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A coherent spin resonance excited by an rf dipole was used to overcome depolarization d
intrinsic spin resonances at the Alternating Gradient Synchrotron (AGS) at Brookhaven Nati
Laboratory. We found that our data are consistent with a full spin flip of a polarized proton be
without emittance growth, atGg  12 1 nz and36 2 nz, by adiabatically exciting a vertical coherent
betatron oscillation using a single rf dipole magnet. The interference pattern observed betwee
intrinsic spin resonance and the coherent spin resonance agrees well with multiparticle spin simula
based on a simple two-resonance model. The interference pattern can be used for beam diagn
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In a planar synchrotron, the vertical magnetic guid
field causes the polarization vector of a polarized proto
beam to precess about the vertical axisGg turns per revo-
lution, whereG  sg 2 2dy2  1.792 847 4 is the pro-
ton anomalous magneticg factor, andg is the relativistic
Lorentz factor. ThusGg is called the spin tune of polar-
ized protons in a synchrotron. On the other hand, ho
zontal magnetic fields such as those from a tilted dipo
magnet, and vertical orbital motion through quadrupole
can alter the polarization vector away from the vertical d
rection. When a spin resonance condition is encountere
this effect adds coherently and causes depolarizatio
Important spin resonances are classified as imperfect
resonances resulting from vertical closed orbit erro
or intrinsic resonances resulting from vertical betatro
motion [1].

In medium or low energy accelerators, imperfectio
resonances can be corrected by using harmonic or
correctors [2], or by using a partial Siberian snake [3
5]. A 5% partial snake has been successfully implement
at the Alternating Gradient Synchrotron (AGS) at Brook
haven National Laboratory to overcome the imperfectio
resonances that occur atGg  integers. However, the
strength of the 5% partial snake is too weak to overcom
the intrinsic spin resonances atGg  kP 6 mnz , where
k andm are integers,P  12 is the superperiodicity, and
nz ø 8.70 is the vertical betatron tune for the AGS [6].

During acceleration of polarized protons in the AGS u
to 25 GeVyc, 7 intrinsic spin resonances at0 1 nz , 24 2

nz , 12 1 nz, 36 2 nz , 24 1 nz , 48 2 nz , and 36 1 nz

are encountered. The resonance strengthek is defined as
the Fourier amplitude of the spin perturbing field. Whe
a polarized beam is uniformly accelerated through su
an isolated spin resonance, the final polarizationPf is
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related to the initial polarizationPi by the Froissart-Stora
formula [7]

Pf  s2e2pjeK j2y2a 2 1dPi , (1)

wherea is the resonance crossing rate given by

a 
dsGg 2 kP 7 mnzd

du
, (2)

and u is the orbital angle in the synchrotron. At the
nominal fast acceleration rate at the AGS, four strong sp
resonances at0 1 nz, 12 1 nz , 36 2 nz , and36 1 nz are
the most harmful ones to the beam polarization.

Since the intrinsic spin resonance strength is propo
tional to the betatron amplitude, the final polarization
an ensemble average of the Froissart-Stora formula o
the betatron amplitude of the beam particles. Assuming
Gaussian beam distribution, the final polarization becom

kPfl 

µ
1 2 pjermsj

2ya

1 1 pjermsj2ya

∂
kPil , (3)

whereerms is the spin resonance strength correspondi
to an rms emittance [1]. It is difficult to achieve a ful
spin flip for all particles since the resonance strength
the beam core is small. Furthermore, the spin flip meth
is not applicable to many weak spin resonances driven
horizontal and vertical coupling, synchrotron motion, fiel
gradient errors, and other sources.

Alternatively, if the beam is kicked to induce a cohe
ent betatron oscillation so that the betatron oscillation a
plitudes of all particles are large, a full spin flip can b
attained [8–10]. An experiment using a pulsed dipole
increase the beam’s vertical betatron amplitude was p
formed at the IUCF Cooler Ring and demonstrated a sha
© 1998 The American Physical Society 4673
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spin flip due to the strengthening of the intrinsic spin reso
nance. However, this method is a nonadiabatic process a
causes an emittance growth. To eliminate the problem
the emittance growth, a coherent betatron motion can
adiabatically excited and maintained by an rf dipole (se
Ref. [11], in which the rf dipole was referred to as an a
dipole). Essentially, the rf dipole field and the focusin
potential of the accelerator form a potential well that pre
serves the emittance of the beam. Such a controlled c
herent betatron oscillation can be obtained by using an
dipole magnet operating at a frequency close to a betatr
sideband. This paper reports the results from recent p
larized proton beam experiments at the AGS in July 199
where an rf dipole was used to induce coherent betatr
oscillations for achieving a full spin flip during the accel
eration of polarized beam, when an intrinsic spin resonan
was encountered.

In a linear approximation, the amplitude of the coheren
betatron motion is given by

Zcoh 
Q

4pd
bz , (4)

whereQ is the maximum beam deflection angle from the r
dipole,bz is the vertical betatron function at the rf dipole
andd is the difference between the rf dipole tune and th
tune of the nearest betatron sideband. Equation (4) sho
that the beam is unstable atd  0.

Since the betatron coordinate can be expressed as the
ear combination of the vertical intrinsic and induced cohe
ent betatron motion [11], the polarized protons experien
not only the intrinsic spin resonance, but also a cohere
spin resonance at the rf dipole frequency. The resultin
polarization, in the limiting case withd  0, is given byø

Pf

Pi

¿


2
1 1 pjermsj2ya

3 exp

Ω
2

sZ2
cohb̂zy2bzs2

z d spjermsj
2yad

1 1 pjermsj2ya

æ
2 1 ,

(5)

and in the case withd much larger than the intrinsic spin
resonance strength, byø

Pf

Pi

¿


1 2 pjermsj
2ya

1 1 pjermsj2ya

3

µ
2 exp

Ω
2

Z2
cohb̂z

bzs2
z

pjermsj
2

2a

æ
2 1

∂
. (6)

Here b̂z is the maximum vertical betatron function in
the accelerator, andsz is the rms beam size. The more
interesting and relevant situation lies between these tw
cases where rich interference patterns are produced [1
A multiparticle simulation based on a two spin resonanc
model was developed to numerically analyze this situatio

In the AGS polarized beam experiments, polarized bea
from an atomicH2 source was accelerated to 200 MeV
through the LINAC and strip injected into the booster. A
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the end of the LINAC, the beam polarization was mea
sured by a 200 MeV polarimeter. In the booster, the pola
ized beam was accelerated to 1.56 GeV orGg  4.7, just
below the booster vertical betatron tune which was set
4.9 to avoid an intrinsic spin resonance. The imperfectio
resonance atGg  4 was corrected by harmonic orbit cor-
rection dipole magnets. The polarized beam was injecte
into the AGS atGg  4.7, where the polarization was
0.77 6 0.05, and the polarized beam intensity was abou
5 3 109 polarized protons per pulse [5].

In the AGS, the polarization of the circulating beam
was measured with the AGS internal polarimeter, which
measured the left-right asymmetry ofp-p elastic scatter-
ing off a nylon fish-linesC6H11NOd target. The back-
ground from the quasielastic scattering was estimated b
measuring the asymmetry from a carbon fiber target, an
was subtracted from the asymmetry measurement with th
nylon target to obtain thep-p elastic scattering asymme-
try. The beam polarization was calculated from the mea
sured asymmetry normalized by the effective analyzin
power for the nylon target, which was obtained from the
analyzing power for thep-p elastic scattering data [13].
The beam emittance was measured by an ionization pr
file monitor (IPM) [14] as a function of time during the
AGS cycle of 2.5 s.

The 5% partial Siberian snake was ramped in the AG
to produce a full spin flip at every integerGg [5]. The
present experiment employed an rf dipole to overcom
the intrinsic spin resonances at0 1 nz , 12 1 nz , and
36 2 nz . A ferrite dipole magnet was tuned with a paral-
lel capacitor to about 108 kHz which matched a sideban
of the vertical betatron tune. The vertical betatron func
tion at the rf dipole location was aboutbz  16.6 m. The
maximum strength was about2 3 1023 T m. Between the
0 1 nz resonance and the36 1 nz resonance, the revolu-
tion frequency changes from about 363.8 to 371.5 kHz
The AGS horizontal and vertical betatron tunes were se
at 8.85 and 8.7, respectively. At each of the three stron
intrinsic spin resonances, the rf dipole was linearly rampe
up to its full amplitude in 1000 revolutions before the in-
trinsic spin resonance was encountered, and was kept
this amplitude level for 1000 revolutions during which the
spin resonance was crossed. It was then ramped back
zero in another 1000 revolutions. The acceleration rat
was a  4.8 3 1025 rad21. In order to keep a fixed
modulation tune, the frequency of the rf dipole excitation
was phase locked to the AGS rf frequency.

The polarization was measured at a fixed energy flatto
above each intrinsic resonance. The measurement flatto
were set atGg  13.5, 24.5, and 30.5, respectively. The
parameters varied in the experiment were the rf dipole fiel
strength and the separation of the modulation tune from
the vertical intrinsic betatron tune. Since the rf dipole
is a narrow band magnet tuned at 108 kHz, the rf dipol
modulation tune was fixed and the vertical betatron tun
was varied to obtain different tune separation.
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Figure 1 shows the measured polarization at three e
ergies versus the rf dipole strength, which is converted
the corresponding coherent betatron amplitude. The ov
all systematic scale error of the beam polarization me
surement was estimated to be 0.10 [5], and the statisti
error for each point was60.03. The lines shown on the
figure correspond to results obtained from numerical sp
simulations of a two spin resonance model. The oscil
tory behavior of the simulation result is due to the inte
ference between the coherent betatron oscillations and
intrinsic betatron motion. The spin vector of each partic
was tracked by multiplying its turn by turn transform ma
trix. The beam polarization was then obtained from th
spin ensemble average of a Gaussian beam distribut
A scaling factor was introduced to convert the simulatio
results to the corresponding asymmetry measured by
polarimeter. This factor is a combination of the initial po
larization and the effective analyzing power.

The simulations for the12 1 nz and 36 2 nz reso-
nances were done with the measured betatron tune.
the 0 1 nz resonance, where we did not obtain an acc
rate measurement of betatron tune, the tune separation
obtained by fitting to the data. The best fit correspond
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FIG. 1. The measured proton polarization vs the cohere
betatron oscillation amplitude (in mm) for different tune
separations at spin depolarizing resonances0 1 nz (bottom
plot), 12 1 nz (middle plot), and36 2 nz (upper plot). Pz
stands for the vertical polarization, whileZcoh stands for the
vertical coherent oscillation amplitude. The error bars sho
only the statistical errors. The resonance strength of t
coherent spin resonance due to the rf dipole is proportion
to the coherent betatron amplitude. The lines are the resu
of multiparticle spin simulations based on a model with tw
overlapping spin resonances.
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to a tune separation ofd  0.0063 6 0.0014. The beam
emittance used in the numerical simulations was obtain
from the measured depolarization with the rf dipole o
at Gg  13.5, 24.5, and 30.5. From Eq. (3), the norma
ized 95% beam emittance was36 6 13p mm mrad for the
0 1 nz resonance and26 6 4p mm mrad for the12 1 nz

and36 2 nz resonances. This is also consistent with bea
profile measurements made with the AGS IPM. Howev
the IPM measurements were not very reliable due to
low beam intensity. The lower beam emittance for t
12 1 nz and36 2 nz resonances was attributed to a mo
careful machine tuning later in the experiment.

Since the spin resonance at12 1 nz was relatively weak
compared with the other three resonances, it is ea
for the rf-induced spin resonance to dominate, giving
smooth dependence of the measured polarization on
rf dipole field strength shown in the middle plot of Fig. 1
On the other hand, since the intrinsic spin resonance
0 1 nz and36 2 nz were strong enough to partially flip
the spin, they strongly interfered with the coherent sp
resonance induced by the rf dipole. In agreement w
the numerical simulation, the upper and lower plots
Fig. 1 show complicated interference patterns when
tune separation is large. Nevertheless, a full spin flip c
eventually be obtained when the strength of the rf-induc
spin resonance becomes strong enough.

Since the vertical betatron tune, in this experiment, w
not set as its optimal value at the0 1 nz resonance for the
polarization measurement at higher energy flattops, th
was a 15%–20% polarization loss. This was reflected
a lower polarization value at the higher energies for t
12 1 nz and36 2 nz spin resonances. This polarizatio
loss at the0 1 nz resonance can be avoided in the futu
by carefully measuring the betatron tune and by prope
setting the vertical betatron tune and the rf dipole fie
strength amplitude.

Figure 2 shows the measured beam polarization for
12 1 nz intrinsic resonance as a function of the tun
separation at a fixed rf dipole field strength of1.85 3

1023 T m. The solid line shows the result of a multipa
ticle numerical simulation. When the rf dipole modula
tion tune is near the intrinsic betatron tune, the polarizat
reaches a plateau of full spin flip.

In conclusion, we have studied the method of emplo
ing an rf dipole field to overcome strong intrinsic spi
resonances. We observed the predicted strong interfere
between intrinsic spin resonances and rf-induced spin re
nances. The interference pattern depended upon the
separation, relative phase, and relative strength of the
trinsic and rf-induced resonances. The experimental d
were found to agree well with multiparticle numerical sp
simulations. The data indicate that depolarization due
the intrinsic spin resonance can be avoided by the cohe
betatron motion induced by an rf dipole.

In general, the application of such a method require
small beam emittance, because the corresponding intri
4675
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FIG. 2. The measured proton beam polarization, at the sp
resonance12 1 nz, vs the tune separation with a fixed rf dipole
field strength of1.85 3 1023 T m. The line shows the results
of multiparticle spin simulations with a normalized 95% beam
emittance of26p mm mrad, and an initial polarization of 0.45.

spin resonance would be weaker and therefore it wou
be easier for the coherent spin resonance to dominate a
reach full spin flip. The spin tune variation and sprea
are determined by beam energy variation and spread. F
this method, it is only important that the energy of any
individual proton does not deviate significantly from the
linear energy ramp during the passage through the artific
and intrinsic resonance. This condition was easily fulfille
for the fast acceleration rate ofa  4.8 3 1025 rad21.
To maintain the stability of the excited coherent oscillation
the variation of the betatron tune should be a small fractio
of the resonance proximity parameterd. In the AGS, the
betatron tune was stable to about60.001 which proved to
be sufficient for the rf dipole operation. For crossing th
12 1 nz and36 2 nz resonances, the tune spread of th
beam was adequate during this experiment. However,
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should be improved for crossing the0 1 nz resonance in
order to ease the beam aperture requirement. To ach
this, the chromaticity and the nonlinear betatron detun
will need to be minimized carefully.
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