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2 Abstract

The beam-beam interaction is one of the most critical fac-
tors determining the luminosity performance of SuperKEKB.
Simulations and experimental results from SuperKEKB have

> shown that a complete understanding of the beam-beam

effects demands reliable models of 1) the nonlinear beam-
beam interaction at the interaction point, 2) the one-turn lat-
tice transfer map with machine imperfections, and 3) other
intensity-dependent collective effects. The interplay of these
factors makes it difficult to predict the luminosity perfor-
mance of SuperKEKB via simulations.

INTRODUCTION

This paper continues the authors’ previous work to discuss
the beam-beam effects on luminosity in SuperKEKB [1].
SuperKEKB commissioning had three phases: Phase-1 [2,
3] (February - June 2016, without installation of the final
focusing superconducting QCS magnets and roll-in of Belle
II detector), Phase-2 [4] (February - July 2018, with QCS
and Belle II, but without the vertex detector), and Phase-3
[5] (from March 2019 until present with the full Belle II
detector). Beam commissioning without collisions in Phase-
1 achieved small vertical emittances of less than 10 pm for
both beams, which is essential for high luminosity. Machine
tuning with collisions in Phase-2 confirmed the nano-beam
collision scheme [6], i.e., collision with a large crossing
angle and vertical beta function 3§ at the IP much smaller
than bunch length o,. However, without the CW, the beam-
beam (BB) driven vertical emittance blowup was severe,
causing degradation of specific luminosity (L) as bunch
currents increased.

The uncontrollable blowup in vertical emittances sets a
severe limit on the luminosity performance and motivated
the installation of the CW in SuperKEKB [7]. Beam com-
missioning with the CW at SuperKEKB has been successful
with B; = 1 and 0.8 mm [7]. Experiments have shown
that the CW effectively suppresses vertical blowup and al-
lows larger beam currents to be stored in the rings [8]. On
Jun. 22, 2022, a luminosity record of 4.71 x 10* cm~2s~!
was achieved at SuperKEKB with g5 = 1 mm and total
beam currents I, /I_ = 1.46/1.145 A [9].

LUMINOSITY PERFORMANCE WITH
CRAB WAIST

Since April 2020, the crab waist (CW) has been im-
plemented at SuperKEKB to suppress beam-beam reso-
nances [10, 11]. Luminosity performance has been im-
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proving with the following observations (see Refs. [7, 8]
for reviews): 1) Luminosity performance became closer to
the predictions of simulations; 2) Balanced collision (i.e.,
0';‘ L R 0';_, the vertical beam sizes at the IP are close to each
other) was achieved with careful tuning knobs; 3) The frac-
tional working point could be set around the design values
(.53, .57); 4) The total beam currents were not limited by BB
blowup, but by injection power and by machine failures of
sudden beam losses (SBLs, their sources are unclear so far);
5) There still exists an unexpected degradation of L_sp vs.
product of bunch currents (see Figs. 1 and 4). In particular,
increasing the beam current does not give large increases in
luminosity.

Figures 1, 2 and 3 compare the Ly, and transverse
beam sizes at the IP from strong-strong BB simulations and
measurements using X-ray monitors (XRMs). The machine
parameters of 2022.04.05 in Table 1 are used for BB simu-
lations. Optics functions at the IP and the XRMs calculated
from a lattice model are used to estimate the beam sizes
at the IP in measurements. In both simulations and experi-
ments, the luminosity is sensitive to the vertical beam sizes
at the IP. With the standard settings of 40% and 80% CW
strengths in the experiments, respectively, for HER and LER
(409% CW strength was set for HER due to a technical con-
straint), the decrease of L, in strong-strong BB simulation
is mainly attributed to bunch lengthening due to the longitu-
dinal wakefields and weak vertical blowup of HER beam due
to insufficient CW strength. However, experimental results
showed a much faster Ly, decrease as bunch currents in-
crease. The sources of luminosity degradation are discussed
in the next section. The plots also show simulations with
the CW strengths varied. It is seen that the L, drop in sim-
ulations correlates with BB-driven blowup in the positron
beam because its vertical fractional tune .589 is close to the
Sth-order BB resonances.

Figures 4, 5 and 6 show a comparison of simulations and
measurements with machine conditions of 2021. One can
see that the machine operation after April of 2022 showed
gradual beam-size blowup as the bunch currents were in-
creased (see Figs. 2 and 3); while in 2021, the beam-size
blowup was severe for both e+ and e- beams. At that time, it
was difficult to achieve a balanced collision (i.e., 0'; L R O'y*_ ).
A "flip-flop" blowup appeared when the bunch-current prod-
uct I I =2 0.4 mAZ2: When one beam was tuned to have a
small vertical beam size at IP, another beam blew up severely.
This severe blowup at high bunch currents was believed to
be related to the "-1 mode instability" of the positron beam,
which was driven by the interplay of vertical impedance
(dominated by small-gap collimators) and the bunch-by-
bunch (BxB) feedback (FB) system as discussed in detail in
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Figure 1: L, predicted by BBSS [12] simulations with the
inclusion of longitudinal impedances and from experiments
of high-bunch current collision (HBCC) machine study (blue
dots) and physics run (green dots) in 2022. During the
HBCC machine study, the collision for 11— < 0.4 mA?2
was not optimized, resulting in lower L, than the physics
run.
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Figure 2: Vertical beam sizes of electron (upper) and
positron (lower) beams at the IP (corresponding to Fig. 1)
predicted by BBSS simulations compared with experiments.
The dots and lines with the same colors in the upper and
lower plots correspond to the same machine conditions.

Ref. [13]. After fine-tuning the BxB FB system in March of
2022, the "-1 mode instability" was suppressed significantly,
and the beam-size blowup became less severe as shown in
Figs. 2 and 3.

During physics runs or machine studies, the horizontal
blowup in both beams has been observed in qualitative agree-
ment with BB simulations. Machine tunings showed the
horizontal blowup was sensitive to the horizontal tune and
affected the injection efficiency. This can be explained as
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Figure 3: Horizontal beam sizes of electron (upper) and

positron (lower) beams at the IP (corresponding to Fig. 1)
predicted by BBSS simulations compared with experiments.
The dots and lines with the same colors in the upper and
lower plots correspond to the same machine conditions. The
green dots in the upper figure are unreliable because of
failure in the XRM. The horizontal tune of the e+ beam was
g}carflgeglbgygi_ng,tlaggl;l%(;study, resulting in a decrease of
or
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Figure 4: Ly, predicted by BBSS simulations with the in-
clusion of longitudinal impedances and from experiments
of HBCC machine studies (blue, red, and magenta dots) and
physics run (orange dots) in 2021.

follows: After installing the CW, both LER and HER have
been operated with the horizontal tunes between the synchro-
betatron resonances v, — vy = N/2 and v, — 2v; = N/2
(see Table 1). The beams’ footprints spread in the tune
space because of beam-beam, impedance effects, and lattice
nonlinearity. When the tune footprint touches the resonance
lines, the beam lifetime reduces, and extra beam losses ap-
pear in the injected bunches.
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Figure 5: Vertical beam sizes of electron (upper) and
positron (lower) beams at the IP (corresponding to Fig. 4)
predicted by BBSS simulations compared with experiments.
The dots and lines with the same colors in the upper and
lower plots correspond to the same machine conditions.

Table 1: SuperKEKB machine parameters for machine oper-
ation on Dec. 21, 2021, and on Apr. 5, 2022, respectively.
The vertical emittances are values measured by X-ray moni-
tors without collisions.

Parameter 2021.12.21 2022.04.05
LER HER LER HER
I, (mA) 1.0 0.8 0.71 0.57
€, (nm) 4.0 4.6 4.0 4.6
€y (pm) 20 35 30 35
By (mm) 80 60 80 60
By (mm) 1 1 1 1
00 (mm) 4.6 5.0 4.6 5.1
Vx 44.524 4553 44524 45.532
Vy 46.589 43.572 46.589 43.572
Vs 0.023 0.027 0.023 0.027
Crab waist ratio 80% 40% 80% 40%
Np 393 1174
SOURCES OF LUMINOSITY
DEGRADATION

Known Sources

Simulations and experiments have identified the known
sources of luminosity degradation: 1) Bunch lengthening
driven by longitudinal impedance. The scaling law of spe-

cific luminosity shows L, o 1/4/02, + o'2_. Simulations
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Figure 6: Horizontal beam sizes of electron (upper) and
positron (lower) beams at the IP (corresponding to Fig. 4)
predicted by BBSS simulations compared with experiments.
The dots and lines with the same colors in the upper and
TowEs plotd ebmespotid foothiecraietmachinbepoditionbear
was tuned to suppress the horizontal blowup, which helped
improve the injection efficiency.

using impedance models predict o,(Ip) = 0,0+ A - Ip
with I, the bunch current and A about 1 mm/mA for both
rings, while measurements using streak cameras showed
A to be about 2 mm/mA. The sources of discrepancy in
simulated and measured bunch lengthening are under inves-
tigation. Nevertheless, the bunch lengthening is expected to
cause a loss of geometric luminosity by order of 10% at the
bunch current product of I I, = 1 mA?. 2) Chromatic
couplings. Their effects on luminosity were recognized at
KEKB [14]. For SuperKEKB, rotatable skew-sextupoles
are installed in LER, and dedicated skew-sextupoles are in-
stalled in HER to control the global chromatic coupling (see
Ref. [15]). Simulations showed that chromatic couplings
from the nonlinear IR can cause remarkable loss if they are
not well suppressed in the case of 8}, /5},_ = 0.27/0.3 mm
(final design configuration of SuperKEKB). For the case
of g5 = 1 mm (This is the achieved B in 2021 and 2022),
simulations with measured chromatic couplings showed a
few percent of luminosity loss. 3) Beam oscillation excited
by the injection kickers of LER. It was found that the injec-
tion kickers in the LER were not perfectly balanced. This
causes a leakage kick to the beam in the horizontal direc-
tion during the injection. Due to the global coupling of
the lattice, the vertical oscillation is also excited. From the
waveform of the kickers’ field, roughly 20% of the stored
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beam will be excited. The BxB FB system can damp the
dipole oscillations in less than 200 turns (Compared with
the radiation damping time of about 4500 turns). A simple
estimate shows it will cause a loss rate of about 1% to the
luminosity. 4) Vertical blowup in the LER driven by the
interplay of vertical impedance and feedback system. The
problem was well suppressed by fine-tuning the feedback
system (see Ref. [13, 16]). But this interplay can remain
a source of vertical blowup, especially when the vertical
small-gap collimators were severely damaged [17], generat-
ing extra vertical impedances. 5) Injection background. The
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Figure 7: The weighted luminosity Ly, /o-ﬁ + 0';2_ syn-
chronized with LER injection during the physics run on

Jun. 2, 2022.

1200 1400

electromagnetic calorimeter (ECL) [18] has been used to
measure the online luminosity at Belle II. The luminosity
data provided by ECL is the most important reference for
machine tunings and online optimizations. In this paper, the
beam-beam simulations are compared only with the lumi-
nosity of ECL. It was identified that the ECL luminosity had
a clear correlation with the LER injection [19]. Figure 7
shows an example of this correlation. When the LER injec-
tion was intentionally turned off or on, a sudden change in
Ly, was observed. The following investigations showed that
the luminosity measurement by ECL was affected by the
injection background during the LER’s beam injection [20].
Quantitatively, the luminosity measured by ECL dropped by
<5% during LER injection while luminosity measured by
ZDLM (Zero Degree Luminosity Monitor [21]) did not [20].
Further investigations are ongoing to understand the corre-
lation between ECL luminosity and the background from
LER injection.

Sources to be Investigated

There are sources of luminosity degradation to be inves-
tigated through simulations and experiments: 1) Imperfect
CW and insufficient CW strengths. The nonlinear optics and
optics distortion (its sources include machine errors, current-
dependent orbit drift, etc.) around the IR might reduce the
effectiveness of CW in suppressing BB resonances. In 2022,
it was identified that the synchrotron radiation (SR) heat-
ing caused drift of closed orbit (COD) at SuperKEKB [9].
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The small horizontal offset at the strong sextupoles for local
chromaticity correction generates a significant beta-beat in
the rings. Figures 1 and 4 show luminosity degradation by
insufficient CW strengths. The CW strength of HER has
been 40% due to technical constraints. Beam-beam simula-
tions showed that this is insufficient to suppress the Sth-order
BB resonances and can be a source of vertical blowup in
the e- beam and consequent luminosity degradation. 2) BB-
driven incoherent synchro-betatron resonances. Currently,
the working point of SuperKEKB is between v, — vy = N /2
and v, — 2vy = N/2, which are strong due to the BB inter-
action [10] and nonlinear chromatic optics. The tune space
in this region might not be large enough to hold the foot-
print of the beams. Note that collective effects and machine
nonlinearity stretch the tune footprint. 3) Interplay of BB,
longitudinal and transverse impedances, and BxB FB system.
The interplay of transverse impedances and BxB FB system
is discussed in Refs. [13, 16]. To simulate the interplay of
all these three factors, it is necessary to construct a realistic
model of FB system, taking into account the realistic set-
tings of the FB parameters, the environment noises, etc. 4)
Interplay of BB and nonlinear lattices. This was identified as
important for the final design of SuperKEKB configurations
but should not be for the case of ﬁ; =1 mm [22]. On this
issue, the machine errors are unknown sources of lattice
nonlinearity. The CW, which was not counted in the final
design, introduces additional nonlinearity to the lattices. 5)
Coupled bunch instabilities (CBI) with large bunch num-
bers and high total currents. With 2151 bunches and total
beam currents of 1.4/1.12 A achieved in LER/HER, Ly,
degradation due to CBI has not been seen. As shown in
Fig. 8, machine tunings with different numbers of bunches
for collisions led to the same best luminosity. This indicates
that CBI, which is always suppressed by the BxB FB system,
should not be a source of Ly, degradation in the current
phase. Furthermore, the ZDLM luminosity data showed flat
BxB luminosity [23], and CBI driven by electron cloud was
not observed for the cases shown in Fig. 8.
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Physics run (May. 27, 2022), Nbunch=1759
Physics run (May. 27-31, 2022), Nbunch=1857
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Figure 8: Measured L, as a function of bunch current
product with the different numbers of bunches during the
physics runs in 2022. Machine tunings were routinely done
to achieve the best luminosity performance around IpIp— =
0.3 mAZ.
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SUMMARY [9] Y. Ohnishi, “SuperKEKB luminosity quest”, in Proc. 65th

. . . . ICFA Advanced Beam Dynamics Workshop on High Lumi-
Since April 2020, the CW has been incorporated with nosity Circular e*e™ Colliders (eeFACT’22), Frascati, Italy,

the nano-beam collision scheme at SuperKEKB and has Sep. 2022, paper MOXATO103, this workshop.
> proved decisive in suppressing nonlinear BB effects. The
interplay between beam-beam and single-bunch impedance
effects is critical at SuperKEKB. Especially the longitudinal
monopole and vertical dipole impedances are essential in
affecting machine performance. The intense interplay of
bunch-by-bunch feedback and vertical impedance in LER
has been a strong limit of luminosity performance until April
2022. After fine-tuning the feedback system, this problem
was relaxed but remained a possible source of mild vertical
emittance blowup.
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