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1 Stepwise tracking numerical machinery

1.1 Particle and spin motion

•
d(m~v)
dt

= q (~e + ~v ×~b)

• d~S
dt

=
q
m

~S × ~ω,

~ω = (1+ γG)~b+G(1− γ)~b//+ γ(G+
1

1 + γ
)
~e× ~v

c2

G : gyromagnetic factor,γ : Lorentz relativistic factor,c : ve-
locity of light, q : charge,m :mass.

u (M1)
M1

R (M 1)

u (M0)

R (M
0

)

z

x
y

Z

Y

X

M

0

Reference

Position and velocity of a particle,
pushed from locationM0 to locationM1

in Zgoubi frame.

• Both equations are solved using a truncated Taylor series inthe step size∆s, of
the form

~a(M1) ≈ ~a(M0) +
d~a

ds
(M0)∆s + ... +

dn~a

dsn
(M0)

∆sn

n!
(1)

- Solving particle motion : ~a stands for position ~R or normalized velocity ~u = ~v/v.

In the presence~e 6= 0 : rigidity Bρ and time of flight T are pushed in the same manner.

- Solving spin motion :~a stands for the spin~S.

• The local ~e and ~b fields and their derivatives fully determine the coefficients
a(n) = dna/dsn in these Taylor series.
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2 Polarization at RHIC complex

• Polarized beam simulations in RHIC complex using Zgoubi
- include p, He3
- start at the booster, and include AGS, AtR, RHIC
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2.1 AGS on-line and off-line model

• Zgoubi is one of the two engines of the on-line model of the AGS (other is MADX).
It uses the 3-D OPERA field maps of the helical snakes
The 240 main dipoles in the AGS may also be represented by theirmeasuredfield maps.

• Full polarized proton bunch acceleration cycles in the AGS are routinely simulated : thousands
of particles, 150000 turns. (on NERSC at the moment, plans for GPU platforms [V. Ranjbar])
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• Optimization of AGS parameter settings routinely
based on Zgoubi simulations.

[Y. Dutheil, BNL C-AD, PhD dissertation, April 2015].
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hypotheses.
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More in the AGS [Y. Dutheil, PhD Diss.]

Comparing measured and simulated polarization profiles (R = σp/σI)
2)

This is on-going R/D and spin tool developments.
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2.2 RHIC ring

• Zgoubi is used since 2010 to study polarization transport in RHIC, for instance, spin dynamics
across strong snake resonances :
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Evolution of the polarization upon crossing ofGγ = 231 +Qy snake resonance. 4000 particles in a
realistic 6-D ellipsoid, 100,000 turns.

• Routine studies include sensitivity to defects (e.g., spin rotation angle in snakes or in rotators),
studies accompanying RHIC runs, optimization of the AtR beam line, etc.

• Zgoubi is used for polarized Helion program at RHIC, to investigate spin dynamics in all 3
rings : Booster, AGS, RHIC, including plans for AC dipole in Booster, 4+ snake schemes at RHIC,
etc.
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More at RHIC

• A recent example [TUPWI053, this conference] : comparison of polarization transport over a
full acceleration cycle in the 100 GeV×100 GeV pp runs, 3 million turns at a rate of γ̇ = 2 :

- new, Run 15 optics
- Run 13 and earlier optics

8 particles on 10 rms invariants are plotted.
Envelopes (blue) are from theory [SYL].
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3 Polarization in eRHIC

Studies in eRHIC include SR induced spin diffusion :

SPIN DYNAMICS
+

STOCHASTIC ENERGY LOSS BY SR







=⇒ SPIN DIFFUSION
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3.1 Monte Carlo SR in Zgoubi was benchmarked in storage ring :

• Thousands of particles, tracked over tens of thousands of turns
• Used in the recent past for polarization studies in Frascati’s superB project, resurrected for
eRHIC
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3.2 SR loss in eRHIC

• A 6 arc ring, FFAG style of arcs
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• A quick estimate, approximation to∆E ∝ E2B2∆t, taking ρQF = lQF/θQF, ρBD = lBD/θBD :

∆E[MeV ] = ∆EQF +∆EBD ≈ 0.96× 10−15γ4(
θQF

|ρQF|
+

θBD
|ρBD|

) per cell (2)

• Assuming< (1/ρ)2 >≈ 1/ρ2, then :

σE ≈
√

σ2
E,QF + σ2

E,BD ≈ 1.94× 10−14γ7/2

√

θQF

ρQF
2 +

θBD
ρBD

2 per cell (3)
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3.3 Spin diffusion

• Expected spin precession :

φ = Gγθ = Gγ(θQF + θBD)

per cell ×138
−→ per arc

• Change of energy upon stochastic SR causes
spin diffusion [V. Ptitsyn] :
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• Benchmarking efforts using
available analytical formalism are on-going.
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4 Dynamical acceptance of eRHIC FFAG ring
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Using OPERA 3-D field maps :

Vertical amplitude at H stability limit, for initial
vertical invariantǫy(t = 0) ≡ 0 :
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5 Polarization in the “MEIC” Figure-8 Collider Ring

[TUPWI054]
Based on thousands of turns tracking,
effects of various causes of loss of po-
larization have been assessed, such as
- betatron oscillations
- dipole roll error
- quadrupole vertical misalignment
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Horizontal (left) and vertical (right) 200,000
turn phase-space, for the particle launched

with initial horizontal and vertical angles both
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Longitudinal spin componentSx of a particle
with Si

x = 1, vs.Gγ, over 200,000 turns (left)
and 400,000 turns (right). The particle is

initially launched along the reference orbit in a
ring with one of the arc dipoles rolled by
0.2 mrad. In the right plot case, the ring

contains a spin rotator placed at the launch
point, which rotates the spin by5◦ about the

longitudinal axis.
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6 p-EDM ring, prospects

• Tracking of spin motion in electric field had been installed for the Trento p-EDM workshop

• Tracking in cylindrical deflectors (E ∝ (r0/r)
n), hard edge, was investigated

•Conservation of energy and transverse invariants had been investigated, over thousands of turns
• These investigations need be carried on

Typical results, about 100,000 turns :
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p-EDM plans

• Investigate AGS option

• Work on questions as accuracy, long-term tracking, CPU speed, thousands of
particles per batch, in performing stepwise integration inelectrostatic ring.
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