such as those from a tilted dipole

magnet, and vertical orbital motion through quadrupolesgng g is the orbital angle in the synchrotron. At the
can alter the polarization vector away from the vertical di-nominal fast acceleration rate at the AGS, four strong spin
rection. When a spin resonance condition is encounteredasonances @t + »., 12 + v.,36 — »., and36 + v. are
this effect adds coherently and causes depolarizationhe most harmful ones to the beam r;olarization. )
Important spin resonances are classified as imperfection gjnce the intrinsic spin resonance strength is propor-

resonances resulting from vertical closed orbit errorgion,) o the betatron amplitude, the final polarization is
or intrinsic resonances resulting from vertical betatron, ansemble average of the Froissart-Stora formula over
motion [1]. the betatron amplitude of the beam particles. Assuming a

In medium or low energy accelerators, imperfections, ssian beam distribution, the final polarization becomes
resonances can be corrected by using harmonic orbit

correctors [2], or by using a partial Siberian snake [3— 1 — 7lems|?/a

5]. A 5% partial snake has been successfully implemented (Pf) = <m> (Pi), (3)

at the Alternating Gradient Synchrotron (AGS) at Brook- ‘

haven National Laboratory to overcome the imperfectionwhere €,,,,s is the spin resonance strength corresponding

resonances that occur &ty = integers. However, the to an rms emittance [1]. It is difficult to achieve a full

strength of the 5% partial snake is too weak to overcomepin flip for all particles since the resonance strength of

the intrinsic spin resonances @ty = kP = mv,, where the beam core is small. Furthermore, the spin flip method

k andm are integersP = 12 is the superperiodicity, and is not applicable to many weak spin resonances driven by

v, = 8.70 is the vertical betatron tune for the AGS [6].  horizontal and vertical coupling, synchrotron motion, field
During acceleration of polarized protons in the AGS upgradient errors, and other sources.

to 25 GeV/c, 7 intrinsic spin resonances @t v,, 24 — Alternatively, if the beam is kicked to induce a coher-

v, 12+ wv,36 —v,, 24 + v, 48 — v,, and36 + v,  ent betatron oscillation so that the betatron oscillation am-

are encountered. The resonance strenrgtls defined as plitudes of all particles are large, a full spin flip can be

the Fourier amplitude of the spin perturbing field. Whenattained [8—10]. An experiment using a pulsed dipole to

a polarized beam is uniformly accelerated through suclncrease the beam’s vertical betatron amplitude was per-

an isolated spin resonance, the final polarizatiynis  formed at the IUCF Cooler Ring and demonstrated a sharp

wherec is the resonance crossing rate given by

(2)
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spin flip due to the strengthening of the intrinsic spin resothe end of the LINAC, the beam polarization was mea-
nance. However, this method is a nonadiabatic process astdired by a 200 MeV polarimeter. In the booster, the polar-
causes an emittance growth. To eliminate the problem azed beam was accelerated to 1.56 Ge\Gor = 4.7, just

the emittance growth, a coherent betatron motion can bkelow the booster vertical betatron tune which was set at
adiabatically excited and maintained by an rf dipole (seet.9 to avoid an intrinsic spin resonance. The imperfection
Ref. [11], in which the rf dipole was referred to as an acresonance a&y = 4 was corrected by harmonic orbit cor-
dipole). Essentially, the rf dipole field and the focusingrection dipole magnets. The polarized beam was injected
potential of the accelerator form a potential well that pre-into the AGS atGy = 4.7, where the polarization was
serves the emittance of the beam. Such a controlled c®.77 = 0.05, and the polarized beam intensity was about
herent betatron oscillation can be obtained by using an 15 X 10° polarized protons per pulse [5].

dipole magnet operating at a frequency close to a betatron In the AGS, the polarization of the circulating beam
sideband. This paper reports the results from recent pawas measured with the AGS internal polarimeter, which
larized proton beam experiments at the AGS in July 1997measured the left-right asymmetry pfp elastic scatter-
where an rf dipole was used to induce coherent betatroimg off a nylon fish-line(C¢H;{NO) target. The back-
oscillations for achieving a full spin flip during the accel- ground from the quasielastic scattering was estimated by
eration of polarized beam, when an intrinsic spin resonancmeasuring the asymmetry from a carbon fiber target, and

was encountered. was subtracted from the asymmetry measurement with the
In a linear approximation, the amplitude of the cohereninylon target to obtain the-p elastic scattering asymme-
betatron motion is given by try. The beam polarization was calculated from the mea-
©) sured asymmetry normalized by the effective analyzing
Zeoh = A7 Bz 4) power for the nylon target, which was obtained from the

where® is the maximum beam deflection angle from the rfanalyzmg power for they-p elastic scattering dgta_[lS].
The beam emittance was measured by an ionization pro-

dipole, B is the vertical betatron function at the rf dipole, _. . . . ;
and$é is the difference between the rf dipole tune and thefIIe monitor (IPM) [14] as a function of time during the

: . GS cycle of 2.5 s.
tune of the nearest betatron sideband. Equation (4) showoé S .
that the beam is unstable &t= 0. The 5% partial Siberian snake was ramped in the AGS

tr? produce a full spin flip at every integéty [5]. The

Since the betatron coordinate can be expressed as the li fesent experiment emploved an rf dipole to overcome
ear combination of the vertical intrinsic and induced coher? P pioy P

ent betatron motion [11], the polarized protons experiencé‘he intrinsic spin resonances @t+ »;, 12 + v, and

not only the intrinsic spin resonance, but also a cohere e6l c_a szi.citﬁrf(tec:rg?)c%?il&mk?;\E/E\;[hvi\gs;:g]t?:ﬂggjltg 2i§§trgr-1 d
spin resonance at the rf dipole frequency. The resultin%) P

s L ; i f the vertical betatron tune. The vertical betatron func-
polarization, in the limiting case with = 0, is given by tion at the rf dipole location was abogt = 16.6 m. The

P\ 2 maximum strength was abaitx 1072 Tm. Between the
<P_z> 1+ 7lemsl/a 0 + », resonance and th# + », resonance, the revolu-

tion frequency changes from about 363.8 to 371.5 kHz.

} — 1, The AGS horizontal and vertical betatron tunes were set

at 8.85 and 8.7, respectively. At each of the three strong

(5) intrinsic spin resonances, the rf dipole was linearly ramped

and in the case wit much larger than the intrinsic spin UP to its full amplitude in 1000 revolutions before the in-

% exp{_ (Zgoh,éz/zﬂzo-zz) (7| €msl*/ )

1 + 7l€msl*/ @

resonance strength, by trinsic sp_in resonance was encoun_tered, apd was kept at
s this amplitude level for 1000 revolutions during which the
<ﬁ> _ 1 — 7lemsl*/a spin resonance was crossed. It was then ramped back to
P; 1 + 7lemsl?/a zero in another 1000 revolutions. The acceleration rate
720 B. lemsl? was @ = 4.8 X 107 rad™'. In order to keep a fixed
X | 2exp——>——r ———— — 1 (6)  modulation tune, the frequency of the rf dipole excitation
B-o? 2a

was phase locked to the AGS rf frequency.
Here B. is the maximum vertical betatron function in  The polarization was measured at a fixed energy flattop
the accelerator, and, is the rms beam size. The more above each intrinsic resonance. The measurement flattops
interesting and relevant situation lies between these twwere set aGy = 13.5, 24.5, and 30.5, respectively. The
cases where rich interference patterns are produced [13)arameters varied in the experiment were the rf dipole field
A multiparticle simulation based on a two spin resonancestrength and the separation of the modulation tune from
model was developed to numerically analyze this situationthe vertical intrinsic betatron tune. Since the rf dipole
Inthe AGS polarized beam experiments, polarized bearns a narrow band magnet tuned at 108 kHz, the rf dipole
from an atomicH ™ source was accelerated to 200 MeV modulation tune was fixed and the vertical betatron tune
through the LINAC and strip injected into the booster. Atwas varied to obtain different tune separation.
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Figure 1 shows the measured polarization at three erto a tune separation & = 0.0063 = 0.0014. The beam
ergies versus the rf dipole strength, which is converted t@mittance used in the numerical simulations was obtained
the corresponding coherent betatron amplitude. The ovefrom the measured depolarization with the rf dipole off
all systematic scale error of the beam polarization meaatGy = 13.5, 24.5, and 30.5. From Eq. (3), the normal-
surement was estimated to be 0.10 [5], and the statisticé¢ed 95% beam emittance was = 137 mm mrad for the
error for each point was0.03. The lines shown on the 0 + »,resonance ameb = 477 mmmrad for thd2 + v,
figure correspond to results obtained from numerical spimnd36 — v, resonances. Thisis also consistent with beam
simulations of a two spin resonance model. The oscillaprofile measurements made with the AGS IPM. However,
tory behavior of the simulation result is due to the inter-the IPM measurements were not very reliable due to the
ference between the coherent betatron oscillations and thew beam intensity. The lower beam emittance for the
intrinsic betatron motion. The spin vector of each particlel2 + », and36 — », resonances was attributed to a more
was tracked by multiplying its turn by turn transform ma- careful machine tuning later in the experiment.
trix. The beam polarization was then obtained from the Since the spin resonancelat + v, was relatively weak
spin ensemble average of a Gaussian beam distributionompared with the other three resonances, it is easier
A scaling factor was introduced to convert the simulationfor the rf-induced spin resonance to dominate, giving a
results to the corresponding asymmetry measured by tremooth dependence of the measured polarization on the
polarimeter. This factor is a combination of the initial po- rf dipole field strength shown in the middle plot of Fig. 1.
larization and the effective analyzing power. On the other hand, since the intrinsic spin resonances at

The simulations for thel2 + v, and 36 — v, reso- 0 + v, and36 — v, were strong enough to partially flip
nances were done with the measured betatron tune. F&re spin, they strongly interfered with the coherent spin
the0 + », resonance, where we did not obtain an accuresonance induced by the rf dipole. In agreement with
rate measurement of betatron tune, the tune separation wie numerical simulation, the upper and lower plots of
obtained by fitting to the data. The best fit correspondedrig. 1 show complicated interference patterns when the
tune separation is large. Nevertheless, a full spin flip can
eventually be obtained when the strength of the rf-induced

36, spin resonance becomes strong enough.
ggzg-g‘l)g Since the vertical betatron tune, in this experiment, was
#5=0020 not set as its optimal value at thet+ v, resonance for the
polarization measurement at higher energy flattops, there
was a 15%—-20% polarization loss. This was reflected in
a lower polarization value at the higher energies for the
12 + v, and36 — v, spin resonances. This polarization
loss at the) + », resonance can be avoided in the future
by carefully measuring the betatron tune and by properly
setting the vertical betatron tune and the rf dipole field
strength amplitude.

Figure 2 shows the measured beam polarization for the
12 + v, intrinsic resonance as a function of the tune
o separation at a fixed rf dipole field strength b85 X

: 1073 Tm. The solid line shows the result of a multipar-
ticle numerical simulation. When the rf dipole modula-
tion tune is near the intrinsic betatron tune, the polarization

-0.1 4

0.5

O+v,
0.1+

o o0 reaches a plateau of full spin flip.
011 *3=0,0163 In conclusion, we have studied the method of employ-
: : : : ing an rf dipole field to overcome strong intrinsic spin
0.0 5.0 10.0 15.0 20.0 . .
Z,,, [mm] resonances. We observed the predicted strong interference

between intrinsic spin resonances and rf-induced spin reso-
L - ! i hances. The interference pattern depended upon the tune
betatron oscillation amplitude (in mm) for different tune . . . X
separations at spin depolarizing resonanfes ». (bottom S(_epa_lratlon, rglatlve phase, and relative strength of the in-
plot), 12 + », (middle plot), and36 — », (upper plot). Pz  trinsic and rf-induced resonances. The experimental data
stands for the vertical polarization, whilg,, stands for the were found to agree well with multiparticle numerical spin
vertical coherent oscillation amplitude. The error bars showsimulations. The data indicate that depolarization due to

only the statistical errors. The resonance strength of thﬁhe intrinsic spin resonance can be avoided by the coherent
coherent spin resonance due to the rf dipole is proporﬂon;ig tat tion ind db £ dipol
to the coherent betatron amplitude. The lines are the resul elatron motion induced by an rt dipole.

of multiparticle spin simulations based on a model with two N general, the application of such a method 'req.uir(-?s a
overlapping spin resonances. small beam emittance, because the corresponding intrinsic

FIG. 1. The measured proton polarization vs the coheren
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0.60 , , , , , , should be improved for crossing te+ v, resonance in
order to ease the beam aperture requirement. To achieve

0.50 | 12+, 1 this, the chromaticity and the nonlinear betatron detuning

oo - ) 3 | will need to be minimized carefully.
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