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This presentation is based on the work reported in a modified version of the following preprint:
W. H. Xia, Z. Duan, Y. W. Wang, B. Wang, J. Gao, arXiv:2204.12718v1 [physics.acc-ph]
D. P. Barber is a new collaborator in this study.



Overall progress in CEPC polarization studies
• Study of the radiative depolarization effects in CEPC collider rings [1] (this talk)
– Spin tracking simulations for CEPC CDR lattice
– Comparison between simulations with theories

• Longitudinally polarized colliding beams (Tao Chen’s talk)
– Polarization maintenance via the “spin resonance free” feature of the CEPC

booster lattice [2,3]
– Spin rotator design at CEPC-Z energy [4]

• Resonant depolarization (Sep 29 WP1 talk)
– The option to prepare polarized e+/e- bunches from the injector

• Compton polarimeter via scattered electron distribution [5]
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Outline

• Radiative depolarization theories 
• Simulation setup
• Comparison between the theories and simulations

3
We’d like to acknowledge kind help from E. Forest (KEK) and D. Sagan (Cornell) regarding usage of BMAD/PTC.



Basics of spin motion in a storage ring
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• Invariant spin field !": !"($⃗;%)= !"($⃗;% + 2() , reduce to !") on the closed orbit
• Amplitude-dependent spin tune νs

– Reduce to ν0 on the closed orbit
– in planar ring: ν0≈Gγ, ~103.5 @Z, 181.5@W and 272.5 @H

• Adiabatic invariant *+ = -⃗ . !"
• Time-averaged beam polarization /012 =≪ -⃗ . !" > !" >

Particles near a 
phase space point

Average over phase space



Spin-orbit coupling resonances in circular accelerators
• !" deviates from !"# near spin-orbit coupling resonances

• In a planar ring without solenoids, !"# is normally vertical, but could deviate from vertical
near integer spin resonances, driven by horizontal magnetic field, for example from
misaligned quadrupoles
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⌫0 = k, k 2 Z

ü In synchrotron/booster, crossing an integer spin resonance could lead to
polarization loss, note the Fourier harmonic of integer spin resonances $%&

ü In an electron storage ring, as will be shown later, the tilt of !"# from vertical
direction, associated with $%& , contribute to the non-resonant spin diffusion of
first-order spin resonances

$%&/ (

Note that νs≈ ν0 for small amplitude of orbital 
motion

⌫s = k + kx⌫x + ky⌫y + kz⌫z, k, kx, ky, kz 2 Z.



Self-polarization build-up vs radiative depolarization

• Disregard the radiative depolarization, the self-polarization due to Sokolov-Ternov effect would

reach !" along #$%, in a time scale of &'
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• The equilibrium beam polarization considering also the radiative depolarization is !LR along the

direction< #$(U⃗, W) >Y, in a time scale of &Z[

!L\ ≈
]̂

@_AB/Aa
, @

Abc
=

@

AB
+

@

Aa

The equilibrium beam polarization has the same amplitude around the ring, independent of

phase space location, due to the sufficient phase space mixing given that &efg,hiPj ≪ &Z[ 6



Two views of influence of synchrotron motion on spin motion

The “Static picture” [1]
• The amplitude-dependent spin tune νs is a function of only 

orbital actions Jx, Jy and Jz
• !"(%⃗, ') is a function of ' and orbital phases (angles).
The “dynamic picture” [2]
• !" is explicitly time-independent, synchroton motion is added 

by hand.
• The instantaneous spin precession rate ν is dependent on the 

instantaneous energy deviation δ,
) ≈ +,-(1 + δ)

• Since 01 ≪ 1, ν looks like a slowly varying ν0

• underlying spin resonances could be crossed as a result of 
synchrotron oscillations, or synchrotron radiation, or the 
combined effect.
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[1] The vertical spin component of one particle 

during 7 synchrotron periods. While the particle 

energy oscillates, the reference energy of the ring 

remained constant. 



Theories of radiative depolarization

• Non-resonant spin diffusion[1,2,3]
– Away from main spin resonances

• Resonant spin diffusion [4,5,2]
– Fast, uncorrelated, repetitive crossing of a spin

resonance
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• Stochastic photon emissions break the adiabatic invariant !" = %⃗ & '(
• Much different relaxation time scales of spin and orbit motion

[1] Derbenev, Kondratenko, Sov. Phys. JETP, 37, 968 (1973)
[2] Derbenev, Kondrantenko and Skrinsky, Part. Accel. 9, 247 (1979)
[3] Mane et al., Rep. Prog. Phys. 68, 1997, (2005)
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[4] Derbenev and Kondratenko, Sov. Phys. Dokl. 19, 438 (1975)
[5] Kondratenko, Sov. Phys. JETP, 39, 592 (1974)

Spin resonance

Instantaneous
spin precession
rate ν

Chao, AIP Conf Proc 87, 395, 1982



Non-resonant spin diffusion in a planar ring at high beam energies

• First-order “parent” spin resonance
– !" ± $% = ' are more important

• Higher-order synchrotron sideband spin 
resonances[1,3]
– $" ± ($% = ' are more important
– Modulation index 
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Vertical projection of )% onto *'",  
tilt of +," from vertical due to 
integer spin resonances.
For vanishing νz, reduces to [1]

Horizontal projection of )% onto 
*'",  due to vertical dispersions [2]

[1] Derbenev, Kondrantenko and Skrinsky, Part. Accel. 9, 247 (1979)
[2] Montague, Phys. Rep, 113, 1 (1984). [3]  Yokoya, Part. Accel. 13, 85 (1983) νz

ν0-.



Correlated and uncorrelated regime of spin resonance crossing

• Follow the “dynamical picture” [1] that the instantaneous spin precession rate ν is dependent on 
the instantaneous energy deviation δ, underlying spin resonances could be crossed as a result of 
synchrotron oscillations

• The following two regimes of spin resonance crossing were also proposed in [1]
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• Correlated regime:

• Non-resonant spin diffusion & 
perturbative treatment of ! "#!$ applies

• Uncorrelated regime:

• is violated and 

• Resonant spin diffusion

ν0%$
νz

≫ 1

[1] Derbenev, Kondrantenko and Skrinsky, Part. Accel. 9, 247 (1979)



Outline

• Radiative depolarization theories
• Simulation setup
• Comparison between the theories and simulations
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CEPC CDR imperfection lattice seed setup

• Imperfection lattice seed
– Alignment and field error are introduced, without BPM errors so far
– Closed orbit & optics correction in SAD & AT. 

– The vertical emittance is adjusted to the design value
• Quadrupoles in straight sections are artificially rotated

• Skew quads inserted next to Q1 & Q2

• Translated from SAD to BMAD/PTC for spin tracking
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rms closed orbit are 37μm/28μm 

rms β-beat are 0.36% and 3.4% 



Spin tracking with BMAD/PTC 
• In this work, we used the SLIM algorithm of BMAD for simulation of radiative depolarization containing up to 

first-order spin resonances.

• We then dump the flat file and use PTC to launch Monte-Carlo simulations [1], taking into account of 6D 

orbital motion and 3D spin motion, as well as realistic synchrotron radiation modeling. 

• We are aware of the recent development in BMAD Monte-Carlo simulations and will consider using these 

advanced features in future studies.
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Preparation for analytical estimation of radiative depolarization
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• Numerical calculation of harmonics !"# and $%#

• First-order theory

• Correlated & uncorrelated regimes



SLIM simulations vs. first-order theory
• First-order theory:  ! "#!$ with only contributions from first-order “parent” spin resonances  %& ± () = +

• Retain only the two nearest harmonics in the evaluation
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CEPC-Z CEPC-W CEPC-Higgs



Outline

• Radiative depolarization theories
• Simulation setup
• Comparison between the theories and simulations
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Case study: dependence on beam energy

• Increasing beam energy 
lead to larger σδ , 
modulation index σ and 
correlation index κ
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CEPC-Z CEPC-W CEPC-Higgs



Case study:  dependence on wiggler parameters at Z-pole
• Asymmetric wigglers are employed to boost self-polarization 

build-up at Z-pole.
• The influence of various wiggler settings are simulated and 

compared to theories.
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Case 1 Case 2 Case 3



Case study:  influence of harmonic RF cavity at Z-pole
• A double-RF system was proposed as a viable mitigation to the X-Z instability due to beam-beam[1].
• The synchrotron tune νz and its distribution among beam particles affects both the modulation 

index σ and the correlation index κ. Various double-RF settings are simulated.
• Findings:

– The optimal lengthening case with vanishing νz at zero amplitude, agrees with “uncorrelated regime”
– There seems to be a transition from the correlated regime to uncorrelated regime, with decreasing νz at 

zero amplitude.
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optimal lengthening condition Scan the voltage of the passive 
harmonic system

[1] M. Migliorati et al., EPJP 136, 1190 (2021).
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Summary

• We compared Monte-Carlo simulation of the radiative depolarization versus the two distinct 

theories that describe the influence of synchrotron oscillations & radiations at ultra-high beam 

energies. 

• The comparison suggests a gradual evolution from the correlated regime to the uncorrelated 

regime, not clear at the moment. Work urgent is needed to clarify the theory. For example using 

the Bloch equation[1,2,3], that could merges into these theories at extremes.

• Generation of this study to more comprehensive lattice modeling and more error seeds is 

foreseen, for better understanding the radiative depolarization mechanisms and establishing 

correction methods to achieve a high beam polarization @ CEPC.

20[1] Heinemann, et al., IJMP A 34, 1942032, (2019). [2] Bosnosov Ph. D Thesis, University of New Mexico (2020). [3] Heinemann, et al., IJMP A 34, 
2041003 (2020).



Thank you for your attention!
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