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An Overview of Helions in the HSR and its Injectors
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The Electron Ion Collider (EIC) calls for polarized helion on polarized electron collisions. These
collisions will require 1.2 × 1011 ions per bunch at 70% polarization. Meeting the EIC physics
requirements will require maintaining both high efficiency and high polarization transmission
through the accelerator complex. Polarized helions will originate from the Electron Beam Ion
Source (EBIS) and be injected into the Booster at |𝐺𝛾 | = 4.1932. The injected intensity from
EBIS is expected to be 2 × 1011 ions with a polarization of 80%. In the Booster, an AC dipole
will be used to spin-flip across intrinsic resonances and harmonic corrections will be used for
imperfection resonances, up to extraction at |𝐺𝛾 |=10.5. In the Alternating Gradient Synchrotron
(AGS), due to the higher anomalous g-factor of helions, the two partial snakes will have sufficient
rotation to facilitate both horizontal and vertical betatron tunes being placed inside the spin-tune
gap up to |𝐺𝛾 |=49.5. In the Hadron Storage Ring (HSR), 6 full snakes will be used to minimize
polarization loss up to a maximum energy of |𝐺𝛾 |=820. At collisions, longitudinal polarization
will be available through use of helical spin rotators. This paper provides a summary of polarized
helion transmission from injection to the Booster to top energy in the Hadron Storage Ring.
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1. Introduction

Polarized neutron collisions are part of the Electron Ion Collider (EIC) physics program, which
will be facilitated with collisions of polarized helions, where up to 86% of the polarization is
accounted for by the neutron [1][2][3]. The Relativistic Heavy Ion Collider (RHIC) is scheduled
to run until 2025, followed by EIC construction from 2025 through 2032. The layout of the EIC is
seen in Fig. 1 [4]. The construction involves the installation of the electron accelerator and collider
rings inside the existing RHIC tunnel while also reconfiguring the existing RHIC into the Hadron
Storage Ring (HSR). The EIC commissioning and physics program will follow. The existing
injector chain for RHIC will be reused, which consists of the Alternating Gradient Synchrotron
(AGS), the AGS Booster (or Booster), and the AGS to RHIC transfer line (ATR).

Figure 1: Layout of the Electron Ion Collider.

The equation of motion for a particle’s spin with given vector, ®𝑆, in a synchrotron is given by the
Thomas-BMT equation (neglecting effects of ®𝐸) [5]

𝑑 ®𝑆
𝑑𝑡

=
𝑞

𝛾𝑚
®𝑆 ×

[
(1 + 𝐺𝛾) ®𝐵⊥ + (1 + 𝐺) ®𝐵∥

]
(1)

where 𝛾 is the Lorentz factor, m is the mass, q is the charge, G is the anomalous gyromagnetic
g-factor, and ®𝐵⊥ and ®𝐵∥ are the transverse and longitudinal magnetic fields. Here, ®𝐵⊥ is strongest
due to presence of strong focusing quadrupoles and ®𝐵∥ is small. From this, the vertical resonance
strengths can be calculated with the Fourier transform of spin perturbing fields [6]

𝜖𝑘 =
(1 + 𝐺𝛾)

2𝜋

∮ [
𝜕𝐵𝑥/𝜕𝑦
𝐵𝜌

]
𝑦𝑒𝑖𝐾 𝜃𝑑𝑠 (2)

where 𝜕𝐵𝑥/𝜕𝑦 is the field gradient, 𝐵𝜌 is the reference rigidity, 𝜃 is the location in the ring, and K
is the resonance condition. This equation is satisfied when 𝐾 = 𝜈𝑠 = 𝑛 and 𝐾 = 𝜈𝑠 = 𝑛𝑃 ± 𝜈𝑦 ,
where n is an integer, P is the superperiodicity, and 𝜈𝑦 is the vertical betatron tune. The anomalous
gyromagnetic g-factor for helions, G=-4.184154=𝐺ℎ, is several times larger than that of protons,
𝐺 𝑝=1.792847. The energy spacing between imperfection resonances is [7],

Δ𝑖𝑚𝑝 =
𝑚

𝑞𝐺
. (3)

The spacing between these resonances for protons is Δ𝑖𝑚𝑝=523.34 MeV whereas the spacing for
helions is Δ𝑖𝑚𝑝=335.60 MeV. By comparing the two spacings, one can infer that helions will cross
1.56 more resonances per unit change in energy.
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2. Polarized Helions in the AGS Booster

Polarized helions are provided by Electron Beam Ion Source (EBIS) and the injected intensity into
the Booster is expected to be 2×1011 with a polarization of 80%. Polarized helions are injected
into the Booster at |𝐺𝛾 | = 4.19. At injection, 𝜈𝑦 < 4.1 to avoid the |𝐺𝛾 | = 0 + 𝜈𝑦 resonance.
Extraction is possible at |𝐺𝛾 | = 7.5 and |𝐺𝛾 | = 10.5, as seen in Fig. 2, to match the stable spin
direction between Booster and AGS.
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Figure 2: Image of the Booster cycle with the two extraction points, and three possible intrinsic resonances.

In the case of extraction from the Booster at |𝐺𝛾 | = 10.5, helions will cross the |𝐺𝛾 | = 5 through
10 imperfection resonances, and the |𝐺𝛾 | = 12 − 𝜈𝑦 and |𝐺𝛾 | = 6 + 𝜈𝑦 vertical intrinsic
resonances. This higher extraction energy allows for stronger snakes in the AGS which will allow
the vertical tune to be placed inside spin tune gap in AGS at injection, which is discussed in detail
in Sec. 3 [8]. This higher energy also minimizes optical defects from AGS cold snake as seen in
Fig. 4 [9].
In the case of extraction at |𝐺𝛾 | = 7.5, helions will cross the |𝐺𝛾 | = 5 through 7 imperfection
resonance, and all intrinsic resonances can be avoided. The caveat of this lower injection energy is
insufficient dynamic aperture to allow both the horizontal and vertical tunes inside the spin tune
gap at injection. This will lead to polarization and beam loss.

2.1 Intrinsic Resonance Crossing

To facilitate lossless polarization transmission through the intrinsic resonances in the Booster up
to |𝐺𝛾 | = 10.5, an AC dipole has been installed [10]. An AC dipole drives large amplitude vertical
betatron oscillations of all particles with a horizontal magnetic field that oscillates in phase with
the vertical betatron motion. The AC dipole tune is 𝜈𝑚 = 𝑓𝑚/ 𝑓𝑟𝑒𝑣 with 𝑓𝑚 is the AC dipole
frequency [11]. The amplitude of these coherent oscillations is

𝑌𝑐𝑜ℎ =
𝐵𝑚𝑙

4𝜋𝐵𝜌𝛿𝑚
𝛽𝑦 (4)

where 𝐵𝑚𝑙 is the integrated strength of the dipole kick, 𝛿𝑚 is the resonance proximity parameter,
and 𝛽𝑦 is the vertical beta function. The resonance proximity parameter is the separation between
𝜈𝑚 and 𝜈𝑦 , that is 𝛿𝑚 = 𝜈𝑦 − (𝑛 + 𝜈𝑚). This creates a driven resonance at 𝜈𝑚.
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Here 𝑓𝑚 is fixed as it is matched using capacitors to the resonant circuit. As a result, 𝜈𝑚 can
change as much as Δ𝜈𝑚 = 0.0028 for helions crossing |𝐺𝛾 | = 12 − 𝜈𝑦 due to the rapid change in
𝑓𝑟𝑒𝑣. This is solved by putting a slope on the tune settings for the range of the AC dipole pulse. A
full spin-flip is achieved with 𝐵𝑚𝑙 = 16.5 G · m (|𝐺𝛾 | = 12 − 𝜈𝑦) and 𝐵𝑚𝑙 = 20.5 G · m
(|𝐺𝛾 | = 6 + 𝜈𝑦), as seen in Fig. 3. The AC dipole has been designed with a maximum strength of
𝐵𝑚𝑙 = 25 G · m [12].
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Figure 3: AC dipole simulations using zgoubi for the |𝐺𝛾 | = 12− 𝜈𝑦 (left) and |𝐺𝛾 | = 6+ 𝜈𝑦 (right) intrinsic
resonances.

2.2 Imperfection Resonance Crossings

To facilitate lossless polarization transmission through imperfection resonances in the Booster, the
harmonic correction method will be used. For correcting the |𝐺𝛾 | = 𝑘 resonance, the ℎ = 𝑘

harmonic of the corrector dipoles is used. At each resonance, the harmonic h=k can either be:
corrected so no polarization is lost, or enhanced to induce a full spin-flip. [13]
The Booster has 24 vertical orbit correctors placed adjacent to vertically focusing quadrupoles, and
are used for creating and correcting orbit harmonics. These correctors are powered according to

𝐵 𝑗 ,ℎ = 𝑎ℎ sin(ℎ𝜃 𝑗) + 𝑏ℎ cos(ℎ𝜃 𝑗) (5)

where j is corrector number, 𝜃 𝑗 is the location in the ring, 𝑎ℎ and 𝑏ℎ are the amplitudes for
harmonic h.
The total current on corrector j is

𝐼 𝑗 =
∑︁
ℎ

𝐼ℎ,𝑆 sin(ℎ𝜃 𝑗) + 𝐼ℎ,𝐶 cos(ℎ𝜃 𝑗) (6)

where 𝐼ℎ,𝑆 and 𝐼ℎ,𝐶 are the corrector currents for the Sine and Cosine components. The maximum
current of all correctors is

𝐼𝑚𝑎𝑥 = max[|𝐼 𝑗 |] . (7)
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This is an important parameter so as to avoid exceeding the maximum current of the supplies, 25 A.
The Froissart-Stora formula at a given resonance k, and harmonic h=k, as a function of corrector
current is given by [6],

𝑃 𝑓

𝑃𝑖
= 2𝑒

− (𝐼𝑘,𝑆−𝜇𝑘,𝑆 )2

2𝜎2
𝑘,𝑆 𝑒

− (𝐼𝑘,𝐶−𝜇𝑘,𝐶 )2

2𝜎2
𝑘,𝐶 − 1 (8)

where 𝑃 𝑓 is the final asymptotic polarization after crossing the resonance, 𝑃𝑖 is the initial
asymptotic polarization before crossing the resonance, 𝜇𝑘,𝑆 and 𝜇𝑘,𝐶 are the optimal corrector
currents to correct the h=k harmonic, and 𝜎𝑘,𝑆 and 𝜎𝑘,𝐶 are the widths of the distributions. A
summary of minimum current required to excite the harmonic and induce a spin-flip, 𝐼𝑀,𝐹 , and
the current to correct the harmonic for zero polarization loss, 𝐼𝑀,𝐶 is summarized in Tab. 1.

Table 1: Table summarizing corrector current requirements for each imperfection resonance crossing,
including the current for h=5 correction.

K 𝜇𝑆 [A] 𝜇𝐶 [A] 𝐼𝑆,𝐾 𝐼𝐶,𝐾 𝐼𝑀,𝐹 𝐼𝑀,𝐶

5 0.322 2.105 0.35 -1.71 4.33 6.44
6 0.567 -0.189 1.78 9.65 17.77 9.19
7 1.425 0.847 10.02 -8.14 22.4 13.95
8 -2.463 5.242 2.75 -9.39 21.98 22.37
9 -0.614 -0.222 -1.17 -14.35 29.71 17.59
10 -23.669 -0.477 -3.67 -0.477 22.86 39.43

3. Polarized Helions in the AGS

3.1 AGS Admittance at Injection

To quantify the optical defects, particles are tracked through only the cold snake to calculate the
transport matrix. From the transport matrix, the total coupling (CP) and focusing (FC) are
calculated from transport matrix elements 𝑚𝑖 𝑗 [9],

𝐶𝑃 = 𝐿𝐿 +𝑈𝑅 (9)

with
𝐿𝐿 = 𝑚2

31 + 𝑚
2
32 + 𝑚

2
41 + 𝑚

2
42 (10)

𝑈𝑅 = 𝑚2
13 + 𝑚

2
14 + 𝑚

2
23 + 𝑚

2
24. (11)

and
𝐹𝐶 = 𝑚2

12 + 𝑚
2
34 (12)

These optical distortions reduce exponentially with 𝐵𝜌 as seen in Fig. 4. Increases in 𝐵𝜌 show a
substantial increase in admittance, as seen in Fig. 5.
An example of the horizontal and vertical tunes, along with spin tune and the projection of the
stable spin direction on the vertical axis is shown in Fig. 6. At 𝐺𝛾=8, the 𝐺𝛾 = 8 ± 𝜈𝑥 and
𝐺𝛾 = 8 ± 𝜈𝑦 are potentially crossed. The optimal transmission of helions up to |𝐺𝛾 | = 10.5 in the
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Figure 4: Coupling and focusing from the AGS cold snake as a function of 𝐵𝜌 and comparison to an
exponential fit.
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Figure 5: Dynamic aperture in the region of interest from |𝐺𝛾 | = 7.5 to |𝐺𝛾 | = 10.5 with spacing of 0.5
units of |𝐺𝛾 |.

AGS if extraction occurs at |𝐺𝛾 | = 7.5, is summarized in Table 2. Due to the reduced admittance
at |𝐺𝛾 | = 7.5, the excessive beam loss will necessitate additional bunch merges compared to the
|𝐺𝛾 | = 10.5 case.

Table 2: Polarization and beam loss considered at integer values of |𝐺𝛾 | from |𝐺𝛾 | = 7.5 to |𝐺𝛾 | = 10.5 to
quantify beam and polarization losses in the case that helions are injected at |𝐺𝛾 | = 7.5.

|𝐺𝛾 | 𝜈𝑥 𝜈𝑦 Beam loss Polarization
7.5 to 8.5 8.88 8.94 76.7% 98.7%
8.5 to 9.5 8.82 8.94 0.2% 99.0%
9.5 to 10.5 8.92 8.96 14.7% 99.7%

To support |𝐺𝛾 | = 10.5 injection, the Booster Main Magnet power supply and AGS injection
kicker need to be upgraded.

6



P
o
S
(
S
P
I
N
2
0
2
3
)
0
9
5

An Overview of Helions in the HSR and its Injectors Kiel Hock

7.5 13.5 19.5 25.5 31.5 37.5 43.5 49.5
G

0.75

0.80

0.85

0.90

0.95

1.00

S y
,

s

|G | = 10.5 injection

Sy

s

Qx

Qy

Figure 6: Spin tune, the projection of the stable spin direction on the vertical axis, and the horizontal and
vertical tune paths as a function of |𝐺𝛾 |.

Crossing of the strong |𝐺𝛾 | = 36 + 𝜈𝑦 resonance with tracking up to extraction at |𝐺𝛾 | = 49.5 is
shown in Fig. 7 and exhibits no loss of polarization.

44.5 45.5 46.5 47.5 48.5 49.5
G

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

S y

|G | = 36 + y

Figure 7: A bunch of 1,000 particles tracked from |𝐺𝛾 | = 45.5 to extraction at |𝐺𝛾 | = 49.5 without any
polarization loss.

3.2 Extraction from AGS

Extraction from the AGS to the HSR occurs at |𝐺𝛾 | = 49.5, and avoids crossing the strong
|𝐺𝛾 | = 60 − 𝜈𝑦 ∼ 51. Due to the mismatch in stable spin direction between the end of ATR and at
the AGS extraction septum, extraction cannot occur above |𝐺𝛾 | = 51.5 [14]. This is lower in
rigidity (𝐵𝜌 = 55.21 Tm) than protons which extract at 𝐺𝛾 = 45.5 (𝐵𝜌 = 79.37 Tm).

4. Polarized Helions in the HSR

4.1 HSR Resonance Strengths

The resonance spectra is calculated from Eq. 2 and is evaluated from injection at |𝐺𝛾 | = 49.5 to
the maximum energy corresponding to |𝐺𝛾 | = 820. The resonance strength for the |𝐺𝛾 | = 400
region is comparable to the |𝐺𝛾 | = 700 region. The |𝐺𝛾 | = 412 − 𝜈𝑦 resonance is strong but well
isolated. This is unlike the |𝐺𝛾 | = 718 + 𝜈𝑦 resonance where several strong nearby resonances

7



P
o
S
(
S
P
I
N
2
0
2
3
)
0
9
5

An Overview of Helions in the HSR and its Injectors Kiel Hock

located at |𝐺𝛾 | = 715 + 𝜈𝑦 , 716 + 𝜈𝑦 , and 717 + 𝜈𝑦 . Each of these resonances are stronger than the
strongest proton resonance. The resonance structure in proximity of the |𝐺𝛾 | = 734 − 𝜈𝑦 region is
similar, albeit with slightly more spacing. Polarization transmission studies are ongoing.
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Figure 8: HSR resonance spectra of helions.

4.2 HSR Rotators

The existing RHIC rotators will be reused for the HSR [15]. Each rotator consist of four helical
dipoles in series where the two outer coils are powered separately from the two inner coils [16].
The HSR rotators are located at 𝜃=61.35 mrad and 𝜃=-17 mrad away from IP6, where RHIC
rotators are at 𝜃 =3.675 and -3.675 mrad, with 𝜃 being the bending angle [15]. For the angle to be
longitudinal at IP6, the angle at each rotator in the horizontal plane is

𝜙 = 𝐺𝛾𝜃 (13)

The power supply limit for the inner and outer coils is 322 A, which corresponds to a field of
4 T [17].
Due to the higher G of helions, the current requirements are well below the ±322 A as seen in
Fig. 9. The three desired energies for collisions: 41 GeV, 100 GeV, and 820 GeV are marked and
the power supply requirements at those energies are giving in Table 3.

Table 3: Table of power supply currents for the sector 5 (Rot5) and sector 6 (Rot6) at 41, 100, and 183 GeV.

Energy (GeV) Rot5 Rot6
Outer Inner Outer Inner

41 152.6 119.3 167.8 144.5
100 47.1 178.5 68.4 153.9
183 160.7 126.1 65.4 156.0

8
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Figure 9: Rotator currents for the inner and outer power supplies for the sector 5 and sector 6 rotators.

5. Summary

The AC dipole is able to spin-flip through the two intrinsic resonances in Booster. The harmonic
correction method allows for 100% polarization transmission through the six imperfection
resonances. The higher injection |𝐺𝛾 | into AGS allows for stronger snake settings. These stronger
snakes allow both horizontal and vertical tunes to be placed inside the spin tune gap. This
precludes the need of tune jumps and emittance growth associated with it. Extraction from the
AGS at |𝐺𝛾 | = 49.5 provides the best spin match from AGS to the HSR and avoids the
|𝐺𝛾 | = 60 − 𝜈𝑦 resonance. An intensity of 1.5×1011 ions/bunch with a polarization of 75-78% is
expected at extraction. Current RHIC rotators and their power supplies can be reused in the HSR
and will operate below the power supply limits. HSR resonance crossing simulations are ongoing.
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