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Introduction — EIC beam-beam features

Large crossing angle 25 mrad
Local crab crossing: upstream and downstream crab cavities to restore
effective head-on collision to compensate geometric luminosity loss
Large beam-beam parameters, e ∼ 0.1, p ∼ 0.015, combination never
experimentally demonstrated
Flat beam σy /σx = 0.09 to achieve highest e-p luminosity 1034 cm−2s−1
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Introduction — Simulation setup

Accelerator model
The one turn map is represented by a linear transfer matrix
Nonlinear map for thin (zero length) crab cavity
The synchrotron Radiation and quantum excitation is modeled by the
localized stochastic map
The beam-beam interaction is modeled as kick-drift model

Weak-strong simulation by self-written code
The weak-strong model is used to study the single particle dynamics
The beam-beam kick is calculated by Bassetti-Erskine formula

Strong-strong simulation by BeamBeam3D
The strong-strong model is used to study the coherent motion
The beam-beam kick is calculated by particle-in-cell (PIC) method
Self-consistent but prone to numerical noise
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Lifetime modeling
In Electron Storage Ring (ESR)

Radiation damping time — 50 ms, which beam-beam relies on heavily
Emittance growth time due to IBS — ∼ minutes
Touschek lifetime — a few hours
Polarization lifetime — ∼ minutes, which requires swap-out injection
frequently

In Hadron Storage Ring (HSR)
Setup time — typically one hour
Hadron beam storage time — ≥ 8 hours
IBS growth time for the high luminosity parameters — 3.4 hours in
longitudinal plane and 2.0 hours in horizontal plane
Required cooling time — ≤ 2 hours

Strong Hadron Cooling is still under study. It is desirable that beam-beam
doesn’t cause significant emittance growth during whole storage time
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Lifetime modeling — Beam-gas scattering
Equilibrium distribution with beam-gas scattering

Beam-gas (H2 plus 10% N2) lifetime is much longer than electron refill
time
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SBR — Crabbed offset
Sinusoidal kick from the upstream crab cavity

∆px = − θc
kcΛ sin(kcz), ∆pz = − xθc

kcΛ sin(kcz)

Crabbed offset at IP

X = x + f (z), f (z) = −θc

[sin(kcz)
kc

− z
]

≈ 1
6θck2

c z3

x − z motion is coupled when |kcz | ∼ 1, applicable for EIC hadron beam
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SBR — Frequency map

Frequency maps, left: crab crossing, right: head on

The variation of longitudinal tune νz is much smaller then νx ,y

There are 2 kinds of resonances existing in the footprint

3νx + pνz = 1, 2νx − 2νy + pνz = 0

The first kind only exists in crab crossing scheme
The second kind in head on scheme may come from the chromaticity
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SBR — Mitigation
1 Tune optimization: from (0.310, 0.305) to (0.228, 0.210)

Impacts of mνx + pνz = 1 gets weaker when m becomes larger
2νx − 2νy + pνz = 0 resonances also gets weaker when the difference of
|νx − νy | becomes larger

2 Combination with Harmonic crab cavity (HCC) to reduce the crabbed
offset

X = x − θc

[1 + α

kc
sin(kcz) − α

2kc
sin(2kcz) − z

]
Strong-strong simulation at new working point
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SBR — Harmonic crab cavity

Proton beam size evolution by strong-strong

Proton beam size evolution by weak-strong

The benefit of HCC is buried by noise: H∼ 1000%/h, V∼ 2500%/h

8 FCC-EIC Joint & MDI Workshop



Numeric noise study — Scaling law

Proton growth rate with different number of electron macro particles Me,
circle: fitting, cross: validation

The green curve is a better guess, gx ,y = Ax,y
Me

+ Bx ,y

The non-zero intercept Bx ,y needs further explanation
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Numeric noise study — Scaling law
Proton growth rate with different number of proton macro particles Mp
top: e-p with radiation on, bottom: p--p with radiation off

There happens an emittance exchange which relates to the number of
macroparticles. The synchrotron radiation prevents the exchange.
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Numeric noise study — PIC noise

The energy of Beam1 (electron beam) is set to a large number 10100 eV
so that Beam1 remains rigid during beam-beam interaction
Comparing PIC field with analytic Basseti-Erskine formula

Histogram of PIC noise
Left: Me = 0.5 M
Right: Me = 2.5 M
Top: H error ∆px/σpx0
Top: V error ∆py /σpy0
The histogram area is nor-
malized to 1

The ratio of large relative error in vertical plane is not reduced with more
electron macroparticles. It explains why vertical emittance grows faster.
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Combined study — Electron dipole mode
Electron centroid may drive the proton emittance growth

Modulating electron centroid in W-S with data from S-S

The electron centroid ripple contributes a little to Proton emittance growth
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Combined study — Electron quadrupole mode
Electron size may drive the proton emittance growth

Modulating electron size in W-S with data from S-S

The electron size ripple contributes less to Proton emittance growth
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Combined study — Import PIC noise
Regenerating PIC noise by Markov chain Monte Carlo sampling

Obtain ∆px and ∆py from PIC solver and analytic formula
Get the approximate distribution from the histogram of ∆px ,y
Use the Hastings-Metropolis algorithm to get the equilibrium distribu-
tion
Apply the PIC noise to particles in W-S simulation in every turn

The difference between the W-S and S-S is mainly caused by PIC noise
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Summary

What we have done
The nonlinear crab offset could drive higher-order synchro-betatron res-
onances which can be mitigated by optimizing the working point and
using harmonic crab cavity
The large emittance growth in strong-strong simulation is mainly caused
by PIC noise
The PIC solver introduces more noise in the vertical plane for a flat
beam which accounts for the faster growth in the vertical plane
Comparing with PIC noise, the emittance growth caused by electron
dipole or quadrupole ripple is negligible

Next to do
The ripple caused by real noise
The cross talk between beam-beam and space charge, collective insta-
bilities etc.
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Thank you for your attention.
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