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Abstraet. An 11.4% partial Siberian snake was used to successfully accelerate polarized protons
through a strong intrinsic depolarizing spin resonance in the AGS. No noticeable depolarization
was observed. This opens up the possibility of using a 20% partial Siberian snake in the AGS to
overcome all weak and strong spin resonances.

INTRODUCTION

Acceleration of polarized proton beams to high energy in circular accelerators is difficult
due to numerous depolarizing resonances. It is particularly difficult in the medium
energy range since the limited available straight sections in the existing synchrotrons
make it very hard to install a full Siberian snake [1] to correct all types of depolarizing
spin resonances. During acceleration, a depolarizing resonance is crossed whenever the
spin precession frequency equals the frequency with which spin-perturbing magnetic
fields are encountered. In the presence of the vertical dipole guide field in an accelerator,
the spin precesses Gy times per orbit revolution [2], where G = (g—2)/2 = 1.7928 is
the gyromagnetic anomaly of the proton, and ¥ is the Lorentz factor. The number of
precessions per revolution is called the spin tune v, 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 vertical
betatron motion through quadrupoles; and coupling resonances, caused by the vertical
motion with horizontal betatron frequency due to linear coupling [3]. The resonance
condition for an imperfection resonance is Vs, = n, where 7 is an integer. The resonance
condition for an intrinsic resonance is Vs = nP £ vy, where 7 is an integer, P = 12 is
the super-periodicity of the AGS, and vy is the vertical betatron tune. The resonance
condition for a coupling spin resonance is Vs, = 1 =& Vy, where Vy is the horizontal
betatron tune; it is only important in the vicinity of a strong inirinsic resonance.
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At the AGS, a 5% partial Siberian snake [5] has been used to overcome the imper-
fection resonances [6], and an ac dipole has been used to overcome strong intrinsic
resonances [7]. For a ring with a partial snake with strength s, the spin tune v, is given
by

COSTTVsp = COS % cosGyr, )

where s = 1 would correspond to a full snake which rotates the spin by 180°. When s is
small, the spin tune is nearly equal to Gy except when Gy equals an integer #, where the
spin tune Vgp, is shifted away from the integer by 4=s/2. Thus, the partial 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. Thus the partial snake can overcome
all imperfection resonances, provided that the resonance strengths are much smaller than
the spin-tune gap created by the partial snake.

By adiabatically exciting a vertical coherent betatron oscillation using a single ac
dipole magnet, an artificial spin resonance is excited. If the resonance location is chosen
near an intrinsic spin resonance, the spin motion will be dominated by the ac dipole
resonance, and full spin flip can be achieved [7]. However, the ac dipole technique
only works for strong intrinsic resonances, since it relies on the strength of the intrinsic
resonances to induce a strong enough artificial resonance. With a strong enough partial
snake, the spin tune gap can be increased to allow placing the betatron tune inside the
gap so the intrinsic resonance conditions can also be avoided. Simulations showed that
for the first infrinsic resonance at 0 + vy, a 10% partial snake would be strong enough.
In a recent experiment at the AGS this was successfully demonstrated. This paper will
present the results and discussions.

EXPERIMENT SETUP

The polarized H™ beam from the optically pumped polarized ion source (OPPIS) [8]
was accelerated through a radio frequency quadrupole and the 200 MeV LINAC. The
beam polarization at 200 MeV was measured with elastic scattering from a carbon fiber
target. During the study, the polarization measured by the 200 MeV polarimeter was
(6620.5)%. The beam was then strip-injected and accelerated in the AGS Booster up
to 1.5 GeV kinetic energy or Gy = 4.7. The vertical betatron tune of the AGS Booster
was chosen to be 4.9 in order to avoid crossing the intrinsic resonance Gy = 0+ vy,
in the Booster. The imperfection resonances at Gy = 3,4 were corrected by harmonic
orbit correctors. Only one bunch of the twelve rf buckets in the AGS was filled, and
the beam intensity varied between 1.3 -1.7x10!! protons per fill. The polarized proton
beam was accelerated up to Gy = 12.5 or 5.6 GeV kinetic energy passing through just

one intrinsic resonance located at Gy = 0+ vy, The resonance crossing speed & = d—%—w

was 2.4 x 1075, Polarization was measured at Gy = 12.5 during an approximately
one second flattop after the partial snake was ramped to zero. At Gy = 0+ vy, the
solenoid can generate a 25% partial snake. At the same time, the solenoidal field will
generate significant coupling, which will cause sizeable depolarization. In addition, such

795



o
2
=)

— - — Polarization at AGS injection
e Simulation results
® Experiment data

° o
) £
> =1

Polarization
=
=3
S

1.
-
-
"
-
jo

8.8 8.85 89 8.95 9
Vertical Tune

FIGURE 1. The measured vertical polarization as a function of the vertical betatron tune for an 11.4%
partial snake. The dots are measured polarization, and the error bars only represent the statistical errors.
The solid 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
polarization at AGS injection. The solid curve shows the simulation results.

a strong snake will tilt the stable spin direction away from vertical by 12.5°, reducing
the measurable vertical polarization component. An 11.4% partial snake was chosen
as a compromise between obtaining a large enough spin tune gap and minimizing the
coupling effects. The AGS partial snake was turned on before injection at 6% and
ramped up to 11.4% for the first intrinsic resonance at 04 v;,. The orbit was carefully
corrected to maintain stable beam as the vertical betatron tune was moved as high
as 8.98. During the experiment, the horizontal tune was kept at 8.54, while the beam
polarization was measured as a function of the vertical betatron tune.

RESULTS AND DISCUSSION

The experimental data and simulation results are plotted in Fig.1. The simulation is a
combination of a DEPOL [9] calculation and a tracking model with two overlapping res-
onances: one located at Gy =9 generated by the partial snake and the intrinsic resonance
at Gy = 0+ v, which changes its location when the vertical betatron tune changes. The
strength of the intrinsic resonance was determined from beam size measurements using
the AGS ionization profile monitor(IPM). A £0.004 vertical tune spread was included
in the simulation. The vertical tunes were not measured in the tune window v), = 8.9
to 8.96. A fitting of measured tunes vs. set tunes outside the window was done. In-
side the window vertical tunes were derived from the set values based on the fitting.
The strengths of the coupling resonances located at Gy = 17 — v, 0+ v, 18 — v, and
1 4 v, were calculated from the extended DEPOL [9] program. Since the coupling res-
onances are separated from the other two resonances, they can be treated independently.
When the intrinsic and imperfection resonances do not overlap (v, ~ 8.85), the reso-
nance at Gy = 9 will flip spin completely while the intrinsic resonance at Gy = 0+ v,
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will flip spin partially and cause depolarization. Note the polarization is getting slightly
lower when the vertical betatron tune moves closer to the horizontal betatron tune; this
is due to stronger coupling resonances. When the two resonances are very close, such as
vy = 8.98, the intrinsic resonance is overpowered by the resonance at Gy = 9. Beam es-
sentially just experiences one resonance at Gy =9, and full spin flip is observed. When
the two resonances are a modest distance apart, such as for v, > 8.90, the two resonances
interfere with each other, and Gy = 9 resonance gradually dominates when the vertical
betatron tune goes higher. The turning point is vy, ~ 8.94 because an 11.4% partial snake
generates a 0.057 gap on each side of the integer. In general, most data points agree well
with the simulation. The remaining discrepancies for data points between v, = 8.9 and
8.96 could be explained with different beam size or different vertical betatron tune, but
there were no beam size and vertical tune measurements for these data points.

Both experiment and simulation show a polarization dip close to v,=8.97. This is
caused by a snake resonance [10]. Even when the intrinsic resonance condition can not
be met for v, > 8.95, 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 et
e £ Vg

@
where Av, is the fractional part of vertical betatron tune, » and k are integers, and
n is called the snake resonance order. With an 11.4% partial snake, the spin tune
is close to 0.057 for Gy ~ 9. The polarization dip then corresponds to the second
order snake resonance (n = 2). With the given acceleration rate and intrinsic resonance
strength, snake resonances higher than second order do not show a significant effect. The
existence of the snake resonance reduced the usable tune space and the betatron tune had
to be carefully chosen to avoid depolarization.

At the vertical betatron tune of 8.98, the difference between the polarization at in-
jection and polarization measured after 0+ v, is due to the spin mismatch at injection
and some additional depolarization from coupling resonances. If spin matching were
achieved at AGS injection and the linear coupling were eliminated, the scheme could
provide full spin flip through the intrinsic resonance. It also would work for weak intrin-
sic resonances, such as Gy =24 £v,,48 — v,

OUTLOOK

In conclusion, we have demonstrated for the first time that an 11.4% partial snake can
effectively overcome an intrinsic depolarizing resonance when the vertical betatron
tune is put close to an integer. The critical element of this operation is to maintain
beam stability with betatron tune close to an integer. For AGS, this method has several
advantages. First, it works for both strong and weak intrinsic resonances. Currently,
there is no effective way to overcome the weak intrinsic resonances in the AGS. Second,
if the coupling of a new snake could be reduced, the strength of coupling resonances
could also be reduced. Or, if both horizontal and vertical tunes could be put into the gap,
both intrinsic and coupling resonances could be avoided. Simulation shows that a 20%
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FIGURE 2. The design of superconducting snake magnet. It is 2.6 meters long and the beam pipe is 15
cm by 15 cm.

partial snake is needed for the strongest intrinsic resonance at 36 + v,.. This is beyond
the capability of the existing solenoidal partial snake. Furthermore, the solenoidal field is
the main source of coupling, which causes coupling resonances in the vicinity of strong
intrinsic resonances. The better choice would be a helical dipole magnet as has been
used in RHIC polarized proton operation. With the constraint of 10-foot AGS straight
section, the required field can only be achieved by a super-conducting magnet. With
compensating coils, the coupling from the new snake can be greatly reduced. The design
of a super-conducting helical AGS snake with strength on the order of 20% to replace
the current solenoidal AGS partial snake has already begun. A sketch of the design is
shown in Fig. 2. With the given field, the snake strength at AGS injection would be
about 24%. At injection energy, the tune shifts are of the order of 0.2 units, and the beta
functions fluctuate throughout the ring up to values around 100 m instead of the matched
maximum of about 22 m. A solution has been found by E. Courant [11] to eliminate the
coupling and beta function mismatch caused by the snake. In addition, such a strong
snake in the AGS will tilt the stable spin direction away from vertical significantly.
Study of the spin matching at injection and extraction from the AGS is also underway to
ensure the best polarization transfer efficiency at AGS injection and extraction.
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