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Abstract

Polarized helion collisions are part of the Electron Ion Collider physics pro-
gram. The required intensity at collision is 1.2×1011 at 70% polarization.
The EBIS source is expected to provide 2×1011 helions/bunch at 80% po-
larization. To reach the EIC requirements, the AGS at extraction will need
1.5×1011 helions/bunch and negligible polarization loss. A critical point for
polarization loss in the injectors is the AGS injection energy, which can occur
at either |Gγ| = 7.5 or |Gγ| = 10.5. Injection at |Gγ| = 7.5 will result in
80% beam loss and 2.5% polarization up to |Gγ| = 10.5.



Chapter 1

Introduction

Polarized helions are part of the Electron Ion Collider (EIC) physics pro-
gram [1]. The polarized helion source is expected to provide 2×1011/pulse
and 80% polarization [2]. The EIC requirements for helion collisions are
1.2×1011/bunch with over 70% polarization [3]. This will require 1.5×1011/bunch
out of AGS and nearly lossless polarization transmission. Helions can be
transferred from Booster to AGS at |Gγ| = 7.5 and |Gγ| = 10.5 for optimal
spin matching. The current plan is to inject at |Gγ| = 10.5 and run the AGS
cold and warm snakes at χc=25% and χw=14% to produce a larger spin-tune
gap [4]. For the same strength snakes, proton spins are rotated by χc=14%
and χw=6% due to their lower G.

If injection at |Gγ| = 7.5 occur, how early in the main magnet cycle
can the betatron tunes (νx, νy) be moved into the spin-tune gap must be
quantified. Prior to the tunes being placed inside the spin-tune gap, the
number of resonances to be crossed and how much polarization will be lost
compared to Gγ = 10.5 must also be quantified. Protons are injected into
the AGS at Gγ = 4.5 with Bρ=7.2 Tm, νy is inserted into the spin tune gap
by Bρ = 10 Tm, which avoids the Gγ = 0 + νy strong intrinsic resonance at
Bρ(0+νy)=15.2 Tm. Helions, if injected at |Gγ| = 7.5 (Bρ = 7.0 Tm) would,
cross the |Gγ| = 0+νy at Bρ(0+νy)=8.8 Tm. Injection at |Gγ| = 10.5 avoids
this resonance entirely. Previous simulations focused on resonance crossing
in the Booster and showed there was sufficient admittance in the AGS to
support the stronger snakes at |Gγ| = 10.5 (Bρ = 10.78 Tm) injection, but
did not simulate what is lost in the AGS by injecting at a lower energy [4–7].
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1.1 Helions in the Booster and AGS

Polarized helion are injected into the Booster at |Gγ| = 4.19 with a corre-
sponding rigidity of Bρ = 0.3 Tm, as seen in Fig. 1.1. At injection, νy < 4.1
to avoid the |Gγ| = 0+ νy resonance and extraction is possible at |Gγ| = 7.5
and |Gγ| = 10.5.
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Figure 1.1: An overview of helion resonances in the AGS booster from injec-
tion to extraction.

Extraction at |Gγ| = 10.5 from the booster will require crossing the
|Gγ| = 5 through 10 imperfection resonances, and the |Gγ| = 12 − νy and
|Gγ| = 6+νy intrinsic resonances [5, 8]. This higher energy extraction allows
for stronger snake settings in AGS, while also minimizing optical defects from
AGS cold snake and allowing both tunes to be placed inside spin tune gap
in the AGS at injection [7]. An example of the AGS horizontal and vertical
tunes, along with the spin tune and the projection of the stable spin direction
on the vertical axis is seen in Fig. 1.2.

1.1.1 Protons in the AGS

Protons are injected into the AGS with Qx ∼ Qy = 0.86, where Qx, Qy are
the fractional betatron tunes. Qy is inserted into the spin tune gap by Gγ = 6
(Bρ = 10.00 Tm). As seen in Fig. 1.3, Qx lies outside the spin-tune gap
and jump quads are used to cross the horizontal depolarizing resonances [9].
Having Qx ∼0.75 results in equally spaced resonance crossings.
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Figure 1.2: The spin tune, betatron tunes, and Sy for helions in the AGS.

Figure 1.3: Polarized protons in the AGS, vertical and horizontal tunes com-
pared to Gγ from [9].

1.2 Protons vs Helions, early in the cycle

Protons are injected at Gγ = 4.5 (Bρ = 7.2 Tm) and cross the Gγ = 0 + νy
at Bρ ∼ 15.5 Tm. Helions at the low injection energy of Gγ = 7.5 (Bρ =
7.0 Tm) cross the Gγ = 0 + νy at Bρ ∼ 8.9 Tm.

For helions, the plan is to move both Qx and Qy into the spin-tune gap.
If tune jumps are needed, helion imperfection resonances are 1.6x closer than
protons making the 100 us precision for jump quad timing more difficult. As
seen in Fig. 1.5, the crossing of helion resonances would have more ambiguous
timing.
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Figure 1.4: Spin tune for helions and protons by rigidity, with the |Gγ| =
0 + νy resonances marked as dashed lines for the two species.
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Figure 1.5: Resonance crossing helion vs protons relative to Gγ (left) and
Bρ (right).
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Chapter 2

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 mij [10],

CP = LL+ UR (2.1)

with
LL = m2

31 +m2
32 +m2

41 +m2
42 (2.2)

UR = m2
13 +m2

14 +m2
23 +m2

24. (2.3)

and
FC = m2

12 +m2
34 (2.4)

These optical distortions reduce exponentially with Bρ, as seen in Fig. 2.1.
Due to the snake optical defects limiting the admittance, protons cannot fit
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Figure 2.1: Coupling and focusing from the AGS cold snake as a function of
Bρ and comparison to an exponential function.
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inside the spin tune gap at injection [7].
The admittance is the stable area in X and Y for a given [νx, νy], and

is shown for protons at |Gγ| = 4.5 and [νx, νy]=[8.77, 8.88] in Fig. 2.2.
The limiting aperture of the cold snake is inserted, a round beam pipe with
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Figure 2.2: Example admittance in the AGS with νx = 8.77 and νy = 8.88.

r=3.85 cm.
PyZgoubi is used to handle particle coordinates and fitting algorithms,and

creates a thread for each νy and νx configuration. Fig. 2.3 and Fig. 2.4 show
the helion admittance from |Gγ| = 7.5 to 10.5 in steps of 0.5. There is a
substantial increase in admittance with changes in Bρ. Fig. 2.4 shows the
admittance in the region of Qx, Qy >0.88.
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Figure 2.3: Admittance in the range of Qx=0.71 to 0.95, Qy=0.85 to 0.97,
at |Gγ|=7.5 to 10.5.
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Figure 2.4: Zoom of Fig. 2.3 where Qx,Qy >0.88.
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Chapter 3

Resonance Crossing
Simulations

The resonance crossing simulations use parameters of ϵy(95%, N) = 2.5 π mmmrad
and ϵx(95%, N) = 5.4 π mm mrad, which is taken from the full aperture at
Booster injection without scraping, and dp/p = 1× 10−3, Vrf = 320 kV. The
simulations follow the routine:

1. fit the lattice to the desired tunes and find the closed orbit,

2. twiss calculation for optical parameters,

3. find closed orbit for particle momentum of dp/p= ±0.001,

4. calculate precession axis,

5. generate a 6D bunch with spins oriented on the stable spin-direction,

6. track from n − 0.5 to n + 0.5 so each resonance can be treated inde-
pendently (and also allows for efficient parallelization).

These simulations use informed Qx and Qy sets from Fig. 2.3.
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1000 particle 6D tracking |Gγ|=7.5 to 8.5 Having both tunes at or near
the spin tune gap result in excessive beam loss due to minimal admittance.
Moving tunes out of the spin-tune gap leads to zero beam loss at the cost of
crossing |Gγ| = 8±Qx and |Gγ| = 8±Qy. Jump quads can be used for this
resonance, however with the difference between G of helions and protons,
and with the helions tunes actively being pushed into the spin tune gap, the
time between 8−Qy and 8+Qy is ∼1.4 ms where protons have a separation
of ∼4 ms.
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Figure 3.1: Tune diagram with points corresponding to Tab. 3.1. The hori-
zontal spin-tune gap region is yellow, the vertical spin-tune gap is blue, and
the overlapping region is green.

Table 3.1: Beam loss and polarization transmission for polarized helions from
|Gγ| = 7.5 to 8.5 at corresponding νx, νy.

νx νy Beam loss Polarization
8.88 8.96 93.3% 94.3%
8.88 8.94 76.7% 98.7%
8.86 8.94 52.2% 88.3%
8.86 8.92 5.8% 51.2%
8.84 8.92 6.9% 48.4%
8.84 8.90 0.0% 25.5%
8.85 8.88 0.0% 74.8%
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1000 particle 6D tracking |Gγ|=8.5 to 9.5 For this resonance, the
spin-tune gap starts at Qx, Qy >0.78. This avoids all resonance including
the |Gγ| = 0 + νy intrinsic resonance, without very high Qx, Qy.
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Figure 3.2: Tune diagram with points corresponding to Tab. 3.2. The hori-
zontal spin-tune gap region is yellow, the vertical spin-tune gap is blue, and
the overlapping region is green.

Table 3.2: Beam loss and polarization transmission for polarized helions from
|Gγ| = 8.5 to 9.5 at corresponding νx, νy.

νx νy Beam loss Polarization
8.88 8.96 89.0% 98.5%
8.88 8.94 61.7% 98.2%
8.86 8.96 39.2% 97.7%
8.86 8.94 11.0% 98.7%
8.84 8.94 0.5% 99.0%
8.82 8.94 0.2% 99.0%
8.80 8.94 0.0% 86.0%
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1000 particle 6D tracking |Gγ|=9.5 to 10.5 With minimal beam loss,
can squeeze both tunes into the spin-tune gap and avoid any depolarizing
resonances.
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Figure 3.3: Tune diagram with points corresponding to Tab. 3.3. The hori-
zontal spin-tune gap region is yellow, the vertical spin-tune gap is blue, and
the overlapping region is green.

Table 3.3: Beam loss and polarization transmission for polarized helions from
|Gγ| = 9.5 to 10.5 at corresponding νx, νy.

νx νy Beam loss Polarization
8.92 8.96 14.7% 99.7%
8.90 8.96 3.7% 87.2%
8.88 8.96 0.0% 90.2%

Gγ=7.5 to 10.5 analysis The optimal tune path for each of these reso-
nances, shown in Fig. 1.2, would correspond to ∼80% beam loss and 2.6%
polarization loss. This would require multiple bunch merges in AGS to reach
the intensity requirements.
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1000 particle 6D tracking |Gγ|=10.5 to 11.5 This is the desired injec-
tion energy. The benefit of polarization transmission and minimized beam
loss is clear in Tab. 3.4. From here to extraction, there is no appreciable
polarization loss and no additional beam loss.
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Figure 3.4: Tune diagram with points corresponding to Tab. 3.4. The hori-
zontal spin-tune gap region is yellow, the vertical spin-tune gap is blue, and
the overlapping region is green.‘

Table 3.4: Beam loss and polarization transmission for polarized helions from
|Gγ| = 10.5 to 11.5 at corresponding νx, νy.

νx νy Beam loss Polarization
8.92 8.96 13.8% 99.6%
8.91 8.96 5.5% 98.9%
8.90 8.96 0.2% 86.2%
8.88 8.96 0.0% 83.2%
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3.1 Extraction from AGS

Helions will be extracted from the AGS at |Gγ| = 49.5. Due to the mismatch
in stable spin direction between RHIC and AGS, extraction cannot occur
above |Gγ| = 51.5, as seen in Fig. 3.5 which shows a comparison of n0

at the AGS extraction septum and at the RHIC injection kicker. This is
lower in rigidity (Bρ = 55.21 Tm) than protons which extract at Gγ = 45.5
(Bρ = 79.37 Tm).
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Figure 3.5: The stable spin direction in the AGS at H10 and in RHIC at the
injection kicker from [11].

3.2 Crossing the Gγ = 36 + νy

Crossing the Gγ = 36+ νy results in 0.017% polarization loss with Qx, Qy =
0.95, 0.995 and seen in Fig. 3.6.
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3.3 Crossing the |Gγ| = 60− νy

Using the nominal snake settings, crossing the |Gγ| = 60− νy resonance re-
sults in 4.4% polarization loss with Qx, Qy = 0.95, 0.995, and see in Fig. 3.7.
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Figure 3.7: Crossing of the Gγ = 60−νy resonance with 1,000 particles, with
initial Gγ = −49.5 and nominal snake settings.

Increasing the warm snake to 25%, which would be outside of its operating
limits, results in 0.43% polarization loss with the same tunes of Qx, Qy =
0.95, 0.995, and seen in Fig. 3.8.
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Figure 3.8: Crossing of the Gγ = 60−νy resonance with 1,000 particles, with
initial Gγ = −49.5 and two 25% snakes.
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Chapter 4

Summary

In order to optimize polarization transmission in the Booster and AGS, the
higher extraction energy of |Gγ| = 10.5 is essential. Having both betatron
tunes inside the spin-tune gap also supports the high polarization trans-
mission of helions to |Gγ| = 49.5 extraction. Injection at |Gγ| = 7.5 will
result in 80% beam loss and 2.6% polarization loss, necessitating bunch
merges in the AGS. There is no appreciable polarization loss from crossing
the |Gγ| = 36+νy resonance, and crossing the |Gγ| = 60−νy is possible with
an upgrade to the warm snake. To fully realize the higher energy injection
into the AGS, an upgrade to the AGS A5 kicker is required.
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