
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 7, 071001 (2004)
Overcoming an intrinsic depolarizing resonance with a partial Siberian snake
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An 11.4% partial Siberian snake was used to successfully accelerate polarized protons through a
strong intrinsic depolarizing spin resonance in the Alternating Gradient Synchrotron (AGS). No
noticeable depolarization was observed. This opens up the possibility of using a 20% to 30% partial
Siberian snake in the AGS or other medium energy proton synchrotrons to overcome all weak and
strong depolarizing spin resonances.
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I. INTRODUCTION

The high energy spin physics program in the
Relativistic Heavy Ion Collider (RHIC) calls for colli-
sions of highly polarized proton beams [1]. Since there is
no mechanism for increasing the polarization of protons
after they have been injected into RHIC, the level of
polarization can only be maximized by increasing the
initial polarization of the source and minimizing the
depolarization throughout the whole set of accelerators
and transfer lines. At present, the level of polarization is
limited primarily by depolarizing resonances during the
Alternating Gradient Synchrotron (AGS) energy ramp.

Acceleration of polarized proton beams to high energy
in circular accelerators is difficult due to numerous depo-
larizing resonances. During acceleration, a depolarizing
resonance is crossed whenever the spin precession fre-
quency equals the frequency with which spin-perturbing
magnetic fields are encountered. The spin motion of a
particle in circular accelerators is governed by the
Thomas-BMTequation [2]. In the presence of the vertical
magnetic dipole guide field in a circular accelerator, the
spin precesses G� times per orbit revolution, where G �
�g� 2�=2 � 1:7928 is the coefficient of the gyromagnetic
anomaly of the proton, and � is the Lorentz factor. The
number of precessions per revolution is called the spin
tune �sp and is equal to G� in this case.

There are three main types of depolarizing resonances:
imperfection resonances, which are driven by magnet
misalignments; intrinsic resonances, driven by the verti-
cal betatron motion through quadrupoles; and coupling
resonances, caused by the vertical motion with horizontal
betatron frequency due to linear coupling [3]. The reso-
nance condition for an imperfection resonance is �sp �
n, where n is an integer. The resonance condition for an
intrinsic resonance is �sp � nP� �y, where n is an in-
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teger, P is the superperiodicity of the synchrotron, and �y
is the vertical betatron tune. For the AGS, P � 12. The
resonance condition for a coupling spin resonance is
�sp � n� �x, where �x is the horizontal betatron tune;
it is only important if �sp is near a strong intrinsic
resonance location. When a polarized beam is uniformly
accelerated through an isolated spin resonance, the final
polarization Pf is related to the initial polarization Pi by
the Froissart-Stora formula [4]

Pf � �2e��j�j2=2� � 1�Pi; (1)

where � is the resonance crossing rate given by

� �
d��sp�

d�
; (2)

� is the spin resonance strength [5] and � is the orbital
bend angle in the synchrotron.

An arrangement of magnets, called a Siberian snake,
proposed by Derbenev and Kondratenko [6], can over-
come all intrinsic and imperfection depolarizing reso-
nances. A snake rotates the spin of each beam particle by
180� about an axis in the horizontal plane on each transit
without affecting the closed orbit outside of the snake. In
a medium energy synchrotron such as the AGS, besides
the limited space, a full snake is not practical due to either
the large orbit excursion inside a dipole snake or extreme
coupling from a solenoidal snake. However, a partial
snake which rotates spin by less than 180� is still feasible.
Such a device can overcome all imperfection resonances.
At present, the partial snake in the AGS is a solenoid.

For a ring with a partial Siberian snake of strength s,
the spin tune �sp must satisfy the equation [7]

cos��sp � cos
s�
2
cosG��; (3)

where the strength s � 1 corresponds to a full Siberian
snake which rotates the spin by 180�. When s is small, the
spin tune is nearly equal to G� except when G� is an
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integer n, in which case the spin tune �sp is shifted away
from the integer by �s=2 (as shown in Fig. 1). Thus, a
partial Siberian snake creates a gap in the spin tune at all
integers. Since the spin tune never equals an integer, the
imperfection resonance condition is never satisfied.
Therefore the partial Siberian snake can overcome all
imperfection resonances, provided that the resonance
strengths are much smaller than the spin-tune gap created
by the partial Siberian snake. An s � 5% partial Siberian
snake [7] has been used to overcome the imperfection
resonances in the AGS [8].

Since the intrinsic spin resonance strength is propor-
tional to the betatron amplitude, the final polarization is
an ensemble average of the Froissart-Stora formula over
the betatron amplitude of the beam particles. A smaller
oscillation amplitude corresponds to a weaker spin reso-
nance strength. Therefore, after crossing an intrinsic spin
resonance, the spin vector for different particles spreads
out, and the beam polarization is decreased. It is difficult
to achieve a full spin flip for all particles since the
resonance strength of particles in the beam core are small.
If the beam is kicked to induce a coherent betatron
oscillation so that the betatron oscillation amplitudes of
all particles are large, a full spin flip can be attained. A
pulsed dipole can induce a coherent betatron oscillation,
but it causes emittance growth since this is a nonadiabatic
process [9,10]. An adiabatic coherent betatron oscillation
can be excited and maintained without emittance growth
by using an ac dipole magnet operating at a frequency
close to a betatron sideband [11]. An artificial spin reso-
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FIG. 1. (Color) Spin tune for various partial Siberian snake streng
betatron tune.
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nance generated by this coherent motion is located at the
modulation tune �m. If we choose the artificial spin
resonance location near the intrinsic spin resonance, the
spin motion in the vicinity of the intrinsic resonance will
be dominated by the artificial spin resonance, and the
spin will adiabatically follow the spin closed orbit of the
artificial spin resonance [12]. An ac dipole has been used
to overcome strong intrinsic resonances in the AGS over
the past few years [12,13].

However, the ac dipole technique works only for strong
intrinsic resonances, since it relies on the strength of the
intrinsic resonances to induce a strong enough artificial
resonance. In a medium energy synchrotron such as AGS,
there also exist intrinsic resonances which are not strong
enough to be overcome by an ac dipole but cause some
depolarization with the normal resonance crossing rate.
As can be seen from Fig. 1, with a strong enough partial
Siberian snake, the spin-tune gap can be increased to
allow placing the betatron tune inside the gap so that
the intrinsic resonance conditions (both strong and
weak) can be avoided. This idea has been proposed pre-
viously in Refs. [5,14].

It is worth noting that some 10%–20% partial snake
experiments have been done at the low-energy Indiana
University Cyclotron Facility Cooler Ring (IUCF) to
explore the beam polarization as a function of vertical
betatron tune for a partial snake [15]. However, this was
done at a fixed energy without acceleration and the partial
snake strength was varied to effectively generate the
resonance crossing.
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Simulations showed that for the first intrinsic reso-
nance at 0� �y in the AGS, a 10% partial Siberian snake
would be strong enough to generate the needed spin-tune
gap and preserve polarization. In a recent experiment at
the AGS this was successfully demonstrated.

II. EXPERIMENTAL SETUP

The polarized proton accelerator complex of the
Brookhaven AGS and RHIC is shown schematically in
Fig. 2. The polarized H� beam from the optically pumped
polarized ion source [16] was accelerated through a radio
frequency quadrupole and the 200 MeV linac. The beam
polarization at 200 MeV was measured with elastic scat-
tering from a carbon fiber target. A fast switching magnet
assured the polarization can be measured on subsequent
pulses at the end of the linac and in the AGS. During the
study, the polarization measured by the 200 MeV polar-
imeter was �66� 2�%, where the error includes both
statistical and systematic uncertainties. The beam was
then strip injected and accelerated in the AGS Booster
up to 1.5 GeV kinetic energy (G� � 4:7). The vertical
betatron tune of the AGS Booster was chosen to be 4.9 in
order to avoid crossing the intrinsic resonance at G� �
0� �y in the Booster. The imperfection resonances at
G� � 3; 4 in the Booster were corrected by harmonic
orbit correctors.

Only one bunch of the 12 rf buckets in the AGS was
filled, and the beam intensity varied between 1:3–1:7	
1011 protons per fill. The polarized proton beam was
accelerated up to 5.6 GeV kinetic energy (G� � 12:5)
passing through just one intrinsic resonance located at
G� � 0� �y. The resonance crossing rate � was 2:4	
10�5 rad�1. Polarization was measured at G� � 12:5
during a 1 s flattop after the partial Siberian snake was
ramped to zero [17].
FIG. 2. (Color) The Brookhaven polarized proton facility comple
(OPPIS), 200 MeV linac, the AGS Booster, the AGS, and RHIC. T
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The spin rotation angle � in the solenoidal snake is
given by

� � e�1�G��0NI=p; (4)

where p is the momentum of the proton beam, �0 is the
permeability of vacuum, and NI is the current in ampere
turns. The effective Siberian snake strength s of the
solenoid is s � �=�. The partial snake in the AGS is
capable of achieving a 5% snake strength at 24.2 GeV
kinetic energy (G� � 48). At G� � 0� �y, the solenoid
can in principle generate a 25% partial snake. However,
the solenoidal field will also generate significant cou-
pling, which can cause sizable depolarization. For this
experiment an 11.4% snake strength was chosen as a
compromise between obtaining a large enough spin-
tune gap and minimizing the coupling effects. The AGS
partial Siberian snake was turned on to 6% before beam
injection into the AGS and then ramped up to 11.4%
before the first intrinsic resonance crossing at 0� �y.
The orbit was carefully corrected to maintain beam
stability as the vertical betatron tune was moved as high
as 8.98. During the experiment, the horizontal betatron
tune was kept at 8.54, while the beam polarization was
measured as a function of the vertical betatron tune.

III. RESULTS AND DISCUSSION

The experimental data and simulation results are plot-
ted in Fig. 3. The polarization was measured with the
AGS internal polarimeter [18]. The errors shown are
statistical; there is also an estimated �12% systematic
uncertainty for the absolute beam polarization calibra-
tion at G� � 12:5. With given vertical and horizontal
emittances and known lattice, the resonance strengths
for all intrinsic resonances below G� � 12:5 can be de-
termined. The ratio of polarization level between tune
x, which includes the optically pumped polarized ion source
he absolute polarimeter in RHIC will be installed in 2004.
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FIG. 3. (Color) The measured vertical polarization as a function of the vertical betatron tune for an 11.4% partial Siberian snake.
The dashed straight line indicates the polarization level measured at the end of the linac. Since the two imperfection resonances in
the Booster have been corrected by harmonic orbit correctors, this is also the beam polarization at AGS injection. The solid curve
shows the results of combined multiparticle simulations and DEPOL calculations.

PRST-AB 7 OVERCOMING AN INTRINSIC DEPOLARIZING . . . 071001 (2004)
settings of 8.80 and 8.98 is determined consequently. The
only uncertainty is the possible resonance strength
change due to field errors. Calculation shows that the
polarization loss can vary only a few percent even with
lattice imperfection. This constrains the systematic un-
certainty of analyzing power to �5%. Measured vertical
betatron tunes were not available in the tune window �y �
8:90 to 8.96. A fit of set tunes to measured tunes outside
this window was used to derive the vertical betatron tunes
from the set values inside this window. To estimate the
depolarizing resonance strength, both vertical and hori-
zontal beam emittances were measured using the AGS
ionization profile monitors except for the data points in
the tune window �y � 8:90 to 8.96. As can be seen from
Fig. 3, the measured polarization reached a plateau when
the vertical betatron tune was very close to 9.00. The
polarization loss in this region was only about 6% and
can be completely explained by spin mismatching at AGS
injection and depolarization from coupling resonances as
discussed below.

These observations agree well with spin dynamics
calculations. With a partial Siberian snake inserted, there
are two strong resonances in this energy region: one
located at G� � 9 generated by the partial Siberian snake
and the intrinsic resonance at G� � 0� �y. When the
intrinsic and artificial resonances do not overlap (�y 

8:85), the resonance at G� � 9 should flip the spin com-
pletely while the intrinsic resonance at G� � 0� �y
causes some depolarization. When the two resonances
are very close, such as for �y � 8:98, the intrinsic reso-
nance is overpowered by the resonance at G� � 9. The
071001-4
particles essentially just experience one resonance at
G� � 9, and full spin flip is observed. When the two
resonances are at intermediate separations, such as for
�y � 8:90 to 8.95, they interfere with each other.

A simulation was performed to better understand the
polarization behavior in this experiment. The multipar-
ticle tracking is done with two overlapping resonances:
one located at G� � 9 generated by the partial Siberian
snake and the other at the intrinsic resonance G� � 0�
�y. The strength of the intrinsic resonance was deter-
mined from beam size measurements. A vertical tune
spread of �0:004 was included in the simulation.

Since there is linear coupling between the beam motion
in the two transverse planes, the following coupling reso-
nances in the vicinity of G� � 9 should also be consid-
ered: G� � 17� �x, 0� �x, 18� �x, and 1� �x. These
resonances are not in the spin-tune gap generated by the
strong partial snake. Since �x and �y are well separated,
these resonances can be treated separately as isolated
resonances. For an isolated depolarizing resonance, its
strength can be calculated from the Fourier analysis of
the orbit motion for a given lattice. A program called
DEPOL [19] has been widely used to calculate the reso-
nance strength for a given emittance and orbit error. The
DEPOL program was further extended to include linear
coupling effects [20]. We used this extended DEPOL pro-
gram to calculate the resonance strength. Using the
Froissart-Stora formula, the total polarization loss due
to the coupling resonances was calculated to be 5%. The
polarization loss due to spin mismatching at injection
with a 6% partial Siberian snake was calculated to be
071001-4
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1%. The expected polarization from the multiparticle
tracking and DEPOL calculations is plotted as the solid
curve in Fig. 3.

In general, the simulation agrees well with most data
points. The remaining discrepancies for data points be-
tween �y � 8:90 and 8.96 could be due to a different beam
size or vertical betatron tune, but there were no beam size
and tune measurements performed for these data points.

The simulation shows a polarization dip close to �y �
8:97, which may also be seen in the experimental data.
This is caused by a snake resonance [21] as predicted in
Refs. [5,22]. Even when the intrinsic resonance condition
cannot be met for �y > 8:943, depolarization can occur
from resonance conditions extended over many turns if
the intrinsic resonance is very strong. This happens when
the following condition is met:

��y �
k� �sp

n
; (5)

where ��y is the fractional part of vertical betatron tune,
n and k are integers, and n is called the snake resonance
order. The snake resonances have been observed with full
snake operation at IUCF [23] and RHIC [24]. With an
11.4% partial Siberian snake, the fractional part of spin
tune is close to 0.057 for G�� 9. The polarization dip
then corresponds to the second order snake resonance
(n � 2) [25]. With the given resonance crossing rate and
intrinsic resonance strength, snake resonances higher
than second order do not show a significant effect. The
existence of this snake resonance reduces the usable beta-
tron tune space where depolarization is avoided.

At the vertical betatron tune of 8.98, the difference
between the beam polarization at injection and the polar-
ization measured after 0� �y is due to spin mismatching
at injection and depolarization from coupling resonances.
If spin matching were achieved at the AGS injection and
the linear coupling were eliminated, this scheme could
provide full spin flip through the intrinsic resonance. It
would also work for weak intrinsic resonances, such as
G� � 24� �y, and 48� �y in the AGS. In addition, if
the horizontal betatron tune were also in the gap, the
coupling resonance could be avoided.

IV. CONCLUSION

We have demonstrated for the first time that an 11.4%
partial Siberian snake can effectively overcome an in-
trinsic depolarizing resonance when the vertical betatron
tune is put close to an integer. The critical element of this
operation is to maintain beam stability under these con-
ditions. One advantage of this method is that it works for
both strong and weak intrinsic resonances. Currently,
there is no effective way to overcome the weak intrinsic
resonances in the AGS. If the coupling of a new Siberian
snake could be reduced, the strength of coupling reso-
nances could also be reduced. Or, if both horizontal
071001-5
and vertical betatron tunes could be put into the spin-
tune gap, both intrinsic and coupling resonances could be
avoided.

This is an efficient way to overcome intrinsic reso-
nances in medium energy synchrotrons. A superconduct-
ing helical snake with strength on the order of 20% to
30% is under construction to replace the current solenoi-
dal AGS partial snake. The helical snake will produce
much less coupling than the present weaker solenoidal
snake. The study of spin matching at injection and ex-
traction from the AGS is also under way to ensure good
polarization transfer efficiency at AGS injection and
extraction.
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