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Kind reminding

•

This talk gives an overview of beam-beam simulations I did in the past years in collaboration with
K. Ohmi and other members of KEKB/SuperKEKB team. The main purpose is to share the lessons
I learned and I hope the talk is informative to the ITF-BB workgroup as well to the ITF team.

•

The “nano-beam scheme” adopted at SuperKEKB design does not include crab waist because of
its strong impact on dynamic aperture and beam lifetime. Therefore, most of my old work on
beam-beam simulations was done without crab waist.

•

The beam-beam e ects on optics design/optimization were reviewed by H. Koiso in the ITF kicko meeting (See Ref.[1]).

•

The beam-beam e ects at SuperKEKB were reviewed by K. Ohmi in this meeting.

ff

ff

ff

[1] H. Koiso, Talk presented at the International Task Force Meeting for SuperKEKB Upgrade, Jul. 28, 2021
https://kds.kek.jp/event/38899/contributions/193478/attachments/145910/181459/BeamBeam-CrabWaist-DA_koiso.pdf.
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Types of simulations for beam-beam effects [2]

•

Weak-strong model + simple one-turn map: BBWS code
- The weak beam is represented by N macro-particles (statistical errors ~ 1/ N ). The
-

•

strong beam has a rigid charge distribution with its EM elds expressed by BassettiErskine formula.
The simple one-turn map contains lattice transformation (Tunes, alpha functions, beat
functions, X-Y couplings, dispersions, etc.), chromatic perturbation, synchrotron
radiation damping, quantum excitation, crab waist, etc.

Weak-strong model + full lattice: SAD code
- The BBWS code was implemented into SAD as a type of BEAMBEAM element, where
beam-beam maps is called in particle tracking.

-

•

BEAMBEAM

Tracking using SAD: 1) Symplectic maps for elements of BEND, QUAD, MULT, CAVI, etc.
2) Element-by-element SR damping/excitation; 3) Distributed weak-strong spacecharge; 4) MAP element for arbitrary perturbation maps (such as crab waist, wake elds,
arti cial SR damping/excitation, etc.); …

Strong-strong model + simple one-turn map: BBSS code
- Both beam are represented by N macro-particles
- The one-turn map is the same as weak-strong code. Beamstrahlung model is also
-

;

available. Choices of numerical techniques: PIC, Gaussian tting for each slice, …
For SuperKEKB, it is hard to include lattice.

fi

fi

fi
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[2] K. Ohmi, Talk presented at the 2019 SAD workshop, https://conference-indico.kek.jp/event/75/contributions/1473/attachments/979/1037/Beam-beam-code-Ohmi.pdf.
;
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Types of simulations for beam-beam effects [2]

•

Weak-strong model + simple one-turn map: BBWS code
- Pros: Fast simulation of luminosity and beam-beam e ects. Not require much
-

•

computing resources. Used for tune survey, fast luminosity calculation, etc..
Cons: Strong beam frozen. Crab waist of strong beam not implemented. Not sensitive to
coherent beam-beam head-tail (BBHT) instability (BBHTI).

Weak-strong model + full lattice: SAD code
- Pros: Relatively fast to allow tracking with lattice. Interplay of beam-beam and lattice
nonlinearity. Space-charge modeling possible. Localized geometric wakes possible.
Cons: Same as BBWS code. Tune survey possible but relatively slow.

•

Strong-strong model + simple one-turn map: BBSS code
- Pros: Allow dynamic evolution of 3D distribution of two beams. Detect BBHTI.
- Cons: Tracking quite slow. Not feasible for tune survey. No e ective method of
parallelization.

ff

ff

[2] K. Ohmi, Talk to the 2019 SAD workshop, https://conference-indico.kek.jp/event/75/contributions/1473/attachments/979/1037/Beam-beam-code-Ohmi.pdf.
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Beam-beam simulations with chromatic effects for KEKB

•

Model of chromatic e ects [3,4]
- Twiss parameters expressed in Taylor series.
- Chromaticities of Twiss parameters are estimated using lattice
-

•

Simulations
- BBWS: Fast survey of chromatic alpha/beta functions, and
-

•
•

with error seeds and also measured with beams.
Symplectic maps for chromatic e ects reconstructed and
implemented into BBWS and BBSS.

couplings. Tune survey of chromatic e ects.
BBSS: Simulation of luminosity performance.
Findings: Chromatic couplings at IP causes remarkable
luminosity loss at KEKB.

Beam tunings with chromatic knobs qualitatively
agreed with beam-beam simulations, contributing to
luminosity boost at KEKB.
The tools were then applied to investigate the
chromatic e ects on luminosity at SuperKEKB.

[3] D. Zhou et al., “Simulations of beam-beam e ect in the presence of general chromaticity”, Phys. Rev. ST Accel. Beams 13, 021001 (2010).

ff

ff

ff

ff

ff

[4] Y. Seimiya et al., “Symplectic Expression for Chromatic Aberrations”, Prog. Theor. Phys. (2012) 127 (6): 1099-1119.
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Beam-beam simulations for SuperKEKB

•

BBWS simulations: Tolerances on linear and
chromatic couplings
- Non-zero linear and chromatic couplings at IP will directly cause

-

•

luminosity loss. With small emittances and beta functions at IP,
luminosity of SuperKEKB will be very sensitive to these
parameters.
Weak-strong simulations were done to de ne the tolerances.
Chromatic couplings were estimated using design lattice with
error seeds.

Findings [5]
- Crab waist is e
- Crab waist is e
-

ective in suppressing vertical blowup.
ective in increasing tolerances on linear and
chromatic couplings.
Control of machine errors and reliable IP tuning knobs are
necessary to minimize the luminosity degradation.

fi

ff

ff

ff

[5] D. Zhou et al., E ects of Linear and Chromatic X-Y Couplings in the SuperKEKB, in Proceedings of IPAC'10, Kyoto, Japan.
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Beam-beam simulations for SuperKEKB

•

Interplay of beam-beam and lattice nonlinearity
without crab waist
- FMA was done in July of 2012 to investigate beam-beam
-

•

e ects on dynamic aperture [6].
FMA was done with ideal lattice (with DA optimization and no
machine errors).
Particles were tracked to 1024 turns with BEAMBEAM element
at IP.

Findings [6]
- With nominal beam-beam tune shift of ~0.09, the beam-beam
-

interaction could strongly reduce dynamic aperture (DA).
Reduction of DA is more serious in LER than in HER.
This raised a concern of luminosity loss due to lattice
nonlinearity.

ff

[6] D. Zhou, First results of FMA for SuperKEKB, Talk presented at the SuperKEKB optics meeting, KEK, Jul. 17, 2012.
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Beam-beam simulations for SuperKEKB

•

Interplay of beam-beam and lattice nonlinearity
- Simulations of luminosity were done using SAD.
- Simulations were updated with new lattice designs when they
were available.
KEKB was also checked.

•

Findings [7]
- Interplay of beam-beam and lattice nonlinearity might cause

-

signi cant loss of luminosity at SuperKEKB (~25% loss with
design lattice of LER without machine errors). This was a big
surprise when reported later in the SuperKEKB ARC meeting [8].
The loss rate depends on lattice designs (IR model, tunes, etc.).
Simulations with KEKB LER lattice showed ~6% loss of
luminosity. KEKB HER lattice did not show luminosity loss.

fi

[7] D. Zhou, Crosstalk between beam-beam interaction and lattice nonlinearities in the SuperKEKB, Talk presented at the SuperKEKB optics meeting, KEK, Jan. 17, 2013.
[8] D. Zhou, Beam Dynamics Issues in SuperKEKB, Talk presented at the 18th KEKB Accelerator Review Committee, KEK, Mar. 4-6, 2013.
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Beam-beam simulations for SuperKEKB

•

Findings [9]
- In addition to direct loss of luminosity, the synchro-beta
-

-

resonances 2(νx − kνs) = N become wider with lattice, limiting
choice of working point.
The chromatic terms were extracted from lattice and used in
BBWS simulations. Their contribution to luminosity loss was
small (this is reasonable because, with experiences of KEKB,
the chromatic terms were minimized in lattice designs of
SuperKEKB) compared with other unknown sources.
Consider tune spread of particles in the physical area of
10σx × 10σy, beam-beam stretches the tune footprint in vertical
direction.

[9] D. Zhou et al., Crosstalk Between Beam-beam Interaction and Lattice Nonlinearities in the SuperKEKB, in Proceedings of IPAC'13, Shanghai, China.
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Beam-beam simulations for SuperKEKB

•

Findings [10]
- The fast drop of speci
-

c luminosity at low bunch currents was

hard to understand.
Simple map of crab waist (perfect crab waist) was used in SAD
simulations.
Perfect crab waist is e ective in recovering luminosity at high
bunch currents, but not e ective at low bunch currents.
Perfect crab waist is also e ective in recovering DA with beambeam and in suppressing beam halo.
But even perfect crab waist cannot work well in the presence of
lattice nonlinearity.

ff

ff

ff

fi

ff

[10] D. Zhou, Beam-beam e ects at SuperKEKB, Talk presented at the SuperKEKB optics meeting, KEK, Oct. 08, 2013.
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Beam-beam simulations for SuperKEKB

•

Findings [11,12]
- The power of crab waist was demonstrated in tune survey via
-

BBWS simulations.
Then space charge (SC) will play an important role (suggested
by M. Zobov). This is ONLY true if vertical emittance of ϵy ≈ 10
pm is achieved.
SAD simulations with weak-strong model of SC were tried and
showed strong e ects. The results were questionable since the
used SC model was not self-consistent.
SC e ects is a topic to be investigated, requiring self-consistent
simulations.

ff

ff

ff

[11] D. Zhou, Beam-beam, lattice nonlinearity and space charge at SuperKEKB, Talk presented at the ICFA Mini-Workshop on Commissioning of SuperKEKB and e+e– Colliders, KEK, Nov. 11-13, 2013.
[12] D. Zhou, Interplay of beam-beam, lattice nonlinearity and space charge e ects in the SuperKEKB collider, in Proceedings of IPAC’15, May 3-8, 2015; Talk.
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Beam-beam simulations for SuperKEKB

•

Findings [13,14]
- Investigations were carried out to understand the sources of
-

luminosity in beam-beam simulations with lattice.
H. Sugimoto made an LER lattice with IR simpli ed (no
solenoids, no o sets of QCS magnets). Luminosity loss with the
simpli ed lattice was found to be weaker.
It was concluded that the nonlinear IR should be the source of
luminosity loss [14].
Detuned lattices (larger β*
x,y with respect to the nal design) were
prepared for the early commissioning. Beam-beam simulations
using SAD did not show obvious loss of luminosity.
It was concluded that in the early phase of SuperKEKB
commissioning, lattice nonlinearity and space charge should not
be show-stopper. Unfortunately, this was a misleading
conclusion.

fi

fi

ff

fi

[13] D. Zhou, Luminosity calculations and analysis of lattice nonlinearity for SuperKEKB, Talk presented at the SuperKEKB optics meeting, KEK, Apr. 17, 2014.
[14] D. Zhou, Ideas on beam dynamics issues in SuperKEKB and benchmark of SAD and PTC, Talk presented at the SuperKEKB mini optics meeting, KEK, Aug. 20, 2015.
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Beam-beam simulations for SuperKEKB

•

Findings [12,15,16]
- To better understand the IR nonlinearity, we initiated a project of

-

lattice translation between accelerator codes (such as PTC,
Bmad, etc.) [15]. Actually this project was quite successful,
creating pro ts to studies of other subjects and even to subjects
in other accelerator projects.
With help of E. Forest, I used PTC to calculate the nonlinear
resonant driving terms (RDTs) of SuperKEKB lattice [16]. The sdependence of RDTs clearly showed the overlapping region of
detector solenoids and QCS magnets generates is the source.
Some 3rd RDTs are hard to be suppressed in lattice design/
optimization. For comparison, FCC-ee design (by K. Oide) had a
very clean IR.

fi

[15] D. Zhou et al., Lattice translation between accelerator simulation codes for SuperKEKB, in Proceedings of IPAC'16, Busan, Korea, May. 08-13, 2016.
[16] D. Zhou, Calculation of resonance driving terms for the SuperKEKB using PTC, Talk presented at the SuperKEKB mini optics meeting, KEK, May. 26, 2016.
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Beam-beam simulations for SuperKEKB

•

Findings [17]
- K. Ohmi and K. Hirosawa developed a simpler method to
-

-

calculated the nonlinear terms. Good agreements were found
with PTC results.
Then perturbation maps were made via MAP element in SAD to
simulate luminosity loss. Finally, the term of px2 py was found to
be important. Its sources were also well understood. Other
chromatic terms can also be important in addition to chromatic
couplings.
Finally we arrived at a clear picture for the luminosity loss in
beam-beam simulations (weak-strong model plus design
lattice): The sources are beam-beam resonances and
nonlinearity of the IR. But, the remedy is far from apparent
(see Ref.[1] for further information).

fl

[17] K. Hirosawa et al., The in uence of higher order multipoles of IR magnets on luminosity for SuperKEKB, in Proceedings of IPAC'18, Vancouver, BC, Canada, 2018.
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Beam-beam simulations for SuperKEKB

•

Phase-2 commissioning
- The Phase-2 commissioning started in March 2018 with Belle-2

-

-

detector. Lots of challenges were encountered. Beam-beam
simulations were done to help understand the observed beam
phenomena.
Observations: Peak luminosity lower than predictions of
simulations; Easy blowup of one beam; Small area in tune
space for good luminosity; Unexpected high Belle-2
background; No or small gain of luminosity via squeezing β*
x,y;
Hard to approach to the design working point (.53, .57); …
Tune scan using BBWS showed that the beam-beam
resonances of ± νx + 4νy + α = N (they appear without crab
waist) can be important [18].

Machine parameters of
Phase-2 for beam-beam
simulations

[18] D. Zhou , Weak-strong beam-beam simulations for SuperKEKB Phase-2, Talk presented at the SuperKEKB beam-beam performance meeting, KEK, Jun. 14, 2018.
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Beam-beam simulations for SuperKEKB

•

Phase-2 commissioning
- In Phase-2, the working point was optimized in a triangle area
between beam-beam resonances ± νx + 4νy + α = N and lattice
resonance νx − νy + νs = N.

-

In beam commissioning, squeezing β*
x,y did not change the
situation much. The beam-beam resonances looked to be a
strong constraint.
The BBWS simulations of beam-beam resonances were
consistent with D. Shatilov’s simulations using Lifetrac (informed
by Y. Zhang from IHEP) [18].

D. Shatilov’s simulations using
beam parameters similar to
SuperKEKB design

[18] D. Zhou , Weak-strong beam-beam simulations for SuperKEKB Phase-2, Talk presented at the SuperKEKB beam-beam performance meeting, KEK, Jun. 14, 2018.
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Beam-beam simulations for SuperKEKB

•

Preparation of Phase-3 commissioning
- Before Phase-3 commissioning started, beam-beam simulations
-

were done with “roadmap” parameter sets de ned. The working
point of (.57, .61) was assumed.
The beam-beam resonances were always of concern from
viewpoint of BBWS simulations.
The nonzero α in ± νx + 4νy + α = N was mysterious. It seemed
to be related to νs but not con rmed.

“Roadmap”
parameter sets for
Phase-3

fi

fi

[19] D. Zhou, Beam-beam simulations for SuperKEKB Phase-3, Talk presented at the SuperKEKB optics meeting, KEK, Dec. 13, 2018.
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Beam-beam simulations for SuperKEKB

•

Preparation of Phase-3 commissioning
- Meanwhile I started to run strong-beam beam-beam simulations

-

using BBSS. Turned out that for all the “roadmap” parameter
sets, the coherent BBHTI (it was discovered by K. Ohmi in 2016
[20,21]) occurs [19].
The BBHTI is hard to appear in BBWS simulations. Strongstrong simulations are necessary to detect BBHTI. But BBSS
simulations are time-consuming and require lots of CPUs.
The BBHTI was believed to be avoidable provided that working
point was properly chosen. BBHTI looked to be invisible or
weak in beam commissioning, supporting this belief.

“Roadmap”
parameter sets for
Phase-3 [22]

[19] D. Zhou, Beam-beam simulations for SuperKEKB Phase-3, Talk presented at the SuperKEKB optics meeting, KEK, Dec. 13, 2018.
[20] K. Ohmi et al., Coherent Beam-Beam Instability in Collisions with a Large Crossing Angle, Phys. Rev. Lett. 119, 134801 (2017).
[21] N. Kuroo et al., Cross-wake force and correlated head-tail instability in beam-beam collisions with a large crossing angle, Phys. Rev. Accel. Beams 21, 031002 (2018).
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Beam-beam simulations for SuperKEKB

•

Preparation of Phase-3 commissioning
- To avoid BBHTI, it is preferred to have same fractional νx,y,s for
-

the two colliding beams [22]. But it is hard to be satis ed in
realistic beam commissioning.
The BBHTI is serious around synchro-beta resonances of
νx − kνs = N/2, therefore unequal νs of the two beams will set
narrower choices of νx [22].
The BBWS and BBSS simulations have consistency when
BBHTI is not important.

“Roadmap”
parameter sets for
Phase-3 [22]

fi

[22] D. Zhou, Beam-beam simulations for SuperKEKB Phase-3, Talk presented at the SuperKEKB optics meeting, KEK, Mar. 07, 2019.
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Beam-beam simulations for SuperKEKB

•

Preparation of Phase-3 commissioning
- The beam-beam resonances seen in BBWS simulations also

appear in BBSS simulations. The main di erence is from BBHTI
[23].

“Roadmap” and
operation parameter
sets [23]

ff

[23] D. Zhou, Recent results of beam-beam simulations for SuperKEKB, Talk presented at the 2nd SuperKEKB beam dynamics workgroup meeting, KEK, Apr. 16, 2019.
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Beam-beam simulations for SuperKEKB

•

Phase-3 commissioning
- The beam-beam resonances seen in BBWS simulations also
-

appear in BBSS simulations. The main di erence is from BBHTI
[23].
I also started to take parameter sets observed in the control
room for simulations.
It was found that in simulations unequal νx of the two beams is
worse than equal νx [24].

Operation parameter
sets [24]

ff

ff

[23] D. Zhou, Recent results of beam-beam simulations for SuperKEKB, Talk presented at the 2nd SuperKEKB beam dynamics workgroup meeting, KEK, Apr. 16, 2019.
[24] D. Zhou, Simulations of beam-beam e ects, Talk presented at the 1st SuperKEKB Beam Dynamics Mini-Workshop, KEK, Jul. 17, 2019.
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Beam-beam simulations for SuperKEKB

•

Phase-3 commissioning
- The tolerances of luminosity and beam-size blowup on closed
-

orbit and linear IP aberrations were also simulated using BBWS
[24].
It was found that small vertical emittances will make the
luminosity and vertical beam sizes to be very sensitive to
vertical orbit o set and vertical crossing angle [24].

Operation parameter
sets [24]

ff

ff

[24] D. Zhou, Simulations of beam-beam e ects, Talk presented at the 1st SuperKEKB Beam Dynamics Mini-Workshop, KEK, Jul. 17, 2019.
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Beam-beam simulations for SuperKEKB

•

Phase-3 commissioning
- The tolerances of luminosity and beam-size blowup on closed
-

orbit and linear IP aberrations were also simulated using BBWS
[24].
It was found that small vertical emittances will make the
luminosity and vertical beam sizes to be very sensitive to
vertical orbit o set and vertical crossing angle [24].

Operation parameter
sets [24]

ff

ff

[24] D. Zhou, Simulations of beam-beam e ects, Talk presented at the 1st SuperKEKB Beam Dynamics Mini-Workshop, KEK, Jul. 17, 2019.
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Beam-beam simulations for SuperKEKB

•

Phase-3 commissioning
- SAD simulations showed that the tolerances would be severe
with lattice [25].

Operation parameter
sets [24]

ff

[25] D. Zhou, Simulations of beam-beam e ects, Talk presented at the 2nd SuperKEKB Beam Dynamics Mini-Workshop, KEK, Sep. 20, 2019.

24

Luminosity history panel seen in SuperKEKB control room

Beam-beam simulations for SuperKEKB

•

Phase-3 commissioning with crab waist
- Since 2020, crab waist was introduced and led to luminosity

boost. Recently, I started to run beam-beam simulations with
crab waist and try to compare with experimental observations.

-

With single-beam ϵy of 22.5 pm, BBSS simulations predict lum.
of ~3.75e34 cm-2s-1 without obvious BBHTI. This is compared
to the achieved luminosity of 3.0e34 cm-2s-1 in 2021ab run.

-

In BBSS simulations, the crab waist and the single-beam ϵy
were also varied. It was found that both of these parameters are
essential in determining the luminosity performance.

-

Weak blowup in ϵx was observed in the control room, but not
well-con rmed.

Operation parameter
set [26]

fi

[26] D. Zhou, Beam dynamics issues: Comparisons of theories, simulations and experiments, Talk presented at the SuperKEKB 2021ab summary meeting, KEK, Jul. 29, 2021.
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Luminosity history panel seen in SuperKEKB control room

Beam-beam simulations for SuperKEKB

•

Phase-3 commissioning with crab waist
- Using beam parameter observed on May. 14, 2021, BBSS
-

simulations were done.
Simulations showed that the machine seemed to operate round
the BBHTI threshold: The blowup of positron σ*
x in experimental
data occurred around the simulated BBHTI threshold.
The observed blowup of σ*
y of both electron and positron beams
were complicated (see 24 hours’ history of ϵy). BBSS
simulations cannot reproduce the trends of σ*
y blowup.
Simulations showed working point (.53,.57) is better: Higher
BBHTI threshold and weaker beam-size blowup.

Operation parameter
set [26]

Electron σ*
x

Positron σ*
x

Electron σ*
y

[26] D. Zhou, Beam dynamics issues: Comparisons of theories, simulations and experiments, Talk presented at the SuperKEKB 2021ab summary meeting, KEK, Jul. 29, 2021.

Positron σ*
y
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Beam-beam simulations for SuperKEKB

•

Luminosity history panel seen in SuperKEKB control room

Phase-3 commissioning with crab waist
- On Jul. 1st, 2021, a machine study was done with high bunch-

-

currents for collision. Strong blowup in LER σ*
y and obvious
blowup in LER σ*
x were observed in experiment.

BBSS simulations were done to compare the experimental
observations. With strong BBHTI and assumed bunch
lengthening, the simulated slope of speci c luminosity seemed
to agree with experimental data.
Parameters such as ϵy, σz, and νx,y were varied in simulations.
Turned out that the design working point (.53,.57) has weaker
BBHTI, giving high luminosity. BBHTI seemed to play an
important role.

Operation parameter
sets [26]

fi

[26] D. Zhou, Beam dynamics issues: Comparisons of theories, simulations and experiments, Talk presented at the SuperKEKB 2021ab summary meeting, KEK, Jul. 29, 2021.
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Beam-beam simulations for SuperKEKB

•

Luminosity history panel seen in SuperKEKB control room

Phase-3 commissioning with crab waist
- BBSS simulations showed clear BBHTI threshold. The threshold
-

is sensitive to σz and νx, not sensitive to ϵy and νy. This is
consistent with BBHTI theory (K. Ohmi et al.)
Simulations showed that BBHTI makes vertical emittance
growth more severe.
From simulations, careful choice of working point can relax
BBHTI by increasing its threshold.
Experiment phenomena are quite complicated. It was hard to
determine the BBHTI threshold. Blowup of σ*
y was much
di erent from simulations. The two beams had unbalanced
blowup.

Operation parameter
sets [26]

Electron σ*
x

Electron σ*
y

Positron σ*
x

Positron σ*
y

ff

[26] D. Zhou, Beam dynamics issues: Comparisons of theories, simulations and experiments, Talk presented at the SuperKEKB 2021ab summary meeting, KEK, Jul. 29, 2021.
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Summary

•

Beam-beam simulations with design lattice
- Interplay of beam-beam (w/o crab waist) and lattice nonlinearity was found to cause severe luminosity
loss.
The IR nonlinearity was analyzed and found to be the main source of luminosity loss.

29
ff

-

point can relax BBHTI.
Both simulations and experiments showed crab waist is e ective in suppressing beam blowup and
boosting luminosity.

fi

•

Beam-beam simulations with Phase-2 and Phase-3 machine parameters
- Without crab waist, beam-beam resonances set a strong limit in luminosity performance.
- BBHTI seems to be important, but not con rmed yet. Simulations showed that careful choice of working
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