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Abstract

Future RHIC physics program calls for polarized helion
beam. The helion beam from the new EBIS source has a
relative low rigidity which requires delicate control of in-
jection and RF setup in the Booster. The strong depolar-
ization resonance strength in both AGS and AGS Booster
requires careful consideration of beam energy range and
optics setup. Recently, the unpolarized helion beam was
accelerated to 11GeV/n in the AGS. The optics with special
tune path has been tested in both AGS and the Booster. The
near term goal of 4×1010/bunch at RHIC injection requires
several RF bunch merges in both AGS and the Booster. The
beam test results are presented in this paper.

INTRODUCTION

There are experiment interests in the Relativistic Heavy
Ion Collider (RHIC) to study the spin of neutrons. Since
we cannot accelerate neutrons directly, the two candidates
are deuteron (p+n) and helion(p↑+p↓+n). Acceleration of
polarized deuteron will have other technical difficulties, so
polarized helion is the next choice. Currently, a polarized
helion source is under development with a collaboration
between MIT and BNL [1]. As a preparation for the injec-
tor, the possible optics for polarized helion acceleration in
both Booster and Alternating Gradient Synchrotron (AGS)
have been explored by simulation and beam study. In addi-
tion, the existing carbon-target polarimeter has been tested
with helion beam. Since 3He2++C->3He2++C is a new
process, the analyzing power is unknown. The absolute po-
larization has to come out from a polarized helium jet.

BOOSTER AND AGS SETUP

During acceleration, two types of depolarizing reso-
nances are crossed whenever the spin precession frequency
equals the frequency with which spin-perturbing magnetic
fields are encountered. The spin precession frequency is
defined as the number of full spin precessions per orbital
revolution and is also called spin tune νsp. For a syn-
chrotron with only vertical bending field, spin tune is equal
to Gγ, where G is anomalous magnetic moment of the
beam particles, γ is Lorentz factor. The resonance condi-
tion for imperfection depolarizing resonances arises when
νsp = n, where n is an integer. The condition for intrin-
sic resonances is νsp = kP ± νy where k is an integer, νy
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is the vertical betatron tune, and P is the superperiodicity.
For the AGS, P = 12. For AGS Booster, P = 6.

For protons, a dual partial snake scheme [2] has been
used in the AGS to overcome both imperfection and ver-
tical intrinsic depolarizing resonances. The two imper-
fection resonances in the Booster are overcome by orbit
harmonic correction. The first intrinsic resonance in the
Booster at Gγ = 0 + ν is avoided by pushing the verti-
cal tune as high as 4.8, which is higher than the extraction
energy Gγ = 4.5.

For normal synchrotrons, the intrinsic resonance is only
associated with the vertical betatron tune νy for vertical po-
larization, as the vertical spin can only be affected by the
horizontal magnetic field. However, in the presence of a
partial snake, the stable spin direction is not purely ver-
tical. Therefore the perturbing fields that rotate the spin
away from the stable spin direction have vertical as well
as horizontal components. Particles undergoing horizon-
tal betatron oscillations encounter vertical field deviations
at the horizontal oscillation frequency. As a result, reso-
nances with the spin tune are driven by the horizontal be-
tatron oscillations, and will occur whenever the spin tune
satisfies Gγ = k ± νx. Since all these resonances are rela-
tively weak compared to the vertical counterpart, a modest
tune jump system (0.04 horizontal tune jump in 100μs) has
been used in the AGS to increase the effective resonance
crossing rate to mitigate the polarization loss. The question
is how much of these techniques still work for polarized
helion beam.

There is a big difference in the G values for proton and
helion. For proton, G = 1.7928. For helion, G = −4.18.
To avoid confusion, |Gγ| is used. The velocity of different
ions out of Electron Beam Ion Source(EBIS) [3] is fixed.
The Booster input |Gγ| is fixed at 4.19. Booster tunes are
usually around 4.82, which is inside the Booster accelera-
tion |Gγ| range. The first few Booster intrinsic resonances
are located at |Gγ| = 0 + νy = 4.82, 12 − νy = 7.18,
6 + νy = 10.82. The first task is to push vertical tune be-
low 4.1 near injection, so that Gγ = 0 + ν can be avoided.
At injection, the tune quadrupoles have enough muscle to
push vertical tune low. During acceleration, the vertical
tune has to be raised to higher value, but the crossing time
can be chosen such that no major resonance is crossed. In
addition, it can not be higher than 4.43, so that a extraction
at |Gγ|=7.5 is below Booster resonance 12 − νy . Unless
additional spin manipulating device such as partial snake
or AC dipole is installed in the Booster, the extraction |Gγ|
can not be higher than 7.5. So the Booster |Gγ| range is
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Figure 1: Top: Fractional spin tune as function of |Gγ| near
the AGS extraction. Bottom: The vertical spin component
as function of |Gγ| near the AGS extraction. The modu-
lation is due to the 1/3 ring separation of the two partial
snakes.

determined to be 4.19 to 7.5. Similar to proton case, the
imperfection depolarizing resonances are going to be cor-
rected by vertical orbit harmonics when |Gγ|=5, 6, and 7.

AGS injection happens at |Gγ| = 7.5. This is actually
a good choice for spin match. The two partial snakes in
the AGS are separated by 1/3 of the ring. As the results,
the spin tune and vertical component of stable spin direc-
tion are modulated with energy. The vertical component
reaches maximum every three integers as shown in Fig. 1.
Near the injection, vertical component reaches maximum
at |Gγ|=4.5, 7.5 and 10.5. The extraction energy is deter-
mined from the same consideration in addition to AGS to
RHIC spin match. |Gγ|=49.5 is the choice. The next strong
intrinsic resonance at |Gγ| = 60 − νy = 51.03 will be too
strong for the dual partial snakes.

The AGS Gγ range is 7.5 to 49.5. The resonance
strength can be calculated from DEPOL program [4] for
both proton and helion cases. For νy=8.99, the resonance
strength ε of a few intrinsic resonances are give in Table 1.
As shown in Table 1, the resonance strength is stronger for
helion by a factor 1.5, or

√
|GHe/Gp|.

Table 1: Intrinsic Depolarizing Resonance Strength ε

Resonance γP εP γHe3 εHe3

0 + ν 5.014 .00160 2.149 0.0230
24 − ν 8.372 0.0019 3.587 0.0028
12 + ν 11.708 0.0070 5.017 0.0107
36 − ν 15.065 0.0145 6.455 0.0222
24 + ν 18.401 0.0021 7.885 0.0032
48 − ν 21.759 0.0029 9.323 0.0044
36 + ν 25.094 0.0297 10.753 0.0453

Since the intrinsic resonance strength only goes up with√
|G| but snake strength goes up with |G|, the partial

snake field used for proton can be reduced by a factor√
|GHe/Gp| ≈ 1.5 and the polarization is still main-

tained as well as in the proton case. This means 1.5T
cold snake for helion. It also reduces the horizontal res-

Figure 2: The ZGOUBI simulation for last a few units of
Gγ near AGS flattop with 2.1T cold snake. The track-
ing was done for particles on various vertical emittance el-
lipses. The vertical axis is polarization and the horizontal
axis is Gγ. Note the acceleration starts from right to left.

Figure 3: The ZGOUBI simulation for last a few units
of Gγ near AGS flattop with 1.5T cold snake. Up to
|Gγ|=49.5, 1.5T is as good as 2.1T. The axes are defined
similarly to Fig. 2.

onance strength. Due to its magnet design, the warm snake
only works at one current and the warm snake has to run
at the same current as before, namely, 1.5T. To test this
partial snake combination, spin tracking simulations with
ZGOUBI [5] ( see Figs. 2 and 3) have been done to see if
the cold snake strength can be reduced. The spin track-
ing simulations were done for two different cold snake
fields, 2.1T (corresponding to 25% snake strength at flat-
top) and 1.5T( about 15% snake strength at flattop). The
results show that two 15% partial snakes are enough for
the strongest intrinsic resonance at 36+νy. The simulations
were done with particles on a few vertical emittance el-
lipses. For simplicity, the horizontal emittance was kept
near zero and no orbit error are considered. The verti-
cal tune was 8.97 in the simulation. The direct benefit of
weaker cold snake is that the corresponding horizontal in-
trinsic resonances will be weaker, as the stable spin direc-
tion will have less horizontal component, and consequently
less horizontal resonance strength. In addition, this will re-
duce the effect of the snake on optics at low energy.
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One potential issue is with the horizontal tune jump
quads. The resonance strength in general is stronger for
two reasons: larger |G| value and stronger snake strength.
Even with weaker magnetic field of the cold partial snake,
the combined snake strength is near 30%, compared to the
16% in the proton case. Time wise, the spacing of reso-
nances is smaller for helion than for proton beam. It re-
quires 43 jumps in 335ms for helion compared to 42 jumps
in 430ms for protons. The existing tune jump quad power
supplies and controls probably need to be upgraded.

Given these analyses, one polarization preservation op-
tion for AGS and the Booster is following: 1. to push νy

below 4.11 and keep it lower than 4.43 through the cycle
in the Booster; 2. to correct imperfection resonances in
the Booster with harmonic orbit correction; 3. to over-
come vertical intrinsic and imperfection resonances with
dual partial snakes in the AGS, but weaker cold snake; 4. to
overcome horizontal intrinsic resonances with modest tune
jump system(requires upgrade).

EXPERIMENTAL RESULTS

To avoid the two intrinsic resonances in the Booster
(0+νyand 12-νy), the vertical tune needs to be 4.1 at in-
jection and below 4.43 at extraction. To reach bunch inten-
sity of 1010 in the AGS, bunch merges are needed in the
Booster and AGS. Since the Booster injection is a very low
energy, the Booster has to start with h=4, which fits well
with needed bunch merge. The bunch merge (4->2->1)
happens at|Gγ|=4.5. A vertical tune of 4.09 actually was
achieved near injection.

Helion beam was accelerated to the AGS flattop with
both partial snakes on. The intensity out of EBIS is
3.9× 1010 and is 1× 1010 at AGS flattop. For polarization
preservation, the vertical tune needs to be higher than 8.97
at 0 + νy and after. The measured tune met that require-
ment as shown in Fig. 4. In the latest beam test, AGS bunch
merge was tested without snake on in the AGS. The merge
was done with 8 Booster transfers into 8 out 12 buckets. At
injection, two bunch merges(12->4->2) gave 3.9 × 1010

bunch intensity. The emittance is about 11π in horizontal
and 7π in vertical as reported by AGS IPM.

POLARIMETER TEST

The existing carbon target polarimeter [6] is expected
to work for the AGS. However, it still needs to be con-
firmed that the polarimeter Si detectors can detect recoil
carbons from C-helion scattering. The event rate gain
for helion due to elastic cross section is estimated to be
A2/3 = 33/2 = 2.08. The actual observed gain is about
2. The so-called carbon banana is measured as shown in
Fig. 5. The polarization is consistent with zero as expected:
0.89 ± 1.84%. The kinematics only tells us these are slow
carbons. The asymmetry associated with polarization only
comes from recoil carbons out of elastic scattering. Fur-
ther analysis of possible inelastic scattering process shows
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Figure 4: Vertical tune path on the ramp. The 0 + νy res-
onance is at 213ms and 36 + νy resonance is at 332ms.
Vertical tune is high at these resonance locations.
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Figure 5: Carbon bananas from helion-Carbon scattering.
The axes of Time of flight and amplitude (energy) are in
the wave form digitizer units.

that only one possible helion breakup process could gen-
erate carbons in the 2mm detector acceptance, no process
could generate inelastic process into the 1mm detector ac-
ceptance. We will need polarized helion beam to see if
2mm detectors can still be used.

SUMMARY

The experiments requiring polarized helion beam are
still several years away. The beam test with unpolarized he-
lion beam has shown that the desired optics can be achieved
without problem in both AGS and the Booster, which in-
cludes the high vertical tune in the AGS and low vertical
tune in the Booster. The beam test shows that carbon tar-
get polarimeter can detect the recoil carbons. The bunch
merges required for the higher bunch intensity have been
demonstrated in both AGS and the Booster. The remaining
work are to raise intensity and to use polarized helion beam
for polarization preservation study.
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