Simulations of the Spin Polarization for the Future
Circular Collider e+e— using Bmad

Yi Wul, Félix Carlier?, Tatiana Pieloni?

Ecole Polytechnique Fédérale de Lausanne (EPFL)
*The European Organization for Nuclear Research (CERN)

Acknowledgments to Alain Blondel, Desmond Barber, David Sagan, Eliana
Gianfelice-Wendt, Tessa Charles, J6érg Wenninger, Werner Herr, and all colleagues

E P F L CE/RW ﬁ gmss Ac;‘ce\egator
\ AR ol
N,

yi.wu@epfl.ch (EPFL) FCC Week 2022 June 1, 2022 1/30



|
Outline =PrL

© Motivation

@ Introduction to the Spin Polarization Theory

© Linear Spin Polarization Simulations in Bmad

@ Benchmark between Tao (Bmad) and SITF (SITROS)

© Nonlinear Spin Tracking in Bmad

yi.wu@epfl.ch (EPFL) FCC Week 2022 June 1, 2022 2/30



Motivation =P-L

Center-of-mass collision energy calibration with high precision
Precise beam energy calibration using resonant depolarization
Spin simulations for the validation of the energy calibration method

Bmad, a simulation tool that allows full lattice control and the spin
simulations

Sufficient polarization levels under various orbital conditions are
required for the energy calibration

Bmad Home Page, https://www.classe.cornell.edu/bmad/
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Introduction to the Spin Polarization Theory
=PrL

Spin Precession

The spin precession under electromagnetic field can be described by the

Thomas-BMT equation
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Figure from Bai, M. (2010, December). Polarized protons and siberian snakes
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Important Definitions about the Spin Quantities =PrL

fo(s)

the periodic and stable spin direction on the closed orbit
the precession axis for spins on the closed orbit

closed orbit spin tune,

the number of spin processions around fig per turn on the closed orbit
o =a in the perfectly aligned flat ring without solenoids
o #a in general

A(d;s)

invariant spin eld

the one-turn periodic unit vector that satisfies the T-BMT equation

depending on (&;5)

At s)=nA(t;s +C)
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Polarization Build-Up =PrL

Sokolov-Ternov (ST) effect: spin-flip synchrotron radiation emission
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Introduction to the Spin Polarization Theory

Polarization Build-Up with Radiative Depolarization EPFL

Radiative depolarization due to the spin diffusion
ST effect + radiative depolarization — equilibrium polarization

Derbenev—-Kondratenko—Mane (DKM) formula when radiative
depolarization is considered
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@A=@ : the spin-orbit coupling function
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Spin-Orbit Resonances =PrL

The spin-orbit resonances

0o =M+ myQx + myQy +m;Q,

Imy| + [my| + |m;| = 1 first order spin-orbit resonances
Away from resonance = (t;s) almost aligned with fip(s)

Near resonances = f(t;s) deviates from fp(s) = large @H=0 =
lower polarization
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Spin Polarization Simulations in Bmad =PrL

Sufficient polarization level should be available for the energy
calibration using resonant depolarization
Tao (Bmad)

the linear polarization calculation module in Bmad

check the influence of the 1st order spin-orbit resonances
Long-Term Tracking

the nonlinear spin tracking module
check the influence of the higher order resonances, which may become
significant at higher energies

Bmad Home Page, https://www.classe.cornell.edu/bmad/
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Linear Spin Polarization Simulations in Bmad

Main Lattice Parameters

Sequence 217 at Z energy is used in the simulations

Circumference (km) | 97.756
Beam energy (GeV) 45.6
« (m) 0.15
y (mm) 0.8
x (nm) 0.27
y (pm) 1
Synchrotron tune Q; 0.025
Horizontal tune Qx 269.139
Vertical tune Qy 269.219

Table: Main parameters at Z energy

FCC collaboration. (2019). FCC-ee: The Lepton Collider: Future Circular Collider Conceptual Design Report Volume 2.

European Physical Journal: Special Topics, 228(2), 261-623.
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Linear Spin Polarization Simulations in Bmad

Effective Model

=PrL

Use an effective model to simulate realistic orbital motions after
lattice correction

The errors are randomly distributed obeying the truncated Gaussian
distributions (truncated at 2:5 )

Type AX AY AS APSI ATHETA APHI
(m) [ (m)|(m)|(rad)| (rad) | ( rad)
Arc quadrupole | 0.1 0.1 0.1 2 2 2
Arc sextupole 0.1 0.1 0.1 2 2 2
Dipoles 0.1 0.1 0.1 2 0 0
IR quadrupole 0.1 0.1 0.1 2 2 2
IR sextupole 0.1 0.1 0.1 2 2 2

Table: An effective model for the small error generation used in the spin-orbit simulations
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Energy Scan in Tao

Energy scans using two error seeds generated from the e ective ma
Six rst order spin-orbit resonances between two integer spin tunes

( Y)ms=43:7 m ( Y)ms=148 m

91:6% near nominal energy 84:6% near nominal energy
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Robustness of the Error Generation Method

The e ective model is an e cient way for the proceeding of the current spir
polarization research
100 error seeds were generated to check the robustness of the e ective mc

Figure: Distribution of the rms (left) and maximum (right) vertical orbits deviation of
100 produced errors

A more robust error generation method are needed in the future
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Benchmark between Tao (Bmad) and SITF

SITF, the linear spin simulation module in SITROS
Both SITF and Tao (Bmad) belong to SLIM family
Underlying di erences between two codes exist check step by step

Figure: Energy scan using sequence version 213 seed 13 in SITF (left) and Tao (right

SITF plot is from Eliana Gianfelice-Wendt
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Parameter Comparisons using Clean Lattice

Clean lattice without misalignments at 46GeV

Qx Qy Q; Xrms  Yrms xatlP1 atlP1

[mm]  [mm] [m] [mm]
MADX 269.1354 269.2105 0.0247 0.027 0 0.1495 0.8
Tao  269.1354 269.2105 0.0247 0.027 0 0.1495 0.8
SITF  269.1354 269.2108 0.0247 0.027 0 0.1495 0.8

Simple lattice with 10hm x andy misalignments in one IR quadrupole

(QC1L1.1)
Qx Qy Q: Xrms  Yrms xatlP.1 yatIP.1
[mm]  [mm] [m] [mm]
MADX 269.1354 269.2105 0.0247 0.027 0.004  0.1495 0.8
Tao  269.1354 269.2105 0.0247 0.027 0.004  0.1495 0.8
SITF 269.1354 269.2106 0.0247 0.027 0.004  0.1495 0.8
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Ny Deviation Comparison

o, the central quantity for the spin polarization description
Away from integer spin tung 1y almost aligned with the vertical
Near integer spin tung 1y deviates from the vertical

Figure: Variation of the rmsny deviation from the vertical in SITF (left) and Tao (right)

SITF plot is from Eliana Gianfelice-Wendt
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